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Abstract——Cancer is a leading cause of death in
many countries around the world. However, the effi-
cacy of current standard treatments for a variety of
cancers is suboptimal. First, most cancer treatments
lack specificity, meaning that these treatments affect

both cancer cells and their normal counterparts. Sec-
ond, many anticancer agents are highly toxic, and
thus, limit their use in treatment. Third, a number of
cytotoxic chemotherapeutics are highly hydrophobic,
which limits their utility in cancer therapy. Finally,
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many chemotherapeutic agents exhibit short half-
lives that curtail their efficacy. As a result of these
deficiencies, many current treatments lead to side
effects, noncompliance, and patient inconvenience
due to difficulties in administration. However, the
application of nanotechnology has led to the development
of effective nanosized drug delivery systems known
commonly as nanoparticles. Among these delivery
systems, lipid-based nanoparticles, particularly
liposomes, have shown to be quite effective at
exhibiting the ability to: 1) improve the selectivity of
cancer chemotherapeutic agents; 2) lower the

cytotoxicity of anticancer drugs to normal tissues,
and thus, reduce their toxic side effects; 3) increase
the solubility of hydrophobic drugs; and 4) offer a
prolonged and controlled release of agents. This
review will discuss the current state of lipid-based
nanoparticle research, including the development of
liposomes for cancer therapy, different strategies for
tumor targeting, liposomal formulation of various
anticancer drugs that are commercially available,
recent progress in liposome technology for the
treatment of cancer, and the next generation of lipid-
based nanoparticles.

I. Introduction

The application of nanotechnology in cancer, also
known as Cancer Nanotechnology, is an emerging
field of research involving collaborations between various
disciplines, including biology, chemistry, engineering,
and medicine. Its main goal is to develop novel technol-
ogies for more advanced cancer detection, diagnosis, and
treatment (Srinivas et al., 2002; Ferrari, 2005; Nie et al.,
2007; Wang et al., 2007b; Wang and Thanou, 2010). The
field has gaineda strong support over the years because of
its potential as a solution for improving cancer therapy.
The second half of the last century was characterized

by a tremendous advancement in the pharmaceutical
industry, with much attention being given to the devel-
opment of biopharmaceutics and enhanced pharmaco-
kinetics (Kreuter, 2007). As a result, the idea of a
controlled and targeted drug delivery system was in-
troduced for the first time. With nanotechnology becom-
ing more involved in the medicinal field, such a delivery
system was made possible in the form of submi-
cron particles called nanoparticles (also known as nano-
carriers or nanospheres) (Kreuter, 2007). Typically,
nanoparticles are found in a size range between 100 to
1000 nm, are often composed of different matrix mate-
rials, and have varying surface characteristics aswell as
mechanical and physicochemical properties. The appli-
cation of nanoparticles in drug therapy has been in-
creasingly studied in various diseases. However, many
studies have focused on the use of nanoparticles in the
field of oncology. This is because nanoparticles can be
designed to be highly selective for tumors and allow a
slow release of active anticancer agents, both of which
reduce systemic toxicity and improve the distribution
and circulation time of these agents in the body.
Among the available colloidal drug delivery systems,

nanoparticles prepared from natural polymers, such as
phospholipids, polysaccharides, proteins, and peptides,
represent the most promising formulations. Such sys-
tems were proven to be more efficient than synthetic
polymers in terms of better drug loading capacity, bio-
compatibility, and generate less opsonization by the
reticuloendothelial system (Liu et al., 2008). Moreover,
natural polymers have been proven to be more advanta-
geous than synthetic polymers, because they are readily

absorbed by the human body as well as producing less
toxic end products after degradation (Vandelli et al.,
2001; Sahin et al., 2002). Therefore, nanoparticles pre-
pared from naturally occurring polymers may represent
the most suitable colloidal drug delivery systems for
human use, because they are relatively safe and can be
prepared efficiently (Rubino et al., 1993; Langer et al.,
2003;Kommareddy andAmiji, 2005; Azarmi et al., 2006).

Liposomes, initially known as spherules, are spheri-
cal lipid vesicles with a bilayered structure composed of
phospholipids (Gregoriadis, 1976a; SharmaandSharma,
1997; Torchilin, 2005; Wacker, 2013). They were one of
the first nanosized drug delivery systems ever to be
produced and also represent the first generation of lipid-
based nanoparticle drug carriers. The long history of
these particles started in 1965 when Alec D. Bangham
and his colleagues published a paper on liquid crystals of
lecithin (Bangham et al., 1965). It was demonstrated for
the first time that univalent cations and anionswere able
to diffuse out of spontaneously formed liquid crystals of
lecithin in a similar manner as the diffusion of ions
across a biologic membrane (Bangham et al., 1965). The
ability of these lecithin liquid crystals or spherules (later
called liposomes) to encapsulate solutes and selectively
release them made such systems a suitable model for
cell membrane studies. This finding led to numerous
investigations in cell membrane physiology, including its
structure and function (Sessa and Weissmann, 1968;
Bangham et al., 1974; Klausner et al., 1980). Apart from
their use in cellular membrane research, the ability of
these liquid crystals to encapsulate solutes also formed
the basis of liposomal drug delivery systems. This
concept was first explored by Gregoriadis and colleagues
(Gregoriadis, 1976a,b, 1995) when they demonstrated
the potential use of liposomes for the delivery of enzymes
and anticancer and antimicrobial drugs to cells and
tissues. Since these initial studies, liposomeshave emerged
as an attractive drug carrier system that could potentially
improve the treatment of disease.

In cancer therapy, liposomes have been demonstrated
to be particularly useful. This is because liposomes are
capable of reducing the toxic side effects of chemother-
apeutic agents while enhancing their antitumor effi-
cacy. Generally, antitumor chemotherapeutics are quite
toxic to both cancer and normal cells, which represent a
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major problem as their use can be limited by their
toxicity. However, by implementing different strategies,
such as passive and active targeting (Table 1), the
incorporation of chemotherapeutic agents into lipo-
somes can help improve their specificity to cancer cells
and tumor tissue. Consequently, the unwanted side-
effects of anticancer drugs toward normal cells and
tissues can be minimized, whereas the increased
accumulation of liposomes within tumors results in
enhanced anticancer efficacy. Furthermore, because
many chemotherapeutics require a certain concentra-
tion to be efficacious, the clearance of thesemolecules by
the immune system and by bodily excretion can limit
their bioavailibility and activity. Liposomal encapsula-
tion can help reduce drug clearance by the immune and
renal systems, and thus, extend the circulation time of
anticancer drugs and increase their availability to the
tumor. Additionally, due to the amphiphilic proper-
ties of phospholipids, liposomes are considered to be a
versatile drug carrier that can encapsulate both hydro-
phobic and hydrophilic drugs, improving their solubility
and stability. The encapsulation of lipophilic anticancer
drugs (e.g., anthracyclines; Fig. 1, A and B) can be
achieved by the hydrophobic interaction of these mole-
cules with the liposomal lipid membrane bilayer (Allen,
1998) or by active loading (Gubernator, 2011). In
contrast, the encapsulation of hydrophilic chemothera-
peutics (e.g., cytarabine; Fig. 1, A andB) can be achieved
by entrapping these drugs within the aqueous inte-
rior of the liposome (Allen, 1998). A number of existing
chemotherapeutics have been incorporated into lipo-
somal formulations. The chemical structures of these
chemotherapeutics and a summary of their log P and
indications are shown in Fig. 1.
Over the past few years, a number of liposomal

chemotherapeutic formulations have been approved by
the European Medicines Agency (EMA) and the U.S.
Food andDrugAdministration (FDA) for the treatment of
various cancers because of the positive outcomesobserved
during clinical studies. These formulations include Doxil
(Johnson & Johnson, Piscataway, NJ) (Gabizon et al.,
2003b), Myocet (Teva Pharmaceutical Industries Lim-
ited, Petah Tikva, Israel) (Swenson et al., 2001),
DaunoXome (Galen Limited, Craigavon, U.K.) (Forssen,
1997), Marqibo (Spectrum Pharmaceuticals, Henderson,
NV) (Silverman and Deitcher, 2013), and DepoCyt
(Sigma-Tau Pharmaceuticals, Gaithersburg, MD) (Angst
and Drover, 2006). Moreover, there are several other
anticancer drug encapsulated liposome formulations cur-
rently undergoing different stages of clinical trials
(Tables 2–4) or awaiting approval. The growing number
of liposomal drug formulations available represents the
enormous potential for the application of lipid-based
nanoparticles in the treatment of cancer. This is further
evident by the recent development of different types of
liposome technology, such as pH-sensitive liposomes,
temperature-sensitive liposomes, magnetic liposomes,

multifunctional liposomes, etc. Innovations in liposome
technology have also seen the emergence of the next
generation of lipid-based nanoparticles, including solid
lipid nanoparticles, nanostructured lipid carriers, and
lipid-polymer hybrid nanoparticles, which will hopefully
overcome current drawbacks presented by liposomes.

In this review, various liposomal characteristics
and types will be discussed, including their methods of
preparation. Additionally, important properties of lipid-
based nanoparticles for cancer treatment, their routes
of cellular uptake, fate within the body, and their
toxicity will be reviewed. Moreover, various strategies
for tumor targeting, different types of stimuli-sensitive
liposomes for cancer therapy, and the next generation of
lipid-based nanoparticles drug delivery systems will be
discussed.

II. Liposomal Drug Delivery Systems

A. Liposome Composition

Liposomes are composed mainly of natural and/or
synthetic phospho- and sphingo-lipids with other mem-
brane bilayer constituents, such as cholesterol and
hydrophilic polymer conjugated lipids positioned ran-
domly around each liposomal vesicle (Sharma and
Sharma, 1997). Phosphatidylcholine (PC; also known as
lecithin) and phosphatidylethanolamine (PE) are the
most common phospholipid found in both plants and
animals and constitute the major structural parts of
biologic membranes (Vemuri and Rhodes, 1995). In
contrast, the membranes of liposomes and other lipid-
based drug delivery systems consist mostly of PC with
little PE present (Vemuri and Rhodes, 1995). This is
because PEhas the ability to formnonbilayer structures
under physiologic conditions, destabilize membranes,
and induce membrane fusion (Ellens et al., 1986). Other
phospholipids, such as phosphatidylserine (PS), phos-
phatidylglycerol (PG), and phosphatidylinositol (PI),
can also be used in the preparation of liposomes, depend-
ing on the desired liposomal characteristics (Vemuri and
Rhodes, 1995).

Cholesterol is also an important component in the
preparation of liposomes. Once it is incorporated into
the liposomal membrane bilayer, cholesterol arranges
itself among the phospholipid molecules with its hy-
droxyl group facing toward the water phase, whereas its
tetracyclic ring inserts itself between the first few
carbons of the fatty acyl chains into the hydrocarbon
core of the membrane bilayer (Vemuri and Rhodes,
1995). The incorporation of cholesterol into liposomes
helps to decrease the fluidity of the liposomal mem-
brane bilayer, reduce the permeability of water soluble
molecules through the liposomal membrane, and im-
prove the stability of the liposomal membrane in bi-
ologic fluids, such as blood and plasma (Vemuri and
Rhodes, 1995). In the absence of cholesterol, liposomes
often interact with blood proteins, such as albumin,
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transferrin, macroglobulin, and high density lipopro-
tein (Kirby and Gregoriadis, 1980; Damen et al., 1981;
Vemuri and Rhodes, 1995; Sharma and Sharma, 1997).
These proteins tend to destabilize liposomes, and
thus, decrease their capacity as a drug delivery system
(Kirby and Gregoriadis, 1980; Damen et al., 1981).
Although cholesterol has the ability to protect liposomes
from being destabilized by blood proteins, the loss of

liposomal phospholipids cannot be prevented com-
pletely (Kirby and Gregoriadis, 1980; Damen et al.,
1981).

Apart from cholesterol, a small fraction of polymers
containing hydrophilic groups, especially polyethylene
glycol (PEG), are at times conjugated to the surface of
liposomes. PEG is often used for its stealth functions in
nanoparticle formulations because it is a hydrophilic

Fig. 1. (A) Line drawings of the chemical structures of common chemotherapeutic agents and (B) their Log P values and indications, including
Cisplatin, Doxorubicin, Paclitaxel, Cytarabine, Vincristine, Docetaxel, Camptothecin, Topotecan, Vinorelbine, Irinotecan, Oxaplatin, Daunorubicin,
and Rapamycin (Bolwell et al., 1988; Crom et al., 1994; Wall and Wani, 1995; Clarke and Rivory, 1999; Lobert et al., 2000; Screnci et al., 2000;
Hirschfeld et al., 2003; Forrest et al., 2006; Pommier, 2006; Yang et al., 2006; Kelland, 2007; Kreder and Dmochowski, 2007; Cai et al., 2010;
Surapaneni et al., 2012; Wilson and Lippard, 2012; Yadav and Khan, 2013; Ferrati et al., 2015; Nirmalanandhan et al., 2015; Saari et al., 2015).
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and flexible polymer (Bergström et al., 1994). The
conjugation of PEG to the surface of the liposomal
phospholipid bilayer reduces the interaction of lipo-
somes with plasma proteins through steric hindrance
(Allen et al., 1985; Allen and Chonn, 1987; Gabizon
and Papahadjopoulos, 1988; Allen et al., 1991b;
Papahadjopoulos et al., 1991; Allen et al., 2002). As a
result, this prevents plasma proteins, such as opsonin,
from adsorbing to the surface of liposomes, which
reduces opsonization and uptake of liposomes by the
reticuloendothelial system (RES) (Allen et al., 1985,
1991b, 2002; Allen and Chonn, 1987; Gabizon and
Papahadjopoulos, 1988; Papahadjopoulos et al., 1991).
The conjugation of PEG or PEGylation allows liposomes
to circulate within the body for a longer period of time,
extending their circulation half-life and, consequently,
increasing the accumulation of liposomes within tumors
(Allen et al., 1991b; Woodle, 1995; Allen et al., 2002).
The stealth function of PEG was supported by two
research groups that demonstrated that PEGylated
liposomes exhibited up to a 10-fold increase in their
circulation half-life compared to non-PEGylated lipo-
somes in a biologic environment (Klibanov et al., 1991;
Lasic et al., 1991). Furthermore, Awasthi et al. (2003)
demonstrated in a rabbit model that, although PEG is
able to prolong the circulation half-life of liposomes, the
amount observed within the circulation is dependent on
their size. In fact, the levels of 99mTC-labeled liposomes
remaining in the circulation after 24 hours decreased
with increasing liposome size (Awasthi et al., 2003).

There are different ways in which PEG can be at-
tached onto the surface of liposomes. The most common
method is the inclusion of PEG-lipid conjugates into the
lipid bilayer of the liposome formulation (Kostarelos
and Miller, 2005). Consequently, when liposomes are
hydrated, PEG polymers are exposed on the outside
surface of liposomes (Kostarelos and Miller, 2005).
Other methods involve the formation of liposomal
platforms for the addition of PEG polymers. These
include the postconjugation method, where PEG poly-
mers are covalently attached to preformed liposomes
(Wang and Thanou, 2010), and the postinsertion
method, where preformed liposomes are incubated with
PEG-lipid conjugates in an aqueous solution forming
micellar structures (Hoarau et al., 2004).

Although PEGylation may help improve the half-life
of liposomes by prolonging their circulation time and
protecting them from RES, it is not so simple to pre-
pare effective PEGylated liposomes for drug deliv-
ery purposes. There are several factors that must be
taken into consideration for the preparation of effective
PEGylated liposome nanocarriers. This is because each
PEG polymer chain possesses a Flory dimension (Rf),
which represents the volume occupied by a single
polymer chain (Wang and Thanou, 2010). This value is
influenced by both the polymer chain length and, more
importantly, PEG density on the liposomal surface
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(Dos Santos et al., 2007; Wang and Thanou, 2010). The
density of PEG on the liposomal surface also influences
the distance between each individual PEG polymer (D).
For example, an increase in the PEG-lipid concentra-
tion in the formulation increases surface PEG density
and, ultimately, decreases D (De Gennes, 1987). When
D is larger than Rf, PEG polymers will reorganize
themselves and coil into a mushroom-like conformation
(De Gennes, 1987). In contrast, when D is smaller than
Rf, the lateral pressure between overcrowded PEG
polymers forces each polymer chain to extend into a
brush conformation (De Gennes, 1987). Notably, the
mushroom conformation of liposomal surface PEG
was observed when the PEG concentration was below
4 mol%, whereas the brush conformation was found at
PEG concentrations above 4 mol% (De Gennes, 1987;
Garbuzenko et al., 2005). It is the brush conformation of
PEG that is believed to prolong the circulation time of
liposomes by providing repulsive force against proteins
and other liposomes (Jeon et al., 1991; Szleifer, 1997;
Gbadamosi et al., 2002). Thus, PEG chain length and
concentration plays an important role in determining:
1) an effective liposome preparation; 2) the PEG
configuration; 3) liposome size; 4) encapsulation of drug;
5)membrane permeability; 6) liposomal stability; and 7)
the effectiveness of PEG as a protective layer (Torchilin
et al., 1994;Woodle, 1998; Vonarbourg et al., 2006;Wang
and Thanou, 2010).

It has been reported that three different states exist
in the liposomal phospholipid bilayer containing a
mixture of PEG-dipalmityol phosphoethanolamine
(DPPE) and PC: 1) a lamellar phase where all compo-
nents exhibit some miscibility; 2) a lamellar phase
where the components are phase separated; and 3)
mixed micelles (Bedu-Addo et al., 1996a). For PEG of
1,000 and 3,000 Da, DPPE-PEG and PC in liposomal
bilayers were uniformly mixed at a concentration of ,
5 mol% (Bedu-Addo et al., 1996a). However, phase
separation in the form of micelle formation started to
occur at concentrations beyond 7mol%, and by 17mol%,
liposomal bilayers were completely solubilized to form
micelles (Bedu-Addo et al., 1996a). A similar trend was
observed with 5,000 Da PEG, although the three states
were observed at different concentrations with the
uniformly mixed bilayer showing phase separation
beyond 8 mol%, whereas micelle formation occurred at
11mol% (Bedu-Addo et al., 1996a). For long PEG chains
of 12,000 Da, DPPE-PEG was not fully incorporated
into the PC bilayer at any concentration (Bedu-Addo
et al., 1996a). For instance, at 10 mol%, only 50% of
DPPE-PEG was incorporated. Moreover, an increase in
the concentration of DPPE-PEG resulted in the forma-
tion of micelles, which coexisted with liposomes and no
liposomal bilayer solubilization was observed (Bedu-
Addo et al., 1996a).

The molecular weight and concentration of PEG also
affects the final size of the liposome, encapsulation, and
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liposomal membrane permeability (Nicholas et al.,
2000). It was found that the size of multilamellar
vesicles (MLVs) decreased as the concentration of
DPPE-PEG5000Da conjugates increased, whereas the
size of liposomes prepared via the vesicle extrusion
technique was independent of DPPE-PEG5000Da con-
centration (Nicholas et al., 2000). Only when the
temperature was increased to 50°C, did the size of these
liposomes prepared by extrusion decrease at high
DPPE-PEG5000Da (Nicholas et al., 2000). The decrease
in size can be explained by the fact that the addition
of PEG to the liposome surface strongly reduced the
attractive van der Waals forces and increased repul-
sive forces (Kenworthy et al., 1995a). Increasing the
phospholipid-PEG conjugate concentration caused the
disintegration of liposome structures, resulting in a
gradual reduction in size, and ultimately, the solubili-
zation of liposomes to form micelles (Bedu-Addo et al.,
1996a; Belsito et al., 2001).

Additionally, the encapsulation of D-glucose in lipo-
somes and the permeability of the liposomal mem-
brane to D-glucose were both reported to be dependent
on the DPPE-PEG concentration (Nicholas et al., 2000).
Indeed, the encapsulation of D-glucose was found to
decrease as the concentration of DPPE-PEG in-
creased (Nicholas et al., 2000). However, the decrease
in D-glucose encapsulation was not as dramatic for
DPPE-PEG2000Da relative to DPPE-PEG5000Da. A sig-
nificant decrease in encapsulation was only observed
between 4 and 6 mol% for DPPE-PEG2000Da, whereas it
was observed at 0–2.5 mol% for DPPE-PEG5000Da

(Nicholas et al., 2000). This was believed to be because
PEG dramatically restricted the free volume inside
the liposome to carry glucose (Nicholas et al., 2000). It
was further suggested that the percentage encapsula-
tion should be comparable for liposomes with either
PEG mushroom or brush conformation (Nicholas et al.,
2000). In contrast, the membrane permeability of
liposomes to D-glucose was demonstrated to decrease
as the concentration of DPPE-PEG increased (Nicholas
et al., 2000). This may be due to the fact that there is
an increase in membrane bilayer disorder because
more DPPE-PEG conjugates are added to the mem-
brane, creating more defects (Nicholas et al., 2000). In
addition, the phase transition from mushroom to brush
conformation can also contribute to the increase in
defect formation (Kashchiev and Exerowa, 1983;
Kenworthy et al., 1995b). The maximum liposomal
membrane permeability was observed at 4 mol% of
DPPE-PEG2000Da (Nikolova and Jones, 1996), whereas
it was predicted to be 1.7 mol% for DPPE-PEG5000Da

(Kenworthy et al., 1995a).
In terms of liposome stability and in vivo circulation,

it was reported that 2–5 mol% of 1,2-distearoyl-
sn-glycerol-3-phosphoethanolamine (DSPE)-PEG2000Da

was able to separate each particle from aggrega-
tion (Dos Santos et al., 2007). The same study also
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demonstrated that as little as 0.5% of DSPE-PEG2000Da

was able to prolong the plasma circulation of cholesterol
free liposomes in Balb/c mice (Dos Santos et al., 2007). A
PEG2000Da concentration of 2 mol% was believed to
result in the optimal plasma circulation time, because
the circulation time observed for liposomes containing
2 mol% of PEG2000Da was comparable to those contain-
ing 5 mol% of PEG2000Da (Dos Santos et al., 2007). In
addition, not much difference was observed in the
amount of protein adsorption on liposomes between
various PEG molecular weights or between PEG2000Da

at 2 and 5 mol% concentration (Dos Santos et al., 2007).
Similar results were also observed in a separate study
in which the amount of protein adsorbed to the surface
of the liposome in the presence of PEG1000Da was only
2 times more than when either PEG2000Da or PEG5000Da

were present (Pozzi et al., 2014). Furthermore, it is
believed that the presence of PEG on the surface of
liposomes, regardless of the chain length, was able to
neutralize the influence of charge on circulation time
(Levchenko et al., 2002). Both 750 and 5000 Da PEG-PE
conjugates at 6 mol% were able to improve the circula-
tion time of cationic liposomes containing stearyl-
amine and anionic liposomes containing phosphatidic
acid in mice (Levchenko et al., 2002). However, only
5000 Da PEG-PE was able to improve the circulation
time of anionic liposomes containing PS (Levchenko
et al., 2002). Interestingly, in another investigation, it
was demonstrated that 76 2mol% of DSPE-PEG2000Da

would allow the greatest biologic stability of large
unilamellar vesciles (LUVs) to be achieved (Garbuzenko
et al., 2005). This is because at this concentration, the
specific compressibility and additive packing param-
eter values for themixture of matrix lipid, cholesterol,
and DSPE-PEG2000Da for all liposome compositions
reached their maximum (Garbuzenko et al., 2005).
The greatest stability at 76 2 mol% DSPE-PEG2000Da

was demonstrated by the lack of liposome size and
specific turbidity reduction as the temperature and
PEG concentration increased (Garbuzenko et al.,
2005).
Apart from PEG-phospholipid conjugates, the amphi-

philic PEG-block-poly(«-caprolactone) copolymer has
also been incorporated into liposomal formulations to
produce stealth lipid nanoparticles (He et al., 2015).
Similar to PEG-phospholipid conjugates, this alterna-
tive approach also allows PEG to be attached to the
surface of liposomes. It was reported that the incorpo-
ration of PEG-block-poly(«-caprolactone) of 4000 and
10,000 Da resulted in liposomes that were as effective or
more superior as stealth lipid nanoparticles compared
with liposomes composed of PEG-phospholipid conju-
gates, depending on the copolymer molecular weight
(He et al., 2015). PEG-block-poly(«-caprolactone) mod-
ified liposomes containing Paclitaxel (PTX; Fig. 1) were
as stable as conventional PTX encapsulated PEGylated
liposomes showing minimal particle size change and

aggregation after a 48-hour incubation in 10% fetal
bovine serum (He et al., 2015). However, the drug
loading efficiency of PTX encapsulated PEGylated
liposomes decreasedmuchmore rapidly than that found
for PEG-block-poly(«-caprolactone) modified liposomes
with copolymers of various molecular weight (He et al.,
2015). Furthermore, modified liposomes contain-
ing PEG-block-poly(«-caprolactone) of 4000 Da showed
a;2-fold increase in internalization by 4T1mousemam-
mary tumor cells relative to both PEGylated liposomes
and liposomes containing PEG-block-poly(«-caprolac-
tone) of 10,000 Da (He et al., 2015). In 4T1 mammary
tumor xenografted mouse models, modified liposomes
containing PEG-block-poly(«-caprolactone) of 4000 Da
that encapsulated PTX were demonstrated to have the
highest tumor growth inhibition rate (75.1%) com-
pared with other PTX loaded liposomes, including
PEGylated liposomes (56.3%) and modified liposomes
containing PEG-block-poly(«-caprolactone) of 10,000 Da
(49.5%) and free PTX (32.5%) (He et al., 2015). This
may be due to the higher rate of internalization by
cancer cells when liposomes were conjugated with
PEG-block-poly(«-caprolactone) of smaller molecular
weight (He et al., 2015).

Despite the fact that PEGylation helps improve
circulation time and transport of liposomes to tumor
sites efficiently (Wang and Thanou, 2010), the addition
of PEG to the surface of liposomes may reduce the
binding and the uptake of liposomes by cancer cells due
to the steric hindrance provided by PEG. This was
demonstrated by a decrease in the cellular binding of
short-peptide-targeted liposomes to cancer cells in the
presence of increasing concentrations of PEG (2000 Da)
(Demirgoz et al., 2008; Garg et al., 2009). Therefore,
the number of PEG molecules present on the surface
of liposomes is thought to determine the uptake of li-
posomes by cancer cells (Wang and Thanou, 2010).
Together, PEG chain length and PEG chain concentra-
tion influence the capacity of liposomes to act as drug
carriers.

Of relevance, PEGylated liposomes have been report-
ed to be recognized by anti-PEG antibodies (Wang et al.,
2007a; Ishida et al., 2008; Tagami et al., 2009). This
process occurs between 2 and 4 days after the first
administration of PEGylated liposomes into the body,
resulting in an accelerated blood clearance of PEGy-
lated liposomes upon future administration (Ishida
et al., 2006; Judge et al., 2006; Ishida and Kiwada,
2008). However, interestingly, increasing the concen-
tration of the first injected dose of PEGylated liposomes
(from 0.001 to 5 mmol/kg) was reported to decrease the
blood clearance caused by anti-PEG antibodies during
the second injection (Ishida et al., 2005). Furthermore,
the concentration of PEG incorporated into liposomes
was reported to influence the clearance rate of these
particles (Ishida et al., 2005). This conclusion was
reached in studies where 5mol% PEGwas incorporated
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into the liposome and this was injected into rats for the
second time after the initial dose of 0.001 mmol/kg.
Indeed, a marked reduction in circulation time and
increase in hepatic accumulation was observed (Ishida
et al., 2005). However, increasing the PEG concentra-
tion to 10 and 15mol% in the second dose improved both
the circulation time and hepatic accumulation (Ishida
et al., 2005). No improvement in circulation time and
hepatic accumulation was observed when PEG chain
length was increased from 2000 to 5000 Da (Ishida
et al., 2005). These findings may be useful in identifying
an appropriate strategy to minimize anti-PEG antibody
induced PEGylated liposome clearance. In particular,
using a higher dose during the initial injection may be a
more appealing strategy than increasing the surface
PEG concentration due to the destabilizing effect of
PEG-phospholipid conjugates on the liposomal mem-
brane at high mol% as mentioned above. Other steric
stabilizers can also be used instead of PEG to improve
the circulation time of liposomes. For more information
on various synthetic polymers capable of extending the
circulation time of nanoparticles, please see Torchilin
and Trubetskoy (1995).
Alternatively, naturally derived polymers, such as

chitosan, can be used to stabilize liposomes. Chitosan is
a hydrophilic biodegradable polymer of low toxicity
(Guo et al., 2003). Chitosan can be incorporated onto
the surface of liposomes via an ionic interaction between
positively charged chitosan and negatively charged
phospholipids (Takeuchi et al., 1996). Chitosan has
been reported to provide liposomes with high stability
(Filipovic-Grcic et al., 2001). An incubation of chitosan-
coated liposomes containing fluorescein isothiocyanate
(FITC)-dextran in simulated gastric fluid demonstrated
that these particles were relatively stable, retaining
;75–79% of their encapsulated contents after 30 min-
utes and ;25–37% after 2 hours (Filipovic-Grcic et al.,
2001). In contrast, uncoated liposomes were able to
retain only 11% of encapsulated FITC-dextran after
30 minutes and only 4% after 2 hours (Filipovic-Grcic
et al., 2001). Although chitosan can provide steric
stabilization to liposomes, some leakage of encapsu-
lated FITC-dextran (Filipovic-Grcic et al., 2001) and
leuprolide (Guo et al., 2003) was observed. This was
thought to be due to the interaction between chitosan
and the polar head groups of phospholipids on the
liposomal membrane interfering with entrapment (Guo
et al., 2003).

B. Types of Liposomes

Liposomes can be classified by different factors. They
can be classified by the method of their preparation, the
number of bilayers present within the liposome vesicle,
or the vesicle size (Vemuri and Rhodes, 1995). How-
ever, the most commonly known classes of liposomes
are multilamellar vesicles (MLVs) and unilamellar
vesicles (ULVs), which can be further classified into

large unilamellar vesicles (LUVs) and small unilamel-
lar vesicles (SUVs) as shown in Fig. 2. These liposome
types are discussed in further detail below.

1. Multilamellar Vesicles. MLVs usually range in
size between 0.05 and 10 mm and consist of multiple
phospholipid bilayers (Fig. 2) (Sharma and Sharma,
1997). They can easily be prepared and are widely
studied along with ULVs. The simplest and the most
popular method for the preparation of MLVs is thin film
hydration (Sharma and Sharma, 1997). In this method,
MLVs can be formed spontaneously by adding an excess
volume of aqueous buffer to a thin film of dry lipids at a
temperature above the phase transition temperature
(PTT) of lipids (Vemuri and Rhodes, 1995; Sharma and
Sharma, 1997). For thin film hydration, the desired
drug to be encapsulated within MLVs can either be
included in the aqueous hydration buffer for hydrophilic
drugs or in the lipid film for lipophilic drugs (Sharma
and Sharma, 1997). Although it is easy to prepareMLVs
using thin film hydration, such a method provides
relatively poor drug encapsulation efficiency (5–15%).
Therefore, the preparation procedure must be opti-
mized and vesicles must be characterized carefully, as

Fig. 2. Types of liposomes classified by size and lamellarity. Based on
size and lamellarity, liposomes can be classified into 3 different types.
Multilamellar vesicles (MLVs) typically range in the size between
0.05 and 10 mm and consist of multiple phospholipid bilayers. Large
unilamellar vesicles (LUVs) are usually in the size .100 nm and consist
of a single phospholipid bilayer. The size of LUVs is debatable, as vesicles
of size 50–100 nm had been referred to as LUVs. Small unilamellar
vesicles (SUVs) are usually in the size range of 25–50 nm and, like LUVs,
consist of a single phospholipid bilayer. The SUVs are prepared from
MLVs or LUVs by sonication or extrusion. In all types of liposomes,
hydrophobic drugs are usually localized within the phospholipid bilayer,
whereas hydrophilic drugs are usually encapsulated within the liposome
cavity.
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minor changes in the preparation can result in alterna-
tions to the liposomal characteristics and behavior
(Vemuri and Rhodes, 1995).
In the preparation ofMLVs using thin film hydration,

a thin film of lipids is preferred because this enhances
the encapsulation efficiency of drug (Bangham, 1982).
This thin film of lipid can be prepared by removing an
organic solvent from the lipid mixture under vacuum
using a rotary evaporator (Bangham, 1982). The time
allowed for the hydration of lipid film with aqueous or
drug solution also influences the amount of drug
trapped within liposomal vesicles (Olson et al., 1979).
It was demonstrated by Olson et al. (1979) that lipid
films with similar compositions could achieve greater
drug entrapment by using a slower rate of hydration
and gentle mixing. In addition, a small proportion (10–
20 mol%) of negatively charged lipids, such as PS, PI,
and PG, or positively charged lipids, such as stearyl-
amine, can be added to a liposome formulation to
increase the interlamellar distance between successive
bilayers, and thus, increase the encapsulation capacity
of MLV liposomes (Vemuri and Rhodes, 1995). These
lipids with charged moieties can also reduce vesicular
aggregation after MLV synthesis (Vemuri and Rhodes,
1995).
As thin film hydration provides low encapsulation

efficiency, other methods of MLVs preparation with
higher encapsulation efficiency have been proposed.
One method involves the hydration of the lipid in the
presence of an organic solvent using sonication or vortex
mixing (Papahadjopoulos and Watkins, 1967; Gruner
et al., 1985). In this method, MLVs are formed as the
organic phase is removed by passing a stream of
nitrogen through the system after sonication or vortex
mixing (Papahadjopoulos and Watkins, 1967; Gruner
et al., 1985). This technique has been reported to al-
low up to 40% encapsulation efficiency to be achieved
(Gruner et al., 1985). However, large amounts of organic
solvent are often left within the liposome formulation
(Papahadjopoulos and Watkins, 1967; Gruner et al.,
1985). Another method of preparation previously de-
scribed involves the mixing of a preformed SUVs
dispersion with an aqueous solution of the drug to be
encapsulated, followed by lyophilization and rehydra-
tion of the mixture (Kirby and Gregoriadis, 1984;
Ohsawa et al., 1984). This technique also allows for
the formation of MLVs that achieve an encapsulation
efficiency of up to 40% (Kirby and Gregoriadis, 1984;
Ohsawa et al., 1984).
2. Large Unilamellar Vesicles. LUVs are liposomal

vesicles consisting of a single phospholipid bilayer and
are considered to be of a size greater than 100 nm (Fig.
2) (Sharma and Sharma, 1997). However, the size range
of LUVs is debatable, because some investigators pre-
viously described unilamellar vesicles in a size range of
50–100 nm as LUVs (Vemuri and Rhodes, 1995). Unlike
MLVs, LUVs have the ability to hold a larger volume of

solution within their cavity. Therefore, LUVs have
higher encapsulation efficiency than MLVs (Hauser,
1982; Vemuri and Rhodes, 1995). As LUVs exhibit a
high encapsulation efficiency, they are more economical
in terms of manufacturing as liposomal drug formula-
tions, since a larger amount of drug can be encapsulated
within a smaller quantity of lipids (mg of drug per mg of
lipid) (Tyrrell et al., 1976; Vemuri and Rhodes, 1995).
Other than high encapsulation efficiency, LUVs also
provide a reproducible drug release rate, which is a
crucial factor in a drug delivery system (Tyrrell et al.,
1976). LUVs can be prepared by reverse-phase evapo-
ration or detergent removal techniques, which are
discussed below.

In the reverse-phase evaporation technique, a water-
in-oil (w/o) emulsion is formed between water and
phospholipids in an excess of organic solvent by mechan-
icalmeans or by sonication (Szoka and Papahadjopoulos,
1978). When the organic solvent is removed from the
mixture under vacuum, phospholipid droplets contain-
ing water are formed (Szoka and Papahadjopoulos,
1978). These droplets come together to form a gel-like
matrix, which transforms into a smooth paste of LUV
suspension once the organic solvent is completely re-
moved (Szoka and Papahadjopoulos, 1978). The reverse-
phase evaporation technique has been reported to allow
a drug encapsulation efficiency of up to 60–65% to be
achieved (Szoka and Papahadjopoulos, 1978). Although
high encapsulation efficiency can be achieved using the
reverse-phase evaporation technique, this method ex-
poses drugs and biologically active molecules to organic
solvents and mechanical forces (Vemuri and Rhodes,
1995). Thus, these molecules may undergo conforma-
tional changes, protein denaturation, or DNA strand
breakage due to the harsh conditions used (Vemuri and
Rhodes, 1995).

Alternatively, LUVs can also be prepared using a
detergent removal technique. In this method, phospho-
lipids and a detergent are allowed to mix together
forming micelles. The detergent is then removed from
the preparation, which results in micelles progressively
becoming richer in phospholipids. Subsequently, these
phospholipid-rich micelles come together to form single
bilayer vesicles (Kagawa and Racker, 1971; Milsmann
et al., 1978). It is important that detergents used for this
technique are those with high critical micelle concen-
tration (CMC) in the range of 10–20mM, such as sodium
cholate, sodium deoxycholate, and octylglucoside (Vemuri
and Rhodes, 1995).

In the detergent removal technique, the detergent
can be removed by different methods, such as dialysis,
column chromatography, or adsorption using Bio-Beads
(Bio-Rad Laboratories, Hercules, CA). The removal of
the detergent by dialysis was first reported by
Milsmann et al. (1978). In this technique, the detergent
is allowed to flow throughadialysis cell fromaphospholipid-
detergent mixture, resulting in a homogeneous population
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of single bilayer liposome vesicles ranging in size be-
tween 50 and 100 nm in diameter (Milsmann et al.,
1978). The use of column chromatography to remove
detergents was reported by Enoch and Strittmatter
(1979). Using column chromatography, Enoch and
Strittmatter separated deoxycholate from the
phospholipid-deoxycholate mixture by passing the mix-
ture through a Sephadex (GE Healthcare, Chicago, IL)
G-25 column, which yielded single layer phospho-
lipid vesicles with a diameter of 100 nm. Alternatively,
adsorption using Bio-Beads can be implemented to
remove detergents (Gerritsen et al., 1978). It was
reported that Bio-Beads SM-2 were added directly into
the phospholipid-detergent mixture (Gerritsen et al.,
1978). This allowed the detergent to bind to Bio-Beads
selectively and rapidly, separating phospholipid vesi-
cles from the detergent (Gerritsen et al., 1978). How-
ever, a nonionic detergent must be used in this method
(Gerritsen et al., 1978).
3. Small Unilamellar Vesicles. SUVs are usually

found with diameters ranging between 25 and 50 nm
(Fig. 2) (Huang, 1969). They can be prepared fromMLVs
or LUVs using sonication (Saunders et al., 1962; Huang,
1969) or extrusion under high pressure (Hamilton et al.,
1980). In the preparation of SUVs using sonication, the
MLVs or LUVs suspension is sonicated under nitrogen
or argon gas to reduce the size of the vesicles to the SUV
size range (Saunders et al., 1962; Huang, 1969). Both
types of sonication, namely a bath or a probe sonicator,
can be used to generate SUVs (Vemuri and Rhodes,
1995). However, bath sonication offers advantages over
probe sonication, because the preparation of SUVs can
be performed aseptically with sealed containers and the
temperature can be controlled throughout the prepara-
tion (Vemuri and Rhodes, 1995). The characterization of
SUVs generated by sonication has previously demon-
strated that this method is able to synthesize liposomes
with sizes ranging between 25 and 50 nm (Huang,
1969). Alternatively, MLVs or LUVs can be converted to
SUVs by extrusion (Hamilton et al., 1980). In this
method, MLVs or LUVs are forced multiple times
through a narrow orifice under high pressure (20,000
psi) at 4°C, resulting in SUVs with sizes ranging
between 15 and 30 nm (Hamilton et al., 1980). This
technique allows for the reproducible production of
SUVs (Hamilton et al., 1980). However, the tempera-
ture of the preparation cannot be accurately controlled
using this technique, resulting in temperature fluxes
during preparation that can affect phospholipid packing
within the liposome (Hamilton et al., 1980).
In addition, SUVs can also be prepared directly by the

solvent injection method using diethyl ether (Deamer
andBangham, 1976) or ethanol (Batzri andKorn, 1973).
In general, using this method, lipids dissolved in an
organic solvent are injected into an excess amount of
aqueous solution or water by a syringe-type infusion
pump, forming SUVs spontaneously (Batzri and Korn,

1973; Deamer and Bangham, 1976). The organic solvent
is then removed from the preparation completely. This
method has been reported to produce SUVs with sizes
between 50 and 200 nm (Deamer and Bangham, 1976).
Similar to other liposome preparations, it is almost
impossible to completely remove organic solvents from
the preparations when using this technique (Vemuri
and Rhodes, 1995).

C. Lipid-core Micelles

Another type of nanoparticle that can be generated
from phospholipids are lipid-core micelles. Typically,
micelles are prepared from amphiphilic copolymers,
which contain both hydrophilic and hydrophobic ends
(Kwon and Kataoka, 1995; Jones and Leroux, 1999;
Torchilin, 2001). This characteristic of amphiphilic
copolymers gives micelles the ability to solubilize poorly
soluble drugs (Kwon and Kataoka, 1995; Jones and
Leroux, 1999; Torchilin, 2001). The formation of lipid-
core micelles was first observed when polyethylene
glycol-phosphatidylethanolamine conjugate (PEG-PE)
mixtures of certain compositions form micelles in-
stead of PEGylated liposomes after their concentra-
tion exceeded a critical limit (Bedu-Addo et al., 1996b;
Edwards et al., 1997). Soon after, the potential of
PEG-PE micelles as a lipid-based nanoparticle drug
delivery system was realized (Lukyanov and Torchilin,
2004). Not only does PEG-PE helps prolong the circu-
lation time of micelles, the use of phospholipids as a
hydrophobic block of copolymers for the preparation of
lipid-core micelles also make these micelles highly
stable (Lukyanov and Torchilin, 2004). This increase
in stability is due to the hydrophobic interaction be-
tween double acyl chains of phospholipids and allows
hydrophobic drugs to be solubilized (Lukyanov and
Torchilin, 2004).

PEG-PE micelles can be generated spontaneously by
shaking a dry PEG-PE film in the presence of an
aqueous medium (Lukyanov and Torchilin, 2004). They
can also be produced using a detergent orwatermiscible
solvent removal method (Lukyanov and Torchilin,
2004). The process of micelle formation is driven by
the decrease in free energy within the system, because
hydrophobic blocks are removed from the aqueous
surroundings, whereas hydrophilic blocks form hydro-
gen bondswith water (Jones and Leroux, 1999). The van
der Waal interaction between hydrophobic blocks also
contributes to the formation of a micelle core (Jones and
Leroux, 1999). Generally, these particles are spherical
in shape with a size in the nanometer range (Torchilin
et al., 2003). The size of PEG-PE micelles ranges
between 7 and 35 nm depending on the molecular
weight of the PEG block, with higher molecular weights
giving larger micelles (Lukyanov and Torchilin, 2004;
Torchilin, 2007a).

Similar to polymeric micelles, the stability of lipid-
core micelles is determined by their CMC; that is, the
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concentration at which the copolymer chains start to
associate themselves to formmicelles (Jones andLeroux,
1999). It was found that many PEG-PE conjugates have
CMCs in a range of 1025 M, which is at least 100-fold
lower than those of conventional detergents (Rosen
and Kunjappu, 2012). The low CMC values mean that
PEG-PE conjugates will be able to maintain their
micellar structure under strong dilution (Lukyanov
and Torchilin, 2004). Furthermore, it was reported that
micelles prepared from DSPE-PEG2000Da and DSPE-
PEG5000Da were able to maintain their size character-
istics in blood plasma, even after a 48 hour incubation
(Lukyanov et al., 2002). This observation suggested that
the structure and integrity of DSPE-PEGmicelles is not
affected instantly by plasma components upon systemic
administration (Lukyanov et al., 2002).
Drugs can be loaded into PEG-PE micelles by simply

mixing PEG-PE conjugates and a drug of interest in a
miscible volatile organic solvent and evaporating the
solvent to form a dry PEG-PE film containing the
appropriate drug (Lukyanov and Torchilin, 2004). The
dry film is then hydrated with an aqueous buffer and
shaken intensively to form micelles (Lukyanov and
Torchilin, 2004). The drug loading efficiency of com-
pounds within lipid-core micelles is believed to be
correlated with the hydrophobicity of the compound
(Lukyanov and Torchilin, 2004). The loading efficiency
can be improved by the addition of another micelle-
forming compound, such as egg PC (Gao et al., 2003;
Krishnadas et al., 2003). For example, it was demon-
strated that;33mgofPTX/g ofmicelle-formingmaterial
was encapsulated within PEG-PE-egg PC micelles (Gao
et al., 2003) compared with only 15 mg/g in the case of
PEG-PE micelles (Gao et al., 2002).
The effectiveness of PEG-PE micelles as a drug

carrier has been investigated both in vitro and in vivo.
For instance, PEG-PE-egg PC micelles containing PTX
were reported to have comparable cytotoxicity as free
PTX against a wide variety of different cancer cell
types (Alkan-Onyuksel et al., 1994; Krishnadas et al.,
2003). The administration of PEG-PE micelles contain-
ing radioactive indium-111 into mice with Lewis lung
carcinoma (LLC) or EL4 T lymphoma (EL4) tumor
xenografts further revealed that these lipid-core mi-
celles had a circulation half-life of 1.2–2.0 hours. This
was dependent on the molecular size of PEG, with the
larger PEG block increasing themicelle circulation time
(Lukyanov et al., 2002). However, the circulation time of
PEG-PEmicelles in the blood was reported to be shorter
than PEGylated liposomes in the LLC tumor mouse
model (Weissig et al., 1998). This findingwas believed to
be due to the faster rate of extravasation from the blood
vessels due to their smaller size compared with lipo-
somes (Weissig et al., 1998). The shorter circulation
time was associated with higher accumulation of
PEG-PE micelles than PEGylated liposomes in the
LLC tumor, which has a small vasculature size cut-off

(Weissig et al., 1998). Moreover, PEG-PE micelles were
able to accumulate within LLC and EL4 tumors in mice
more efficiently in comparison with normal muscle
tissue, suggesting that PEG-PE micelles were more
selective for tumors than normal tissues (Lukyanov
et al., 2002; Lukyanov et al., 2003).

The efficiency of drug-loaded PEG-PEmicelles can be
improved by actively targeting cancer cells, which
enhances the internalization of these micelles. As an
appropriate example, the monoclonal antibody 2C5 has
been conjugated to PEG-PE micelles to form 2C5-
immunomicelles (Torchilin et al., 2003). These targeted
micelles demonstrated higher binding capacity to LLC
cells, EL4 cells, and human mammary adenocarcinoma
cells (BT20) than nontargeted micelles (Torchilin et al.,
2003). The accumulation of 2C5 PEG-PE immunomi-
celles containing PTX was also investigated in the LLC
tumor mouse model (Torchilin et al., 2003). It was
observed that the accumulation of these micelles within
LLC tumors was ;30% higher than nontargeted mi-
celles (Torchilin et al., 2003). Furthermore, the weight
of the excised tumor was 2–3 times less in mice treated
with 2C5 PEG-PE immunomicelles containing PTX
compared with those treated with free PTX or non-
targeted PTX encapsulated micelles (Torchilin et al.,
2003). Alternatively, cationic lipids can be added to
PEG-PE micelles to enhance intracellular drug release
(Wang et al., 2005). It was demonstrated that the
addition of cationic Lipofectin lipids to PEG-PEmicelles
could destabilize the endosomal membrane, releasing
micelles containing PTX into the cytoplasm of BT20
cells (Wang et al., 2005). This observation was also
associated with a higher cytotoxic effect of cationic
PEG-PE micelles containing PTX compared with free
PTX or normal PTX encapsulatedmicelles in both BT20
and human ovarian carcinoma (A2780) cells (Wang
et al., 2005).

Other polymers can also be used to conjugate to PE to
form lipid-core micelles. For more information on lipid
core micelles, please see Lukyanov and Torchilin (2004)
and Torchilin (2007a).

III. Characteristics and Properties of Lipid-
Based Nanoparticles

A. Morphology of Lipid-Based Nanoparticles

Due to the most common modes of nanoparticle
preparation technology available on the market, most
nanoparticles are usually spherical (Wacker, 2013).
However, this is not the case for lipid-based nano-
particles, such as liposomes. For these particles, the
spherical shape is not induced by the preparative
procedure but is a result of the electrostatic interaction
between the polar or ionogenic phospholipid head group
and the solvent medium and the nature of nonpolar
lipid hydrocarbon moieties in the solvent (Bangham
et al., 1965; Lasic, 1982). However, it has been shown
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that it is possible to alter the shape of lipid-based
nanoparticles by manipulating the inner compartment
of these particles (Miyata and Hotani, 1992; Bunjes
et al., 2001; Nickels and Palmer, 2003; Jores et al., 2004;
Hasan et al., 2012). In liposomes encapsulating actin
polymers, the polymerization of actin led to the de-
formation of spherical liposomes into dumbbell- and
disk-shape particles (Miyata and Hotani, 1992; Nickels
and Palmer, 2003). For other types of lipid-based
nanoparticles, Particle Replication in Non-Wetting
Template Technology has been used to produce poly-
meric core of lipid-polymer hybrid nanoparticles (LPNs)
in a needle-like shape that is subsequently coated
with phospholipids (Hasan et al., 2012). Furthermore,
changes in the lipid type and composition of the lipid
mixture during the preparation of solid lipid nano-
particles (SLNs) and nanostructured lipid carriers
(NLCs) can lead to platelet-shaped particles (Bunjes
et al., 2001; Jores et al., 2004) rather than spherical
particles (Saupe et al., 2006; Luo et al., 2011). These
alterations in components can further lead to a phase
separation between liquid oil and solid lipid in the
NLCs, resulting in platelet-shaped particles with an oil
droplet on the surface (Bunjes et al., 2001; Jores et al.,
2004).
In general, the shape of nanoparticles does have an

effect on their cellular uptake and circulation time
(Chithrani et al., 2006; Geng et al., 2007; Gratton
et al., 2008; Wang et al., 2011). It is speculated that
lipid-based nanoparticles would follow the same trend
as other nanoparticles (Hasan et al., 2012). However, a
direct comparison between different shapes of lipid-
based nanoparticles has not been investigated. Al-
though, in the case of SLNs and NLCs, changes in the
shape of the particle can lead to a change in encapsu-
lation efficiency (Jores et al., 2004, 2005). It has been
suggested that platelet-shaped SLNs and NLCs
exhibited no advantage in terms of drug incorporation
rate compared with spherical particles because of a less
than maximum volume available for drug encapsula-
tion (Jores et al., 2004, 2005).
In addition, lamellarity also determines the stability,

drug loading capacity, as well as drug release properties
of liposomes (Maestrelli et al., 2006; Wacker, 2013;
Pignatello et al., 2015). A higher degree of lamellarity
often gives a more stable liposome vesicle compared
with a vesicle with fewer layers (Tayebi et al., 2012). It
was reported that vesicles with high lamellarity were
able to resist deformation by osmotic stress and were
more stable to changes in temperature (Tayebi et al.,
2012).
Lamellarity can also affect the encapsulation effi-

ciency of liposomes (Maestrelli et al., 2006; Pignatello
et al., 2015). As MLVs contain multiple phospholipid
bilayers, they are generally bigger than LUVs and
SUVs (Vemuri and Rhodes, 1995). However, MLVs
could only provide a comparable or slightly higher

encapsulation efficiency than LUVs and SUVs, which
are significantly smaller. For instance, MLVs of 3.71 6
0.1 mm could entrap 75.1 6 0.7% of the ketoprofen-
cyclodextrin complex, whereas LUVs of 1.85 6 0.04 mm
were able to entrap 61.6 6 0.8% of this complex
(Maestrelli et al., 2006). In addition, SUVs that are
only 0.26 6 0.01 mm in size were able to encapsulate
54.8 6 1.1% of the same complex (Maestrelli et al.,
2006). A similar trend was also observed in liposomes
encapsulating luteinizing hormone-releasing hormone
(Pignatello et al., 2015). MLVs with a size larger than
2 mm were able to encapsulate 78.8—81.4% of luteiniz-
ing hormone-releasing hormone, whereas LUVs that
were 241–269.5 nm in size could incorporate 66.7–
77.9% of the same hormone (Pignatello et al., 2015).

Additionally, lamellarity may also have some influ-
ence over the release profile of drug encapsulated
liposomes. It was reported by Maestrelli et al. (2006)
that LUVs demonstrated a slower drug release profile
for the ketoprofen-cyclodextrin complex than MLVs for
all time points under investigation. The authors of this
paper speculated that such results were due to the
LUVs preparation method used, which allowed the
generation of a liposomal dispersion of greater density
and viscosity (Maestrelli et al., 2006), and thus, reflect-
ing the higher phospholipid concentration per given
volume of sample.

It is noteworthy that in terms of size and size distri-
bution, the morphology of nanoparticles plays a role in
the accuracy of their measurement (Wacker, 2013). The
size and polydispersity of colloidal particles are usually
measured by either dynamic light scattering or laser
diffraction technology. These technologies require col-
loids with a spherical shape and a known refractive
index for the medium and particles to achieve an
adequate correlation between the signal and particle
size (Ross Hallett, 1994). In fact, without prior knowl-
edge of the particle shape, data obtained from dynamic
light scattering is often interpreted with an assump-
tion that particles are spherically shaped (Pencer and
Hallett, 2003). This particular issue was observed in
platelet-shaped SLNs and NLCs in which a relatively
high polydispersity index was recorded for both types
of lipid nanoparticles, indicating increased inaccuracy
of size and size distribution measurement (Jores et al.,
2004). Hence, particle morphology determines the
accuracy of the size and size distribution of colloidal
particles.

B. Size and Size Distribution

Particle size is one of the most important parameters
that governs the biodistribution and elimination of a
colloidal drug delivery system (Wacker, 2013). Unlike
microspheres, nanosized drug delivery systems are not
filtered out by the capillary bed of the lungs after initial
intravenous injection (Kreuter, 1994). However, rapid
urinary excretion and renal elimination was observed
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with particles exhibiting a hydrodynamic diameter
below 5.5 nm (Choi et al., 2007). For larger particles
that are not subjected to renal clearance, it is believed
that these particles accumulatewithin the spleen and to
a larger extent within the liver (Moghimi et al., 1993a;
Moghimi et al., 1993b). Regardless of whether nano-
particles are coated with a stealth component or not,
particles with a hydrodynamic diameter of more than
200 nm exhibit a faster rate of intravascular clearance
via splenic filtration and hepatic sequestration than
those with a hydrodynamic diameter of less than
200 nm (Moghimi et al., 1993b). There is also evidence
that nanoparticles with a diameter between 150 and
250 nm are taken up by the bone marrow (Porter et al.,
1992). However, bone marrow uptake was extremely
low and contributed to only 0.05–1% of total nano-
particles in comparison with the liver (;60–90%) and
spleen (;2–20%) (Kreuter, 1994).
In the spleen, uptake of lipid-based nanoparticles,

such as liposomes, has been shown to be directly de-
pendent on size (Litzinger et al., 1994; Awasthi et al.,
2003). It was demonstrated by Litzinger et al. (1994) that
an increase in liposome size (from 67.8 to 338 nm)
resulted in higher liposome uptake in the spleen of
C57BL/6 mice with colonic adenocarcinoma. A similar
trend in splenic uptake of liposomes was also observed in
a rabbit model when liposomal size was increased from
136.2 to 318 nm (Awasthi et al., 2003). In fact, a direct
correlation between liposomal size and spleen uptake
(R2 = 0.98) could be observed in this rabbit model
(Awasthi et al., 2003).
In the liver, the relationship between particle size and

hepatic uptake is less obvious for lipid particles. For
instance, it was reported that in a healthy human liver,
the hepatic sinusoidal endothelial cells contain fenes-
trae with a pore size of 1076 1.5 nm in diameter (Wisse
et al., 2008). This should allow particles with a diameter
of no more than 100 nm to pass through and interact
with parenchymal cells (Nagayasu et al., 1999). How-
ever, a study examining radioactive particles was un-
able to detect small liposomes (i.e., less 100 nm in
diameter) within areas consisting of parenchymal cells
(Litzinger et al., 1994). In fact, it is believed that most
liposomes internalized by the liver are localized to
Kupffer cells, regardless of their size (Litzinger et al.,
1994). In contrast, liposomes prepared from phosphati-
dylserine with a size between 200 and 400 nm were
found in both hepatic parenchymal cells and Kupffer
cells in almost equal amounts, despite being larger than
the endothelial fenestrae pore size (Daemen et al.,
1997). Moreover, Awasthi et al. (2003) have reported
that small and large liposomes (136.2 and 318.0 nm,
respectively) were taken up more readily by the liver
than liposomes that were 165.5–275.0 nm in size. In this
study, larger liposomes were taken up by the liver to the
greatest extent (Awasthi et al., 2003). It is notable that
fenestrae size in the endothelium may vary between

different species (Litzinger et al., 1994; Daemen et al.,
1997; Awasthi et al., 2003), and this factor is also
important to consider in terms of the differences in the
sizes of the nanoparticles that have been reported to
pass into the parenchyma of the liver.

The rapid clearance of nanoparticle drug delivery
systems, including liposomes, from the circulation by
the liver and spleen is due to the process known as
opsonization, which leads to the recognition and sub-
sequent uptake of nanoparticles by the reticuloendo-
thelial system (RES), also known as the mononuclear
phagocytic system (Owens and Peppas, 2006). Opsoni-
zation is the process by which opsonin proteins present
in the blood adhere themselves to particles foreign to
the body, making these particles recognizable by phago-
cytes of the RES (Owens and Peppas, 2006). Conse-
quently, phagocytes sequester these particles and
remove them from the circulation. However, if seques-
tered particles are nonbiodegradable, this may result in
the accumulation of particles within RES organs, such
as the liver or spleen, leading to toxic side effects
(Owens and Peppas, 2006). Fortunately, opsonization
can be reduced through surfacemodification using PEG,
which decreases the nonspecific binding of plasma pro-
teins, including opsonin proteins, to the surface of the
nanoparticles (Owens and Peppas, 2006). It was shown
that non-PEGylated liposomes that were 194 nm in
diameter circulated in the blood for a shorter period of
time and were taken up more rapidly by the liver than
PEGylated liposomes of size 338 nm, despite being smaller
(Litzinger et al., 1994).

The accumulation of nanoparticles in tumors is
believed to be facilitated by highly permeable tumor
blood vessels (Jain and Gerlowski, 1986; Dvorak et al.,
1988). There are three possible pathways in which
nanoparticles can travel across tumor blood vessels into
the tumor interstitial space (Hashizume et al., 2000).
These are intercellular openings between endothelial
cells, transcellular holes, and endothelial cell fenestrae
(Hashizume et al., 2000). However, the size of these
pores varies in different types of tumors, tumor micro-
environments, and species (Yuan et al., 1995; Hobbs
et al., 1998). For instance, the functional pore size of
the transvascular gap has been investigated based on
the size at which particles, namely sterically stabilized
liposomes and latex microspheres, can extravasate and
the upper limit where there was no particle extravasa-
tion was defined (Yuan et al., 1995; Hobbs et al., 1998).
It was found that the transvascular pore size cut-off for
human colon adenocarcinoma (LS174T) xenografts was
400–600 nm in diameter (Yuan et al., 1995). In contrast,
murine tumor xenografts, such as murine hepatoma
(HCa-1) and murine mammary carcinoma (MCa IV),
have a transvascular pore size cut-off of 380–550 nm
and 1200–2000 nm, respectively (Hobbs et al., 1998).
Moreover, the transvascular pore size cut-off was
different when the xenograft was grown in a dorsal
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chamber or a cranial window (Hobbs et al., 1998). For
example, the pore size cut-off of aMCa IV tumor xenograft
grown in a dorsal chamber was 1200–2000 nm, whereas
the size cut-off was decreased dramatically to 380–550 nm
when the same tumor was grown in cranial window
(Hobbs et al., 1998). In general, it was suggested that
the transvascular pore size cut-off for tumors grown
subcutaneously is between ;200 and 1200 nm (Hobbs
et al., 1998).
In conclusion, nanoparticle size is an important factor

that needs to be considered carefully as it determines
the biodistribution of the nanoparticle drug delivery
system. Knowledge of the pore size for major sites of
nanoparticle accumulation, such as liver and spleen,
and for the transvascular opening assists in determin-
ing the optimal size of nanoparticles. However, other
parameters, such as particle morphology and sur-
face charges, must also be taken into account, which
increases the difficultly of the preparation of the final
nanoparticle formulation (Wacker, 2013). It should be
noted that for liposomes, the deforming capacity of
liposomes due to the flexible lipid membrane may also
help in squeezing large particles through small in-
tercellular pores (Nagayasu et al., 1999). In most cases,
to achieve acceptable circulation time and tumor accu-
mulation, an optimal colloidal size must be between
100 and 300 nm, depending upon surface charge and
other parameters (Wacker, 2013).

C. Surface Charge

As nanoparticles exhibit a high surface-to-volume
ratio compared with larger particles, it is important
that their surface characteristics be assessed and
controlled precisely. One crucial marker used in the
characterization of the nanoparticle surface charge is
the zeta potential (Fig. 3).
When a colloidal particle develops a net charge on its

surface, a change in the distribution of ions around the
particle occurs, resulting in an increased concentration
of oppositely charged ions close to the surface of the
particle (Shaw and Costello, 1993). This new arrange-
ment leads to the formation of an electrical double layer
around the charged particle (Fig. 3) (Shaw and Costello,
1993). This layer consists of two parts: 1) an inner region
called Stern layer, where counterions are strongly
associated with the particle; and 2) an outer region
called the diffuse layer, where counterions are less
strongly associated (Fig. 3). A theoretical boundary
exists inside the diffuse layer, where ions and the
charged particle form a stable entity. As the particle
moves, ions within this theoretical boundary move with
it, whereas ions beyond this boundary stay with the
bulk fluid (Shaw and Costello, 1993). The potential at
this boundary is known as zeta potential, a potential
difference between the bulk fluid and the layer of fluid
containing oppositely charged ions that are associated
with the particle (Fig. 3).

When the surface charge of nanoparticles is close to
neutral (known as the isoelectric point), the colloidal
system is usually unstable and agglomeration takes
place (Hunter, 1981; Shaw and Costello, 1993). This
colloidal instability and agglomeration can be pre-
vented by increasing the net surface charge of particles
within the colloidal system (Hunter, 1981; Shaw and
Costello, 1993). This in turn increases the intercolloidal
repulsive forces between particles, preventing them
from interacting with one another (Hunter, 1981; Shaw
and Costello, 1993; Wacker, 2013).

Apart from influencing the stability of the colloidal
system, the surface charge also influences the interac-
tion between nanoparticles and their environment,
which ultimately controls the biodistribution of nano-
particles within the body (Wacker, 2013). An increase in
phagocytosis of poly(lactic-co-glycolic acid) (PLGA) mi-
crospheres with a positive zeta potential by human
macrophages was observed previously (Brandhonneur
et al., 2009). In addition, liposomes with an increasing
zeta potential value, regardless of the type of charge,

Fig. 3. Surface charge and zeta potential of colloidal particles. When a
particle develops a net surface charge, oppositely charged ions accumu-
late around the charged particle surface. This arrangement forms an
electrical double layer around the particle consisting of an inner layer
called the Stern layer and an outer layer called the diffuse layer. Ions in
the Stern layer are strongly bound to the particle, whereas ions in diffuse
layer are less strongly associated. A theoretical boundary exists within
the diffuse layer in which ions within this boundary form a stable entity
with the particle, whereas ions beyond the boundary remain associated
with the bulk fluid. Zeta potential is the potential difference between the
bulk fluid and the layer of fluid containing oppositely charged ions that is
associated with the particle.

The Current State of Lipid-Based Drug Delivery Systems 721



were demonstrated to be removed from the system at a
faster rate in mice (Levchenko et al., 2002). A similar
trend was also observed in chitosan polymeric nano-
particles (He et al., 2010). He et al. (2010) showed that
an increase in surface charge, either positive or nega-
tive, resulted in the escalated uptake of chitosan
polymeric nanoparticles by murine macrophages. In-
terestingly, He et al. (2010) further demonstrated that
when the absolute zeta potential values were identical,
a higher percentage of positively charged nanoparticles
were phagocytosed bymacrophages compared with their
negatively charged counterparts.
As lipid-based nanoparticles, like many other nano-

particles, are generally administered systematically,
the interaction between cells and nanoparticles must
be taken into consideration. It is believed that the
inside surface of blood vessels, as well as the surface
of endothelial cells, contain many negatively charged
components (Davis et al., 2008). This is because vascu-
lar endothelial cells often express a sugar-rich protein
coating called the glycocalyx (van Golen et al., 2012;
Mitchell and King, 2014). Structurally, the glycocalyx is
a network of mostly membrane-bound proteoglycans
and some glycoproteins (Fuster and Esko, 2005;
Reitsma et al., 2007). It is these proteoglycans that give
the glycocalyx a negative charge, because they consist of
a protein core covalently attached to various anionic
sulfated glycosaminoglycans, namely heparin sul-
fate and chondroitin sulfate (Fuster and Esko, 2005;
Reitsma et al., 2007). A different type of anionic
glycosaminoglycan also exists in the glycocalyx called
hyaluronic acid, which does not attach itself to core
proteins but to the CD44 receptor (Fuster and Esko,
2005; Reitsma et al., 2007; van Golen et al., 2012).
Together, the negative charge of glycosaminoglycans
and the high molecular density of the glycocalyx help
endothelial cells regulate vascular permeability and
adhesive interactions between blood components, in-
cluding nanoparticles, and the cell surface (Reitsma
et al., 2007; van Golen et al., 2012). Similarly, cancer
cells and tumor endothelial cells have also been associ-
ated with the overexpression of glycosaminoglycans,
including heparin sulfate, chondroitin sulfate, and
hyaluronic acid (Vijayagopal et al., 1998; Park et al.,
2002; Davies et al., 2004; Abid et al., 2006; Fears et al.,
2006). This may influence the distribution of nano-
particles and the uptake of nanoparticles by these cells
(Campbell et al., 2002; Lee et al., 2002; Itano and
Kimata, 2008; Mitchell and King, 2014).
Although it is quite certain that surface charge is

involved in the nanoparticle-cell interaction, the type of
charge beneficial to the delivery of nanoparticles to
tumor site is not well understood as contradicting
results have been reported. For instance, He et al.
(2010) previously demonstrated that polymeric nano-
particles with a slight negative charge and a size of
150 nm in diameter were able to accumulate efficiently

within H-22 mouse liver cancer tumors in vivo. In
contrast, Lee et al. (2002) showed that the addition of
cationic lipids to cisplatin (Fig. 1) encapsulated lipo-
somes increased liposome uptake by human renal
adenocarcinoma (ACHN) cells and murine osteosar-
coma (LM8G5) cells in vitro and were more effective at
reducing tumor growth in mice bearing LM8G5 tu-
mors compared with neutral liposomes containing the
same anticancer drug. Moreover, Campbell et al. (2002)
reported that increasing the positive charge of lipo-
somes resulted in an increase in liver liposome accu-
mulation and a decrease in liposome blood circulation in
mice bearing a human colon adenocarcinoma (LS174T)
tumor, while having no effect on tumor uptake. As
different studies have given contradicting results, it is
difficult to conclude which type of charge is most
beneficial for nanoparticle delivery. However, it has
been suggested that the use of slightly negatively
charged or slightly positively charged nanoparticles
may give optimal results. This is because such nano-
particles would undergo minimal self to self and self to
non-self-interactions (Davis et al., 2008).

D. Phase Transition Temperature

In contrast to polymeric nanoparticles, which are
relatively insensitive to temperature, liposomes un-
dergo changes in viscosity, drug release properties,
and interaction with RES upon changes in temperature
(Sharma and Sharma, 1997; Wacker, 2013). This is an
important factor in liposomal drug delivery, because the
encapsulation of hydrophilic molecules occurs within
the liposomal aqueous interior surrounded by the
phospholipid bilayer, whereas lipophilic molecules are
incorporated into the hydrophobic core of the phospho-
lipid bilayer (Allen, 1997; 1998).

Different lipids have unique PTTs and exist in
different physical states above or below this tempera-
ture (Sharma and Sharma, 1997). Below the PTT, lipids
are usually in a more structured and well-ordered orien-
tation (solid gel-like phase), whereas above this temper-
ature, they are usually in a liquid-crystalline (fluid)
phase (Sharma and Sharma, 1997). The PTT ulti-
mately determines the fluidity of liposomes (Sharma
and Sharma, 1997). By using phospholipids of different
PTT, it is possible to alter the fluidity of liposomal
bilayers (Sharma and Sharma, 1997; Anderson and
Omri, 2004). In the presence of high PTT lipids (PTT.
37°C), liposomal bilayers are usually less fluid and
less leaky at physiologic temperature (Sharma and
Sharma, 1997). On the other hand, in the presence of
a high concentration of low PTT lipids (PTT , 37°C),
liposomal bilayers become more prone to leakage,
because of their increased fluidity, allowing encapsu-
lated hydrophilic drugs to escape from the liposome
interior (Sharma and Sharma, 1997). However, hydro-
phobic drugs can still remain in the membrane.
Furthermore, liposomes prepared from low PTT lipids
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also interact more readily with macrophages in com-
parison with liposomes prepared from high PTT lipids,
and thus, increasing their uptake by RES (Gabizon and
Papahadjopoulos, 1988).
Apart from changing lipid compositions of liposomes,

the addition of different concentrations of cholesterol
can also reduce the effect of PTT of liposomes (Sharma
and Sharma, 1997). By adding high concentrations of
cholesterol, the liposomal bilayer becomes less fluid and
less leaky at temperatures above their PTT, making
liposomes more stable (Sharma and Sharma, 1997;
Anderson and Omri, 2004).

E. Plasma Proteins Interactions-Particle Stability
and Clearance

Once nanoparticles are administered into the blood-
stream, they can interact with plasma proteins, such as
complement proteins (Roerdink et al., 1983; Funato
et al., 1992; Wassef and Alving, 1993; Devine et al.,
1994; Szebeni et al., 1994), lipoproteins (Pownall et al.,
1978; Guo et al., 1980; Surewicz et al., 1986; Comiskey
andHeath, 1990; Jian et al., 1997;Williams et al., 1998),
immunoglobulins (Derksen et al., 1987; Cullis et al.,
1998), and albumin (Guo et al., 1980; Sabin et al., 2009).
This interaction is essential, because it determines the
stability and clearance behavior of nanoparticles. In
particular, lipid-based nanoparticles are more vulnera-
ble to protein destabilization than other nanoparticles,
as their interaction with certain proteins can lead to
particle deformation and leakage of the encapsulated
contents (Guo et al., 1980; Williams et al., 1998).
The interaction between lipid-based nanoparticles

and complement proteins has been observed in a study
using hemolysis assays (Szebeni et al., 1994). Notably,
the injection of either liposomes containing hemoglobin
or empty liposomes into rats resulted in a significant
reduction in hemolytic complement activity, whereas
free hemoglobin showed no effect (Szebeni et al., 1994).
This finding suggested that liposomes interacted with
complement proteins (Szebeni et al., 1994). The de-
crease in hemolytic complement activity observed was
also closely associated with a rise in plasma thrombox-
ane B2 levels, indicating that the complement system
was activated by liposomes (Szebeni et al., 1994). The
interaction of lipid-based nanoparticles, such as lipo-
somes, with complement proteins can lead to the uptake
of these particles by macrophages of the RES through
opsonization (Roerdink et al., 1983; Wassef and Alving,
1993). For instance, it was demonstrated in vitro that
when galactosyl ceramide encapsulated liposomes
opsonized with antigalactosyl ceramide antibodies were
added to cultured mouse peritoneal macrophages in the
presence of guinea pig complement, the uptake of
these liposomes by macrophages increased 5- to 10-fold
relative to nonopsonized liposomes (Roerdink et al.,
1983). The uptake of liposomes opsonized with anti-
bodies was reduced only when cultured macrophages

were preincubated with metabolic inhibitors, suggest-
ing that phagocytosis was inhibited (Roerdink et al.,
1983). The interaction between liposomes and acti-
vated complement has also been shown to result in the
destabilization of liposomes (Funato et al., 1992). It
was reported that 25% of 5(6)-carboxyfluorescein was
released from liposomes 15 minutes after being ex-
posed to fresh rat plasma, whereas the same marker
was not released from liposomes in phosphate-buffered
saline for at least 60 minutes (Funato et al., 1992). The
rapid release of 5(6)-carboxyfluorescein was com-
pletely inhibited when the plasma was preheated at
56°C for 30 minutes or pretreated with the chelating
agent EDTA (Funato et al., 1992). These treatments
are known to inactivate the complement system,
because heat denatures proteins, whereas EDTA can
chelate Ca2+ and Mg2+ ions, which are important for
complement activation (Funato et al., 1992). Interest-
ingly, three studies have shown that certain negatively
charged phospholipids, such as phosphatidylserine
and phosphatidylinositol, were able to suppress com-
plement activation (Roerdink et al., 1983; Wassef and
Alving, 1993; Devine et al., 1994).

Among plasma proteins, lipoproteins and their apo-
lipoproteins, in particular, are a very important factor
in liposome stability, because they are able to disrupt
liposomes, resulting in the release of their encapsulated
contents (Guo et al., 1980; Comiskey and Heath, 1990).
It is primarily high density lipoprotein and its apolipo-
proteins that are responsible for this liposomal disrup-
tion (Pownall et al., 1978; Surewicz et al., 1986; Jian
et al., 1997; Williams et al., 1998). The destabilization
and solubilization of liposomes was observed when
large multilamellar liposomes were incubated with
human plasma apolipoprotein A-I isolated from high
density lipoproteins at their PTT (Pownall et al., 1978;
Surewicz et al., 1986). The incubation resulted in the
disappearance of a turbid dispersion of liposomes and
the formation of lipid-protein complexes, suggesting
that these particles were solubilized by the apolipopro-
teins (Pownall et al., 1978; Surewicz et al., 1986). The
rapid leakage of carboxyfluorescein (Guo et al., 1980)
and methotrexate-g-aspartate (Comiskey and Heath,
1990) from liposomes was also observed when exposed
to lipoproteins and apolipoproteins. In the case of
methotrexate-g-aspartate encapsulated anionic lipo-
somes, drug leakage was reduced significantly when
lipoproteins were removed from the serum and the
degree of leakage was suggested to be dependent on the
phospholipid acyl chain length (Comiskey and Heath,
1990). The same study further suggested that the
destabilization of liposomes by lipoproteins may be, in
part, due to electrostatic interaction, because neutral
liposomes demonstrated significantly lower leakage
than negatively charged liposomes (Comiskey and
Heath, 1990). The leakage of liposomal content was
often associated with the formation of disc-like particles
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(Guo et al., 1980). This is possible because apolipopro-
teins can insert their amphipathic helical domains
into the liposomal bilayer, disturbing the phospholipid
packing (Williams et al., 1998). This insertion, together
with the phospholipid solubilizing capacity of apolipo-
proteins, breaks liposomes into disc-like particles,
leading to leakage of liposomal content (Williams
et al., 1998). The discoidal particles are then stabilized
by the amphipathic helical domains, shielding the phos-
pholipid acyl chains from contact with water (Williams
et al., 1998).
Other plasma proteins, such as immunoglobulins and

albumin, have been reported to have an effect on
liposome clearance and stability (Guo et al., 1980;
Derksen et al., 1987; Sabin et al., 2009). For instance,
rabbit IgG antibodies covalently attached to liposomes
have been reported to increase liposome uptake by rat
Kupffer cells (Derksen et al., 1987). In addition, lipo-
some destabilization was reported to occur upon in-
cubation with bovine serum albumin (Guo et al., 1980).
However, the destabilizing effect may have been caused
by the small contamination of lipoproteins within com-
mercial albumin preparations (Guo et al., 1980). Re-
cently, both IgG and albumin were reported to penetrate
the liposomal bilayer, but liposome disruption was not
observed during the interaction (Sabin et al., 2009).
For more information on liposome-protein interactions,
please refer to Williams et al. (1998), Cullis et al. (1998),
and Ishida et al. (2002).

IV. Tumor Targeting of Lipid-
Based Nanoparticles

As conventional chemotherapeutic agents exhibit
only some tumor specificity and affect both normal
and tumor cells to a certain degree, the effective dose
required for the treatment of cancer is not optimal due
to the toxicity that concurrently occurs. The tumor
targeting ability of nanoparticle drug delivery systems,
including lipid-based nanoparticles such as liposomes,
represents an appealing strategy to increase antican-
cer drug selectivity toward tumor cells while reducing
toxicity to their normal counterparts.
By specifically targeting tumor cells, nanoparticles

are able to: 1) improve the drug’s pharmacokinetics and
pharmacodynamics profile; 2) control and sustain the
release of drug; 3) increase the drug’s specificity toward
tumor cells; 4) enhance the internalization and intra-
cellular delivery of drugs; and 5) reduce the drug’s
systemic toxicity (Danhier et al., 2010). Tumor target-
ing consists of two types of approach, passive targeting
and active targeting, and these are described in detail
below.

A. Passive Targeting

Passive targeting makes use of the properties of the
delivery system and the disease anatomy to specifically

accumulate the drug at a targeted site and avoid
nonspecific distribution (Fig. 4) (Ganta et al., 2008).

Tumor blood vessels are different from normal blood
vessels in many ways. They are generally characterized
by abnormalities, such as high proportions of prolifer-
ating endothelial cells, pericyte deficiency, and aberrant
basement membrane formation (Danhier et al., 2010).
As a result of these irregularities, most tumor blood
vessels exhibit enhanced vascular permeability and are
known to be leaky (Danhier et al., 2010). It is believed
that particles in a size range between 10 and 500 nm can
extravasate and accumulate inside the tumor intersti-
tial space, because leaky blood vessels in most periph-
eral tumors are made up of porous endothelial lining
with a pore size estimated to be between ;400 and
600 nm in diameter (Yuan et al., 1995; Torchilin, 2000;
2007b). Apart from enhanced vascular permeability,
tumors also exhibit a nonfunctional lymphatic system,
which contributes to ineffective drainage within tumor
tissues (Matsumura and Maeda, 1986; Danhier et al.,
2010). Consequently, any nanoparticles entering tu-
mors are not efficiently removed by the lymphatic
system, causing nanoparticle accumulation within the
tumor (Maeda et al., 2001; Maeda et al., 2009). These
two factors together form a passive phenomenon called
the enhanced permeability and retention (EPR) effect,
which was discovered by Matsumura and Maeda and
plays a major role in the passive targeting of drugs and
nanoparticles (Fig. 4) (Matsumura and Maeda, 1986;
Maeda et al., 2001; Maeda et al., 2009). The character-
istics of tumor and tumor blood vessels, such as: 1)

Fig. 4. Passive targeting of nanoparticles. Passive targeting uses the
properties of the delivery system and the disease anatomy to specifically
accumulate the encapsulated substance at a targeted site. Passive targeting
of tumors by nanoparticles relies on a phenomenon called the enhanced
permeability and retention (EPR) effect. The EPR effect is caused by the
enhanced permeability of tumor blood vessels and an ineffective lymphatic
system. Highly permeable tumor blood vessels allow nanoparticles ranging
between 10 and 500 nm to extravasate and accumulate within the tumor
interstitial space, whereas a dysfunctional lymphatic system prevents
effective drainage within the tumor tissue. Thus, this further promotes the
accumulation of nanoparticles within the tumor.
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extensive angiogenesis; 2) hypervasculature; 3) incon-
sistent and turbulent blood flow; and 4) slow venous
return that leads to particle accumulation within the
tumor interstitium, also help contribute to the EPR
effect in passive targeting (Danhier et al., 2010).
In 1987, Jain (1987) suggested that tumor interstitial

fluid pressure must be high due to the tumor architec-
ture. It is now well recognized that most solid tumors
display an increased interstitial fluid pressure (Danhier
et al., 2010). Although vascular abnormalities enhance
nanoparticle transport across tumoral blood vessels
into the tumor interstitial space, an increased tumor
interstitial fluid pressure may impede efficient nano-
particles transcapillary movement into tumors (Jain,
1987). The interstitial fluid pressure is believed to be
higher at the center of the tumor and is diminished
toward the periphery (Boucher et al., 1990; DiResta
et al., 1993; Heldin et al., 2004). This pressure gradient
may result in the movement of fluid away from the
central region of the tumor, reducing the ability of
nanoparticles to reach the inner tumor mass (Danhier
et al., 2010). However, nanoparticles of greater size
(larger than 10 kDa) have been shown to be less affected
by an increase in interstitial fluid pressure and are
able to successfully overcome this barrier to accumulate
within tumors (Heldin et al., 2004; Bouzin and Feron,
2007). This is a result of their size as well as the high
magnitude of microvasculature pressure, which facili-
tates the extravasation of nanoparticles into tumors
(Jain, 1987; Heldin et al., 2004; Bouzin and Feron, 2007).
The manipulation of nanoparticle size and surface

charge, as well as the addition of PEG or poly(ethylene
oxide), can further help to improve the effectiveness of
passive targeting (Ganta et al., 2008). Nanoparticles
less than 200 nm in diameter and those with a slight
positive charge are known to preferentially accumu-
late within the tumor for a longer period of time than
either neutral or negatively charged nanoparticles (van
Vlerken et al., 2007; Ganta et al., 2008). In addition, the
surface modification of nanoparticles with either PEG
or poly(ethylene oxide) also allows for an increase in
nanoparticle circulation time by reducing opsonin ad-
hesion and opsonization, and thus, lowering nanopar-
ticle recognition by RES (Ganta et al., 2008). This
ultimately increases nanoparticle accumulation in solid
tumors, as shown by stealth PEGylated doxorubicin-
loaded liposomes (Doxil) (Noble et al., 2004) and
poly(ethylene oxide)-modified poly(«-caprolactone) nano-
particles containing tamoxifen (Shenoy and Amiji, 2005).
Once passive targeting is completed, namely when

the delivery system has accumulated passively within
the tumor site, the active targeting process can then
potentially occur (Bae, 2009).

B. Active Targeting

Apart from passive targeting, nanoparticle drug de-
livery systems can be modified to be more selective

toward cancer cells by means of active targeting. In
active targeting, specific ligands (Table 1) recognized by
cells at the disease site are coupled to the surface of
nanoparticles (Figs. 5 and 6), and thus, allowing them to
interact specifically with tumor cells.

Themost common approach for active targeting is the
use of a ternary structure composed of: a ligand or an
antibody as a targeting moiety, polymers or lipids as a
carrier, and an active pharmaceutical (Fig. 5) (Cho
et al., 2008). When preparing ternary structures, some
factors relating to the targeting moiety used must be
considered to generate an effective delivery system.
First, a cellular receptor and its ligand should exhibit
properties that make them suitable as a tumor-specific
target. For example, the receptor should be overex-
pressed on cancer cells and not expressed on normal

Fig. 5. Uptake of nanoparticles via receptor-mediated endocytosis. In the
process of receptor-mediated endocytosis, one of the ligands on the
surface of the nanoparticle binds to its cell surface receptor forming a
ligand-receptor complex. Consequently, the plasma membrane forms an
invagination surrounding the ligand-receptor complex preparing it for
cellular internalization. This process is often assisted by clathrin or
caveolin proteins, depending on the type of ligands and receptors, and
results in the formation of an endocytic vesicle. The resulting vesicle
is coated with either clathrin or caveolin. Once dissociated from the
membrane, the coated endocytic vesicle travels through the cytoplasm to
fuse with an early endosome, also known as a sorting endosome. As the
early endosome matures, vacuolar ATPase pumps are recruited to pump
H+ ions into its lumen decreasing the pH to ;5–6. The decrease in pH
facilitates the dissociation of the ligand from its receptor by causing
conformational changes to the receptor. The reduced pH also facilitates
the release of the encapsulated drug from the nanoparticle by partial
degradation. At this point, the receptor and its ligand will either get
recycled back to the plasma membrane or continue along the endolyso-
somal pathway for lysosomal degradation in a late endosome. However,
this depends on the receptor and ligand under consideration. If the
receptor and its ligand get recycled, they will be sorted to a recycling
endosome, which travels to the plasma membrane. Such a receptor and
ligand may be of limited use to drugs requiring intracellular accumula-
tion for therapeutic action. If the receptor and its ligand continue along
the endolysosomal pathway, it will enter into the multivesicular body,
which matures into the late endosome. In the process of maturation from
an early endosome into a late endosome, the pH decreases further to ;5,
allowing more encapsulated drug to be released from the nanoparticle.
Finally, the late endosome fuses with the lysosome where its content is
degraded by the lysosomal enzymes in the acidic pH. This further allows
more encapsulated drug to be released from the nanoparticle.
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cells (Cho et al., 2008). Second, the chosen receptor
should be expressed homogeneously on the surface of all
targeted cancer cells (Cho et al., 2008; Danhier et al.,
2010). Third, once the ligand binds to its receptor, the
ligand-receptor complex should not be discharged into
the blood circulation (Cho et al., 2008). Finally, the
ligand-receptor complex must be internalized into the
targeted cell after binding (Cho et al., 2008). These
factors are important criteria for active targeting,
because they determine the effectiveness of the receptor
and its ligand as a candidate for such targeting.
The internalization of a ligand-receptor complex usu-

ally occurs via receptor-mediated endocytosis assisted
by proteins, namely caveolin-1 or clathrin (Fig. 5). In the
process of internalization, the plasma membrane forms
an invagination enveloping the ligand-receptor complex
forming an endocytic vesicle (Bareford and Swaan,
2007). The vesicle then enters into the cytoplasm, where
it fuses with an early or sorting endosome (Bareford
and Swaan, 2007). As the early endosome matures,
vacuolar ATPase pumps are recruited to the endosome
for the purpose of transporting H+ ions into the endo-
some decreasing the endosomal pH to as low as ;5.0
(Clague et al., 1994; Lee et al., 1996; Nishi and Forgac,
2002).
The increased acidity within the early endosome can

causemany receptors to change conformation, and thus,
allows associated ligands to be released (Rudenko et al.,
2002; Kamen and Smith, 2004). At this point, the
receptor and its ligand will either get recycled back to
the plasma membrane or continue along the endoly-
sosomal pathway for lysosomal degradation in a late
endosome depending on the receptor/ligand combina-
tion under consideration (Lakadamyali et al., 2006;
Bareford and Swaan, 2007). For instance, the trans-
ferrin receptor together with its ligand, the low-density
lipoprotein receptor, and the folate receptor are believed
to be recycled back to the plasma membrane (Morgan,
1981; Anderson et al., 1982; Dautry-Varsat et al., 1983;
Hopkins and Trowbridge, 1983; Paulos et al., 2004). In
contrast, low-density lipoprotein, the epidermal growth
factor receptor (EGFR) togetherwith its ligand, and a-2-
macroglobulin are transported to multivesicular bodies,
which mature into late endosomes for lysosomal degra-
dation (Carpenter and Cohen, 1979; Van Leuven et al.,
1980; Goldstein et al., 1985). It is important to note that
the exact mechanism by which various types of endocy-
tosis occur still remains unclear and requires further
investigation.
For active targeting drug delivery, the final destina-

tion of the receptors and ligands may not be the main
determinant of the efficacy of delivered drugs. Rather,
their effectiveness depends more heavily on the chem-
ical properties of the drugs, such as net ionic charge, log
P value, and amphiphilicity (Weijer et al., 2015). For
instance, the recycling of receptors and ligands to the
plasma membrane may be of limited use to certain

drugs, which require intracellular accumulation for
therapeutic action (Bareford and Swaan, 2007). How-
ever, the same receptors and ligands may be beneficial
for lipophilic drugs, namely lipophilic photosensitizers
used for photodynamic therapy (PDT). These agents
will likely remain within the lipid environment of the
plasma membrane because of their lipophilicity and
cause membrane disruption (Weijer et al., 2015).

Although the active targeting feature of nanoparticles
is an attractive strategy in delivering drugs into tumor
cells, their internalization pathway and final destina-
tion are still unclear and require more studies as
contradicting results have been reported (Turek et al.,
1993; Paulos et al., 2004; Chang et al., 2009). For
instance, Turek et al. (1993) showed that transferrin-
coated colloidal gold particles followed the same path-
way as transferrin and transferrin receptor through
clathrin-dependent, receptor-mediated endocytosis.
In contrast, Chang et al. (2009) demonstrated that
transferrin-coated PLGA nanoparticles were internal-
ized via caveolin-assisted, receptor-mediated endocyto-
sis within the blood-brain barrier. These investigators
demonstrated that a caveolae inhibitor (filipin) was able
to inhibit the uptake of transferrin-coated PLGA nano-
particles but not empty nanoparticles and albumin-
coated nanoparticles (Chang et al., 2009). Turek et al.
(1993) also showed that folate-protein-conjugated col-
loidal gold particles resided mainly in multivesicular
bodies with some particles localized to secondary lyso-
somes and cytoplasm after 6 hours. However, Paulos
et al. (2004) observed that only ;10–25% of 111In
labeled folate-conjugated diethylene triamine penta-
acetic acid-ethylenediamine-g was internalized by can-
cer cells, suggesting that themajority of folate conjugates
either remained on the cell surface or were recycled
through cell interior without unloading. This is possible
because the intracellular folate content regulates the
receptor-mediated accumulation of folate (Kamen and
Capdevila, 1986).

In active targeting, there are two cellular targets in
which nanoparticles can be directed to: 1) cancer cells,
and 2) tumoral endothelium (Fig. 6) (Danhier et al.,
2010).

1. Cancer Cell Targeting. The aim of cancer cell
targeting is to improve the cellular uptake of nano-
particles into these cells (Fig. 6). In this strategy, it is
the enhanced cellular internalization rather than the
enhanced tumor accumulation that improves the ef-
ficacy of nanoparticles (Kirpotin et al., 2006). This
cellular targeting will also cause a direct cell kill from
the release of an encapsulated drug rather than starv-
ing cancer cells of nutrients and oxygen by blocking
tumor vasculature (Pastorino et al., 2006). The follow-
ing list of receptors and specific cell surface moieties
(Table 1) are capable of being internalized and have
been studied extensively with nanoparticles for active
cancer cell targeting (Danhier et al., 2010), namely,

726 Yingchoncharoen et al.



transferrin receptor, folate receptor, cell surface glyco-
proteins, epidermal growth factor receptor (EGFR), and
ssDNA and RNA aptamers.
a. Transferrin receptor. Transferrin is a serum

glycoprotein involved in the transport of iron through-
out the body and into cells (Richardson and Ponka,
1997). To deliver iron to the cell, transferrin binds to the
transferrin receptor, which subsequently internalizes
transferrin into the cell via receptor-mediated endocy-
tosis. As iron is vital to cellular proliferation, can-
cer cells exhibit a higher level of surface transferrin
receptors than normal cells (Richardson and Baker,
1990; Richardson and Baker, 1992; Trinder et al., 1996;
Kalinowski and Richardson, 2005). It is believed that
there may be up to a 100-fold higher level of expression
of transferrin receptor on the surface of cancer cells than
on normal cells (Prost et al., 1998; Shinohara et al.,
2000; Gomme et al., 2005; Daniels et al., 2006). Due to
its surface accessibility, ability to internalize, and its
significant role in human cancer pathology, the trans-
ferrin receptor makes an appealing target for cancer
treatment. Thus, the conjugation of transferrin to nano-
particles as an active targeting strategy has been
investigated (Chang et al., 2009; Ulbrich et al., 2009).
The effectiveness of transferrin receptor targeting of

cancer cells has been investigated both in vitro and
in vivo for its use in liposomal formulations (Table 1).
In this case, Ishida et al. (2001a) demonstrated that
transferrin conjugated to PEGylated liposomes became
bound more readily to mouse colon carcinoma (colon 26)

cells than nonconjugated PEGylated liposomes by al-
most ;14-fold (;1.4 versus ;0.1 mmol lipid/1 � 106

cells). The increased binding was reduced almost com-
pletely in the presence of free transferrin, suggesting
that this ligand competitively inhibited receptor-
mediated endocytosis of transferrin conjugated lipo-
somes (Ishida et al., 2001a). Liposomal doxorubicin
(DOX; Fig. 1) conjugated to transferrin was also in-
vestigated in multidrug-resistant human small cell
lung cancer SBC-3/ADM for its ability to target trans-
ferrin receptors (Kobayashi et al., 2007). In comparison
with the free drug and nontargeted liposomal DOX,
the transferrin conjugated formulation demonstrated a
significantly higher cellular DOX accumulation over the
course of a 90-minute incubation (Kobayashi et al.,
2007). Furthermore, transferrin conjugated liposomal
DOX was also 3.6-fold more cytotoxic than free DOX,
suggesting that transferrin receptor targeting has the
potential to overcome multidrug resistance in cancer
cells (Kobayashi et al., 2007). The transferrin receptor
also shows some potential as a targeting moiety in
overcoming the blood-brain barrier (Soni et al., 2005).
The intravenous administration of technetium 99mTc-
DTPA encapsulated liposomes conjugated with trans-
ferrin into normal albino rats demonstrated a 17-fold
and 13-fold higher uptake from brain capillary endothe-
lial cells compared with free 99mTc-DTPA and nonconju-
gated 99mTc-DTPA encapsulated liposomes, respectively
(Soni et al., 2005).

b. Folate receptor. The folate receptor is a well-
known tumor marker that binds strongly to its sub-
strate, namely the vitamin folic acid, which is required
for the synthesis of nucleotide bases. Apart from folic
acid, the folate receptor also exhibits a high affinity for
folate-drug conjugates and folate-grafted nanocarriers
(Cho et al., 2008; Danhier et al., 2010). Like the trans-
ferrin receptor, the folate receptor internalizes folate
via receptor-mediated endocytosis (Cho et al., 2008;
Danhier et al., 2010).

In a study by Saba et al. (2009), it was demonstrated
that the folate receptorwas expressed in 45% of patients
with primary squamous cell carcinoma of the head and
neck and in 40% of patients with corresponding lymph
node metastases, whereas 10 normal bone marrow
samples from these patients did not show any sign of
folate receptor expression. Furthermore, two isoforms of
the folate receptor, namely the a- and b-isoforms, are
believed to be present on the surface of most cancer cells
(Low and Kularatne, 2009). Approximately 40% of
human cancers were found to overexpress the a-isoform,
whereas the b-isoform was identified on the surface of
malignant cells of hematopoietic origin (Low and
Kularatne, 2009). As the folate receptor was found
to be expressed abundantly on the surface of cancer
cells, this receptor represents another attractive target
for nanoparticle drug delivery systems (Table 1). In fact,
Yang et al. (2014b) reported that human oral cancer

Fig. 6. Active targeting of nanoparticles to cancer tumors. In active
targeting, specific ligands recognized only by cells at the disease site are
coupled on to the surface of nanoparticles, allowing them to interact
specifically with these cells. Active targeting can only occur once passive
targeting is completed. This means it can only take place after
nanoparticles have accumulated passively at the disease site. For the
treatment of cancer, there are two cellular targets in which nanoparticles
can be directed to via active targeting, namely, cancer cells and tumoral
endothelium. The targeting of cancer cell aims at improving the uptake
of nanoparticles by these cells. In contrast, the targeting of tumoral
endothelium aims to kill cancer cells indirectly by starving them of
oxygen and nutrients.
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KB cells incubated with folate receptor-targeted lipo-
somes containing calcein exhibited a 31-fold higher
fluorescence intensity in comparison to an incubation
with nontargeted calcein containing liposomes. These
results suggested that more folate receptor-targeted
liposomes were taken up by cells than nontargeted
liposomes (Yang et al., 2014b). Furthermore, Balb/c nude
mice xenografted with KB tumors and treated with folate
receptor-targeted liposomes containing the novel antican-
cer drug, ursolic acid, were reported to have the longest
lifespan (56 days) relative to those treated with free drug
(42 days) or the nontargeted formulation (47 days) (Yang
et al., 2014b).
c. Cell surface glycoproteins. As mentioned previ-

ously, tumor cells have been associated with the over-
expression of cell surface glycoproteins, such as
chondroitin sulfate and hyaluronic acid (Lee et al.,
2002; Itano and Kimata, 2008; Mitchell and King, 2014).
Moreover, glycoproteins expressed on the surface of
tumor cells usually contain carbohydrate moieties that
are different from those found on normal cells (Bies et al.,
2004). Lectins, which are proteins of nonimmunologic
origin, can be used to specifically recognize and bind to
carbohydratemoieties of these plasmamembrane-bound
glycoproteins (Bies et al., 2004; Minko, 2004; Danhier
et al., 2010). This is because the specificity of lectins for
sugar residues of glycoproteins can be as high as those of
enzymes and substrates (Bies et al., 2004; Minko, 2004;
Danhier et al., 2010). On the other hand, certain lectins
are also expressed on the cell surface (Perillo et al., 1998).
For instance, galectin-1 and galectin-3 were observed to
be upregulated on the surface of colon cancer cells (Lotan
et al., 1991; Ohannesian et al., 1994; Schoeppner et al.,
1995; Kayser et al., 2001, 2002; Hittelet et al., 2003).
This represents a potential use in colon cancer-specific
drug delivery (Minko, 2004). There are two approaches in
which lectins can be used to develop active-targeting
nanoparticles: 1) direct lectin targeting—lectins are
coupled on to the surface of nanoparticles as targeting
moieties to direct the particles to cell-surface carbohy-
drates and 2) reverse lectin targeting—carbohydrate
moieties are incorporated on to the surface of nano-
particles to target lectins (Bies et al., 2004; Minko, 2004;
Cho et al., 2008; Danhier et al., 2010). The lectin, wheat
germ agglutinin, was previously investigated as a target-
ing drug carrier protein for acid labile DOX against the
solid cancer cell line human colon carcinoma (Caco-2)
(Wirth et al., 1998). DOX conjugated to wheat germ
agglutinin showed a binding capacity to colon carcinoma
cells that was 4.5-fold higher than normal human
colonocytes and lymphoblastic MOLT-4 cells (Wirth
et al., 1998). The antiproliferative effect of DOX when
conjugated to lectin was also higher in Caco-2 cells than
in MOLT-4 cells (Wirth et al., 1998).
Alternatively, glycoproteins can also be used to tar-

get their receptors on the cell surface. For instance,
the hyaluronic acid receptor has been reported to be

overexpressed in several cancer cell types, including
human breast epithelial cancer cells (Bourguignon
et al., 2000), ovarian cancer cells (Catterall et al.,
1999), colon cancer cells (Yamada et al., 1999), and lung
cancer (Matsubara et al., 2000). By using this targeting
strategy, N-(2-hydroxypropyl)methacrylamide linked
to hyaluronic acid (which binds to the hyaluronic
acid receptor) was conjugated with DOX to examine
its specificity and cytotoxicity against various solid
cancer-derived cell lines (Luo et al., 2002). By imple-
menting hyaluronic acid conjugation, the cytotoxicity of
DOX was higher against human breast cancer (HBL-
100), ovarian cancer (SKOV-3), and colon cancer (HCT-
116) cells compared with the nontargeted DOX formu-
lation (Luo et al., 2002). This strategy of hyaluronic acid
receptor targeting also demonstrated minimal toxicity
against normal mouse NIH 3T3 fibroblast cells (Luo
et al., 2002).

In addition, hyaluronic acid conjugated to DOX
encapsulated liposomes was shown to be internalized
by B16F10 murine melanoma cells overexpressing the
CD44 receptor more avidly than normal CV-1 African
green monkey kidney cells (Eliaz and Szoka, 2001). The
IC50 of DOX when encapsulated in hyaluronic acid
conjugated liposomes (0.6 mM) was also found to be
significantly lower than that of nontargeted liposomal
DOX (.172 mM) and free DOX (6.4 mM) after 24 hours
(Eliaz and Szoka, 2001). This improved specificity and
anticancer activity was also reflected in tumor-bearing
mice. Additionally, hyaluronic acid conjugated lipo-
somes increased the tumor accumulation of DOX
compared with nontargeted liposomes, PEGylated lipo-
somes, and free DOX (Peer and Margalit, 2004b)
(Table 1). Hyaluronic acid conjugation to liposomes
further demonstrated enhanced antitumor efficacy, re-
ducing tumor growth rate in mice and increased their
lifespan significantly compared with other treatments
(Peer and Margalit, 2004b). These improvements were
observed across various tumors, namely mouse mela-
noma (B16F10.9), DOX-resistant murine leukemia
(P388/ADR), mouse colon carcinoma (C-26), and human
adenocarcinoma (PANC-1) (Peer and Margalit, 2004b).
These results suggest that hyaluronic acid may be
useful in drug delivery by active targeting.

d. Epidermal growth factor receptor. EGFR belongs
to a family of tyrosine kinase receptors known as the
ErbB family (Scaltriti and Baselga, 2006). Upon its
activation, EGFR stimulates multiple processes im-
portant for tumor growth and progression, including
proliferation, angiogenesis, invasion, and metastasis
(Scaltriti and Baselga, 2006). EGFR is often overex-
pressed in different types of cancer, especially in breast
cancer (Witton et al., 2003; Abd El-Rehim et al., 2004;
Bossuyt et al., 2005). It was reported that EGFR was
overexpressed in 15–20% of breast carcinomas (Witton
et al., 2003; Abd El-Rehim et al., 2004), whereas human
epidermal receptor-2 (HER-2) was found to be highly
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expressed in 14–91% of breast cancer patients (Bossuyt
et al., 2005). Other solid tumors that express or over-
express EGFR include colorectal cancer, non-small cell
lung cancer, squamous cell carcinoma of head and neck,
ovarian cancer, kidney cancer, pancreatic cancer, and
prostate cancer (Danhier et al., 2010; Lurje and Lenz,
2009). In fact, the specificity of anti-HER-2 scFv anti-
body fragment conjugated to PEGylated liposomes
containing DOX to HER-2 has been studied both
in vitro and in vivo (Table 1) (Shmeeda et al., 2009).
The in vitro binding of HER-2-targeted liposomes was
10- to 20-fold higher than nontargeted liposomes in two
solid cancer-derived cell lines, HER-2 expressing breast
cancer (SKBR-3) and human gastric carcinoma (N-87)
(Shmeeda et al., 2009). The HER-2-targeted liposomal
DOX formulation was also significantly more cytotoxic
to cancer cells than the nontargeted formulation, both
in vitro and also in vivo in the J6456 ascitic lymphoma
mouse model (Shmeeda et al., 2009). The greater in vivo
cytotoxicity of the HER-2-targeted formulation against
this hematologic cancer model may be due to a high
relative association of this formulation to HER-2 express-
ing tumor cells compared with the nontargeted formula-
tion (Shmeeda et al., 2009).
e. ssDNA and RNA aptamers. Aptamers are ssDNA

or RNA oligonucleotides that can be conjugated on to
the surface of nanoparticles (Deshpande et al., 2013).
Aptamers can interact with their target molecules with
high affinity and specificity via electrostatic interac-
tions, hydrogen bonding, and hydrophobic interactions
(Deshpande et al., 2013). The use of aptamers for active
targeting can be advantageous in that they are small
and stable molecules, which can be easily synthesized
and modified for conjugation as well as for improved
target specificity (Kang et al., 2010; Deshpande et al.,
2013).
Liposomes conjugated to sgc8 aptamers have been

developed to target hematologic cancers, such as leuke-
mia CCRF-CEM cells (Shangguan et al., 2007a;
Shangguan et al., 2007b; Kang et al., 2010; Deshpande
et al., 2013). It is believed that the sgc8 aptamer can bind
to its target, protein tyrosine kinase 7, in these cells with
high affinity (Table 1) (Kang et al., 2010; Deshpande
et al., 2013). Through the use of flow cytometry, it was
demonstrated that aptamer-conjugated liposomes could
bind to target cells and subsequently release fluorescein-
isothiocyanato-dextran within 30 minutes of incubation
(Kang et al., 2010).
It is worth mentioning that the targeting of hemato-

logic cancer cells may require the use of other target-
ing ligands apart from those described above. This is
because blood cells possess their own specific markers
that may not be present on other cell types. Some of the
ligands capable of targeting hematologic cancers that
have been investigated with lipid nanoparticles include
CD19 and/or CD20 (Lopes de Menezes et al., 1998;
Sapra andAllen, 2004; Laginha et al., 2005a; Cheng and

Allen, 2008), CD74 (Lundberg et al., 2004; Mao et al.,
2013), CD33 (Simard and Leroux, 2010), very late
antigen-4 (Kiziltepe et al., 2012), and Apo2-ligand/TNF-
related apoptosis-inducing ligand (De Miguel et al.,
2013).

2. Tumoral Endothelium Targeting. In 1971, Judah
Folkman (1971) suggested that the growth of tumors
could be suppressed by preventing tumors from forming
new blood vessels. This suggestion forms the basis of the
design of nanomedicines that actively target tumor
endothelial cells (Lammers et al., 2008). In contrast to
directly targeting cancer cells, the targeting of tumoral
endothelium aims to kill cancer cells by depriving
cancer cells of oxygen and nutrients. In this strategy,
ligand-targeted nanoparticles bind to and kill angio-
genic blood vessels (Fig. 6), which in turn kills cancer
cells that these blood vessels support in terms of
providing nutrients. By inhibiting blood supply to
tumors, the size and metastatic capabilities of tumors
can be reduced (Danhier et al., 2010). The active
targeting of the tumoral endothelium is also advanta-
geous in that it can solve the issue of insufficient drug
delivery to hypovascular tumors to some extent as: 1)
the tumor vascular networks are more accessible to
circulating nanoparticles than cancer cells localized in
the tumoral interstitial matrix; 2) the extravasation of
nanoparticles is not required to reach the targeted site;
3) the binding of ligands to their receptors is possible
immediately after intravenous injection; 4) endothelial
cells are genetically more stable than cancer cells and
the risk of endothelial cells developing drug resistance
is lower; 5) it has been estimated that the destruction of
one endothelial cell could lead to the death of around
100 neoplastic cells, whereas the targeting of cancer
cells requires the direct eradication of both accessible
and inaccessible tumor cells to be considered effective;
6) the targeting of tumor vascular endothelium can
achieve therapeutic efficacy without having to pene-
trate deep into the tumor, therefore, it is not heavily
affected by tumor interstitial hypertension and does not
require highly perfused or vascularized blood vessels;
and 7) most endothelial cell markers are expressed
across a wide range of tumor-types, and thus, broad
application is possible (Denekamp and Hobson, 1982;
Denekamp, 1984; Danhier et al., 2010).

The following proteins are the main candidates for
tumoral endothelium targeting, namely, vascular endo-
thelial growth factor (VEGF) and its receptors, VEGFR-
1 and VEGFR-2; avb3 integrin; vascular cell adhesion
molecule-1 (VCAM-1); and matrix metalloproteinases
(MMPs) (Table 1). Alternatively, cationic liposomes can
be used to target the negatively charged surface of
tumor endothelial cells via an electrostatic interaction
(Campbell et al., 2009; Weijer et al., 2015).

a. Vascular endothelial growth factor and its recep-
tors, vascular endothelial growth factor receptor-1 and
vascular endothelial growth factor receptor-2. VEGFand
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its receptors are essential to tumor angiogenesis and
neovascularization (Carmeliet, 2005). The upregulation
of VEGF is influenced by tumor hypoxia and oncogenes
(Carmeliet, 2005). This subsequently increases the
expression of VEGF receptors on tumor endothelial
cells.
There are two main approaches for the targeting of

angiogenesis via the VEGF pathway that have been
investigated. The first approach involves the targeting
of VEGFR-2, which will reduce VEGF-binding through
induction of endocytosis of VEGFR-2. In contrast, the
second approach involves the targeting of VEGF, which
will inhibit ligand-binding to the VEGFR-2 receptor
(Shadidi and Sioud, 2003; Carmeliet, 2005; Byrne et al.,
2008).
It was demonstrated in mice bearing Hep3B tumor

xenografts that the administration of liposomes con-
taining VEGF siRNA was able to reduce both tumor
hemorrhage and microvascular density to the same
extent as the anti-VEGF antibody, bevacizumab
(Tabernero et al., 2013). Furthermore, liposomes con-
taining both VEGF and kinesin spindle protein (KSP)
siRNAwere able to suppress the expression of these two
genes by 50% within 24 hours (Table 1) (Tabernero
et al., 2013). This response improved the mean animal
survival time by 50% compared with control liposomes
(Tabernero et al., 2013). The antitumor efficacy ofVEGF
and KSP siRNA liposomes was also observed in a
clinical study in which 1 patient attained a complete
response for over 26 months and 3 patients achieved
stable disease at all anatomic sites for ;8–12 months
(Tabernero et al., 2013).
b. The avb3 integrin. This protein is an endothelial

cell receptor for extracellular matrix proteins, including
fibrinogen (fibrin), vibronectin, thrombospondin, osteo-
pontin, and fibronectin (Desgrosellier and Cheresh,
2010). The avb3 integrin protein is highly expressed in
tumor cells and angiogenic endothelial cells but not in
resting endothelial cells in most normal organs (Byrne
et al., 2008). This distribution of expression is because
avb3 integrin is important for the calcium-dependent
pathway involved in endothelial cell migration (Nisato
et al., 2003; Byrne et al., 2008). Cyclic or linear
derivatives of the Arg-Gly-Asp (RGD) oligopeptide have
been studied extensively to bind to endothelial avb3

integrin, which may be exploited for tumoral endothe-
lium targeting (Hood et al., 2002; Desgrosellier and
Cheresh, 2010).
The conjugation of the RGD oligopeptide to PEGy-

lated liposomes resulted in a ;5-fold greater binding to
human umbilical vein endothelial cells relative to non-
targeted liposomes (Table 1) (Schiffelers et al., 2003).
The inclusion of DOX into this liposomal formulation
was also able to improve its therapeutic efficacy against
the DOX-insensitive C26 tumor mouse model compared
to nontargeted liposomes (Schiffelers et al., 2003). De-
spite the fact that RGD conjugated liposomal DOX

demonstrated a comparable tumor accumulation as
nontargeted formulations and exhibited an even higher
liver accumulation, it was able to reduce the tumor
volume by half, whereas the nontargeted formulations
did not show any effects against DOX-insensitive
tumors at all (Schiffelers et al., 2003).

c. Vascular cell adhesion molecule-1. VCAM-1 is an
immunoglobulin-like trans-membrane glycoprotein
that is expressed on the surface of tumor endothelial
cells (Danhier et al., 2010). VCAM-1 is vital to the
angiogenesis process, because it promotes cell-to-cell
adhesion (Danhier et al., 2010). It was reported pre-
viously that the overexpression of VCAM-1 was ob-
served in various solid cancers, including lung and
breast cancer, melanoma, renal cell carcinoma, gastric
cancer, and nephroblastoma (Dienst et al., 2005).

In vitro, PEGylated immunoliposomes targeting
VCAM-1 were reported to bind to TNF-a activated
murine endothelial cells overexpressing VCAM-1 with
high specificity under both static and simulated blood
flow conditions compared with nontargeted liposomes
(Table 1) (Gosk et al., 2008). In mice bearing hu-
man multiple myeloma (Colo677) tumor xenografts,
the tumor accumulation of radiolabeled anti-VCAM-1
PEGylated immunoliposomes was only slightly higher
than that of nontargeted liposomes (Gosk et al., 2008).
However, there was a difference in terms of the intra-
tumoral localization between the two formulations
(Gosk et al., 2008). Although nontargeted liposomes
accumulated within tumor tissue by passive diffusion,
the anti-VCAM-1 PEGylated immunoliposomes were
localized to tumor blood vessels via VCAM-1 targeting
(Gosk et al., 2008).

d. Matrix metalloproteinases. MMPs are a family of
zinc-dependent endopeptidases that mediate the deg-
radation of the extracellular matrix (Vihinen et al.,
2005). MMPs are important in angiogenesis and
metastasis because they are involved in endothelial
cell invasion and migration, the formation of capillary
tubes, and in the recruitment of accessory cells (Genis
et al., 2006). Membrane type 1 matrix metalloprotei-
nase (MT1-MMP) has been found on endothelial cells of
various solid tumors, including malignant lung, gas-
tric, colon, and cervical carcinoma, as well as in
gliomas and melanomas (Genis et al., 2006). Another
well-known member of the MMP family is aminopep-
tidase N\CD13, a metalloproteinase that removes
amino acids from the unblocked N-terminal segments
of peptides or proteins (Saiki et al., 1993). Aminopep-
tidase N\CD13 also acts as an endothelial cell surface
receptor that facilitates cancer cell invasion and
degradation of extracellular matrix during metastasis
both in vitro and in vivo (Saiki et al., 1993). It was
reported that Asn-Gly-Arg (NGR) oligopeptide exhibits
the ability to bind to aminopeptidase (Pasqualini et al.,
2000), and this represents a strategy for targeting
MMPs.
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In fact, it was reported that liposomes conjugated to
NGR peptides were only able to bind to human Kaposi
sarcoma cells (KS1767) or endothelial cells that could
specifically associate with the NGR peptide (Table 1)
(Pastorino et al., 2003). In contrast, liposomes conju-
gated to NGR peptides were unable to bind to THP-1
cells, which did not interact with the NGR peptide
(Pastorino et al., 2003). The study of NGR peptide
conjugated liposomal DOX has also been investigated
in mice bearing neuroblastoma tumor xenografts
(Pastorino et al., 2003). In these animal models, NGR
conjugated liposomal DOX demonstrated a 10-fold
higher accumulation of DOX in the tumor than the
nontargeted formulation (Pastorino et al., 2003). Fur-
thermore, treatment with NGR conjugated liposomal
DOX also resulted in rapid tumor regression and
metastases inhibition in tumor-bearing mice compared
with nontargeted liposomal DOX (Pastorino et al.,
2003). It was reported that 4 of 6 mice treated with
NGR conjugated liposomal DOX showed no signs of
tumor (Pastorino et al., 2003). The remaining two mice
were reported to have .80% reduction in tumor mass
or .90% decrease in tumor vascular density (Pastorino
et al., 2003). Interestingly, metronomic administration
of NGR conjugated liposomal DOX into tumor-bearing
mice further improved the efficacy of the liposomal
formulation and resulted in complete tumor eradication
(Pastorino et al., 2003).
e. Cationic liposome targeting of tumor endothelium.

Upon intravenous administration, nanoparticles will
first interact with the glycocalyx on the surface of
endothelial cells before reaching the interstitial space.
As mentioned in section III.C, this layer is made up of
negatively charged proteoglycans and glycosamino-
glycans and regulates the vascular permeability and
adhesive interactions between macromolecules and
the cell surface. The exact composition and expression
of each component of the glycocalyx varies greatly
depending on the tissue type and the pathology present
(Campbell et al., 2009). For instance, a member of the
dermatan sulfate proteoglycan class, namely endocan,
was demonstrated to be preferentially expressed in the
endothelial lining of human non-small cell lung cancer
(NCI-H1437), rat glioma (C6), and human renal cell
carcinoma (786-0) tumor xenografts in athymic nude
mice (Abid et al., 2006). In contrast, only a low level of
expression of endocan mRNA was observed in normal
mouse FVB embryos (Abid et al., 2006). The differential
expression of syndecans and glypican, which are mem-
bers of the heparin sulfate proteoglycan family, have
also been investigated (Davies et al., 2004). In this case,
it was demonstrated that syndecan-1 was expressed on
the surface of epithelial and stromal cells of benign and
borderline tumors, as well as in ovarian adenocarci-
nomas, but not innormal ovarian cells (Davies et al., 2004).
In contrast, syndecan-2, 3, 4, and glypican-1 expression
were detected in normal, benign, and malignant ovarian

tumors (Davies et al., 2004). Furthermore, syndecan-2
was found highly expressed in mouse solid cancer
gliomas (GL261) cells and may be involved in cell
motility and formation of capillary tube-like structures
during angiogenesis ofMvECmouse brainmicrovascular
endothelial cells (Fears et al., 2006). The overall expres-
sion and the expression of different types of proteogly-
cans have also been observed to vary between normal
and cancerous tissues (Vijayagopal et al., 1998). The total
proteoglycan content of breast adenocarcinoma tissue
was demonstrated to be significantly higher than normal
breast tissue (Vijayagopal et al., 1998). The levels of
chondroitin sulfate in cancerous tissue were found to be
32.2% higher than in normal tissue, whereas the expres-
sion of dermatan sulfate and heparin sulfate were
detected to be 18.5 and 29.6% lower in cancerous tissue
than in normal tissue, respectively (Vijayagopal et al.,
1998).

It is believed that cationic liposomes can associate
with the negatively charged glycocalyx of angiogenic
endothelial cells by electrostatic interaction (Weijer
et al., 2015). This is supported by the evidence that
cationic liposomes have the tendency to accumulate
more extensively with tumor vessels (;25–28% of the
administered dose) than with normal vessels (;4% of
the administered dose) (Campbell et al., 2002). Simi-
larly, angiogenic endothelial cells of the RIP-Tag2
tumor mouse model demonstrated up to a 33-fold
increase in the uptake of cationic liposomes composed
of dioleoyl-trimethylammonium propane (DOTAP) and
cholesterol (at a ratio of 55:45 mol%) compared with
normal endothelial cells (Thurston et al., 1998). The
association of cationic liposomes with a negatively
charged surface may also be facilitated by the over-
expression of anionic glycoproteins, such as sialic acid-
rich glycoproteins, in the tumor endothelium (Diaz
et al., 2009; Weijer et al., 2015).

The antitumor efficacy of chemotherapeutic-loaded
cationic liposomes has been shown to be quite promising
(Strieth et al., 2004; Eichhorn et al., 2007). Cationic
liposomes encapsulating PTX (called MBT-0206) have
demonstrated efficacy at reducing tumor perfusion and
vascular diameter, as well as slowing the growth of
A-Mel-3 melanoma in mouse models (Strieth et al.,
2004). This formulation is composed of DOTAP, 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and PTX
at a concentration of 0.1, 0.094, and 0.006 mmol, re-
spectively (Strieth et al., 2004). Furthermore, a cationic
liposomal formulation of camptothecin (EndoTAG-2)
composed entirely of DOTAP was also able to greatly
reduce the microvessel density and tumor perfusion in
mouse models of LLC-1 by up to 50% (Eichhorn et al.,
2007).

C. Stimuli-sensitive Drug Release Strategy

To enhance the effectiveness of passive and active
targeting in delivering anticancer agents to a tumor
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site, a specific stimuli-sensitive drug release strategy
can be incorporated into nanoparticles. This strategy
allows encapsulated drugs to be released from nano-
particles in the presence of their stimuli (Ganta et al.,
2008). The acidic environment usually observed in
tumors, as well as in lysosomes and endosomes, repre-
sents one of the most attractive strategies for stimuli-
sensitive drug release.
1. pH-sensitive Liposomes. Due to defects in their

mitochondrial respiratory chain and hypoxic nature,
tumors generally exhibit a lower extracellular pH than
normal tissue (Feron, 2009). This is due to their metab-
olism heavily relying on glycolysis to produce energy
and is known as theWarburg effect (Warburg, 1956a,b).
In the tumor microenvironment where glycolysis is
highly active, lactate is constantly being produced as a
byproduct of pyruvate to generate nicotinamide adenine
(NAD+) required by various glycolytic enzymes. Conse-
quently, lactate is transported out of tumor cells via
monocarboxylate transporters to avoid lactate cytotox-
icity and maintain a high metabolic activity (Dimmer
et al., 2000; Feron, 2009). The process of lactate elim-
ination progressively increases the acidity of the tumor
extracellular space as the monocarboxylate transporter
also simultaneously exports one proton out of tumor
cells with each lactate molecule (Dimmer et al., 2000;
Cardone et al., 2005). It has been shown that the
extracellular pH of tumor tissues is between 6.0 and 7.0,
whereas the extracellular pH of normal tissues and the
blood is approximately 7.4 (van Sluis et al., 1999;
Cardone et al., 2005).
By using pH-sensitive lipids and polymers, nano-

particles that release encapsulated drugs in the pres-
ence of low pH within tumors, as well as in endosomes
and lysosomes, can be prepared (Shenoy et al., 2005a,b).
As liposomes are versatile drug delivery systems,
pH-sensitive liposomes have been investigated.
Originally, PE and its derivatives were often used in

the preparation of pH-sensitive liposomes together with
amphiphilic compounds containing an acidic group that
acts as a stabilizer at neutral pH (Ellens et al., 1985; Liu
and Huang, 1989; Duzgunes et al., 2001; Torchilin,
2005; Karanth and Murthy, 2007). Unlike other phos-
pholipids, PE consists of a small head group that is
weakly hydrated and which occupies a low molecular
volume relative to its acyl chain (Cullis and de Kruijff,
1979; Seddon et al., 1983). This characteristic gives PE a
cone shape instead of a cylinder shape observed in
bilayer stabilizing phospholipids and impedes the for-
mation of a lamellar phase (Cullis and de Kruijff, 1979;
Seddon et al., 1983). In contrast, the cone shape of PE
molecules favor the formation of a strong intermo-
lecular interaction between the amine and phosphate
groups of the phospholipid polar heads (Karanth and
Murthy, 2007). As a result, PE molecules have a strong
tendency to possess an inverted hexagonal phase above
its PTT (Karanth and Murthy, 2007).

The incorporation of amphiphilic molecules contain-
ing an acidic group, which can be protonated, in between
PEmolecules can promote electrostatic repulsion allow-
ing a bilayer structure to be formed, and ultimately, the
generation of liposomes under physiologic pH and
temperature (Duzgunes et al., 1985; Lai et al., 1985).
Although stable liposomes containing PE can be pre-
pared under physiologic pH, destabilization of lipo-
somes can occur when the negatively charged acidic
groups of amphiphilic molecules are protonated at low
pH (Duzgunes et al., 1985; Lai et al., 1985; Torchilin
et al., 1993; Karanth andMurthy, 2007). This is because
under this latter condition, amphiphiles lose their
bilayer stabilizing capacity, allowing PE molecules
to acquire their inverted hexagonal phase (Duzgunes
et al., 1985; Lai et al., 1985; Torchilin et al., 1993;
Karanth and Murthy, 2007). It is the tendency of PE to
form an inverted hexagonal phase in the absence of
sufficient bilayer stabilizing agents at low pH that gives
liposomes containing PE their pH-sensitive property
(Torchilin et al., 1993).

Various other pH-sensitive polymers and strategies
have been used to exploit the acidic microenvironment
of tumors. For example, succinylated poly(glycidol),
PEG derivatives containing carboxyl groups, were
reported previously to promote the fusion of liposomes
under acidic conditions (Kono et al., 1994; Kono et al.,
1997). The incorporation of these PEG derivatives into
liposomes composed of egg yolk-PC demonstrated en-
hanced calcein leakage from liposomes, liposomal ag-
gregation and fusion as the pH decreased (Kono et al.,
1994). Moreover, these liposomes containing succiny-
lated poly(glycidol) were relatively stable under normal
physiologic conditions at pH 7.4 (Kono et al., 1994). A
lipid mixing assay further revealed that egg yolk-PC
liposomes bearing succinylated poly(glycidol) fused
with endosomal and/or lysosomal membranes (Kono
et al., 1997). These studies suggested that these lipo-
somes delivered their contents into the cytoplasm by
fusing with the endosomal membrane once they were
internalized by cells via endocytosis (Kono et al., 1997).
Additionally, an examination of egg yolk-PC liposomes
bearing succinylated poly(glycidol) in normal CV-1
renal cells also demonstrated that once internalized,
these liposomes were able to deliver calcein into the
cytoplasm more efficiently than liposomes made up of
egg yolk-PC only (Kono et al., 1997).

The use of pH-sensitive liposomes has shown some
promising results for their future application in cancer
therapy. For instance, pH-sensitive octylamine grafted
polyaspartic acid was incorporated into cytarabine
encapsulated liposomes (Wang et al., 2014). This new
liposomal formulation was compared with conventional
non-pH-sensitive cytarabine encapsulated liposomes
and standard cytarabine (Fig. 1) for its antitumor effect
and cytotoxicity in both human HepG2 hepatoma cells
and normal human liver L02 cells (Wang et al., 2014).

732 Yingchoncharoen et al.



The new formulation was found to be more effective at
killing cancer cells than both the non-pH-sensitive
liposomal formulation and standard cytarabine at all
concentrations tested after 48 hours (Wang et al., 2014).
In contrast, the non-pH-sensitive liposomal formulation
of cytarabine and standard cytarabine were more
cytotoxic to normal liver cells than the pH-sensitive
liposomal formulation of cytarabine, with the latter
formulation showing 100% cell viability at all concen-
tration tested after 48 hours (Wang et al., 2014). Similar
results were observed when PEG-poly(monomethyl
itaconate)-CholC6 copolymer was incorporated into
rapamycin encapsulated liposomes (Ghanbarzadeh
et al., 2014). This formulation was able to deliver
rapamycin (Fig. 1) to HT-29 colon cancer cells more
efficiently than conventional liposomes, while show-
ing less cytotoxicity to human umbilical vein endothe-
lial cells than the latter formulation (Ghanbarzadeh
et al., 2014). In addition, the incorporation of either
oleyl alcohol or dimethyldioctadecylammonium bro-
mide into liposomes composed of egg-PC, 3b-hydroxy-
5-cholestene 3-hemisuccinate (CHEMS) and Tween-80
was also reported to demonstrate pH sensitivity under
an acidic environment (Shi et al., 2002; Sudimack et al.,
2002). Both formulations were able to efficiently retain
encapsulated calcein within liposomes at pH = 7.4,
while undergoing rapid calcein release and liposome
destabilization upon acidification (Shi et al., 2002;
Sudimack et al., 2002). Furthermore, both types of
liposomes (i.e., those containing either oleyl alcohol or
dimethyldioctadecylammonium bromide) showed bet-
ter retention of their pH sensitivity in 10% serum
compared with pH-sensitive liposomes composed of
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) (Shi et al., 2002; Sudimack et al., 2002). The
conjugation of folate to these two formulations for the
targeting of the folate receptor in human oral cancer-
derived KB cells also demonstrated improved cyto-
plasmic delivery of cytosine-b-D-arabinofuranoside in
comparison with folate receptor-targeted non-pH-
sensitive liposomes (Shi et al., 2002; Sudimack et al.,
2002). This was reflected in a 17-and 11-fold increase in
cytotoxicity of cytosine-b-D-arabinofuranoside when en-
capsulated in folate receptor-targeted liposomes contain-
ing either oleyl alcohol or dimethyldioctadecylammonium
bromide, respectively, compared with folate receptor-
targeted non-pH-sensitive liposomes (Shi et al., 2002;
Sudimack et al., 2002).
Other strategies reported previously that can be

employed to target the acidic tumor environment include
the incorporation of fusogenic peptide together with
encapsulated substances and zinc oxide-liposome nano-
complexes. It was reported that the coencapsulation
of both pH-dependent fusogenic peptide (diNF-7) and
diphtheria toxin A chain into non-pH-sensitive immu-
noliposomes targeting the EGFR could induce fusion
and leakage of encapsulated contents at low pH

(Mastrobattista et al., 2002). Consequently, the desta-
bilization of liposomes observed led to an increase in
cytosolic delivery of liposomal contents (Mastrobattista
et al., 2002). Furthermore, the coencapsulation of diNF-
7 and diphtheria toxin A chain resulted in increased
cytotoxicity of EGFR-targeted immunoliposomes against
ovarian carcinomaOVCAR-3 cells compared with immu-
noliposomes without the diNF-7 peptide (Mastrobattista
et al., 2002). More recently, zinc oxide nanoparticles
were incorporated into the liposomal bilayer, resulting in
the formation of zinc oxide-liposome nanocomplexes
(Tripathy et al., 2015). This complexation gave liposomes
a pH-sensitive property, as zinc oxide nanoparticles are
dissociated under the acidic condition of lysosomes, and
thus, releasing the encapsulated content from the lipo-
somes (Tripathy et al., 2015). These nanocomplexes
encapsulating daunorubicin were found to be signifi-
cantly more cytotoxic to alveolar adenocarcinoma A549
cells than conventional daunorubicin (Fig. 1) encapsu-
lated liposomes and also than the unencapsulated drug,
because they rapidly released their contents upon lyso-
somal localization (Tripathy et al., 2015).

2. Temperature-sensitive Liposomes. The concept of
temperature-sensitive liposomes was first introduced in
1978 by Yatvin et al. (1978) who reported that the
release of the encapsulated content from liposomes
could be achieved by applying heat to the target site to
create a mild local hyperthermia. These liposomes were
observed to be stable under normal physiologic temper-
ature, while becoming leaky at higher temperature
(Yatvin et al., 1978). In cancer treatment, the use of
temperature-sensitive liposomes would involve local
heating of the tumor site to trigger liposomal drug
release (Deshpande et al., 2013). Furthermore, the
hyperthermic condition would also enhance the liposo-
mal drug delivery to tumors by increasing vascular
perfusion and extravasation of liposomes across tumoral
blood vessels (Ponce et al., 2006). These enhancements
were observed in tumor-bearing mice, where the up-
take of non-temperature-sensitive liposomes increased
by ;2- to 4-fold in heated tumors in comparison with
nonheated tumors (Kong et al., 2000; 2001). A 2- to 16-
fold increase in liposome delivery to heated tumors was
also observed in cats with soft tissue sarcomas relative to
nonheated tumors (Matteucci et al., 2000).

As phospholipid bilayers can undergo phase transi-
tion, such as gel-to-liquid crystalline and lamellar-to-
hexagonal transition, it is possible for them to become
highly permeable to water soluble molecules (Ganta
et al., 2008). This allows certain phospholipids to be used
in the generation of temperature-sensitive liposomes.
Often, 1,2-dipalmitoyl phosphatidylcholine (DPPC) is
used as the main component of temperature-sensitive
liposomes, as this phospholipid undergoes gel-to-liquid
crystalline phase transition at 41°C and causes the
leakage of encapsulated substances (Yatvin et al., 1978;
Jeong et al., 2009).
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Initially, temperature-sensitive liposomes prepared
by Yatvin et al. (1978) included DPPC together with 1,2-
distearoyl-sn-glycerol-3-phosphocholine (DSPC) at a
ratio of 7:1 (Yatvin et al., 1978). Consequently, the
inclusion of DSPC increased the PTT of the liposomal
membrane from 41°C to 43–45°C, where the maximum
content release from liposomes was observed (Yatvin
et al., 1978; Yatvin et al., 1981; Mills and Needham,
2005; Marsh, 2013). The content release of this formu-
lation was reported to be slightly improved over non-
temperature-sensitive liposomes (Mills and Needham,
2005). However, the release was still too slow to be used
for therapeutic purposes (Mills and Needham, 2005).
Moreover, the temperature required to trigger release
was marginally higher than that achievable clinically
(Kong and Dewhirst, 1999). As a result, micelle-forming
lysolipids, such as 1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine (MPPC) and 1-steroyl-2-hydroxy-sn-
glycero-3-phosphocholine (MSPC), have been incorpo-
rated into temperature-sensitive liposome formulations
to increase the permeability of the liposomal membrane
to their encapsulated contents (Needham et al., 2000;
Needham et al., 2013).
Liposomal DOX composed of DPPC, MPPC, and

DSPE-PEG2000Da, at a molar ratio of 90:10:4, was found
to release ;45% of the encapsulated drug within
20 seconds of being exposed to a temperature of 42°C
(Needham et al., 2000). In contrast, liposomes com-
posed of pure DPPC released 20% of their encapsulated
DOX over 1 hour at 42°C, whereas non-temperature-
sensitive liposomes demonstrated no release at the
same temperature (Needham et al., 2000). Liposomes
containing MPPC were also more superior than the
traditional temperature-sensitive liposomes composed
of DPPC, hydrogenated soy-PC, cholesterol, and DSPE-
PEG2000Da (molar ratio 100:50:30:6), which released
40% of their contents after 30 minutes at 42°C
(Needham et al., 2000). Furthermore, the trigger tem-
perature for the release of DOX from temperature-
sensitive liposomes containing MPPC was found to be
as low as 39–40°C (Needham et al., 2000).
In mice bearing human squamous cell carcinoma

(FaDu) xenografts, temperature-sensitive MPPC lipo-
somal DOX demonstrated essentially no antitumor
activity at 34°C (Needham et al., 2000). However, at a
tumor temperature of 42°C, this liposomal DOX formu-
lation showed dramatic anticancer activity, with all
11 mice in this group achieving a complete response
and none showed any cancer regrowth. Animals in
this group also remained tumor-free for up to
60 days (Needham et al., 2000). In comparison,
non-temperature-sensitive liposomes also showed some
antitumor activity at 42°C (Needham et al., 2000).
However, the efficacy of this formulation was not as
great in extending the tumor growth inhibition time of
these animals relative to the temperature-sensitive
liposomes (Needham et al., 2000). Similarly, the inclusion

of MSPC into the liposomal formulation led to a rapid
release of liposomal contents under mild hyperthermic
conditions (Needham et al., 2013). In fact, incorporation
of MSPC into the liposomal formulation at 5.0, 7.4, 8.5,
and 9.3 mol% accelerated the initial DOX release rate,
with the 8.5 and 9.3 mol% formulations releasing 80% of
their content within 4 and 3 minutes, respectively
(Needham et al., 2013).

The rapid release of encapsulated content from
temperature-sensitive liposomes containing lysolipids
can be explained by the fact that these single chain
lipids can increase the fluidity of the liposomal mem-
brane and reduce the PTT slightly by ;1°C (Needham
et al., 2013). More importantly, lysolipids can form
porous defects that are stabilized by DSPE-PEG2000Da

within the liposomal bilayer along the grain boundary
between solid and liquid lipid at the PTT (Needham
et al., 1997; Zhelev, 1998; Mills and Needham, 2005;
Needham et al., 2013).

The use of MSPC in the preparation of temperature-
sensitive liposomes has demonstrated to be quite
effective at inducing rapid liposomal drug release under
mild hyperthermic conditions. This led to the develop-
ment of ThermoDox, a temperature-sensitive liposomal
DOX formulation. ThermoDox (Celsion Corpora-
tion, Lawrenceville, NJ) is composed of DPPC:MSPC:
DSPE-PEG2000Da at 86.5:9.7:3.8 mol% (Needham et al.,
2013). In rabbits bearing the Vx2 tumor, the use of
ThermoDox resulted in a 3- to 4-fold increase in DOX
levels within heated tumors compared to nonheated
tumors and an 8-fold increase in comparison to free
DOX (Ranjan et al., 2012). Similarly, mice bearing
fibrosarcoma FSA-1 tumor xenografts were found to
have a 10-fold higher DOX level when administered as
ThermoDox to hyperthermic tumors compared with
control tumors at 37°C (Ponce et al., 2007). The higher
DOX concentration also resulted in enhanced antitumor
activity in mice treated with ThermoDox and hyper-
thermia (Ponce et al., 2007). Currently, ThermoDox is
being investigated in phase II clinical trials for breast
cancer and colorectal liver metastases and also in phase
III trials for the treatment of hepatocellular carcinoma
(May and Li, 2013). For more information on Thermo-
Dox, please refer to Grull and Langereis (2012) andMay
and Li (2013).

There are many ways in which mild tumor hyper-
thermia (;39–42°C) can be generated to trigger drug
release from temperature-sensitive liposomes. This
includes implementing: 1) radio frequency heating via
an array of antennas (van der Zee et al., 2000) or a
catheter (Wood et al., 2012); 2) focused microwaves
(Hauck et al., 2006); 3) infrared laser (Salomir et al.,
2005); and 4) ultrasound (Deckers et al., 2008; Frenkel,
2008). More recently, high-intensity focused ultrasound
(HIFU) has emerged as a promising technology for
noninvasively applying heat to deep-seated tumors by
focusing multiple ultrasound waves at the focal point
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(Grull and Langereis, 2012). This results in the de-
position of high acoustic intensity and subsequent local
heating of the tumor (Grull and Langereis, 2012). The
induction of hyperthermia by ultrasound is associated
with the absorption of acoustic energy by the fluids and
tissues and occurs as a result of a rise in power density
whenHIFU is focused on the target tissue (Ahmed et al.,
2015). For more information, please refer to Lu et al.
(1996), Huber et al. (2001), and Leighton (2007).
HIFU has been used in combination with mag-

netic resonance imaging for magnetic resonance guided
HIFU (MR-HIFU) treatment (Grull and Langereis,
2012). For temperature-sensitive liposomal drug de-
livery, this strategy would allow the heating of a
predefined volume of tumor to be more controlled and
precise (Grull and Langereis, 2012). This is because
magnetic resonance imaging can map in detail the
treatment field and monitor near-real time tempera-
ture changes (Grull and Langereis, 2012). The benefits
and problems of this technology were apparent in
animal studies using ThermoDox, where DOX levels
within the heated tissue were significantly higher
compared with nonheated tissue and free DOX (Ponce
et al., 2007; Ranjan et al., 2012; Staruch et al., 2012).
However, partial thermal ablation was also observed
in the heated tissue, which is believed to be due to
imperfect temperature control (Ranjan et al., 2012). It is
worth noting that MR-HIFU will be used in phase II
clinical trials investigating the use of ThermoDox for
the treatment of prostate cancer metastases to bone
(May and Li, 2013). For more information on HIFU,
please refer to Grull and Langereis (2012) and May and
Li (2013).
Apart from the incorporation of lysolipids to generate

temperature-sensitive liposomes, polymers with a low
critical solution temperature (LCST) have also been
investigated as an alternative composition for prepar-
ing this type of stimuli-sensitive liposomes (Ganta et al.,
2008). When polymers with a LCST are incorporated
into liposomes, they remain hydrated below the LCST
and stabilize the liposomes (Ganta et al., 2008). How-
ever, above the LCST, these polymers become dehy-
drated and destabilize the liposomal membrane, causing
the release of their encapsulated contents (Ganta et al.,
2008).
By using polymers with a LCST that is slightly above

normal physiologic temperature, liposomes with ther-
mosensitive properties can be prepared (Sawant and
Torchilin, 2010). Polymers that have been investigated
for their use in temperature-sensitive liposome prep-
arations include poly(N-isopropylacrylamide) (Kono
et al., 2002), poly(N-iso isopropylacrylamide-co-acryl-
amide) (Han et al., 2006) and Pluronic F127 (Chandaroy
et al., 2001). However, poly(N-isopropylacrylamide) is
not biodegradable, and therefore, can result in un-
wanted side effects associated with polymer accumula-
tion (Sawant and Torchilin, 2010). Please see a review

byKono (2001) for detailed information on temperature-
sensitive polymer modified liposomes.

The use of pH-sensitive and temperature-sensitive
drug release is considered to be an effective stimuli-
responsive strategy, which shows promising results for
clinical use in cancer therapy. However, other stimuli-
sensitive liposomes also exist and are further discussed
in section VIII.

V. The Cellular Uptake of Liposomal Drug
Delivery Systems

Thedelivery of liposomal-encapsulated drugs into cells
is influenced by various parameters. The contents of
liposomes are transported into cells by different mecha-
nisms depending on liposome phase state, lipid compo-
sitions, cell-type, surface properties and stability (Fig. 7).

By varying lipid composition, liposomes of different
charges and other properties can be synthesized
(Vemuri and Rhodes, 1995). For instance, neutral
liposomes can be prepared from neutral phospholipids,
such as PC and PE, whereas anionic liposomes can be
prepared from phospholipids, such as PS, PG, phospha-
tidic acid, and PI, which are negatively charged (Miller
et al., 1998; Wu et al., 2003). Additionally, positively
charged lipids, such as stearylamine, can be added to
liposomal formulations and will give rise to cationic
liposomes (Senior et al., 1991; Miller et al., 1998). For
more information on cationic lipids, please refer to
Campbell et al. (2009). It is also worth considering that
3b-[N-(N’,N’-dimethylaminoethane)-carbomoyl] choles-
terol (DC-cholesterol) can also be used in the prepara-
tion of positively charged liposomes (Broekgaarden
et al., 2014, 2015). The use of DC-cholesterol can be
quite beneficial because this modified cholesterol is
generally less toxic in comparison with other cationic
lipids (Choi et al., 2004). Moreover, liposomes contain-
ing DC-cholesterol were shown to be internalized
readily by both cancer cells (Broekgaarden et al.,
2014, 2015) and tumor endothelial cells (Thurston
et al., 1998), even when liposomes were PEGylated.
Furthermore, the addition of PEG or stimuli-sensitive
components (e.g., pH-sensitive) can also make the
liposomal membrane more hydrophilic, resulting in
steric stability and stealth properties or make them
more vulnerable to various stimuli for triggered drug
release as discussed in sections II.A, IV.C, and VIII.
Together, these modifications can influence the proper-
ties of liposomes and the mechanism by which different
types of liposomes are taken up by cells (Gabizon and
Martin, 1997; Sharma and Sharma, 1997; Allen, 1998;
Gabizon et al., 2003b).

As surface modifications for active targeting have
already been discussed above in terms of the cellular
uptake mechanism (section IV.B), the following sec-
tion will focus on the internalization of liposomes with
other surface properties, including negatively charged
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liposomes, neutral liposomes, pH-sensitive liposomes,
cationic liposomes, and sterically stabilized liposomes.

A. Conventional Liposomes—Negatively Charged and
Neutral Liposomes

It is believed that negatively charged or anionic
liposomes enter cells by the process of clathrin-coated
pit endocytosis, where the subsequent release of liposo-
mal contents occurs via the acidification of endosomes
upon fusion with the lysosome (Fig. 7). This concept was
supportedby several studies (Poste andPapahadjopoulos,
1976; Straubinger et al., 1983; Dijkstra et al., 1984).
When endocytosis was inhibited by cytochalasin B or

a combination of azide and deoxyglucose, Poste and
Papahadjopoulos (1976) found that the uptake of neg-
atively charged liposomes made up of PS, DSPC, and
1,2-dipalmitoyl-sn-glycero-3-phosphocholine in a ratio
of 1:4.5:4.5 by noncancerous 3T3 fibroblast cells was
reduced by 80–90%, suggesting that these liposomes
entered cells primarily via endocytosis. This findingwas
further supported by Straubinger et al. (1983), who
reported the observation of a punctate fluorescence
pattern in cultured normal CV-1 renal cells upon their

incubation with negatively charged liposomes com-
posed of PS:cholesterol (2:1) containing the fluorescent
dye, calcein, and colloidal gold. This observation sug-
gested that negatively charged liposomes could be
endocytosed into cells (Straubinger et al., 1983). Con-
sequently, thin section electron micrographs of colloidal
gold-containing liposomes showed that such liposomes
were bound to coated pits or localized to intracellular
coated vesicles, suggesting that anionic liposomes are
endocytosed via the coated pit pathway (Straubinger
et al., 1983).

A similar result was also reported by Dijkstra et al.
(1984) in which the uptake of negatively charged
liposomes prepared from PC:cholesterol:PS (4:5:1) was
examined using normal rat Kupffer cells. In this study,
it was discovered that anionic liposomes containing the
fluorescently tagged markers, FITC-dextran or -horse-
radish peroxidase, were internalized by rat Kupffer
cells through endocytosis (Dijkstra et al., 1984). More-
over, upon inhibition by metabolic inhibitors, the up-
take of these liposomes by Kupffer cells was reduced
dramatically (Dijkstra et al., 1984). In addition to
proving that anionic liposomes were endocytosed by
cells, both Straubinger et al. (1983) and Dijkstra et al.
(1984) also demonstrated that following endocytosis,
liposomes were localized to lysosomes. This was shown
by thin section electron microscopy (Straubinger et al.,
1983) and by the intracellular degradation of liposomal-
encapsulated albumin in lysosomes after their uptake
(Dijkstra et al., 1984). These studies provided further
evidence that negatively charged liposomes are endo-
cytosed by cells as their localization to lysosomes can
only occur after endocytosis (Straubinger et al., 1983;
Dijkstra et al., 1984).

The uptake of negatively charged liposomes into
cancer cells was expected to follow the same route as
observed in normal cells. The endocytosis of anionic
liposomes was demonstrated using liposomes composed
of 1,2-dioleolyl-sn-glycero-3-PC and negatively charged
1,2-dioleolyl-sn-glycero-3-PS (11:1 and 4:1 ratio) in
HeLa cells derived from a human ovarian carcinoma
(Miller et al., 1998). These liposomes contained the
pH-dependent fluorescent dye 1-hydroxypyrene-3,6,8-
trisulfonic acid that was able to differentiate liposomes
at normal pH (bound to cell surface) and at low pH
(within endosomes and lysosomes) (Miller et al., 1998).
These studies demonstrated that upon incubation of
these cells with anionic liposomes, a change in fluores-
cence was observed between extracellular liposomes
and those within endosomes and lysosomes (Miller
et al., 1998).

Apart from negatively charged liposomes, neutral
liposomes have also been suggested to enter cells via
endocytosis (Fig. 7). It was found that the uptake of
neutral PC liposomes by normal 3T3 cells was inhibited
by 80–90% when the cells were treated with the
endocytosis inhibitor, cytochalasin B, or a combination

Fig. 7. Cellular uptake of different types of liposomes. Conventional
liposomes (negatively charged and neutral) are taken up by cells via the
process of clathrin-coated pit endocytosis. This process generates a
clathrin-coated endosome, which undergoes acidification and fusion with
lysosomes. In the presence of lysosomal enzymes and low pH, liposomes
within the clathrin-coated endosome become destabilized and eventually
get degraded by lysosomal enzymes (represented by dashed lines),
releasing their contents into the cytoplasm. Additionally, pH-sensitive
liposomes follow the same uptake pathway as conventional liposomes.
However, these liposomes became destabilized (represented by dashed
lines) and degraded once the endosome is acidified releasing their content
into the cytoplasm. Positively charged or cationic liposomes can enter
cells by two pathways. That is, via either clathrin-coated pit endocytosis
or via membrane fusion. However, the primary route of entry for cationic
liposomes is via clathrin-coated pit endocytosis similar to conventional
liposomes. Although they are able to extravasate through the endothe-
lium layer of small blood vessels, including those of tumors, sterically
stabilized liposomes are generally not readily taken up by cells because of
steric hindrance and the decreased hydrophobic interaction between the
particle and the cell surface. Instead, these liposomes slowly release their
contents into the interstitial fluid, which then enter cells via diffusion or
pinocytosis.
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of azide and deoxyglucose (Poste and Papahadjopoulos,
1976). Similarly, Jansons et al. (1978) demonstrated
that preincubation of mouse leukemia L1210 cells with
the metabolic inhibitor, azide, significantly reduced the
uptake of neutral liposomes composed of PC:cholesterol
(4:3) by these cells. This observation suggested that cells
internalized neutral liposomes primarily via endocyto-
sis. The endocytosis of neutral liposomes was further
confirmed by Pires et al. (1999) in an attempt to study
the fusion activity of liposomes of different surface
charges to monocytic THP-1 cells. Pires et al. (1999)
demonstrated that liposomes made up of PC:PE dis-
played low cell-binding ability and extremely limited
cell fusion, which suggested that neutral liposomes are
internalized mainly by an endocytic mechanism. Al-
though the exact endocytosis mechanism responsible
for the uptake of neutral liposomes is still unclear, it has
been speculated that such amechanismmay involve the
binding of liposomes to a trypsin-sensitive site (Pagano
and Takeichi, 1977). In fact, it was demonstrated that
the interaction of neutral PC liposomes to Chinese
hamster V79 fibroblasts could only be dissociated in
the presence of trypsin (Pagano and Takeichi, 1977).

B. pH-sensitive Liposomes

It is believed that pH-sensitive liposomes are in-
ternalized more effectively than non-pH-sensitive lipo-
somes (Schroit et al., 1986; Chu et al., 1990). This is due
to the fact that liposomes containing PE are prone to
aggregation as a result of poor hydration of PE head
groups, which results in liposomes with high ability to
adhere to cells (Chu and Szoka, 1994; Collins, 1995).
Once pH-sensitive liposomes bind to cells, they are
internalized via endocytosis and are kept within early
endosomes, which mature into late endosomes (Collins,
1995; Karanth and Murthy, 2007). At this point, the
acidic environment within the endosomes can destabi-
lize pH-sensitive liposomes, causing these particles to
release their contents (Collins, 1995; Yoshimura et al.,
1995; Karanth andMurthy, 2007). It was demonstrated
that liposomes composed of DOPE, CHEMS, andDSPE-
PEG2000Da at a ratio of 6:4:0.3 were unable to enter
into monocytic human THP-1 cells derived from acute
monocytic leukemia when treated with a mixture of
metabolic inhibitors, such as antimycin, sodium fluo-
ride, and sodium azide (Simoes et al., 2001). This
observation suggested that these pH-sensitive lipo-
somes were internalized mainly by endocytosis (Simoes
et al., 2001). Furthermore, incubation of THP-1 cells
with either chloroquine, bafilomycin A1, or ammonium
chloride that inhibit the acidification of endosomes was
able to prevent the intracellular release of the encap-
sulated contents from liposomes composed of DOPE:
CHEMS:DSPE-PEG2000Da (Slepushkin et al., 1997;
Simoes et al., 2001). These studies further indicated
that acidic conditions are involved in the destabilization
of pH-sensitive liposomes that leads to the intracellular

release of liposomal contents (Slepushkin et al., 1997;
Simoes et al., 2001).

Three mechanisms have been proposed for the in-
tracellular delivery of encapsulated content from
pH-sensitive liposomes (Collins, 1995; Ropert et al.,
1996; Karanth andMurthy, 2007): 1) the destabilization
of pH-sensitive liposomes, resulting in the perturbation
of the endosomal membrane via pore formation and the
release of the encapsulated content into the cytoplasm;
2) the diffusion of encapsulated contents across the
endosomal membrane into the cytoplasm follow-
ing destabilization of liposomes; and 3) the fusion of
liposomes with the endosomal membrane, leading to
the release of liposomal contents into the cytoplasm.
However, it has been suggested that the first and second
hypotheses are the most widely accepted mechanisms
of intracellular delivery of pH-sensitive liposomes
(Karanth and Murthy, 2007). This was demonstrated
by the differential destabilization of liposomes under
various conditions when composed from different types
of PE, namely DOPE, egg-PE, and phosphatidyletha-
nolamine prepared by transesterification of egg-PC
(Ellens et al., 1985; Ellens et al., 1986). It was shown
that below their PTT, these liposomes formed aggre-
gates and induced leakage at pH = 4.5 or at pH = 9.5 in
the presence of calcium ions, whereas no aggregation
and leakage at pH = 9.5 was observed in the absence of
calcium ions (Ellens et al., 1986). It was also reported
that this destabilization of liposomes might be due
partly to liposome/liposome contact (Ellens et al.,
1986). On the other hand, only a small extent of fusion
(lipid mixing and mixing of liposomal contents) was
observed at pH = 4.5, which increased slightly at pH =
9.5 in the presence of calcium ions (Ellens et al., 1986).
These results suggested that membrane destabiliza-
tion and liposomal leakage could occur under an acidic
environment, whereas additional factors, such as
alkalinity (pH = 9.5) and calcium ions, may be required
to initiate liposomal fusion (Ellens et al., 1986). It is
worth noting that both liposomal leakage and lipid
fusion were found to be temperature dependent, in-
creasing as the temperature rose toward the PTT
(Ellens et al., 1986). However, no fusion was observed
above the PTT, which was believed to be due to the
formation of the inverted hexagonal phase of PE (Ellens
et al., 1986).

In addition to the physicochemical characteristics of PE
that facilitate the destabilization of pH-sensitive lipo-
somes and their intracellular delivery of encapsulated
contents, proteinsmay also be involved in these processes.
By using lipid mixing assays to monitor the fusion of
endosomes with liposomes composed of DOPC and DOPE
at a molar ratio of 6:4, it was reported that the treatment
of endosomes with trypsin inhibited the interaction of
endosomal vesicles with liposomes (Vidal and Hoekstra,
1995). This suggested that endosomal-associated proteins
may be involved in the destabilization of pH-sensitive
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liposomes, as well as their fusion with endosomes (Vidal
and Hoekstra, 1995).

C. Positively Charged Liposomes

Positively charged or cationic liposomes are believed
to enter cells via two mechanisms, endocytosis or
membrane fusion (Fig. 7). However, endocytosis is
believed to be the primary route of entry for these
liposomes. In a study by Jansons et al. (1978), it was
shown that the uptake of PC:cholesterol:stearylamine
(4:3:1) cationic liposomes by L1210 cells was about
20-fold higher than either neutral or anionic liposomes.
Furthermore, their uptake was dramatically reduced
when the cells were pretreated with 5 mM sodium azide
and, to a greater extent, when the cells were pretreated
with both 5mMsodiumazide and 20mM2-deoxyglucose
(Jansons et al., 1978). The reduction in the uptake of
cationic liposomes after inhibition of energy metabolism,
provided evidence that positively charged liposomes
entered cells to a major extent by an endocytic mecha-
nism. Friend et al. (1996) also demonstrated in differ-
ent cell types that the majority of cationic liposomes
entered cells via endocytosis using transmission elec-
tron microscopy. It was observed that complexes of gold
particles and liposomes prepared from synthetic cationic
dioleyloxypropyl-trimethylammonium chloride and dio-
leoyl-PE were associated with the cell surface, clathrin-
coat assembly, plasma membrane invagination, and
maturing endocytic vesicles, indicating clathrin-coated
pit-mediated endocytosis (Friend et al., 1996).
Despite the fact that the majority of positively

charged liposomes enter cells by endocytosis, the mem-
brane fusion pathway of these liposomes remains an
attractive route of entry, especially for DNA delivery,
into cells. The use of cationic liposomes for cellu-
lar delivery of DNA was first described by Felgner
et al. (1987). Felgner and colleagues demonstrated that
liposomes prepared from cationic dioleyloxypropyl-
trimethylammonium chloride and dioleoyl-PE were
able to form complexes with DNA strands exhibiting
100% encapsulation (Felgner et al., 1987) compared
with 12% achieved by conventional liposomes (Cudd
and Nicolau, 1985). By using fluorescent lipids, Felgner
et al. (1987) also observed a spontaneous fusion of DNA-
liposome complexes with the plasma membrane, lead-
ing to both the uptake and the expression of the DNA.
Furthermore, the fluorescence intensity was found
to increase over time, with fluorescent lipid diffusing
throughout intracellular membrane compartments
(Felgner et al., 1987). Interestingly, when dioleoyl-PE
was replaced with dioleoyl-PC during liposome prepa-
ration, only punctate fluorescence was observed, sug-
gesting that liposomes were either adsorbed to the cell
surface or endocytosed rather than undergoing fusion
(Felgner et al., 1987). These contrasting results could be
explained by the fact that PE is capable of destabilizing
the bilayermembrane because of its tendency to form an

inverted hexagonal phase, as discussed in section IV.C
above. In contrast, PC tends to form a lamellar phase
that is able to maintain the bilayermembrane structure
(Cullis and de Kruijff, 1979; Duzgunes et al., 1981;
Duzgunes et al., 1985; Karanth and Murthy, 2007).

This initial work by Felgner et al. (1987) was further
investigated by Pires et al. (1999), who studied the
interaction of cationic liposomes with monocytic THP-1
leukemia cells. It was demonstrated in Pires’s study
that after the binding of cationic DOTAP:dioleoyl-PE (1:
1) liposomes to THP-1 cells, there was extensive fusion
of the liposomes with the plasma membrane as mea-
sured by the fluorescence lipid mixing assay. In con-
trast, membrane fusion could not be observed when
DOTAP:dioleoyl-PC (1:1) liposomes were examined,
although they were observed to bind to the cell surface
to the same extent as the former formulation (Pires
et al., 1999). Moreover, Pires et al. (1999) also showed
that when DNA-liposome complexes were formed, their
transfection activity was dependent upon the net charge
exhibited by the complexes. When DNA-liposome com-
plexes exhibited a net positive or neutral charge, an
increase in transfection activity was observed (Pires
et al., 1999). However, when these complexes exhibited
a net negative charge, a decrease in transfection activity
was observed (Pires et al., 1999). Although extensive
membrane fusion of cationic liposomes was visible in
Pires et al. (1999), there was a significant decrease in
DNA transfection when cells were treated with endocy-
tosis inhibitors, suggesting that endocytosis was the
primary route of DNA delivery.

In addition, it was previously suggested that the
process of membrane fusion by cationic liposomes might
be a sequential event, where fusion only occurred after
liposomes were internalized by cells (Noguchi et al.,
1998). This concept was first explored by Wrobel and
Collins (1995), where they proposed that cationic lipo-
somes fused with the endosomalmembrane after crossing
the plasma membrane via endocytosis and only then was
their contents released into the cytoplasm. By using the
fluorescence lipidmixing assay,Wrobel andCollins (1995)
demonstrated that the binding of cationic DOTAP:
dioleoyl-PE liposomes to HepG2 and CHO D cells was
insufficient for the liposomes to undergo membrane
fusion. However, changes in the fluorescence of the lipids
were observed when endosomes were formed and had
entered the cytoplasm, suggesting that lipid mixing had
occurred between liposomes and the endosomal mem-
brane, leading to membrane fusion (Wrobel and Collins,
1995).

Confocal laser scanningmicroscopy studies investigat-
ing the transfection of NIH3T3, COS-7, and HeLa cells
with cationic cholesteryl-3b-carboxyamidoethylenedi-
methylamine:dioleoyl-PE liposomes and fluorescein-
conjugated antisense oligonucleotide complexes further
supported the idea of a multiple-step process (Noguchi
et al., 1998). In all cell types, the transfection using these
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complexes was completely blocked by nigericin, which
acts to dissipate the pH gradient across the endosomal
membrane, although these complexes were present
inside the endosomes (Noguchi et al., 1998). It can be
speculated that acidification may have neutralized the
net negative charge on the DNA-liposome complex to
enable fusion with the endosomal membrane (Noguchi
et al., 1998). Furthermore, liposome complexes were
shown to be absent in all cell types when the endocytosis
inhibitor wortmannin was added to the cells (Noguchi
et al., 1998). These results suggested that membrane
fusion may occur after endosome formation via endocy-
tosis. Thus, there may be more than one step involved in
DNA transfection by cationic liposomes (Noguchi et al.,
1998).
Studies examining the targeting of tumor endothelial

cells by cationic liposomes also showed that they are
taken up by these cells via endocytosis (Thurston et al.,
1998). Electron microscopic analysis of the association
between gold-labeled cationic liposomes and tumor
endothelial cells revealed that;53% of these liposomes
were internalized into endosomes and multivesicular
bodies after 20 minutes (Thurston et al., 1998). In-
terestingly, it is believed that there are some vascular
domains lacking negatively charged surface proteogly-
cans and glycoprotein potentially involved in endocyto-
sis and transcytosis (Vincent et al., 1988; Campbell
et al., 2009). These areas of low negative charge can be
observed on the luminal surface of capillary endothe-
lium, particularly on the surface of plasmalemmal
vesicles, which facilitate the internalization of circulat-
ing molecules, including liposomes (Simionescu et al.,
1981; Ghinea and Simionescu, 1985; Simionescu et al.,
1985; Campbell et al., 2009).

D. Sterically Stabilized Liposomes

The interaction between sterically stabilized lipo-
somes and cells has also received extensive investiga-
tion. Sterically stabilized liposomes composed of either
monosialoganglioside (Gm1) or PEG modified polymers
have been shown to be able to extravasate through the
endothelium of small blood vessels, including those of
tumors (Huang et al., 1992) and Kaposi sarcoma-like
lesions in mice (Huang et al., 1993). However, it was
observed by electron microscopy that Gm1-modified
liposomes containing gold particles were not taken up
by C-26 mouse colon carcinoma cells, because no gold
particles were visible in the cytoplasm of these cells
(Huang et al., 1992).
It is believed that the addition of Gm1 or PEG can

reduce the uptake of liposomes by cells in general,
because these polymers bind to cells and induce a
decrease in cell surface hydrophobicity (Vertut-Doi
et al., 1996). This was evident by: 1) a 45% inhibition
in the uptake of the fluid-phase endocytosis marker,
sulforhodamine B, in J774 cells in the presence of PEG-
cholesterol-containing liposomes or free PEG-cholesterol

(Vertut-Doi et al., 1996); 2) a reduction in the uptake of
Gm1 and PEG-PE containing liposomes by cultured bone
marrowmacrophages (Allen et al., 1991a); 3) a reduction
in the uptake of liposomes containing PEG-PE by HeLa
cells (Miller et al., 1998); and 4) a reduction in cellu-
lar binding of short peptide-targeted liposomes to CT26.
WT, HCT116, and RKO colon cancer cells and LNCaP
prostate cancer cells in the presence of increasing con-
centrations of PEG on the liposome surface (Demirgoz
et al., 2008; Garg et al., 2009). These observations
suggest that sterically stabilized liposomes deliver phar-
maceutics into cells by slowly releasing their contents
extracellularly instead of entering cells by the endocyto-
sis pathway (Fig. 7). However, the extent by which
sterically stabilized liposomes are taken up by cancer
cells can be influenced by the size of the liposome
(Broekgaarden et al., 2014). In fact, more efficient uptake
of PEGylated liposomes containing zinc phthalocyanine
for PDT by human extrahepatic cholangiocarcinoma-
derived Sk-Cha1 cells was observed when liposomes of
smaller diameter were used. This increased uptake
resulted in enhanced cell death post-PDT treatment
(Broekgaarden et al., 2014).

E. Liposome-cell Fusion

Some early studies on liposomes suggested that it is
possible for these particles to fuse with the cell mem-
brane under appropriate conditions and this repre-
sents an alternative cellular internalization pathway
(Papahadjopoulos et al., 1973; Pagano et al., 1974; Poste
and Papahadjopoulos, 1976). Upon metabolic inhibition
by cytochalasin B or a combination of sodium azide and
deoxyglucose, it was reported that the uptake of lipo-
somes composed of PS and PC was reduced by only 30–
40% (Poste and Papahadjopoulos, 1976). This suggested
that liposomes were able to interact with the cell
membranebyanothermechanismapart fromendocytosis,
possibly by liposomal fusion (Poste and Papahadjopoulos,
1976). Furthermore, using electron microscopy and radio-
active markers, it was demonstrated that liposomes could
associate themselves with the cell membrane. Addition-
ally, some of the radiolabeled liposomal phospholipids
were also found incorporated within the cell membrane
(Poste and Papahadjopoulos, 1976).

It is possible that the fusion of liposomes with the
plasma membrane may occur via bilayer fusion inter-
mediates, namely by hemifusion structures and fusion
pores (Lentz et al., 2000; Chernomordik and Kozlov,
2003; 2008). Hemifusion structures occur as a result of
the connection between the outer leaflets of adjacent
membrane bilayers, whereas the inner leaflets remain
separated (Chernomordik and Kozlov, 2008). Hemi-
fusion has been demonstrated experimentally to allow
lipid mixing without content mixing or the mixing of
outer leaflets but not the inner leaflets (Chernomordik
et al., 1987; Chanturiya et al., 1997; Chernomordik and
Kozlov, 2008). It was reported that hemifusion is a
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transient event, which may result in either the dissoci-
ation of connecting membranes into two separate
entities or the formation of fusion pores (Chanturiya
et al., 1997; Lentz et al., 2000; Chernomordik and
Kozlov, 2008).
In contrast to hemifusion, fusion pores represent a

connection betweenmergingmembranes involving both
the outer and the inner leaflets (Chernomordik and
Kozlov, 2008). The formation of fusion pores allows the
aqueous compartments initially separated by adjacent
membrane bilayers to come in contact and undergo
mixing (Chanturiya et al., 1997; Chernomordik and
Kozlov, 2008). This process has been studied by electro-
physiological approaches and monitoring the mixing of
aqueous contents and/or lipids of the inner leaflets
(Chanturiya et al., 1997). These investigations also
reported that it is possible for fusion pores to close and
that the edges of these pores consist of the polar head
groups of phospholipids (Chernomordik et al., 1987).
The formation of the fusion pore after the interaction of
two liposomes has been shown to result in the mixing of
the encapsulated contents (Papahadjopoulos et al.,
1973). Considering this observation, it can be specu-
lated that the interaction of the liposome with the
plasma membrane and the subsequent formation of
the fusion poremay result in the release of the liposomal
contents into the cytoplasm.
It has been suggested that the tendency of liposomes

to undergo fusion with cellular membranes may be
dependent on lipid compositions, the molecular shapes
of lipids making up the liposomes, and the degree of
inter-bilayer contact (Chernomordik and Kozlov, 2008).
Studies by Papahadjopoulos et al. (1973), as well as
Poste and Papahadjopoulos (1976), demonstrated that
liposomes composed purely of PS, or PS in a 1:9 mixture
with PC, could induce cell-cell fusion of 3T3, L929, and
BHK21 cells, whereas pure PC liposomes were unable
to cause such fusion (Papahadjopoulos et al., 1973).
Furthermore, PG:DPPC (1:9 ratio) liposomes were able
to induce cell-cell fusion to a greater extent than PG:
DSPC (1:9 ratio) liposomes (Papahadjopoulos et al.,
1973). In this study, it was suggested that the cell-cell
fusion may have taken place because of the fusion of
liposomes to the plasmamembrane of two adjacent cells
forming a bridge between these cells (Papahadjopoulos
et al., 1973).
Moreover, liposomes possessing membranes in the

fluid-phase state may be taken up by cells via mem-
brane fusion, whereas liposomes with membranes in
the gel-phase state are likely to enter cells via endocy-
tosis (Poste and Papahadjopoulos, 1976). The molecular
shape of phospholipids could also play a role in facili-
tatingmembrane fusion. For instance, it is believed that
PE with an inverted cone shape can induce hemifusion,
while inhibiting fusion pore formation (Chernomordik
andKozlov, 2008). In contrast, lyso-PCwith a cone shape
can promote fusion pore formation but not hemifusion

(Chernomordik and Kozlov, 2008). Finally, another
factor that can induce membrane fusion is the distance
between the two adjacent membranes. These mem-
branesmust have sufficiently close inter-bilayer contact
for fusion to occur (Chernomordik and Kozlov, 2008).
This condition can be promoted by a direct dehydration
of the membrane, which could drive the membranes
that do not merge spontaneously into close proximity
with one another (Yang and Huang, 2003). For more
information on membrane fusion, please refer to re-
views by Wilschut and Hoekstra (1986), Lentz et al.
(2000), Chernomordik andKozlov (2003), andChernomordik
and Kozlov (2008).

VI. Pharmacological Characteristics and
Toxicity of Lipid-based Nanoparticles

A. Pharmacokinetics and Pharmacodynamics of
Lipid-Based Nanoparticles

Regardless of the types of liposomes, the tissues and
organs responsible for the uptake of these lipid particles
are relatively similar. In cancer therapy, the sites of
liposome accumulation, apart from the tumor, include
the liver, spleen, kidney, lung, skin, and muscles.

The organ distribution and tumor uptake of MLVs
containing annamycin (size ;1.88 mm) compared with
free annamycin and DOX has been investigated in the
B16 melanoma tumor mouse model (Zou et al., 1993).
The majority of these liposomes were found in liver .
spleen � kidney . lung . tumor . heart . brain �
plasma (Zou et al., 1993). Compared with free annamy-
cin, the MLV formulation of annamycin resulted in
2-fold higher levels of the drug in the liver, plasma, and
tumor (Zou et al., 1993). However, its distribution
within the brain was 2-fold lower than that of free
annamycin (Zou et al., 1993). In all organs, the distri-
bution of the MLV formulation of annamycin was
significantly higher than that of free DOX (Zou et al.,
1993). For instance, the spleen and tumor uptake of
MLVs containing annamycin was 9- and 10-fold higher
than that of free DOX (Zou et al., 1993). This variation in
drug distribution might have been the result of the
difference in physicochemical properties between these
two drugs (e.g., the higher lipophilicity of annamycin
relative to DOX) and the use of the liposomal drug
delivery system in the case of annamycin (Zou et al.,
1993).

In a clinical study investigating the pharmacology of
negatively chargedMLVs composed of dimyristoylphos-
phatidylcholine and dimyristoylphosphatidylcholine (7:
3 molar ratio), these liposomes were labeled with 99mTc
and administered intravenously into 7 patients with
various cancers (Lopez-Berestein et al., 1984). It was
reported that 99mTc labeled MLVs exhibited a biphasic
half-life (a = ;5.53 minutes and b = ;289 minutes)
(Lopez-Berestein et al., 1984). Similar to the in vivo study
mentioned above, the majority of these radiolabeled
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liposomes accumulated within highly vascularized
organs rich in RES cells, such as the liver (;44.5%),
spleen (;25.5%), and lung (;14.5%) after 24 hours
(Lopez-Berestein et al., 1984). Cumulative urinary
excretion was found to be 13.4% after 24 hours, and
no adverse side effects were observed in patients upon
MLV administration (Lopez-Berestein et al., 1984).
Although MLVs are able to improve the therapeutic
efficacy of anticancer drugs, they may be of limited
overall use in the clinics. This is suggested because
significant, but manageable, toxicity is still present
in an MLV formulation of the cisplatin analog, cis-
bis-neodecanoato-trans-R,R-1,2-diaminocyclohexane
platinum(II) (Perez-Soler et al., 1990; Lu et al., 2005).
Another disadvantage of MLVs is that after adminis-
tration, they have limited access to the systemic
circulation, as demonstrated by the 17- to 49-fold
higher exposure of MLVs containing cis-bis-neodeca-
noato-trans-R,R-1,2-diaminocyclohexane platinum(II)
in the peritoneal relative to the plasma compartment
(Verschraegen et al., 2003). In addition, MLVs gener-
ally exhibit a short circulation half-life due to the rapid
clearance by a complement-mediated process (Szebeni
et al., 1999; Szebeni et al., 2000).
As SUVs and LUVs are both unilamellar vesicles, the

difference between the two liposomes is essentially
their size. PEGylated unilamellar vesicles labeled
with 99mTc were found to be distributed in the liver .
spleen.muscle. skin. kidney of the rabbit (Awasthi
et al., 2003). As mentioned above, the accumulation of
unilamellar vesicles within various organs is influ-
enced by their size as well as charge (see section III.B
and III.C). In fact, it is believed that larger liposomes
above ;210 nm have higher accumulation within the
liver and spleen compared with smaller particles
(Awasthi et al., 2003). The half-life of PEGylated LUVs
of 318 nm in size was also found to be significantly
shorter than that of PEGylated SUVs of size 136 nm
(8.9 versus 21.7 hours, respectively) (Awasthi et al.,
2003). This was confirmed by an in vivo pharmacolog-
ical study on various liposomal DOX formulations,
including Doxil, administered to monkeys (Mamidi
et al., 2010). Compared with SUVs like Doxil (size =
;102 nm) at an equivalent dose, the LUV formulation
of DOX (size = 336 nm) demonstrated a significantly
shorter half-life (78.1 versus 45.1 hours, respectively)
and a lower area under the curve (AUC; by almost
4-fold), while showing a 4-fold higher clearance rate
than Doxil (Mamidi et al., 2010). Greater toxicity of
DOX was also associated with the LUV formulation of
DOX when prepared at 196 and 336 nm in diameter
(Mamidi et al., 2010).
Furthermore, it was observed in mice bearing

Yoshida sarcoma tumors that the uptake of unilamellar
vesicles by RES was size dependent. An increase
in the size of liposomes from SUVs (39–43 nm) to
LUVs (317–394 nm) resulted in an increase in liposome

uptake by the RES from 35.9 to 73.7% (Uchiyama et al.,
1995). The rapid clearance of LUVs may be due to the
high extent of complement activation by larger particles
(Bradley et al., 1998; Szebeni and Alving, 1999). In
addition, it is believed that the half-life of unilamellar
vesicles also follows a biphasic model similar to MLVs
as observed with Doxil and the liposomal formula-
tion of docetaxel (DTX; Fig. 1) (Gabizon et al., 1994;
Immordino et al., 2003). Interestingly, the pharmaco-
logical characteristics of SUVs and long-circulating
monosialoganglioside (Gm1) grafted SUV formulations
of annamycin have been compared with MLV formula-
tions of this drug (Zou et al., 1995). Although all
formulations demonstrated a biphasic half-life in the
B16 melanoma mouse model, the distribution and
terminal half-life of SUVs (1.73 and 64.3 hours, re-
spectively) and Gm1 grafted SUVs (7.33 hour and
128 hour, respectively) were significantly higher than
that of MLVs (1.2 and 30.5 hours, respectively) (Zou
et al., 1995). The plasma AUC of SUV and Gm1 grafted
SUV formulations of annamycin were also higher than
the MLV formulation by 2-fold and 3-fold, respectively
(Zou et al., 1995). In tumors, the annamycin concen-
tration and the AUC was much greater when delivered
as either SUVs or Gm1 grafted SUVs in comparison
with MLVs (Zou et al., 1995). Only within the liver and
kidney was the annamycin concentration significantly
higher when delivered as MLVs relative to SUVs, and
Gm1 grafted SUVs, which suggested rapid elimination
(Zou et al., 1995).

Another type of lipid-based nanoparticle, lipid mi-
celles, are made solely of polymer-phospholipid conju-
gates. These nanoparticles are believed to exhibit
similar long-circulating properties as PEGylated lipo-
somes due to the presence of amphiphilic polymers on
the outer shell of the particles (Lukyanov and Torchilin,
2004). In fact, lipid micelles prepared from PEG-PE
have a circulation half-life that ranges from 1.2 to
2 hours, depending on the molecular weight of PEG
polymer (Lukyanov et al., 2002). Furthermore, these
lipidmicelles also demonstrated higher accumulation in
LLC and EL4 T-lyphoma tumors in mouse models than
in muscle tissue (Lukyanov et al., 2002). However, in
comparison with PEGylated liposomes, the circulation
time of PEG-PE micelles in mice bearing LLC tumors
was significantly shorter after the first 4 hour post-
injection (Weissig et al., 1998). Thismay be explained by
the more rapid vascular extravasation of micelles
than PEGylated liposomes because of their smaller size
compared with liposomes (;5–50 versus ;100 nm)
(Weissig et al., 1998). Moreover, PEG-PE micelles
demonstrated significantly higher levels of accumula-
tion within LLC tumors 23 hours postinjection com-
pared with PEGylated liposomes, suggesting that the
small sized PEG-PE micelles were able to travel across
blood vessels into the tumor more efficiently (Weissig
et al., 1998). Interestingly, the accumulation of lipid
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micelles and PEGylated liposomes within the liver and
spleen after 23 hours was comparable (Weissig et al.,
1998). It is worth mentioning that LLC tumors are
characterized by a small vasculature cutoff size, which
represents a challenge for liposomes (Hobbs et al., 1998;
Weissig et al., 1998). Thus, lipid micelles may represent
an alternative drug delivery system that has a potential
to overcome this problem (Lukyanov and Torchilin,
2004).
Upon examination of those liposomal formulations

that are commercially available or that have success-
fully entered into clinical trials for the treatment of
cancer (see section VII and Tables 2–4), it is evident that
unilamellar vesicles of size ;60–200 nm are the most
effective lipid-based drug delivery systems for cancer
therapy. This is because they demonstrate high tumor
accumulation, while being taken up by organs of RES
and normal tissues to a lesser extent compared with
other types of liposomes as mentioned above. This
results in lower levels of toxicity mediated by the drug
delivery system (Bradley et al., 1998). However, in
tumors with small vasculature cutoff size, where lipo-
somes have limited excess, lipid micelles may represent
a useful alternative drug delivery system.

B. Toxicity of Lipid-Based Nanoparticles.

It is widely argued that basic phospholipid bilayers do
not constitute any proteins, and therefore, they are not
immunogenic (Szebeni et al., 2011). However, this is not
the case against innate immunity that provides a
nonspecific, first-line of defense against foreign objects
entering the body (Szebeni et al., 2011). This is because
lipid-based nanoparticles, particularly liposomes and
lipidmicelles, resemble the size and shape of pathogenic
microorganisms, which the innate immune system
targets (Szebeni et al., 2011). It has been known for
many years that lipid-based nanoparticles, includ-
ing liposomes and lipid micelles, can activate the
complement system through both classic and alterna-
tive pathways (Szebeni, 1998, 2001; Szebeni et al., 1998,
2001, 2003). The activation of the complement system
by these particles is often associated with complement
activation-related pseudoallergy, an acute hypersensi-
tivity or infusion reaction (Szebeni et al., 1999, 2011;
Szebeni, 2005). It is believed that all types of liposomes
can activate the complement system. However, SUVs
composed of neutral lipids are the least immunogenic
(Szebeni et al., 2011). The following factors have been
observed to enhance complement activation in vitro
(Szebeni et al., 1999, 2000): 1) positive or negative
charge; 2) an increase in size from 70 to 300 nm; 3)
heterogeneity in size and composition of liposomes; 4)
liposomal aggregation; 5) presence of high cholesterol
concentrations in liposomes (.71 mol%); and 6) the
incorporation of anionic PEG-PE, but not neutral PEG-
propandiol distearoyl ester (Szebeni et al., 1999, 2000).

In the clinical setting, the most common symptoms of
complement activation-related pseudoallergy include
flushing, rash, shortness of breath, dyspnea, chest pain,
back pain, and distress (Szebeni et al., 2011). These
symptoms often occur during the first treatment and
can be delayed to a certain extent by premedication
(Szebeni et al., 2011). However, it is also possible that
these hypersensitivity symptoms may occur during
subsequent treatments (Szebeni et al., 2011). Although
no specific method of prevention of these adverse
reactions has been studied, a "kitchen sink" approach
can be used to reduce or prevent these pseudoallergic
reactions. This involves using a variety of premedica-
tions, including antihistamines and corticosteroids,
and/or a reduction in the administration rate of the
liposomal drug (Gabizon and Muggia, 1998; Lenz,
2007). If the reaction is severe, discontinuation of drug
administrationwith orwithout supportive therapy (e.g.,
fluids and bronchodilators) may be required (Lenz,
2007). For example, premedication with dexametha-
sone, slowing the administration rate and the dilution of
liposomes with a larger infusion volume were sufficient
to reduce the pseudoallergic reactions observed upon
Doxil administration (Gabizon and Muggia, 1998). For
more information, please refer to excellent reviews by
Szebeni (2001) and Szebeni et al. (2002, 2011).

VII. Liposomal Formulations in the Treatment
of Cancer

A. Doxil

1. Doxorubicin. DOX (Fig. 1) is an anticancer drug of
the anthracycline family (Blum and Carter, 1974).
Like other members within this family, it is produced
by Streptomyces bacteria (Streptomyces peucetius var.
caesius) (Blum and Carter, 1974). DOX interacts with
nucleic acids of dividing cells by two mechanisms (Yang
et al., 2014a). First, it inhibits the synthesis of DNA and
RNA by intercalating between base pairs of the nucleic
acid strand with high affinity, and thus, preventing
rapidly dividing cancer cells from undergoing replica-
tion and transcription (Yang et al., 2014a). Second, it
inhibits the topoisomerase IIa enzyme, impeding the
ability of supercoiled DNA from unfolding, and thus,
further blocking DNA replication and transcription
(Gewirtz, 1999). Apart from interacting with nucleic
acids, DOX can also form iron complexes to generate
redox-active free radicals that are detrimental to
nucleic acids, proteins, and membrane lipids (Keizer
et al., 1990).

The redox activity of DOX may contribute partially to
the drug’s high cumulative dose-dependent cardiotoxicity,
because cardiac muscle is enriched with mitochondria,
which containahigh level of anionicdiphosphatidylglycerol
(cardiolipin) that interacts strongly with DOX
(Goormaghtigh et al., 1980). This can lead to lipid perox-
idation within cardiac tissue (Keizer et al., 1990).
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Similarly, as hepatocytes also contain high levels of
mitochondria, it is possible that the redox activity of
DOX may cause lipid peroxidation within the liver,
leading to hepatotoxicity (Keizer et al., 1990; Bagchi
et al., 1995; Damodar et al., 2014). The redox activity of
DOX within the liver was supported by an increase in
malondialdehyde, as well as hepatic enzymes involved
in free radical metabolism, such as superoxide dismu-
tase, glutathione peroxidase, and catalase (Kalender
et al., 2005). However, the severity of DOX-induced
hepatotoxicity may not be as severe as the cardiotox-
icity. This may be because of the fact that semiquinone
radicals of DOX tend to react with oxygen to form less
harmful superoxide radicals in the liver, whereas they
react preferentially with hydrogen peroxide to form
highly reactive hydroxyl radicals in cardiac tissue (Nohl
and Jordan, 1983). In addition, the lower level of
NADPH cytochrome P-450 reductase in sarcosomes of
the cardiac tissue compared to liver microsomes can
lead to an inefficient reduction of DOX to its semi-
quinone form, which may contribute to the preferential
reaction of DOX with hydrogen peroxide in the heart
(Nohl and Jordan, 1983).
Typically, the standard treatment of cancers using

conventional DOX is performed by an intravenous
infusion at a dose between 10 and 60 mg/m2, with an
upper accumulative dose of 550 mg/m2 to reduce its side
effects and toxicities (Skeel and Khleif, 2011; Easson
and Pointon, 1985). Other side effects of DOX, apart
from cardiotoxicity, include myelosuppression, nausea
and vomiting, stomatitis, alopecia, local tissue damage,
and hyperpigmentation of skin (Peng et al., 2005;
Takimoto and Calvo, 2008; Skeel and Khleif, 2011).
Although DOX exhibits a high level of toxicity, it was

still selected as a candidate for liposomal drug delivery
systems because of its effectiveness against cancers
(Barenholz, 2012b). DOX is considered to be one of the
most effective anticancer drugs ever discovered with
activity against a broad range of cancer types, including
both hematologic cancers (leukemia and lymphoma)
and solid cancers (breast, uterine, ovarian, and lung
cancers) (Weiss, 1992). Until today, it remains one of the
most effective first line treatments for cancer (Weiss,
1992). Other practical reasons that lead to the selec-
tion of DOX for a liposomal drug delivery system are
its distinct absorbance and fluorescence properties
(Barenholz, 2012b). With a fluorescence excitation
wavelength of 480 nm and a fluorescence emission
wavelength of 550 nm, the easy and accurate quantifi-
cation of DOX concentration, its chemical degrada-
tion, its state of aggregation, and changes in its local
environment due to the difference in its fluorescence
excitation and emission spectra, can be examined
(Karukstis et al., 1998). The fluorescence properties of
DOX also enable the drug’s DNA-binding activity to be
detected through the fast quenching of the fluorescent
DOX (Barenholz, 2012b). Altogether, the molecular

characteristics of DOX allow its pharmacokinetic and
biodistribution to be studied over a long period of time
(Gabizon et al., 1991; Amselem et al., 1993a).

2. The Early Days of Liposomal Doxorubicin
Formulation. The first generation of liposomal DOX
that led to the later development of Doxil was initially
prepared in the 1980s by Alberto Gabizon and Yechez-
kel Barenholz (Barenholz, 2012a). This negatively
charged, medium-size multilamellar liposomal DOX
formulation prepared from low Tm egg-derived PC,
negatively charged egg-derived PG, and cholesterol
(OLV-DOX) was able to enter into the “first in man”
clinical trial in 1989 (Gabizon et al., 1989). Notably, OLV-
DOX reduced DOX toxicity by lowering the peak level of
the free drug and changing the drug’s biodistribution,
leading to a higher maximum tolerated dose (MTD)
compared with conventional DOX (Gabizon et al., 1989).
Despite these pharmacological improvements, OLV-DOX
was not granted a further clinical trial as a result of its
inferior therapeutic efficacy (Gabizon et al., 1989).

Through studies focusing on the pharmacokinetics
and biodistribution of OLV-DOX, it was concluded that
the ineffectiveness of OLV-DOX was a result of two
separate issues with the formulation: 1) the rapid
clearance of OLV-DOX by hepatic and splenic RES,
while the accumulation of OLV-DOX in the tumor
was avoided; and 2) the plasma clearance of fast re-
leased free DOX from liposomes (Gabizon et al., 1991;
Amselem et al., 1993a). It was believed that the high
clearance level of OLV-DOX was contributed to by its
inferior physicochemical characteristics. These charac-
teristics included: 1) the drug localization within the
liposome membrane bilayer instead of being encapsu-
lated inside the liposome interior, leading to rapid
release upon a large dilution, such as during an intra-
venous infusion to humans (Amselem et al., 1993a,b;
Barenholz and Cohen, 1995; Barenholz, 2003); 2) the
high level of negative charge on the liposome due to the
incorporation of a high concentration of PG into liposome
bilayer, which may increase uptake by RES and induce
complement activation (Gabizon and Papahadjopoulos,
1988; Szebeni et al., 2007; Szebeni et al., 2011); and 3) the
large size of OLV-DOX (200–500 nm) inhibited the
extravasation of liposomes into tumoral tissue, and thus,
decreased the EPR effect (Hwang, 1987).

Although the development of OLV-DOX for human
use was a failure, the inferior characteristics of OLV-
DOX did shed some light on the improvements that
could be made for the development of a new generation
of liposomal DOX, namely Doxil. Doxil was a product
developed by Liposome Technology Inc., which changed
its name to Sequus and was eventually owned by
Johnson & Johnson (Barenholz, 2012b). For a more
effective delivery system, Doxil was designed to be in
the nano-scale (;100 nm) range to take advantage of
the EPR effect and the permeable tumoral blood vessles.
However, this approach posed some challenges, because
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nanosized liposomes exhibit an extremely small vol-
ume, whereas DOX required a relatively high dosage to
achieve therapeutic efficacy (10–50 mg/m2). Moreover,
the low solubility of DOX also limited the use of
conventional drug loading methods. It was rationalized
that an appropriate nanosized liposome must be able to
extend the plasma circulation time compared with
OLV-DOX to improve its efficacy. As a result, a remote
loading technique and sterically stabilized liposomes
were developed by Liposome Technology Inc. for the
manufacture of Doxil (Barenholz, 2012b).
3. The Development of Doxil.
a. Remote loading. In remote loading (also known as

active loading), a transmembrane gradient of ammo-
nium sulfate, [(NH4)2SO4]liposome.. [(NH4)2SO4]medium,
is used as a driving force for the efficient and stable
loading of amphipathic weak base drugs, such as
doxorubicin-NH2 (DOX-NH2), into preformed nano-
liposomes (Fig. 8) (Haran et al., 1993; Bolotin et al.,
1994; Lasic et al., 1995). This strategy involves pre-
paring nanosized liposomes that exhibit a trans-
membrane concentration gradient consisting of a high
intraliposomal concentration of (NH4)2SO4 and a
low extraliposomal concentration of (NH4)2SO4 (Haran
et al., 1993). Depending on the pH, intraliposomal
(NH4)2SO4 can exist in the ionized form and the ionized
species (NH4

+ and SO4
22) usually exhibit very low

permeability coefficients. Therefore, these ions either
do not, or very slowly, permeate through the liposomal
lipid bilayer (Haran et al., 1993). Only upon base
exchange between NH4

+ and DOX-NH2 during drug
loading will the unionized ammonia molecules (NH3) be
formed, which can then traverse across the liposomal
lipid bilayer. The counterion, SO4

2-, also plays an
important role in the drug loading process. This anion
regulates the state of aggregation and precipitation/
crystallization of DOX inside the liposome by forming a
(DOX-NH3)2SO4 salt, which can be observed as long and

fiber-like crystals within liposomes (Fig. 9). In doing so,
SO4

22 controls the efficiency and stability of both
remote loading and drug release (for more information
on remote loading see: Barenholz, 2007; Barenholz and
Haran, 1994; Bolotin et al., 1994; Haran et al., 1993;
Lasic et al., 1995).

By using remote loading, it is possible to encapsulate
more than 90% of DOX within liposomes. However, the
efficiency of this loading technique and the stability of
liposomal DOX, such as Doxil, depend on the following
factors (Barenholz, 2012b):

• The large difference in permeability coefficient of
the uncharged NH3 (1021 cm/s) and the anionic
SO4

2- (.10212 cm/s).
• The initial pH gradient having a higher concen-

tration of intraliposomal H+ than extraliposomal
H+.

• The low solubility of the (DOX-NH3)2SO4 salt,
which dramatically reduces the intraliposomal
osmotic pressure and, therefore, helps prevent
liposomes from collapsing (Fig. 9).

• The asymmetry of the DOX partition coefficient
(Kp) with higher extraliposomal Kp than intra-
liposomal Kp.

Not only was Doxil designed as a nanoscale particle, it
was also engineered to be sterically stabilized in order
to extend its circulation time within human plasma.
To improve the short plasma half-life of OLV-DOX,
DSPE-PEG2000Da was incorporated into the lipid bila-
yer of Doxil. According to Barenholz (2012b), who
played a key role in the design and development of
Doxil, this idea came from the work of Frank Davis,
Abraham Abuchowski, and colleagues (Abuchowski
et al., 1977). These investigators conjugated PEG to
proteins (Abuchowski et al., 1977) and later demon-
strated that PEGylation helped reduce the immunoge-
nicity of therapeutics aswell as improve their safety and

Fig. 8. Remote loading of DOX into Doxil liposomes using (NH4)2SO4 gradient. The remote loading of DOX into a Doxil liposome uses a
transmembrane concentration gradient consisting of a high intraliposomal concentration of (NH4)2SO4 and a low extraliposomal concentration of
(NH4)2SO4 as a driving force for DOX loading. In this process, the ammonium salt of DOX (DOX-NH3

+) donates H+ to form an amphipathic weak base
DOX-NH2, which can diffuse across the phospholipid bilayer of the liposome. Within the liposome, (NH4)2SO4 dissociates to form NH4

+ and SO4
2-. Then

NH4
+ undergoes a base exchange with DOX-NH2 to form NH3 and DOX-NH3

+ within the liposome. Two molecules of DOX-NH3
+ quickly precipitate or

crystallize with SO4
2- to form the (DOX-NH3)2SO4 salt inside the liposome cavity, whereas NH3 diffuses across liposome membrane into the external

medium.
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efficacy (Veronese, 2001; Veronese and Pasut, 2005).
Through experimentation with PEG polymers of differ-
ent sizes (350–15000 Da) and some consideration re-
garding the metabolism of PEGylated lipids and their
kidney excretion rate, a 2000 Da PEG residue was the
polymer of choice for the development of Doxil
(Barenholz, 2012b). The addition of PEG polymers to
Doxil was believed to reduce nonspecific protein-binding
and cell interaction, allowing liposomes to stay in the
circulation for an extended period of time (Barenholz,
2012b). The current formulation of Doxil is composed of
hydrogenated soy-PC:cholesterol:DSPE-PEG2000Da at a
ratio of 56.4: 38.3:5.3 (Mamidi et al., 2010).
4. Preclinical Studies of Doxil. Through a number of

animal studies, it is believed that Doxil liposomes can
escape highly permeable tumor blood vessels and sub-
sequently accumulate within the tumor as intact lipo-
somes (Huang et al., 1992; Working et al., 1994; Yuan
et al., 1994; Vaage et al., 1997).Within the tumor tissue,
Doxil liposomes travel and distribute themselves across
the tumor mass by diffusion in a similar manner as
macromolecules (Gabizon et al., 2003b). In contrast, free
DOX is distributed throughout the body, but its move-
ment toward the tumor is restricted by the tumor
interstitial hypertension, which decreases the free
drug’s ability to enter tumor tissue (Jain, 1987; Jain
et al., 2007). Unfortunately, Doxil’s mechanism of
drug release and its internalization are still unclear.

However, two mechanisms have been proposed to be
responsible for DOX release and the internalization of
Doxil (Barenholz, 2012b): 1) intact Doxil liposomes are
taken up by cells followed by intracellular drug release;
and/or 2) DOX is released extracellularly into the tumor
interstitial fluid, which is then taken up by cells as the
free drug. Factors that may cause the release of DOX
from Doxil include the collapse of the (NH4)2SO4

gradient and the liposomal destabilization of Doxil by
phospholipases that hydrolyze phospholipids (Huang
et al., 1992; Working et al., 1994; Mouritsen and
Jorgensen, 1998). However, the latter factor may only
be partially involved, because the presence of choles-
terol in the liposome bilayer can dramatically de-
crease phospholipase activity (Mouritsen and Jorgensen,
1998). Interestingly, it was recently suggested that
ammonia produced at the tumor site by glutaminolysis
may enhance the release of DOX from Doxil (Silverman
and Barenholz, 2015). This may also represent a new
strategy for stimuli-responsive drug release, as the level of
ammonia observed in the tumor was much higher than in
the plasma. For more details, please see Silverman and
Barenholz (2015).

Doxil treatment has been shown to be more superior
than free DOX in terms of its pharmacokinetic and
pharmacodynamic properties in vivo (Lu et al., 2004;
Laginha et al., 2005b; Anders et al., 2013). In mice
bearing murine hepatocarcinoma (H22) solid tumor
xenografts, a single dose of 5 mg/kg Doxil was able to
prolong the elimination half-life of DOX, extending the
duration from;24 hours (observed with a single dose of
5 mg/kg free DOX) to ;46 hours (Lu et al., 2004).
Furthermore, the AUC upon Doxil treatment was
shown to be 6.8-fold higher than free DOX after a single
5 mg/kg dose of each treatment (Lu et al., 2004). At
either a 5 or 10 mg/kg dose administered intravenously,
Doxil was demonstrated to be more effective than free
DOX, showing a significantly higher tumor inhibition
rate in H22 hepatocarcinoma-bearing mice after 2 and
7 days (Lu et al., 2004). Another pharmacokinetic study
comparing Doxil to free DOX has also been reported
using murine mammary carcinoma (4T1)-bearing mice
(Laginha et al., 2005b). This study measured the
amount of DOX released from Doxil (at an equivalent
DOX dose of 9 mg/kg) in comparison with free DOX (at a
single dose of 9 mg/kg) (Laginha et al., 2005b). It was
reported that although ;49% of DOX was bioavailable
from Doxil compared with ;95% of free DOX, the AUC
ofDOX in the tumor available from a single dose of Doxil
(measured 7 days after administration) was 87-fold
higher than that of a single dose of free DOX (measured
24 hours after administration) (Laginha et al., 2005b).
Hence, these studies demonstrated the far greater half-
life and distribution of Doxil compared to free DOX
within the animal. In fact, Doxil was demonstrated to
increase the half-life of DOX from 25 hours observed for
“free DOX” to 151 hours and reduce the clearance rate

Fig. 9. Cryotransmission electron microscopy (cryo-TEM) of commercial
Doxil liposomes. In a commercial Doxil formulation, remote loading
produces doxorubicin sulfate [(DOX-NH3)2SO4] crystals within PEGy-
lated nanoliposomes. These crystals are clearly shown by cryo-TEM as
long and fiber-like structures within liposomes. In addition, it can also be
seen from cryo-TEM that (DOX-NH3)2SO4 rods come into contact with the
liposome membrane, slightly changing the shape of spherical liposomes.
Reprinted with permission from Elsevier from Barenholz (2012b).
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from 89 g/h/kg for free DOX to 1.5 g/h/kg for Doxil
(Laginha et al., 2005b).
For the purpose of studying breast cancer brain

metastases, athymic mice were inoculated intracere-
brally with invasive human breast adenocarcinoma
MDA-MB-231-BR-luciferase-expressing cells and then
treated with either Doxil or free DOX (Anders et al.,
2013). It was reported that Doxil improved the serum
and intracranial tumor AUC of DOX in these mice in
comparison to free DOX by 1500- and 20-fold, respec-
tively (Anders et al., 2013). Doxil also improved the
median survival time of these intracranial tumor-
bearing mice compared with free DOX, in this case, by
32 versus 23.5 days (Anders et al., 2013). Additionally,
the toxicity of Doxil in vivo was shown to be less than
freeDOX. In fact, intravenous administration of a single
dose of Doxil (10 mg/kg) to H22 hepatocarcinoma-
bearing mice led to no significant toxicity to the gastric
mucosa, intestinal mucosa, and heart muscle (Lu et al.,
2004). However, severe damage was observed when free
DOX of an equivalent dose was used, most likely
because of the higher level of this drug in these tissues
(Lu et al., 2004).
5. Clinical Studies of Doxil. The “first in human”

clinical trial for Doxil aimed to study the plasma
pharmacokinetics and the accumulation of DOX admin-
istered asDoxil comparedwith freeDOX (Gabizon et al.,
1994). This study clearly demonstrated that a signifi-
cantly higher level of DOX was present in both tumor
cells and tumor interstitial fluid after administration of
Doxil compared with free DOX (Gabizon et al., 1994).
Moreover, using cationic ion exchangers, it was shown
that more than 98% of the plasma DOX remained
associated with liposomes after the intravenous admin-
istration of Doxil (Gabizon et al., 1994), indicating the
improved stability of Doxil over the former OLV-DOX
formulation. It was also demonstrated that the elimi-
nation time of Doxil followed a biexponential curve
having a half-life of 2 and 45 hours, with most of the
drug being eliminated after the second half-life
(Gabizon et al., 1994). In addition, the clearance rate
of DOX derived fromDoxil was shown to bemuch slower
than that of free DOX (0.1 l/h for Doxil compared with
45 l/h for free DOX) as well as its volume of distribution,
which was lower for Doxil (4 liters) compared with free
DOX (254 liters) (Gabizon et al., 1994). As expected,
DOX metabolites derived from the urine of patients
treated with Doxil were identical to those from patients
treated with free DOX. However, the total amount of
metabolites from daily urinary excretion was signifi-
cantly lower in patients treated with Doxil (Gabizon
et al., 1994).
The improvement of Doxil over conventional DOX

was also indicated by the levels of the drug inmalignant
effusions, which was 4–16 times higher than that of free
DOX (Gabizon et al., 1994). Furthermore, the tumoral
DOX levels peaked between 3 and 7 days after the

administration of Doxil, suggesting the exposure of
tumor cells to the drug was much higher and for a
longer period (Gabizon et al., 1994, 2003b; Solomon and
Gabizon, 2008). Overall, Doxil with PEG modification
and remote loading exhibited more superior character-
istics than free DOX in a number of clinical trials (see
section VII.A.7 below). For more information on Doxil’s
performance, see the review by Gabizon et al. (2003b).

6. Side Effects and Safety of Doxil. Although the
development of Doxil significantly reduced the cardio-
toxicity of DOX, allowing a higher accumulated dose
and extended treatment duration to be achieved, two
side effects typically not observed with free DOX are
apparent after Doxil treatment. The first and more
dominant side effect is grade 2 or 3 desquamating
dermatitis, alsoknownaspalmarplantar erythrodysthesia
(PPE) or “foot and hand syndrome,” which appears as
redness, tenderness, and peeling of the skin (Solomon
andGabizon, 2008). The severity of PPE increases with
dosage and is more pronounced after treatment inter-
vals of 3 weeks rather than 4 weeks. Thus, the latter
interval time is used to lessen PPE symptoms, be-
cause there is no solution to counteract this side effect
(Solomon and Gabizon, 2008). The second side effect is
an infusion-related reaction, which is a common side
effect of nano-scale drug delivery systems and appears
as flushing and shortness of breath. This Doxil-induced
infusion reaction is a complement activation-related
pseudoallergy, an acute hypersensitivity, which can be
reduced by slowing the infusion rate and by appropri-
ate premedication (Solomon and Gabizon, 2008;
Barenholz, 2012b). Although Doxil shows minimal
hepatotoxicity during clinical trials (Northfelt et al.,
1998; Gordon et al., 2001; O’Brien et al., 2004;
Orlowski et al., 2007), interestingly, changes in size
(from 102 to 196 and 336 nm) and composition (from
hydrogenated soy-PC:cholesterol: DSPE-PEG2000Da

56.4:38.3:5.3 to 52.7:38.3:9) of the Doxil formulation
have resulted in significantly elevated liver enzymes in
the blood of mice, indicating liver damage (Mamidi
et al., 2010).

7. Indications of Doxil. Due to the improved thera-
peutic index profiles reported during phase III clinical
trials, Doxil was approved by the FDA and/or EMA for
the following cancer types:

a. AIDS-related kaposi sarcoma. Doxil was ap-
proved for the treatment of AIDS-related Kaposi sar-
coma in 1995 after showing some improvements in both
selectivity and activity at lower doses compared with
free DOX (Northfelt et al., 1996). Doxil was able to be
deposited in the skin lesions of Kaposi sarcoma at levels
between 5.2- to 11.4-fold higher than that of normal skin
owing to the EPR effect, and thus, Doxil showed high
specificity for tumor tissue (Northfelt et al., 1996).
There were equivalent or higher response rates and
less toxic side effects observed in AIDS-related Kaposi
sarcoma patients treated with Doxil compared with
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patients receiving combination therapy with conven-
tional chemotherapeutic agents (DOX, bleomycin, and
vincristine) (Krown et al., 2004). The objective response
rate for Doxil treatment was also found to be nearly
double when compared with combination therapy
(Krown et al., 2004). A subtoxic Doxil dose of 20 mg/m2

was recommended to be safe and effective for the
treatment AIDS-related Kaposi sarcoma (Solomon and
Gabizon, 2008).
b. Recurrent ovarian cancer. The use of Doxil for the

treatment of recurrent ovarian cancer was approved in
1998. A superior efficacy and safety profile were ob-
served when Doxil was compared with a standard
treatment (topotecan; Fig. 1) during a phase III clinical
trial (Gordon et al., 2001). It was demonstrated that the
overall response rate for Doxil was 19.7% compared
with 17.0% for topotecan. The overall survival time for
Doxil-treated patients was also significantly increased
to 108 weeks from 71.1 weeks observed in topotecan-
treated patients (Gordon et al., 2004). Furthermore, an
improvement was also demonstrated in patients classi-
fied as platinum sensitive, whose tumors reappeared
more than 6 months after chemotherapy completion. In
this group, a survival time of 9 months was achieved, an
improvement of 54% in overall survival relative to
topotecan (Thigpen et al., 2005).
Additionally, combination therapy using platinum-

based drugs andDoxil has been reported to be beneficial
for recurrent ovarian cancer patients. In fact, a combi-
nation of carboplatin and Doxil was shown to improve
the response rate and increase the duration of response
(du Bois et al., 2006). As there were no overlapping
toxicities, the combination therapy between Doxil and
platinum drugs was well tolerated and might even
decrease the incidence of PPE (Lyass et al., 2001).
c. Metastatic breast cancer. The use of Doxil in the

treatment of metastatic breast cancer was approved in
2003 after showing a significant result during a multi-
center phase III trial (O’Brien et al., 2004). In this trial,
the effectiveness of Doxil (50 mg/m2 every 4 weeks) was
compared with free DOX treatment (60 mg/m2 every
3 weeks). Despite the lower dose intensity (Doxil dose
intensity: 12.5 mg/m2 per week versus free DOX:
20 mg/m2 per week), response rates, including both
complete and partial response, median duration of
response, and median overall survival were relatively
similar betweenDoxil and free DOX (i.e., 33 versus 38%,
7.3 versus 7.1 months, and 21 versus 22 months, re-
spectively). A more positive result was observed in
Doxil’s safety profile, where a significantly lower risk
of cardiac events and congestive heart failure was
observed with Doxil treatment (O’Brien et al., 2004).
Furthermore, a reduction in myelosuppression, alope-
cia, and nausea was also found in Doxil-treated patients
(O’Brien et al., 2004).
d. Multiple myeloma. Approved in 2007, Doxil in

combination with vincristine and dexamethasone

demonstrated equivalent efficacy and improved safety
profile, showing less cardiotoxicity compared with the
standard DOX combination for this disease (i.e., DOX,
vincristine, and dexamethasone) (Rifkin et al., 2006).
The former combination also required less hospitaliza-
tion, no central venous catheter, and reduced toxic side
effects (alopecia and severe leucopenia) (Rifkin et al.,
2006).

8. The Shortage of Doxil and the Lack of Generic
Doxil. In 2011, Ben Venue Laboratories, the sole
supplier of Doxil, made the decision to shut down its
Bedford site in Ohio temporarily because of the lack of
Good Manufacturing Practices cited by the FDA
(Barenholz, 2012b). However, the shutdown was made
permanent in 2013 because of legal and financial
reasons. As a result, the supply of Doxil has been scarce
since 2011, with thousands of people still waiting for
Doxil treatment. Fortunately, in 2013 the FDA took
action to temporarily approve a generic version of Doxil
called Lipodox, supplied by Sun Pharmaceutical In-
dustries Ltd (Mumbai, India) (Gaspani and Milani,
2013).

Recently, one study demonstrated that Lipodox did
not show equivalent efficacy as Doxil in patients for the
treatment of ovarian cancer (Smith et al., 2015). In this
study, data from ovarian cancer patients receiving
Lipodox (from 21st February 2012–1st March 2013)
was compared with data from ovarian cancer patients
receiving Doxil (from 1st January 1996–30th June
2006). For every three patients receiving Doxil (n =
120), their data were compared with the results from
one patient treated with Lipodox (n = 40) by matching
their age, stage of cancer, dose of liposomal DOX,
platinum sensitivity, and number of prior treatments.
It was found that the overall response rate of ovarian
cancer patients treated with Lipodox was 4.3% com-
pared with 18% for those treated with Doxil, whereas
the mean time to progression was 4.1 6 2.8 months for
the Lipodox-treated group and 6.2 6 7.2 months for the
Doxil-treated group (Smith et al., 2015).

An indirect comparison between two separate clinical
trials examining the efficacy of Lipodox and Doxil also
demonstrated the lower anticancer activity of Lipodox
(Gordon et al., 2001; Chou et al., 2006). In a study by
Chou et al. (2006), 29 recurrent platinum-resistant/
refractory ovarian cancer patients were treated with
Lipodox at a dose of 45 mg/m2 for an average of 4.6
cycles. This study reported a median progression free
survival of 5.4 months. On the other hand, a study by
Gordon et al. (2001) reported a progression free survival
of 7.2 months for recurrent epithelial ovarian carci-
noma patients treated with Doxil. In this investigation,
239 patients were given Doxil at a dose of 50 mg/m2 for
six cycles (Gordon et al., 2001).

The inferior efficacy of Lipodox relative to Doxil
may be due to the lower uptake of Lipodox in tumor
tissue compared with Doxil (Smith et al., 2016). This
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explanation was suggested by a preclinical study of
human ovarian cancer (SKOV3-GFP-LUC) tumor-
bearing mice treated with either Lipodox or Doxil at a
dose of 5 and 10 mg/kg for three cycles (Smith et al.,
2016). It was found that the intratumoral concentration
of Lipodox was lower than that of Doxil at both the
5 mg/kg (1.0–25.5 ng/ml versus 2.7–42.2 ng/ml) and
10 mg/kg (2.9–35.6 ng/ml versus 2.0–76 ng/ml) doses
(Smith et al., 2016). Furthermore, compared with Doxil,
there was a 15.7% and 21.3% decrease in the efficacy of
Lipodox at both 5 and 10 mg/kg, respectively (Smith
et al., 2016). This suggested that the lower efficacy of
Lipodox observed might have been the result of
lower tumor accumulation (Smith et al., 2016). It is
worth noting that although both the preclinical and
data comparison studies have suggested the lower
anticancer activity of Lipodox compared to Doxil, a
direct comparative clinical study between Lipodox
and Doxil must be performed to ensure a more accurate
assessment.
Despite the fact that the patent protection of Doxil

in the United States ended in early March 2010
(Barenholz, 2012b), there is still a surprising lack of
generic PEGylated liposomal DOX formulations ap-
proved by the FDA and EMA. The reason for the lack
of generic Doxil may be because of the complexity of
the approvals required by the authorities. In fact,
generic Doxil does not only need to meet the require-
ments for the approval of generic low molecular
weight drugs and biologicals, but it must also meet
the physical and physiochemical requirements for
liposomal products (Barenholz, 2012b).

B. Myocet

Considering the success of liposome technology,
Sopherion Therapeutics developed a non-PEGylated
liposomal DOX formulation, named Myocet. This agent
has been approved by the EMA and Health Canada for
the treatment of metastatic breast cancer in combina-
tion with cyclophosphamide (Batist et al., 2001; Chan
et al., 2004).
1. The Development of Myocet. The current formu-

lation ofMyocet is composed of egg PC and cholesterol in
the ratio of 55:45mol% (Swenson et al., 2001). Similar to
Doxil, the encapsulation of DOX inMyocet is carried out
by remote loading. However, the preparation of Myocet
uses a pH gradient rather than the (NH4)2SO4 gradient
as a driving force for DOX remote loading (Fig. 10)
(Swenson et al., 2001). In this approach, sodium car-
bonate is added to an aqueous suspension of proton-rich
liposomes containing citrate buffer, and thus, an acidic
environment inside the liposomes (pH = 4) is created
with a neutral pH environment outside the liposomes
(pH = 7.8) (Swenson et al., 2001). Once added to the
suspension, DOX is forced to accumulate within the
liposomes by the lower intraliposomal pH. This condi-
tion allows more DOX to be loaded into the liposomes

that is well beyond its solubility limit (Swenson et al.,
2001). The accumulation of DOXwithin the liposomes is
further facilitated by the unique complexation of DOX
with citrate anions, which forms bundle-like structures
within the liposomes (Fig. 11). This complexation also
reduces the rate at which DOX diffuses from the acidic
liposomes (Li et al., 2000).

The exact interaction between citrate anions and
DOX inside Myocet remains unclear. However, it is
certain that the multivalency of the citrate anion is
crucial for DOX complexation, because similar DOX
bundle formations were observed in di-anionic sulfate
containing liposomes (Lasic et al., 1992) but not in
liposomes containing mono-anionic species (Li et al.,
1998). By using pH gradient remote loading, it is
possible to encapsulate more than 95% of DOX inside
liposomes of size;150 nm with a final DOX/lipid molar
ratio of 0.27 (Swenson et al., 2001). Upon physical
characterization of Myocet, DOX appears as bundles
of fibers inside the liposomes, where DOX monomers
stack to form each fiber (Fig. 11A). These fibers are
believed to be flexible, because cryoelectron microscopy
revealed them to be in different geometries, such as
straight, curved, and circulars (Fig. 11, B and C) (Li
et al., 1998).

2. Preclinical Studies of Myocet. The higher efficacy
of Myocet over conventional DOX is thought to be due to
an increase in its circulation time and tumor accumu-
lation, as well as a reduction in DOX toxicity. In fact, an
injection of 14C-labeled DOX into male beagle dogs as
either Myocet or the free drug demonstrated that
Myocet localized less readily to normal tissue and was
eliminated in the bile much slower than free DOX
(Potchoiba et al., 1996). The radioactivity of 14C-
labeled DOX also revealed that the AUC of Myocet in

Fig. 10. Remote loading of DOX into Myocet liposomes using a pH
gradient. In contrast to Doxil, Myocet uses a pH gradient as a driving
force to actively load DOX into liposomes. In this approach, sodium
carbonate buffer creates a neutral pH environment (pH = 7.8) outside the
liposome, whereas citrate buffer creates an acidic environment (pH = 4)
inside the liposome. Outside the liposome, DOX-H+ is deprotonated to
DOX, which can diffuse through liposomal membrane into the liposome
cavity. Within the liposome, the acidic pH protonates DOX back to DOX-
H+, which interacts with citrate anions to form the DOX-citrate salt that
precipitates into a crystal.
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myocardial tissues of beagle dogs to be ;67% of that
found for conventional DOX-treated animals, suggest-
ing that Myocet would potentially cause less cardiotox-
icity (Potchoiba et al., 1996).

The reduction in cardiotoxicity after Myocet treat-
ment was demonstrated in another study in which
beagle dogs were administered intravenously with
either Myocet or free DOX at a dose of 1.5 mg/kg every
3 weeks for a total of 8 cycles (Kanter et al., 1993). It was
shown that all dogs treated with free DOX exhibited
histologic evidence of anthracycline-induced cardiotox-
icity by the end of the treatment (157–164 days) (Kanter
et al., 1993). In contrast, none of the dogs in the Myocet-
treated group showed any signs of microscopic or
macroscopic damage to the heart by the end of the
treatment (Kanter et al., 1993). Furthermore, dogs
treated with free DOX were found to be five times more
likely to experience vomiting and diarrhea compared
with those treated with Myocet (Kanter et al., 1993).
Alopecia and gastrointestinal bleeding were also pre-
sent in the free drug-treated group, whereas none was
observed in the Myocet-treated group (Kanter et al.,
1993). This improved safety may be due to the lower
accumulation of DOX in normal tissue when adminis-
tered as Myocet, because normal tissues do not possess
permeable blood vessels from which the liposomes can
escape (Kanter et al., 1993).

The improved anticancer activity of Myocet in com-
parison with free DOXwas observed inmice bearing the
SC115 Shionogi mouse mammary tumor (Mayer et al.,
1990a). In this comparative study, tumor-bearing mice
were administered with either Myocet or free DOX at
6.5mg/kg (theMTD for freeDOX)weekly for 3weeks. At
this dose, DOX levels within the tumor after Myocet
treatment increased from 2.6 mg/g of tissue after 1 hour
to 5.5 mg/g of tissue after 24 hours (Mayer et al., 1990a).
In contrast, the DOX levels within the tumor for the
conventional free drugwas 2.0mg/g of tissue after 1 hour
and remained constant over 24 hours (Mayer et al.,
1990a). In addition, there was an increase in tumor
growth inhibition observed in mice treated with Myocet
compared with free DOX (Mayer et al., 1990a).

A further increase in the administration dose of
Myocet to 13 mg/kg (the MTD for Myocet) weekly for
3 weeks resulted in greater tumor accumulation of DOX
and tumor growth inhibition. It was found that at this
dose, the DOX tumor concentration was 5.7 mg/g of
tissue after 1 hour and 10.2 mg/g of tissue after 24 hours
(Mayer et al., 1990a). Moreover, this treatment led to a
significant reduction in tumor weight, from 5 to 0.5 g
(Mayer et al., 1990a). Complete tumor regression was
also observed in 25% of mice treated with 13 mg/kg of
Myocet, which lasted over the 50-day study period
(Mayer et al., 1990a).

3. Clinical Studies of Myocet. The advantage of
Myocet over conventional DOX has been demonstrated
previously for the treatment of metastatic breast

Fig. 11. Cryotransmission electron microscopy (cryo-TEM) of Myocet
liposomes. The unique complexation of DOX with citrate anions during
the remote loading of DOX into Myocet liposomes results in the formation
of bundles of DOX fibers within the liposome. (A) The arrow shows the
end of a DOX fibrous bundle with each fiber within the bundle being ;3–
3.5 nm apart. (B) The flexibility of these DOX fibers is demonstrated by
their ability to exist as fibrous bundles in different geometries, including
U-shape, circle, and straight. (C) The arrow shows striated regions in
DOX fibrous bundles that repeat approximately every 50 nm. Reprinted
with permission from Elsevier from Li et al. (1998).
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cancer. The plasma level of total DOX was shown to be
substantially higher for Myocet than for conventional
DOX, whereas peak plasma levels of free DOX were
shown to be lower forMyocet than for conventional DOX
(Swenson et al., 2001). Three pivotal phase III clinical
trials evaluatingMyocet for the treatment of metastatic
breast cancer reported the improved safety of DOX
when administered as Myocet with patients showing a
lower incidence of cardiotoxicity, whereas the thera-
peutic efficacy ofMyocet remained comparable to that of
conventional DOX (Batist et al., 2001; Harris et al.,
2002; Chan et al., 2004).
In a study by Batist et al. (2001), metastatic breast

cancer patients were given either a combination of
cyclophosphamide (600 mg/m2) and Myocet (60 mg/m2)
or conventional DOX (60 mg/m2) for a median of
6 cycles/patient. Both groups showed comparable anti-
tumor activity with a response rate of 43%. Additionally,
the combination of cyclophosphamide with Myocet or
conventional DOX resulted in a median time to progres-
sion of 5.1 versus 5.5months, amedian time to treatment
failure of 4.6 versus 4.4 months, and a median survival
time of 19 versus 16 months, respectively (Batist et al.,
2001). Although the therapeutic efficacy of Myocet and
conventionalDOXwas similar, therewere fewer patients
in the Myocet-treated group that developed cardiotox-
icity compared with the group receiving conventional
DOX treatment (6 versus 21%, respectively) (Batist et al.,
2001). None of the patients treated with Myocet suffered
congestive heart failure, although five cases were found
in the conventional DOX-treated patients (Batist et al.,
2001). The estimated median cumulative lifetime dose of
DOX at which cardiotoxicity first appears was reported
to be.2220mg/m2 forMyocet comparedwith 480mg/m2

for conventional DOX (Batist et al., 2001). Finally,
patients receiving Myocet also showed fewer incidence
of grade 4 neutropenia compared with conventional
DOX-treated patients (61 versus 75%, respectively)
(Batist et al., 2001).
A study onMyocet as amonotherapy for the treatment

of metastatic breast cancer was also investigated (Harris
et al., 2002). In this study, 75 mg/m2 of Myocet (n = 108)
was compared with a dose of 75 mg/m2 of conventional
DOX (n = 116) for amedian of four cycles. Both treatment
groups demonstrated an overall response rate of 26%and
a similar time to disease progression of 3.8 months for
the Myocet-treated group versus 4.3 months for the
conventional DOX-treated group (Harris et al., 2002).
The survival time was reported to be 16 months for
patients receiving Myocet and 20 months for patients
receiving conventional DOX (Harris et al., 2002). Fur-
thermore, it was shown in the study that cardiac events
sufficient to remove patients from the trial were more
than twice as likely in patients receiving conventional
DOX than in those receiving Myocet (29 versus 13%,
respectively). Nine cases of congestive heart failure were
found in the conventional DOX-treated group, whereas

only two were found in the Myocet-treated group (Harris
et al., 2002). In addition to lower cardiotoxicity, Myocet-
treated patients also showed fewer incidences of grade
3 or 4 infections and grade 3 or 4 nausea/vomiting (Harris
et al., 2002). Similar to the previous mentioned clinical
trial by Batist et al. (2001), the estimated median
cumulative lifetime dose of DOX at which cardiotoxicity
first appeared was higher for Myocet than for conven-
tional DOX (785 versus 533 mg/m2, respectively) (Harris
et al., 2002).

As patients with high risk factors for cardiotoxicity
have a greater possibility of suffering cardiac damage
when treated with conventional DOX, it is important that
they are considered for Myocet treatment. In light of
this, a subset analysis of high risk patients (namely those
with previousDOX exposure or history of cardiac disease)
was performed in individuals treated withMyocet (Batist
et al., 2006). This analysis included 68 patients who
had been previously treated with adjuvant conven-
tional DOX. Although these patients received a higher
cumulative dose of DOX in the Myocet-treated group
(308 mg/m2) compared to the conventional DOX-treated
group (225 mg/m2), the incidence of cardiac events was
still significantly lower in the Myocet-treated group
relative to conventional DOX (22 versus 39%, respec-
tively). The median cumulative lifetime dose at which
cardiotoxicity first appeared was 780 mg/m2 for Myocet
versus 580 mg/m2 for convention DOX (Batist et al.,
2006). Furthermore, antitumor efficacy was shown to be
significantly higher in the Myocet-treated group with a
response rate of 31 versus 11% in conventional DOX-
treated group (Batist et al., 2006). The median time
to treatment failure was also higher in Myocet-treated
group than the conventional DOX-treated group
(4.2 versus 2.1 months, respectively). However, there
was no difference in the survival time between both
treatment groups (Batist et al., 2006).

In another phase III clinical trial evaluating Myocet
for the treatment of metastatic breast cancer, patients
were randomized to receive either Myocet (75 mg/m2) or
epirubicin (75 mg/m2), a stereoisomer of DOX known to
be less cardiotoxic (Chan et al., 2004). Both groups
were treated in combination with cyclophosphamide
(600 mg/m2) for a maximum of 8 cycles. Myocet was
reported to be more effective than epirubicin in this
study, showing a significantly longer time to progression
(7.7 versus 4.4 months, respectively) and time to treat-
ment failure (5.7 versus 4.4 months, respectively). There
were no significant differences observed between the
Myocet or epirubicin groups regarding the overall re-
sponse rate (46 versus 39%, respectively) or overall
survival time (18.3 versus 16 months, respectively)
(Chan et al., 2004). Both the Myocet and epirubicin
treatment groups also showed a lower incidence of
cardiotoxicity with only 11.8 versus 10.2%, respectively,
showing asymptomatic impairment in the left ventricu-
lar ejection fraction (Chan et al., 2004). No clinical
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congestive heart failure was observed in both groups.
However,Myocet in combinationwith cyclophosphamide
did exhibit increased hematologic toxicity comparedwith
epirubicin showing a significantly higher incidence of
grade 4 neutropenia (87 versus 67%, respectively),
although the frequency of prolonged or febrile grade
4 neutropenia was similar in both groups (Chan et al.,
2004). This may be because of the difficulty in finding a
comparable equivalent dose between the two drugs.
4. Myocet versus Doxil. No direct comparative stud-

ies between Myocet, Doxil, and conventional DOX have
been conducted in humans to date. This may be because
each of these formulations exhibits strikingly different
DOX pharmacokinetics (Swenson et al., 2001; Leonard
et al., 2009), and thus, making it difficult to determine a
comparable effective dose for each formulation. How-
ever, Myocet (;46.7 l/h) is believed to have a slower
clearance rate than conventional DOX (;5.1 l/h), but is
not as slow as Doxil (Leonard et al., 2009). Due to its
long circulation time and low clearance rate, Doxil is
able to penetrate into skin tissues readily, making it
more effective for the treatment of AIDS-related Kaposi
sarcoma (Gordon et al., 1995; Swenson et al., 2001).
However, as previously mentioned, Doxil has been
observed to result in PPE as a side effect (Gordon
et al., 1995). This problem is rarely observed in Myocet-
treatedmetastatic breast cancer patients (,0.5%), which
may be due to the fact that non-PEGylated liposomes are
phagocytosed by mononuclear phagocytes more fre-
quently than PEGylated liposomes (Sparano and Winer,
2001).

C. DaunoXome

1. The Development of DaunoXome.
a. Identification of lipid compositions for liposomal

formulation and the selection of daunorubicin.
DaunoXome is a liposomal formulation of daunorubicin
(Fig. 1) (Forssen, 1997), a member of anthracycline
family that is similar to DOX (Forssen, 1997). Like
DOX, the anticancer activity of daunorubicin is due to:
1) its ability to inhibit DNA synthesis by DNA in-
tercalation and/or inhibition of DNA polymerase activ-
ity; 2) interference with topoisomerase to induce DNA
damage; and 3) generation of free radicals by redox
reactions that can cause molecular damage, such as
lipid peroxidation. Interestingly, it was reported that
daunorubicin is more effective at inhibiting DNA than
RNA synthesis compared with DOX (Bremerskov and
Linnemann, 1969). Apart from nucleic acid and oxida-
tive damage that contributes to daunorubicin’s antican-
cer activity, it was demonstrated that daunorubicin can
also induce cancer cell apoptosis by initiating sphingo-
myelin hydrolysis, which subsequently produces cer-
amide (Jaffrezou et al., 1996). Currently, conventional
daunorubicin is primarily used for the treatment of
acute myeloid leukemia in contrast to DOX, which is

implemented for the treatment of various solid tumors
(Gewirtz, 1999).

The reason that daunorubicin was selected over other
anthracyclines for the DaunoXome liposomal formula-
tion was due to its enhanced stability in aqueous
solution (Bosanquet, 1986) and its significant activity
against various solid tumors (Hortobagyi, 1997) with
therapeutic efficacy comparable to that of DOX
(Michieli et al., 1993; Iwasaki et al., 1995; Nagasawa
et al., 1996). Furthermore, daunorubicin is less cardio-
toxic than DOX on a cumulative basis after prolonged
administration (Forssen, 1997). DaunoXome was ap-
proved by the FDA and EMA in 1996 for the treatment
of AIDS-related Kaposi sarcoma (Gill et al., 1996). It
was also approved by the FDA for the treatment of acute
myeloid leukemia in 2008 (Latagliata et al., 2008).

The development of DaunoXome began with the
identification of suitable liposome compositions and
physical characteristics that would allow for the max-
imum uptake of the encapsulated therapeutic by
tumors (Forssen, 1997). This identification step was
conducted by an in vivo screening approach developed
byMauk and colleagues (Hwang andMauk, 1977;Mauk
and Gamble, 1979b; Mauk et al., 1980). In this ap-
proach, a radioactive gamma emitter, indium-111
(111In), was actively loaded into liposomes (Fig. 12),
enabling the investigators to assess the stability and
release of the encapsulated content from liposomes as a
function of the formulation (Mauk and Gamble, 1979a).
The radioactive indium was actively loaded into a pre-
formed liposome by incorporating ionophores (A23187)
into the liposomal membrane bilayer, allowing 111In3+

ions to pass through the membrane (Fig. 12).
Once inside the liposome, 111In3+ ions were trapped

within the liposomal cavity upon complexation with the
weak chelating agent, nitrilotriacetic acid (NTA) (Mauk
and Gamble, 1979a). Although NTA could trap 111In3+

within the liposome, only weak binding between 111In3+

and NTA occurred, and thus, allowing the high affinity
association of 111In3+ with biologic macromolecules to
occur (Mauk and Gamble, 1979a). By using active
loading, .90% of 111In3+ could be encapsulated within
liposomes. As 111In3+ binds strongly to tissues and is
known to have minimal redistribution (Hwang et al.,
1982), the total 111In3+ released from liposomes into the
targeted tissue can be estimated with accuracy.

From extensive in vivo screening of different liposo-
mal formulations, liposomes composed of DSPC and
cholesterol in a 2:1 molar ratio and with a diameter
between 40 and 80 nm were the most effective formu-
lation for the delivery of encapsulated 111In to tumor
tissues in vivo (Proffitt et al., 1983b; Turner et al., 1988;
Williams et al., 1988). These DSPC:cholesterol lipo-
somes were able to deliver encapsulated 111In to tumor
cells selectively in a number of murine tumor models,
including the mammary adenocarcinomas, EMT-6 and
16C, B16 melanoma, Lewis lung carcinoma, P1798
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lymphosarcoma, sarcoma 180, and colon carcinoma
51 (Proffitt et al., 1983a,b; Patel et al., 1985). This
liposomal formulation was subsequently developed into
an 111In-based tumor imaging agent (VesCan), which
could image a wide range of solid neoplasms (Presant
et al., 1988, 1990). In particular, Kaposi sarcoma
demonstrated the highest level of 111In uptake of all
tumors investigated (Presant et al., 1990). It was
suggested that the high uptake of 111In in Kaposi
sarcoma lesions might be due to their highly vascular-
ized nature, which allowed small particles, such as
liposomes, to extravasate readily (Wu et al., 1993;
Brown et al., 1996). As a result of the high accumulation
of liposomal 111In within Kaposi sarcoma lesions, the
development of DaunoXome using DSPC:cholesterol
(2:1 molar ratio) began.
Apart from delivering liposomal contents efficiently,

liposomes prepared from a DSPC:cholesterol (2:1 mo-
lar ratio) formulation also posed other advantages
(Forssen, 1997). First, liposomal membranes composed
of these lipid compositions exhibit a high PTT (Forssen,
1997). This means that, under physiologic or ambient
conditions, DSPC:cholesterol liposomes remain stable
and are more resistant to the leakage of their entrapped
contents. Second, having only two key components in a
liposomal formulation simplifies the manufacturing
conditions and formulation parameters suitable for
both the active ingredients and the carrier (Forssen,
1997). Third, as the in vivo delivery mechanism of these
liposomes depends mostly upon the physiologic proper-
ties of tumors and their highly vascularized nature,
these liposomes can target a wide range of solid tumors
and are less affected by targeting problems, such as
antigenic drift (Forssen, 1997). Although antigenic drift
usually occurs in viruses where the virus undergoes

mutations in the antigenic epitopes (antibody binding
site) to escape recognition by antibodies and cytotoxic
T-lymphocytes, tumors have also been reported to use a
similar process as one of the mechanisms to avoid the
immune system (Bai et al., 2003). For more detail,
please see Bai et al. (2003).

b. Incorporation of daunorubicin into liposomes.
Initially, two approaches were investigated for the
preparation of liposomal daunorubicin (Forssen, 1997).
The first approach involved incorporating daunorubicin
into the membrane bilayer of liposomes as an associated
complex between the drug and negatively charged 1,2-
distearoyl-sn-glycero-3-phospho-(19-rac-glycerol). On the
other hand, the second approach involved encapsulating
daunorubicin within the liposome interior in the form of
a citrate salt similar to that used with Myocet (Forssen,
1997; Swenson et al., 2001). Although both approaches
demonstrated some improvements over the free drug,
the encapsulation of daunorubicin within the liposome
cavity was shown to be more effective in terms of
biodistribution and antitumor activity during animal
studies than the former membrane-associated approach
(Forssen et al., 1992).

The poorer activity of membrane-bound daunorubicin
liposomes could be explained by the lower serum
stability of this formulation compared with the liposo-
mal encapsulated daunorubicin, which was most likely
due to the high exposure of the drug to serum proteins
and its leakage from the membrane bilayer (Forssen
et al., 1992). In contrast, when the drug was encapsu-
lated within the liposome interior, it became less
accessible to the liposomal membrane, making it less
likely to leak or interact with serum proteins (Forssen
et al., 1992).

The difference in serum stability between the two
formulations was investigated in fetal calf serum at
37°C. Liposomal encapsulated daunorubicin demon-
strated a significantly higher retention time over
membrane-bound daunorubicin liposomes (Forssen
et al., 1992). It was shown in this study that
membrane-bound daunorubicin liposomes released
more than one-third of the drug after 3 hours of
incubation, whereas the release of only 2% of liposomal
encapsulated daunorubicin was observed after 50 hours
(Forssen et al., 1992). Furthermore, the encapsulation
of daunorubicin within the liposome interiormeant that
no anionic phospholipid was required, and thus,
resulted in enhanced tumor uptake, because less neg-
atively charged liposomes were shown to be more
effective at delivering drugs to tumors (Juliano and
Stamp, 1975; Gregoriadis, 1988; Krasnici et al., 2003;
Jung et al., 2009).

2. Preclinical Studies of DaunoXome. Once it was
established that the formulation in which liposome
encapsulated daunorubicin within its interior was the
most effective delivery approach, preclinical studies

Fig. 12. Remote loading of 111In into liposomes. The ionophore A23187 is
inserted into the lipid bilayer of liposomes. The incorporation of
ionophores into liposomal membrane allows 111In3+ ions to cross the
membrane into the liposome cavity. The weak chelator, nitrilotriacetic
acid, inside the liposome then traps 111In by forming a weak complex with
111In3+ ions.
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were investigated to evaluate the efficacy, toxicity, and
pharmacokinetic profile of this formulation.
The examination of the in vitro cytotoxicity ofDaunoXome

and conventional daunorubicin against P1798 tumor
cells demonstrated that the relative potency of these
two forms of daunorubicin varied widely depending on
the incubation time (Forssen et al., 1996). For incubation
periods under 8 hours, DaunoXome was observed to be
less cytotoxic than free daunorubicin. This could be
explained by the high membrane permeability of the
conventional drug, allowing it to become fully available
immediately after it was added to the culture medium.
However, after a longer incubation period, DaunoXome
was more cytotoxic than conventional daunorubicin
(Forssen et al., 1996). A similar result was observed by
confocal microscopy imaging of P1798 cells incubated
with either free daunorubicin or DaunoXome (Forssen
et al., 1996).
It was suggested that DaunoXome is internalized by

cells via endocytosis (Forssen, 1997) and subsequently
enters the lysosomal compartment, like other nano-
particles (Harding et al., 1991; Turek et al., 1993; Naito
et al., 1996; Nam et al., 2009). The study of DaunoXome’s
mechanism of uptake was examined by Forssen (1997).
In these studies, the indigo dye precursors, 5-bromo-4-
chloro-3-indolyl-b-D-galactopyranoside or 5-bromo-4-chloro-
3-indolyl-b-D-phosphate, were encapsulated within
DSPC:cholesterol liposomes and used to investigate
the mechanism of uptake of these liposomes into cells.
These precursors, when not encapsulated within lipo-
somes, were poorly taken up by cells both in vitro
and in vivo. Furthermore, when activated by the lyso-
somal enzymes b-galactosidase (for 5-bromo-4-chloro-3-
indolyl-b-D-galactopyranoside) or alkaline phosphatase
(for 5-bromo-4-chloro-3-indolyl-b-D-phosphate), these
agents form an insoluble blue-violet dye (Tsou et al.,
1972). When liposomes containing these precursors were
examined in tissue culture, a compartmentalized blue-
violet dye was observed within the cytoplasm (Forssen,
1997). In contrast, this dye formation was absent when
the same compounds in their free formswere used to treat
these cells (Forssen, 1997). Thus, these observations were
consistent with liposome endocytosis followed by lyso-
somal fusion.
Two murine models bearing P1798 lymphosarcoma

and mammary adenocarcinoma MA16C xenografts
were used in the preclinical animal studies of DaunoXome
(Forssen et al., 1992). In the fast growing P1798
lymphosarcoma animal model, the single-dose efficacy
of DaunoXome and conventional daunorubicin were
compared. At equivalent daunorubicin doses,DaunoXome
generated a significantly higher median survival time
than the conventional drug at all doses investigated
(Forssen et al., 1992). The maximum median survival
time of tumor-bearing mice achieved for the conven-
tional drug-treated group was 18.5 days at 30 mg/kg,
whereas a dose of 40 mg/kg became too toxic, reducing

the median survival time to 12.5 days (Forssen et al.,
1992). There were no long-term survivors observed in the
conventional drug-treated group. In comparison, the
maximum median survival time for the DaunoXome-
treated mice at 30 mg/kg was 21.5 days. Moreover, there
were three long-term survivors observed (.60 days) in
this group (Forssen et al., 1992).

In the slow growing mammary adenocarcinoma
MA16C model, tumor-free long-term survivors were
observed inmice treatedwith conventional daunorubicin
at a dose of 10 and 20 mg/kg, with one and four survi-
vors observed, respectively (Forssen et al., 1992). The
remaining mice in this group either developed detect-
able tumors or died of drug toxicity at higher doses
(Forssen et al., 1992). In the DaunoXome-treated group,
the occurrence of tumor-free long-term survivors was
much more frequent. Forty-nine mice in this group
were treated with DaunoXome at doses ranging from
2 to 35 mg/kg, with only three mice having small
residual tumors after treatment (two mice at 2 mg/kg
and one at 20 mg/kg). In contrast, the other remaining
46 mice were observed to be tumor free (Forssen et al.,
1992). Additionally, an apparent complete cure was
observed in DaunoXome-treated mice at 25 mg/kg,
with all mice becoming tumor free at this dose (Forssen
et al., 1992).

The direct cytotoxic effect of DaunoXome against
tumors in vivo was also demonstrated by a significant
reduction in tumor volume of DaunoXome-treated mice
in comparison with conventional drug-treated mice
(Forssen et al., 1992). In the conventional drug-treated
group, regardless of the dose level, each established
tumor eventually grew to a size of .500 mg (Forssen
et al., 1992). In contrast, of the 40 mice treated with
DaunoXome at doses between 15 and 30 mg/kg, 14 of
them were observed to have tumors that regressed and
disappeared completely. Based on these data, it was sug-
gested that the tumor growth suppression of DaunoXome
at 2 mg/kg was approximately equivalent to the effect
observed with conventional daunorubicin at 15 mg/kg
(Forssen et al., 1992).

The effectiveness of DaunoXome over conventional
daunorubicin can be explained in terms of altered
pharmacokinetics. Significant differences in the phar-
macokinetics of these two formulations were observed
in plasma and also using P1798 solid tumor xenografts
(Forssen et al., 1992). The plasma level of daunorubicin-
eq (daunorubicin fluorescent equivalent; parent drug
plus fluorescent metabolites) produced by DaunoXome
after 1 hour was 268 mg/ml, a 185-fold increase over the
level produced by the conventional drug (i.e., 1.4mg/ml).
Additionally, the plasma AUC value of DaunoXomewas
227-fold higher than the conventional drug (Forssen
et al., 1992). The daunorubicin-eq levels in tumors
1 hour postinjection of the conventional drug was
9.6 mg/g. On the other hand, DaunoXome produced an
accumulation of daunorubicin-eq within the tumor that
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continued to increase 8 hour postinjection, peaking at
100 mg/g (Forssen et al., 1992).
The tissue daunorubicin AUC ratios for DaunoXome

and the conventional drug were also compared (Forssen
et al., 1992). The comparison demonstrated a 10-fold
increase in the AUC ratio produced by DaunoXome in
tumor tissue relative to conventional daunorubicin
(Forssen et al., 1992). In contrast, the AUC ratios of
DaunoXome for hepatic, splenic, and brain tissue in-
creased slightly, with no significance difference being
found relative to conventional daunorubicin (Forssen
et al., 1992). In addition, a slight decrease in the AUC
ratio was observed in both the heart and lungs relative
to daunorubicin. Hence, as shown by these results,
DaunoXome was able to accumulate daunorubicin
within tumor tissues at a higher level than other tissue
types compared with conventional daunorubicin (Forssen
et al., 1992). From preclinical data, it was concluded that
DaunoXome operated through targeted delivery, as
shown by a 10-fold increase in the tumor AUC value
in comparison with a 0.4- to 1.6-fold change observed in
normal tissues (Forssen et al., 1992). This finding dem-
onstrated the improved tumor selectivity of DaunoXome
over free daunorubicin.
3. Clinical Studies of DaunoXome.
a. Clinical trials for AIDS-related kaposi sarcoma.

The therapeutic efficacy and safety of DaunoXome has
also been investigated in human trials. The effective-
ness of DaunoXome in humans was observed to be
similar to the results found in preclinical studies and
was well tolerated (Money-Kyrle et al., 1993; Presant
et al., 1993). In phase I/II dose escalation clinical studies
involving 22 patients with AIDS-related Kaposi sar-
coma, an overall response rate (including both partial
and complete responses) of 55% was noted at the dose
levels of 50 and 60 mg/m2 every fortnight (Gill et al.,
1995). In another human study, Presant et al. (1993)
investigated the efficacy and toxicity of DaunoXome by
treating HIV-associated Kaposi sarcoma of poor prog-
nosis patients (n = 25) with DaunoXome at 40 mg/m2

every 2 weeks. At this dosage, 2 patients demonstrated
complete remission (8.3%), whereas 13 patients had a
partial remission (54.2%), including 5 of 11 patients
diagnosedwithDOX-resistantKaposi sarcoma (Presant
et al., 1993). The side effects of DaunoXome were well
tolerated, with myelosuppression being the most com-
mon adverse event. Vomiting, stomatitis, and alopecia
were rare and mild, whereas no serious cardiotoxicity
was observed in any patients (Presant et al., 1993).
A similar result was also achieved in phase II clinical

studies investigating the efficacy and toxicity ofDaunoXome
(Money-Kyrle et al., 1993). In this study, 11 advanced
AIDS-related Kaposi sarcoma patients with a life expec-
tancy of at least 8 weeks were given DaunoXome at
40 mg/m2 every 2 weeks. By the end of the study,
1 patient died before receiving any treatment, whereas
4 of 10 patients had a partial response (Money-Kyrle

et al., 1993). However, 2 of these 4 patients with a partial
response were subsequently observed to have a relapse.
The remaining 6 patients had stabilized disease, which
lasteduntil the end of the trial (Money-Kyrle et al., 1993).
This study also demonstrated that liposomal daunoru-
bicin, DaunoXome, was generally well tolerated with no
sign of cardiotoxicity. However, nausea, vomiting, sto-
matitis, alopecia, and neutropenia were evident (Money-
Kyrle et al., 1993). In addition, there was no evidence of
serious complications, such as hepatotoxicity.

A more comprehensive, randomized phase III clinical
trialwas conductedbyGill et al. (1996).Theaimof this trial
was to compare the therapeutic efficacy of DaunoXome to
the standard regimen ofDOX, bleomycin, and vincristine
(ABV) for the treatment of AIDS-related Kaposi sar-
coma. This involved treating 232 AIDS-related Kaposi
sarcoma patients with either DaunoXome (40 mg/m2) or
a combination of DOX (10 mg/m2), bleomycin (15 U), and
vincristine (1 mg; ABV). Patients were given the treat-
ment every 2 weeks until: 1) a complete response was
achieved; 2) unacceptable toxicity was observed; or 3) the
disease continued to progress. Interestingly, the results
were comparable between DaunoXome and the ABV
combination. The overall response rate was 25% (3 com-
plete responses and 26 partial responses of 116 patients)
for the DaunoXome-treated group and 28% (1 complete
response and 30 partial responses of 111 patients) for the
ABV-treated group (Gill et al., 1996). In general, there
was no significant difference between the two treatments
in terms of their response rate, survival time, and
median time to disease progression. However, toxicities
induced by the two treatments were significantly differ-
ent (Gill et al., 1996). The ABV-treated group had a
higher incidence of alopecia and neuropathy, whereas
the DaunoXome-treated group exhibited a higher in-
cidence of grade 4 neutropenia (Gill et al., 1996). In
addition, the cardiac functions of all patients were
normal,with neither treatment group showing any signs
of anthracycline-associated cardiotoxicity (Gill et al.,
1996).

b. Clinical trials for acute myeloid leukemia.
DaunoXome was approved for the treatment of acute
myeloid leukemia by the FDA in 2008. Latagliata et al.
(2008) conducted a randomized phase III clinical trial in
301 patients aged over 60 years diagnosed with acute
myeloid leukemia to compare the efficacy of DaunoXome
versus daunorubicin. Patients received either DaunoX-
ome (45 mg/m2, days 1–3) plus cytarabine (100 mg/m2,
days 1–7 by continuous infusion) or daunorubicin
(80 mg/m2, days 1–3) plus cytarabine (100 mg/m2, days
1–7 by continuous infusion). Patients with a complete
response received a further course of the assigned
treatment, followed by a randomized treatment of
cytarabine plus trans retinoic acid or no treatment. Of
148 patients receiving DaunoXome, 73 (49.3%) achieved
a complete response, 47 (31.8%) were resistant to the
treatment and 28 (18.9%) died during the study
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(Latagliata et al., 2008). On the other hand, of 153 pa-
tients receiving daunorubicin, 78 (51.0%) achieved a
complete response, 55 (35.9%) were resistant to the
treatment, and 20 (13.1%) died during the study. In
patients demonstrating a complete response, those re-
ceiving DaunoXome showed a higher rate of early deaths
relative to those receiving conventional daunorubicin
(12.5 versus 2.6% at 6 months, respectively), but a lower
incidence of relapse beyond 6 months (59 versus 78% at
24 months, respectively). In conclusion, although Dau-
noXome performance may be inferior to daunorubicin in
term of its short-term efficacy, its long-term anticancer
activity was slightly greater than daunorubicin, because
it improved both overall survival and disease free
survival time (Latagliata et al., 2008).
3. Side Effects and Safety of DaunoXome.

Overall, DaunoXome provides an effective and safe
alternative to conventional drugs for the treatment of
AIDS-related Kaposi sarcoma and acute myeloid leuke-
mia. It has demonstrated a significant rate of tumor
regression even in patients who have failed prior chemo-
therapy (Gill et al., 1996). Side effects of DaunoXome
have been shown to be milder than free daunorubicin,
with no evidence of anthracycline-related cardiotoxicity.
Furthermore, because of the minimal myelosuppression
observed with DaunoXome, anti-HIV therapies, such as
azidothymidine, can be used together with DaunoXome,
further improving patient treatment (Forssen and Ross,
1994; Forssen, 1997).

D. Marqibo

Marqibo is a liposomal formulation of vincristine
sulfate. It was approved by the FDA in 2012 under the
accelerated program for the treatment of adult pa-
tients with Philadelphia chromosome-negative acute
lymphoblastic leukemia after a second or further
relapse, or whose disease progressed after two or
more antileukemia therapies (Silverman andDeitcher,
2013). The composition of Marqibo liposomes consisted
of sphingomyelin and cholesterol, which were designed
to: 1) enhance the loading and retention of vincristine;
2) improve the circulation time of encapsulated vin-
cristine; 3) increase the extravasation of vincristine
into tumors; and 4) sustain vincristine release into the
tumor interstitium (Zhigaltsev et al., 2005; Johnston
et al., 2006).
1. Vincristine. Vincristine (Fig. 1) is a cell-cycle

dependent anticancer drug that has been commercially
available on the market since 1963 (Silverman and
Deitcher, 2013). It directly binds to tubulin, causing
microtubule depolymerization, M-phase arrest, and
apoptosis in cells undergoing mitosis (Silverman and
Deitcher, 2013). The most effective treatment strategy
for vincristine occurs when cancer cells are exposed to a
high concentration of vincristine over a long period of
time. Unfortunately, this is unachievable because vin-
cristine also induces autonomic and peripheral sensory-

motor polyneuropathy, which is due to a blockage in
axon transport and axon degradation caused by non-
functional microtubules (Moore and Pinkerton, 2009).
As a result of its dose-limiting toxic side effects, vincris-
tine dosage is usually restricted to 2 mg/m2 (Moore and
Pinkerton, 2009). Hence, vincristine sulfate liposomal
injection (i.e., Marqibo) was developed to improve the
pharmacokinetic and pharmacodynamic profiles of
vincristine.

2. The Development of Marqibo. Early studies in-
vestigating the liposomal formulation of vincristine
examined the encapsulation of the drug within egg
PC/cholesterol or DSPC/cholesterol liposomes, both at a
lipid composition ratio of 55:45 (Mayer et al., 1990b;
Boman et al., 1995; Waterhouse et al., 2005). The
loading of vincristine into these liposomes was con-
ducted by remote loading using a pH gradient, where
the intra- and extraliposomal pH were 4.0 and 7.5,
respectively (Mayer et al., 1990b). Although remote
loading was able to encapsulate a high concentration of
vincristine with an encapsulation efficiency of 98% in
both liposome formulations, the release of vincristine
from these liposomes was not as prolonged and sus-
tained as expected (Mayer et al., 1990b). In fact, the egg
PC/cholesterol liposomal formulation of vincristine
showed a release of 96% of the entrapped content into
whole blood after just 24 hours at 37°C (Mayer et al.,
1993). Only a small improvement was observed when
egg PC was replaced by DSPC, with ;80% of vincris-
tine being released after 24 hours at 37°C (Mayer et al.,
1993). A similar result was observed in vivo, where
encapsulated vincristine escaped the liposomes rap-
idly into the plasma after an intravenous injection into
mice inoculated with L1210 leukemia (Mayer et al.,
1993).

However, a significant improvement in terms of
prolonged vincristine release was observed when DSPC
was substituted with sphingomyelin. Such substitution
led to a reduction in both the liposomal vincristine
leakage rate and hydrolysis rate by 1.42-fold and 100-
fold in vitro, respectively (Webb et al., 1995) and a;75%
retention of encapsulated vincristine within liposomes
24 hours after an intravenous injection intomice (Boman
et al., 1994, 1995; Webb et al., 1995; Johnstone et al.,
2001; Krishna et al., 2001). Furthermore, the mean
particle size of ;100 nm helped prolong the circulation
time of liposomal vincristine (Peixoto Júnior et al., 2009;
Thomas et al., 2009; Silverman and Deitcher, 2013). A
negligible level of bovine and human plasma protein
binding was also observed on the surface of liposo-
mal vincristine during in vitro studies, which was
probably due to the neutral charge of the sphingomye-
lin/cholesterol composition and a tight lipid arrangement
(Webb et al., 1995; Oja et al., 1996). Thisminimal protein
binding may have further extended the circulation time
of sphingomyelin/cholesterol liposomes (Webb et al.,
1995). As such, the sphingomyelin/cholesterol (55:45)
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liposomal formulation was used to encapsulate vincris-
tine in the production of Marqibo.
3. Preclinical Studies of Marqibo. Preclinical stud-

ies demonstrated Marqibo to be more effective than free
vincristine without imposing additional toxicities by
means of prolonged plasma circulation time, increased
drug penetration, and increased plasma drug concen-
tration (Kanter et al., 1994; Webb et al., 1998). A
significantly higher AUC and a lower total vincristine
clearance and volume of distribution compared with
standard vincristine were observed across mice, rats,
and dog models treated with Marqibo, suggesting that
the encapsulated drug remained within the body for a
longer period of time (Kanter et al., 1994). This was
supported by the delay in vincristine excretion in rats
injected with Marqibo. In fact, a radiolabeled mass-
balance study in rats demonstrated that 90% ofMarqibo
administered was detected in the urine and feces more
than 72 hours after the initial administration (Kanter
et al., 1994), a delay of 12–48 hours compared with
standard vincristine (Castle et al., 1976).
In addition, Webb et al. (1998) demonstrated that

vincristine concentration in the blood and plasma were
at least 2-fold higher in mice treated with Marqibo
(2 mg/kg of encapsulated vincristine) than in those
given unencapsulated vincristine at an identical dose.
There was also at least a 10-fold higher drug concen-
tration accumulated within lymph nodes, heart, kidney,
liver, skin, small intestine, and spleen in mice treated
with liposomal vincristine than in those treated with
free drug 1 day after administration (Webb et al., 1998).
The study further showed that the increased drug
exposure as a result of liposomal encapsulation was
not associated with increased drug toxicity. It was
reported that mice bearing a P388 ascitic tumor given
Marqibo (2, 3, or 4 mg/kg) had a survival rate of at least
50% in all treatment groups, with a 4 mg/kg dose being
the most effective (8–9 of 10 mice survived past 60 days
depending on drug:lipid ratio). In contrast, mice treated
with free vincristine at an identical dose displayed only
a 33–38% survival rate (Webb et al., 1998).
By using the liposomal formulation, vincristine was

proven to be more efficacious and tolerable than its
standard formulation (Shan et al., 2006; Silverman
and Deitcher, 2013). In these studies, mice bearing
Namwala tumor xenografts were injected intravenously
with 1.0, 1.5 and 2.5 mg/kg of Marqibo and compared
with those injected with 0.5, 1.0, and 1.5 mg/kg of
standard vincristine (Silverman and Deitcher, 2013).
The mice injected with Marqibo demonstrated greater
tumor suppression than those given standard vincris-
tine, with the Marqibo dose of 2.5 mg/kg showing the
highest activity. The MTD for Marqibo was 2.5 mg/kg, a
dose unachievable by standard vincristine treatment,
where aMTD of 1.5mg/kg was observed (Silverman and
Deitcher, 2013). A similar result was reported using the
LX-1 human small-cell lung carcinoma xenograft mouse

model, in which Marqibo was shown to have greater
antitumor activity than its free drug formulation at the
equivalent dose of 1.0 mg/kg (Shan et al., 2006). This
study also investigated the extravasation kinetics and
accumulation of liposomal encapsulated vincristine
using intravital microscopy imaging. Notably, signifi-
cantly faster extravasation of liposomes was observed in
tumor blood vessels than in normal tissues after a single
dose of fluorescently labeled liposomal encapsulated
vincristine (Shan et al., 2006). Furthermore, the accu-
mulation of liposomal vincristine within the intersti-
tium was ;70-fold higher in tumor tissue than in
normal tissues at 1 hour and remained greater even
after 48 hours (Shan et al., 2006).

Silverman and Deitcher (2013) summarized the effect
of Marqibo over standard vincristine in 18 animal
tumor models representing 11 different cancer types
to show the superior anticancer activity of Marqibo. In
all cases, Marqibo showed equivalent or higher anti-
cancer activity than standard vincristine for the same
dose level. The dose-dependent antitumor activity of
Marqibo was observed in 13 of 18 models. Three models
were not sensitive to either Marqibo or standard free
drug, whereas one was highly sensitive to both treat-
ments (Silverman and Deitcher, 2013).

4. Clinical Studies of Marqibo. As observed in
animal models, Marqibo administered to humans dem-
onstrated a similar improvement over standard vincris-
tine (Thomas et al., 2009; Yan et al., 2012; O’Brien et al.,
2013). Indeed, higher doses of Marqibo were able to be
administered to patients compared with standard
vincristine (Hagemeister et al., 2013; O’Brien et al.,
2013). As vincristine in excess of 2 mg has been
associated with severe neuropathy, a standard vincris-
tine dose of 1.5 mg/m2 has a dose cap of 2.0 mg per single
administration, regardless of the total body surface area
(Haim et al., 1994). This helps limit the amount of
vincristine exposed to patients with a total body surface
area.1.33m2 (Raj et al., 2013). In contrast, this dose cap
was not assigned to the liposomal encapsulated vincris-
tine formulation Marqibo during two clinical studies
(Hagemeister et al., 2013; O’Brien et al., 2013). It was
also identified in two phase I clinical studies that the
dose-limiting toxicities and MTD of Marqibo monother-
apy were 2.8 and 2.4 mg/m2, respectively, whereas
the dose-limiting toxicities and MTD of Marqibo in
combination with dexamethasone were 2.4 and
2.25 mg/m2, respectively (Gelmon et al., 1999; Thomas
et al., 2009).

Liposomal encapsulation of vincristine was also re-
cently reported to improve the pharmacokinetics of this
drug. A single dose injection of 2.0 mg/m2 Marqibo into
patients with solid tumors demonstrated an increase in
the plasma AUC and a reduction in the clearance rate of
encapsulated vincristine compared with patients treat-
ed with a single 2.0 mg/m2 dose of standard vincristine
(Yan et al., 2012). However, the concentration-dependent
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efficacy of Marqibo was not significantly different in
this study when theMarqibo dose was changed to 1.5 or
2.3 mg/m2.
Further positive results with Marqibo treatment in

humans were reported in clinical trials conducted for
its approval (Thomas et al., 2006; O’Brien et al., 2013).
In a phase II clinical trial for Marqibo monotherapy
(Thomas et al., 2006), 16 adult patients with recurrent
or refractory acute lymphocytic leukemia were given
liposomal encapsulated vincristine/sodium phosphate
mixture (concentration of 0.16 mg/ml) via an intrave-
nous infusion over 60 minutes at a dose of 2 mg/m2. The
administration was repeated every 2 weeks provided
that there was no sign of rapid disease progression or
dose-limiting toxicities observed in each patient. Of
14 patients eligible for evaluation, 2 patients (14%) met
the overall objective response criteria. This result
consisted of one complete response after three doses of
liposomal encapsulated vincristine and one partial re-
sponse after two doses (Thomas et al., 2006).
In the landmark phase I trial ofMarqibo that led to its

approval by the FDA, some positive responses were
observed in adult patients with advanced relapsed or
refractory Philadelphia chromosome-negative–acute
lymphoblastic leukemia (O’Brien et al., 2013). Sixty-
five patients were treated with Marqibo on a weekly
basis at a dose of 2.25 mg/m2 with no dose capping via
intravenous infusion over 60 minutes (O’Brien et al.,
2013). The primary efficacy end point was defined as the
proportion of patients who achieved a complete re-
sponse or a complete response with incomplete recovery
of peripheral blood neutrophil counts or platelet counts.
The overall response rate obtained was 35%, with 20%
achieving either a complete response or a complete
response with incomplete recovery (O’Brien et al.,
2013). Complete response/complete response with in-
complete recovery was observed in 25% of patients with
an untreated relapse and 14% of patients with a relapse
previously refractory to single- or multi-agent antileu-
kemic therapy (O’Brien et al., 2013). Median complete
response/complete response with incomplete recovery
duration was 23 weeks, with 12 patients proceeding to
hematopoietic cell transplantation after Marqibo treat-
ment, whereas 5 patients were long-term survivors
(O’Brien et al., 2013).
Apart from being studied as a monotherapy, Marqibo

had been investigated in combination with various
anticancer drugs. For example, a phase I multi-center
study assessed Marqibo in combination with dexameth-
asone for the treatment of relapsed or refractory
acute lymphoblastic leukemia (Thomas et al., 2009). In
this investigation, 36 patients were administered
with Marqibo (i.v.) weekly at 1.5, 1.825, 2.0, 2.25, or
2.4 mg/m2, whereas dexamethasone (40 mg) was given
on days 1 through 4 and on days 11 through 14 of each
4-week cycle (Thomas et al., 2009). This study reported
the complete response rate of 29% for the 14 patients

who underwent therapy as their first salvage attempt
(Thomas et al., 2009).

Furthermore, a phase II clinical trial examining the
long-term effects of Marqibo in multidrug therapy
where conventional vincristine was replaced with
Marqibo also demonstrated positive results in patients
with hematologic cancer (Hagemeister et al., 2013).
This study included 72 patients with untreated aggres-
sive non-Hodgkin lymphoma, 60 of whom had diffuse
large B-cell lymphoma. Patients received a combination
of cyclophosphamide, DOX,Marqibo (2.0mg/m2without
dose cap), and prednisone with or without rituximab via
intravenous infusion for six cycles. Furthermore, pa-
tients with disease regression were prescribed up to
eight cycles, whereas patients with no enlargement of
lymph node larger than 5 cm were subjected to three
cycles followed by local radiotherapy (Hagemeister
et al., 2013). The overall response rate was 96%
(69/72), including 65 (90%) complete responses, 2 (3%)
with unconfirmed complete responses, and 2 (3%) with
partial responses. The median progression free survival
and overall survival were not reached at median fol-
low up of 8 and 10.2 years, respectively. In addition,
the 5 and 10 year progression free survival and over-
all survival were 75 and 63, 87 and 77%, respec-
tively (Hagemeister et al., 2013). Apart from this study,
Marqibo is also currently being investigated as a
multidrug therapy (prednisone with or without ritux-
imab) in a phase III clinical trial for elderly pa-
tients with untreated diffuse large B-cell lymphoma
(Hagemeister et al., 2013).

5. Side Effects and Safety of Marqibo. Despite
higher vincristine exposure in Marqibo compared with
standard vincristine, Marqibo treatment was well
tolerated in most patients (Thomas et al., 2006, 2009;
Hagemeister et al., 2013; O’Brien et al., 2013). Thomas
et al. (2006) reported two patients with grade 1 periph-
eral neuropathy after 2 and 4 doses of Marqibo.
However, both patients had a history of vincristine-
related peripheral neuropathy. They also reported one
patient with grade 2 orthostasis and intermittent
headaches (Thomas et al., 2006). O’Brien et al. (2013)
reported that of 65 patients, 86% had neuropathy-
associated adverse events, with 23% reported to be
grade 3 peripheral neuropathy-related events. In addi-
tion, one grade 4 peripheral neuropathy-related adverse
event was also observed in this study. The high incidence
of adverse side effects could be explained by the fact that
77% of these patients had reported neuropathy-related
symptoms before the study (O’Brien et al., 2013). Apart
from neuropathy-related side effects, grade 1–2 consti-
pation, nausea, and vomiting were observed in 34, 22,
and 11% of patients, respectively (O’Brien et al., 2013).

In combination therapy studies, patients treated with
Marqibo and dexamethasone were reported to exhibit
constipation (67%), fatigue (61%), peripheral neuropa-
thy (55%), anemia (50%), and pyrexia (50%), most of
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which were of grade 1–2 (Thomas et al., 2009). Further-
more, clinically relevant toxicities of grade 3–4 were
only observedwhen theMTD of 2.25mg/m2was reached
(Thomas et al., 2009). Similarly, combination therapy of
Marqibo with multiple anticancer agents was also
reported to be well tolerated, despite the exposure of
up to 35 mg of liposomal encapsulated vincristine
(Hagemeister et al., 2013). All nervous system-related
adverse events in this latter study were of grade 1–2
magnitude, except for grade 3 peripheral neuropathy
that was reported in 2 of 72 patients. No patients
reported grade 4 neuropathy-related adverse events
(Hagemeister et al., 2013). Constipation of any grade
was reported in 15% of patients with no patient report-
ing grade 3–4 constipation (Hagemeister et al., 2013).

E. DepoCyt

DepoCyt (also known as DTC 101) is the liposomal
formulation of the anticancer drug cytarabine (Fig. 1)
(Murry and Blaney, 2000; Angst and Drover, 2006). It
was approved by the FDA in 2000 for the intrathecal
injection treatment of lymphomatous meningitis (Dagher
et al., 2004). To understand why the development of
DepoCyt was necessary, it is important to understand
the pathology of neoplastic meningitis (NM) and its
current form of treatment.
1. Conventional Cytarabine Treatment and Neoplas-

tic Meningitis. NM, also known as leptomeningeal
metastases, is characterized by the infiltration of
leptomeninges by cancerous cells (Little et al., 1974;
Olson et al., 1974; Theodore and Gendelman, 1981).
Once inside the leptomeninges, cancerous cells use
cerebrospinal fluid (CSF) as a mean to metastasize
throughout the neuraxis (Chamberlain and Corey-
Bloom, 1991). NM most often occurs in patients with
primary hematologic malignancies, solid tumors of the
breast and lungs, and melanoma (Kaplan et al., 1990).
The main obstacle for the treatment of NM has always
been the poor penetration of chemotherapeutic agents
administered systemically across the blood-brain bar-
rier into the CSF (Angst and Drover, 2006). As a result,
the treatment of NMmay involve radiation therapy and
intrathecal chemotherapy (Shapiro et al., 1977). Al-
though radiation therapy is effective in the treatment of
leukemic meningitis, its long-term efficacy in other
types of NM is uncertain (Murry and Blaney, 2000).
Furthermore, craniospinal radiation has been shown to
cause acute toxicity, such as myelosuppression, as well
as long-term neurologic and neuroendocrine complica-
tions (Murry and Blaney, 2000). Consequently, intra-
thecal administration of the antimetabolites cytarabine
and methotrexate has been chosen as a preferred
standard treatment of NM (Murry and Blaney, 2000;
Angst and Drover, 2006).
The cytotoxic effects of both cytarabine and metho-

trexate are cell-cycle specific and only occur during the
synthesis of DNA (Graham and Whitmore, 1970). The

optimal therapeutic efficacy of these cell-cycle-specific
agents requires cancer cells to be exposed to low or
moderate concentrations of these compounds for a
prolonged period of time (Graham and Whitmore,
1970). However, such treatment is limited by the short
half-life of these chemotherapeutic agents in the CSF
(Bleyer et al., 1978; Zimm et al., 1984). Typically, to
achieve the effective drug concentration and to solve the
problem of their short half-life, cytarabine and metho-
trexate are administered by frequent intrathecal injec-
tions or a continuous infusion, both of which pose the
risk of infections and are inconvenient as well as time
consuming for patients (Angst and Drover, 2006). Thus,
a sustained release delivery system generating a min-
imum cytotoxic drug concentration over an extended
period of time after an initial intrathecal injection may
solve the problems presented in the current standard
treatment of NM (Angst and Drover, 2006).

2. The Development of DepoCyt. DepoCyt is essen-
tially cytarabine encapsulated in multivesicular lipo-
somes (MVLs) generated by DepoFoam technology
derived from a water-in-oil-in-water (w/o/w) double
emulsification process (Mantripragada, 2002). Depo-
Foam MVLs containing cytarabine are microscopic
spherical particles usually ranging between 3 and
30 mm in size (Murry and Blaney, 2000; Angst and
Drover, 2006). Each particle is composed of numerous
nonconcentric polyhedral aqueous compartments sepa-
rated by a lipid bilayer membrane made of lipids, such
as dioleoyl PC, dipalmitoyl PG, cholesterol, and triolein
(Fig. 13) (Murry and Blaney, 2000; Angst and Drover,
2006). It is possible to imagine MVLs as architecturally
analogous to aggregated soap bubbles (Angst and
Drover, 2006). As MVLs are much larger than typical
unilamellar or multilamellar liposomes, they provide a
much greater drug loading capacity. Typical DepoFoam
MVLs are composed of;4% lipid and 96% water, which
are suitable for encapsulating hydrophilic drugs, such
as cytarabine (Murry and Blaney, 2000). Although the
cytarabine encapsulated MVLs (i.e., DepoCyt) are not
considered nanoparticles, they are worth discussing,
because they represent a different type of liposome that
is capable of encapsulating hydrophilic drugs as well as
sensitive molecules, such as proteins, and provide an
alternative mean for sustained release.

3. Preclinical Studies of DepoCyt. The evidence for
DepoCyt providing sustained drug release was first
demonstrated in animal studies (Kim and Howell,
1987a,b; Kim et al., 1987b). Studies in mice demon-
strated that when DepoCyt was injected subcuta-
neously or intraperitoneally, the serum half-life of
cytarabine was significantly longer than that found
with conventional cytarabine (Kim and Howell,
1987a,b; Kim et al., 1987b). For example, after a single
subcutaneous injection of DepoCyt into BDF1 mice
inoculated with L1210 leukemia cells, the half-life
of cytarabine was 4 days (96 hours) compared with
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10 minutes when unencapsulated cytarabine was ad-
ministered (Kim and Howell, 1987b). Furthermore, a
single dose of DepoCyt was demonstrated to be curative
to systemic leukemia in these mice (Kim and Howell,
1987b). A similar result was observed in mice adminis-
tered with DepoCyt via the intraperitoneal route,
showing a terminal half-life of 21 hours versus 16 min-
utes for the unencapsulated cytarabine (Kim and
Howell, 1987a).
The lateral ventricular intrathecal administration of

DepoCyt into Sprague-Dawley rats demonstrated an
increase in the CSF terminal half-life of cytarabine by a
factor of 55 (from 2.7 to 148 hours) and resulted in the
maintenance of cytarabine levels above the minimal
cytotoxic CSF level of 0.1 mg/ml for at least 14 days (Kim
et al., 1987a). Rhesus monkeys (Macaca mulatta) have
also been used to study the pharmacokinetics of Depo-
Cyt (Kim et al., 1993b). In this study, six rhesus
monkeys of similar weight (9–12 kg) were injected with
a single dose of DepoCyt (2 mg/monkey) via an intra-
lumbar route, and one, also of similar weight, was
injected with a single dose of conventional unencapsu-
lated cytarabine (2 mg/monkey). Both DepoCyt and
unencapsulated cytarabine displayed a biexponential
elimination pattern (Kim et al., 1993b). The cytarabine
terminal half-life of 156 hours was observed after the
intrathecal administration of DepoCyt, whereas a ter-
minal half-life of only 0.74 hour was observed for
unencapsulated cytarabine (Kim et al., 1993b). In

addition, the cytarabine concentration was maintained
above the minimal cytotoxic concentration of 0.1 mg/ml
for a longer period of time after DepoCyt administration
compared with unencapsulated cytarabine administra-
tion (Kim et al., 1993b).

4. Clinical Studies of DepoCyt. Due to the positive
results observed in animal studies, clinical trials focus-
ing on the antitumor activity, pharmacokinetics, and
safety of these multivesicular liposomes encapsulating
cytarabine were investigated further in patients with
NM secondary to various hematologic and nonhemato-
logic malignancies. In a phase I clinical trial, nine
patients with leptomeningeal metastasis were given
1–7 cycles of DepoCyt (cytarabine 10 mg/ml) into the
lateral ventricle using anOmmaya reservoir (Chamberlain
et al., 1993). DepoCyt was administered such that
the final quantity of cytarabine ranged from 25 to
125 mg/dose. It was reported in this study that the
ventricular concentration of free cytarabine released
from DepoCyt into CSF exhibited a biexponential half-
life with an initial half-life of 7.2 6 1.7 hours and a
terminal half-life of 1406 49 hours. Five of six patients
who were eligible for CSF cytologic evaluation re-
sponded well to the treatment, with the CSF being
cleared of malignant cells within 3 weeks after initial
treatment (Chamberlain et al., 1993). The duration of
the response was found to be between 2 to greater
than 14 weeks (median of 11 weeks), whereas the dose
limiting toxicities and MTD were identified to be at a
DepoCyt dose of 125 and75mg, respectively (Chamberlain
et al., 1993).

The second clinical study conducted by the same
group of investigators further demonstrated the im-
proved pharmacokinetics of cytarabine in the form of a
DepoCyt injection (Kim et al., 1993a). In this second
investigation, 12 patients received an increasing dose of
DepoCyt by mean of a single intraventricular injection
or lumbar intrathecal injection every 2–3 weeks for 15–
27 cycles. Therapeutic ventricular CSF concentration of
cytarabine was maintained for 9 6 2 days after the
intraventricular injection (Kim et al., 1993a). On the
other hand, therapeutic intralumbar concentration of
cytarabine was maintained for up to 14 days after the
intralumbar injection, with 7 of 9 patients receiving
DepoCyt via this route exhibiting some cytologic re-
sponses (Kim et al., 1993a). This response was defined
as two consecutive negative CSF cytology examinations
at least 1 week apart. Although both routes were able to
maintain cytarabine concentrations above the minimal
cytotoxic level for about 14 days, intralumbar adminis-
tration was shown to result in higher cytarabine CSF
concentrations (Kim et al., 1993a).

A pivotal randomized trial of 28 patients with lym-
phomatous meningitis was conducted to examine the
efficacy and safety of DepoCyt in comparison with
conventional cytarabine (Glantz et al., 1999b). From
this trial, it was demonstrated that DepoCyt injection

Fig. 13. Morphology of DepoCyt liposomes prepared using DepoFoam
Technology. The production of DepoCyt uses DepoFoam technology,
which generates multivesicular liposomes (MVLs). Each DepoCyt MLV is
composed of numerous non-concentric polyhedral aqueous compartments
separated by a lipid bilayer membrane. The arrangement of the MVL
gives the whole DepoCyt particle a resemblance of aggregated soap
bubbles. DepoCyt MLVs are microscopic spherical particles that usually
range in size between 3 and 30 mm.
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(50 mg) every 2 weeks was more effective than a
conventional 50 mg injection of cytarabine every
2 weeks. The elimination of malignant cells from CSF
was significantly better in DepoCyt-treated patients
relative to conventional cytarabine (71 versus 15%,
respectively) and the time to neurologic progression of
disease (79 versus 42 days, respectively) as well as
survival time (100 days versus 63 days, respectively)
were observed to be longer (Glantz et al., 1999b).
Additionally, patients receiving DepoCyt were observed
to be more functional during their daily activities with
no sign of cumulative toxicity present. However, Depo-
Cyt treatment was frequently associated with transient
symptoms of arachnoiditis, such as headache (27 versus
2%) and nausea/vomiting (9 versus 2%) relative to
cytarabine.
Two other studies involving larger numbers of par-

ticipants were also investigated previously (Jaeckle
et al., 2001, 2002). In the first study examining 51 pa-
tients diagnosed with NM due to breast cancer, patients
were given a 50 mg intrathecal injection of DepoCyt for
1month followed by an additional 3months of therapy if
patients responded to the initial treatment (Jaeckle
et al., 2001). Of 43 patients cytologically evaluated, 28%
showed no sign of malignant cells in the CSF, whereas
the median time to neurologic progression was 49 days
and median survival time was 88 days. In the second
study, 110 patients diagnosed with NM were given the
same treatment as the first study above (Jaeckle et al.,
2002). Similarly, 19 of 70 patients cytologically evalu-
ated (27%) showed some responses, whereas themedian
time to neurologic progression andmedian survival time
were 55 days and 95 days, respectively (Jaeckle et al.,
2002). Only mild headache (4–11%) and arachnoiditis
(6–19%) were observed throughout both studies (Jaeckle
et al., 2001, 2002).
Apart from being investigated in comparison with

conventional cytarabine, DepoCyt was also previously
compared with an alternative drug, methotrexate, in
patients with NM secondary to solid tumors (Glantz
et al., 1999a). On an intent-to-treat basis, 8 of 31 pa-
tients (26%) receiving DepoCyt compared with 6 of
30 (20%) patients receiving methotrexate, demon-
strated some responses. The median time to disease
progression was 58 days for DepoCyt-treated patients
compared with 30 days for those treated with metho-
trexate. Median survival time was also found to be
higher for patients receiving DepoCyt compared with
those receiving methotrexate (105 versus 78 days),
although the improvement was not significant (Glantz
et al., 1999a).
5. Side Effects and Safety of DepoCyt. The toxic side

effects associated with DepoCyt are similar to those of
conventional cytarabine. In the phase I clinical study,
the predominant toxic side effects of DepoCyt observed
at the MTD of 75 mg were symptoms associated with
drug-induced chemical arachnoiditis (Chamberlain

et al., 1993). These symptoms included grade 1–2 fever
(50%), grade 1–2 headache (38%), grade 1–2 back and/or
neck pain (38%), and grade 1–2 nausea or vomiting
(25%). Less than 15% of patients had grade 3–4 nausea
or vomiting. The observed side effects of DepoCyt were
transient, occurring typically on day 2 to day 4 and were
not apparent on day 1 and days 5 to 7. These toxic-
ities were confirmed in two larger studies (Jaeckle
et al., 2001, 2002). Both studies (51 and 110 patients)
reported symptoms of headache, nausea, vomiting, and
arachnoiditis, predominately at a grade 1–2 magnitude
(Jaeckle et al., 2001, 2002). All side effects were also
generally transient, resolving after the end of the
treatment cycle they occurred in. In all studies, the
toxic side effects could be ameliorated by a concomi-
tant systemic administration of dexamethasone 2–4 mg
twice daily for 5 days, beginning on the day of initial
DepoCyt administration (Chamberlain et al., 1993;
Jaeckle et al., 2001, 2002).

DepoCyt is currently formulated as a sterile suspen-
sion in NaCl 0.9% weight/volume solution for intrathe-
cal injection. It is available in a ready-to-use, single-use
vial, with each vial containing 50mg cytarabine in 5mL
of NaCl solution (Murry and Blaney, 2000). A single
dose of DepoCyt administered intrathecally at 50 and
75 mg was shown to elevate the levels of cytarabine
above itsminimum cytotoxic concentration (.0.1mg/mL)
for 2 weeks (Murry and Blaney, 2000). Thus, the recom-
mended DepoCyt dosage for adults is 50 mg every
fortnight. In addition, as DepoFoam particles are gener-
ally denser than the suspending medium, DepoCyt must
be resuspended by gently shaking the vial immediately
before injection (Murry and Blaney, 2000).

VIII. Advances in Liposome Technology for
Cancer Therapy

As liposomal drug delivery systems have proven to be
quite effective at enhancing the efficacy and safety of
chemotherapeutic agents for cancer treatment, many
novel liposomal formulations are currently being in-
vestigated, some of which have already entered late
stage clinical trials (Slingerland et al., 2012; May and
Li, 2013; Oberoi et al., 2013; Wicki et al., 2015). The
most recent example is ThermoDox, a temperature-
sensitive liposomal formulation of DOX, which is cur-
rently being investigated in a phase III clinical trial for
hepatocellular carcinoma and a phase II clinical trial for
breast cancer and colorectal liver metastases (May and
Li, 2013).

Other examples include liposomal formulations of plat-
inum drugs (Oberoi et al., 2013), such as: 1) Lipoplatin
(Regulon Inc., Mountain View, CA), a liposomal cis-
platin formulation, that has received orphan drug
status from the EMA for the treatment of pancreatic
adenocarcinoma and is also being investigated in phase
II/III clinical trials for different cancer-types (Boulikas,
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2009); 2) Lipoxal (Regulon Inc., Mountain View, CA), a
liposomal formulation of oxaliplatin (Fig. 1), that has
been under investigation for advanced gastrointestinal
cancer in a phase I clinical trial (Stathopoulos et al.,
2006); and 3) MBP-426 (Mebiopharm Co. Ltd, Tokyo,
Japan), a transferrin conjugated liposomal formulation
of oxaliplatin, currently undergoing a phase II clinical
trial for solid tumors (for more information on liposomal
formulation of platinum drugs see Oberoi et al., 2013).
Tables 2–4 provide information regarding liposomal
drug formulation, in terms of product name, drug,
liposome-type, indications, lipid compositions, particle
size, and status in phase I (Table 2), phase II (Table 3),
and phase III (Table 4) clinical trials.
Additionally, new generations of liposomes have also

been developed over the last 40 years. Investiga-
tions focusing on the development of newer liposo-
mal technologies, including redox-sensitive liposomes,
ultrasound-responsive liposomes, magnetic liposomes,
enzyme-sensitive liposomes, liposomes for photody-
namic therapy (PDT) and multifunctional “SMART”
liposomes are discussed below.
A. Redox-sensitive Liposomes. A high redox poten-

tial difference exists between the intracellular compart-
ment and extracellular space due to the abundant
amount of reducing agents, such as glutathione, within
cells compared with extracellular fluid (Schafer and
Buettner, 2001). The distinction in redox potential
between the two compartments may be exploited by
redox-sensitive liposomes. Disulfide bonds can be used
as a linker to conjugate specific ligands onto the surface
of liposomes or it can be used as a disulfide bridge to
prepare thiolated lipid, which can be incorporated into
liposomes (Ganta et al., 2008). Upon arrival into in-
tracellular compartment, ligands conjugated by disul-
fide bond or thiolated liposomes can be destabilized by
the reduction of the disulfide bond by glutathione,
resulting in the release of the encapsulated contents
(Ganta et al., 2008).
Disulfide-mediated redox-sensitive liposomes are

generally prepared by using a mixture of standard
phospholipids and a small amount of lipids containing
disulfide bonds linking their hydrophobic and hydro-
philic regions together (Ganta et al., 2008). The coupling
of PEG2000Da to DSPE via 3,39dithiopropionate resulted
in a DSPE-PEG2000Da derivative containing a disul-
fide bond, known as PEG-a-aminocarbonylethyl-
dithiopropionyl-DSPE, or PEG-DTP-DSPE (Kirpotin
et al., 1996). When PEG-DTP-DSPE was incorporated
into DOPE liposomes, liposomal fusion and the rapid
and complete release of encapsulated contents was
observed after thiolytic cleavage of PEG from liposomes
(Kirpotin et al., 1996). Similarly, anti-CD19-targeted
liposomes composed of DOPE, CHEMS and PEG-DTP-
DSPE exhibiting both pH and redox sensitivity also
demonstrated improved DOX delivery and anticancer
activity against B-lymphoma cells compared with non-

pH-sensitive liposomes (Ishida et al., 2001b). The
in vivo study of these liposomes in mice bearing B-cell
lymphoma also showed their improved antitumor ac-
tivity over non-pH-sensitive anti-CD19-targeted lipo-
somes, despite having a faster rate of drug release
and higher clearance (Ishida et al., 2001b). Another
DSPE-PEG2000Da derivative containing the disulfide
bond linkage was prepared using dithiobenzylurethane
(Zalipsky et al., 1999). This derivative is believed to be
more effective than PEG-DTP-DSPE because it does not
require potent thiolytic agents for its cleavage (Zalipsky
et al., 1999). The cleavage of the dithiobenzylurethane
linkage by cysteine, a mild thiolytic agent, was reported
to be relatively efficient, resulting in a release of dye
from DOPE liposomes within 60 minutes (Zalipsky
et al., 1999). For more information, please refer to
Sawant and Torchilin (2010), Ganta et al. (2008), and
Saito et al.(2003).

Although enhanced drug delivery by redox-sensitive
liposomes may be promising, the cleavage of these
liposomes requires high concentration of reducing
agents, which may not be present in some patho-
logic tissues (Sawant and Torchilin, 2010). In addi-
tion, the reduction of redox-sensitive liposomes may not
be optimal, because many liposomes enter cells via
endosomes, whereas the reduction process takes place
within the cytosol (Sawant and Torchilin, 2010). There-
fore, redox-sensitive liposomes must escape from the
endosome first before destabilization (Sawant and
Torchilin, 2010).

B. Ultrasound-responsive Liposomes. Ultrasound can
be classified into low frequency and high frequency
ultrasound (Ahmed et al., 2015). High frequency ultra-
sound is often associated with thermal effects and can be
used to trigger drug release from temperature-sensitive
liposomes as described above in section IV.C.2 (Ahmed
et al., 2015). In contrast, low frequency ultrasound
(LFUS) is associated with mechanical effects, such as
oscillation and cavitation (Nyborg, 2001). Acoustic cavi-
tation occurs as a result of the interaction between
acoustic waves and gas bubbles (Leighton, 2007). When
ultrasound excites gas bubbles, they oscillate in response
to acoustic pressure (Ahmed et al., 2015). When acoustic
pressure is increased further, the oscillation becomes
nonlinear (Ahmed et al., 2015). This can lead to the
increase in size of the gas bubble and their eventual
collapse (Ahmed et al., 2015). It was shown that LFUS
can be used to trigger the release of liposomal contents
mechanically.

A study on the release of DOX from Doxil after
exposure to LFUS (20 kHz) for 30 minutes reported
that 85% of DOX was released from Doxil in saline
solution, and 61% was released in human plasma
(Schroeder et al., 2009b; Ahmed et al., 2015). In contrast,
exposure to 30 minutes of higher frequency ultra-
sound (1 MHz) resulted in the release of 58% of DOX
from Doxil in saline and 5% release in human plasma.
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A further reduction in DOX release was observed when
3 MHz ultrasound was used (Schroeder et al., 2009b;
Ahmed et al., 2015). In mice bearing J6456 murine
lymphoma tumors, exposure to LFUS for 2 minutes
resulted in the release of nearly 70% of cisplatin from
PEGylated liposomes (hydrogenated soybean PC:cho-
lesterol:DSPE-PEG2000Da 51:44:5 mol%) compared
with the release of ,3% of cisplatin from PEGylated
liposomes without LFUS (Schroeder et al., 2009a).
Furthermore, when these liposomes were injected
intravenously into mice bearing C26 colon adenocarci-
noma tumors followed by LFUS 24 hours postadminis-
tration, they demonstrated more efficacious antitumor
activity than free cisplatin and PEGylated liposomal
cisplatin without LFUS (Schroeder et al., 2009a). For
more information on ultrasound-responsive liposomes,
please refer to reviews by Ahmed et al. (2015) and
Schroeder et al. (2009b).
As liposomes contain no gas, they are only partially

sensitive to ultrasound (Ahmed et al., 2015). Recently,
liposomes with echogenic properties were developed
that contain a gas phase or an emulsion that is vapor-
izable, making them more responsive to ultrasound
(Ahmed et al., 2015). For instance, liposomes containing
a liquid emulsion of perfluorocarbons, called eLipo-
somes, have been investigated (Javadi et al., 2012;
Lattin et al., 2012; Javadi et al., 2013). These liposomes
can be ruptured by reducing the local pressure below
the vapor pressure of the perfluorocarbon emulsion,
allowing it to vaporize and making the liposome
sensitive to ultrasound (Ahmed et al., 2015). However,
more studies on these eLiposomes are needed because
their design still requires optimization. For more in-
formation on these liposomes, please refer to Javadi
et al. (2012, 2013) and Lattin et al. (2012).
Alternatively, liposomal DOX containing perfluorobu-

tane microbubbles has been investigated in comparison
with normal liposomal DOX formulations (Lentacker
et al., 2010). This microbubble-liposome system was
demonstrated to increase BLM melanoma cell death
in vitro by 2-fold when exposed to ultrasound (1 MHz)
compared with standard liposomal DOX (Lentacker et al.,
2010). This was suggested to be due to the sonoporation of
the cell membrane by the implosion of microbubbles upon
ultrasound exposure, causing an increase in the cellular
uptake of DOX (Lentacker et al., 2010).
C. Magnetic Liposomes. The use of magnetic lipo-

somes is a relatively recent approach in targeted drug
delivery using amagnet as ameans of targeting (Nobuto
et al., 2004). In this strategy, liposomes are loaded with
a drug and a ferromagnetic material and are infused
into the subject intravenously. The subject’s tissue
affected by cancer is subsequently placed between two
poles of a magnet to direct nanoparticles to the targeted
site. Generally, iron oxide nanoparticles of size less than
10 nm, namely, magnemite and magnetite, are incor-
porated into liposomes to achieve themagnetic property

(Sawant and Torchilin, 2010; Deshpande et al., 2013).
In one study, hamsters bearing a limb osteosarcoma
were intravenously administered with magnetic lipo-
somes encapsulating DOX, and the limb was subse-
quently placed between two poles of a 0.4 Tesla magnet
(Nobuto et al., 2004). After 60 minutes, a 4-fold in-
crease in the tumor drug concentration was observed
(Nobuto et al., 2004). Alternatively, the magnet can
be implanted within the tumor. Using the same
osteosarcoma-bearing hamster model, this strategy
demonstrated enhanced accumulation of DOX encap-
sulated magnetic liposomes in the tumor vasculature
and improved inhibition of tumor growth (Kubo et al.,
2001). This strategy also demonstrated a 25-fold in-
crease in the accumulation of 99mTc-albumin loaded
magnetite-containing liposomes within the kidney
implanted with a magnet (Babincova et al., 2000).
However, because iron oxide nanoparticles must be
incorporated into magnetic liposomes together with
the encapsulated drug, it is important that the in-
corporation of these particles does not affect the efficacy
of the entrapped drug (Sawant and Torchilin, 2010). It
was reported that the drug loading efficiency of mag-
netic liposomes was affected at high magnetite concen-
trations, and thus, the incorporation of these iron oxide
nanoparticles decreased drug encapsulation (Dandamudi
and Campbell, 2007).

It is also possible tomodifymagnetic liposomes to give
them temperature-sensitive and active targeting prop-
erties. For example, magnetic nanoparticles and
DOX have been incorporated into temperature-
sensitive liposomes composed of DPPC, cholesterol,
DSPE-PEG2000Da, and DSPE-PEG2000Da-folate at a
molar ratio of 80:20:4.5:0.5 (Pradhan et al., 2010). When
these liposomes were targeted to KB and HeLa cell
cultures by a magnetic field, the cellular uptake of DOX
was increased substantially compared with Doxil, non-
magnetic folate receptor-targeted liposomal DOX,
and free DOX (Pradhan et al., 2010). Furthermore, the
application of hyperthermia (at 42.5 and 43.5°C) and a
magnetic field synergistically increased the antitumor
activity of these folate receptor-targeted temperature-
sensitivemagnetic liposomes containing DOX (Pradhan
et al., 2010).

D. Enzyme-sensitive Liposomes. Stimuli-sensitive li-
posomes can be generated to exploit the expression of
various enzymes within the tumor (Deshpande et al.,
2013). Enzymes that have been found to be overex-
pressed within tumor tissue include MMPs, phospholi-
pase A2, alkaline phosphatase, transglutaminase, and
PI-specific phospholipase (Arias, 2011). In the presence
of these catalytic proteins, enzyme-sensitive liposomes
can be engineered to destabilize and release their
encapsulated contents at the tumor site (Arias, 2011).
A linker that is cleavable by enzymes that are overex-
pressed in tumors can be used to modify the liposomes
(Danhier et al., 2010; Zhu et al., 2012).
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For instance, a matrix metalloproteinase 2 (MMP-
2)-cleavable octapeptide linker composed of Gly-Pro-
Leu-Gly-Ile-Ala-Gly-Gln has been used to conjugate
PEG2000Da with DSPE and incorporated into liposomal
formulations (Zhu et al., 2012). It was reported that
these MMP-2-sensitive DSPE-PEG2000Da conjugates
were incorporated into liposomes modified with cell-
penetrating peptide, namely transactivator of tran-
scription peptide (TATp), and antinucleosome antibody
2C5 (Zhu et al., 2012). Consequently, MMP-2-sensitive
DSPE-PEG2000Da acts as a steric shield for these
liposomes, which become detached in the presence of
high concentrations of MMP-2 enzymes, leading to the
exposure of other surface functionalities (Zhu et al.,
2012). During in vitro studies, Gly-Pro-Leu-Gly-Ile-Ala-
Gly-Gln octapeptides were cleaved in the presence of
MMP-2, removing the PEG shield from liposomes and
exposing other active-targeting moieties (Zhu et al.,
2012). Subsequently, the enhanced cellular internali-
zation of these liposomes by mouse breast cancer cells
(4T1) was observed (Zhu et al., 2012).
Additionally, a lipopeptide generated by the conjuga-

tion of matrix metalloproteinase-9 (MMP-9) substrate
peptide to a fatty acid chain, has been incorporated into
liposomes (Banerjee et al., 2009; Deshpande et al.,
2013). These liposomes were reported to rapidly release
a significant amount of encapsulated contents in breast
cancer cells (MCF-7) expressing high levels of MMP-9,
while slowly releasing their contents in colorectal
adenocarcinoma cells (HT-29) with low levels of MMP-
9 (Banerjee et al., 2009).

E. Photodynamic Therapy Using Liposomes.

Another use for liposomes is in PDT for the treatment
of superficial tumors. In this treatment, light-sensitive
photosensitizers are exposed to light of appropriate
wavelength, which then mediates the generation of
reactive oxygen species that compromise and kill cancer
cells (Weijer et al., 2015). Liposomes can be used to
encapsulate these photosensitizers, acting as both the
drug carrier and the enhancer, which results in many
advantages (Weijer et al., 2015), including: 1) the pre-
vention of these molecules from aggregating within
aqueous solution, including biologic fluids (Dhami and
Phillips, 1996; Damoiseau et al., 2001; Garcia et al.,
2011); 2) the use of a lower dose of photosensitizers
encapsulated within liposomes due to the higher pay-
load of liposomes relative to the unencapsulated formula-
tion; 3) the minimization of photosensitizer accumulation
within the skin, and thus, reducing phototoxicity and
increasing photosensitizer bioavailability within the tu-
mor (Jori, 1990; Derycke and de Witte, 2004); 4) the
coencapsulation of a chemotherapeutic agent together
with the photosensitizer within a single liposomal drug
delivery system, further enhancing antitumor efficacy;
and 5) the modification of photosensitizer encapsulated

liposomes to improve target specificity similar to other
liposomal formulations.

Cetyl-polyethyleneimine-modified liposomes contain-
ing a benzoporphyrin derivative have been examined in
antiangiogenic PDT (Takeuchi et al., 2004). These
liposomes were found to be effectively internalized by
human umbilical vein endothelial cells, where they
became localized to the intranuclear region or mito-
chondria (Takeuchi et al., 2004). In animal models,
photofrin encapsulated liposomes demonstrated better
efficacy against human gastric cancer than unencapsu-
lated photofrin during PDT (Igarashi et al., 2003).
Moreover, improved PDT results were observed in nude
mice bearing human adenocarcinoma tumors due to the
enhanced accumulation of dimyristoyl-PC liposomes
containing SIM01 porphyrin derivatives (Bourre et al.,
2003). Finally, a commercial liposomal formulation of
the benzoporphyrin derivative monoacid ring A was
found to be active against sarcomas in mice (Ichikawa
et al., 2004). For further reading on the use of liposomes
in PDT, please refer to reviews by Weijer et al. (2015)
and Campbell et al. (2009).

F. Multifunctional “SMART” Liposomes.

The stimuli-sensitive properties of PEG polymer
coatings can be used to prepare a multifunctional
nanoparticle drug delivery system (Sawant and Torchilin,
2010). In this concept, the ideal multifunctional
“SMART” nanoparticles must be able to accumulate
precisely within the desired tissue or organ and then
penetrate the target cells specifically to unload their
contents (Sawant and Torchilin, 2010). The accumula-
tion of multifunctional nanoparticles within target
tissue/organ can be achieved by passive targeting (e.g.,
the EPR effect) or by active targeting using specific
antibodies (Kale and Torchilin, 2007; Sawant and
Torchilin, 2010). On the other hand, their intracellular
delivery can be achieved by using certain internalizable
ligands, such as folate, transferrin, or peptides (Kale
and Torchilin, 2007; Sawant and Torchilin, 2010). In
liposomes, this system consists of multiple functional
moieties attached to the liposomal surface that are
shielded by the PEG coating under normal conditions
but become exposed in the presence of certain stimuli
that remove the PEG coating (Sawant and Torchilin,
2010). Furthermore, each functional moiety attached
must be able to perform its task once it is exposed to a
specific stimulus after the PEG coating is detached
(Sawant and Torchilin, 2010).

For example, PEGylated immunoliposomes capable
of penetrating cells were prepared previously (Sawant
et al., 2006). These liposomes consisted of cell-
penetrating peptide, TATp, pH-sensitive PEG-PE
conjugates, and PEG-PE conjugated to monoclonal
antibodies specific to myosin and cancer cells, namely,
the antimyosin antibody 2G4 and the antinucleosome
antibody 2C5, respectively (Sawant et al., 2006). It is
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believed that under normal pH, the nonselective cell-
penetrating property of TATp would be shielded by the
protective layer of pH-sensitive PEG, and thus, allowing
these liposomes to travel in circulation without inter-
acting and penetrating nontargeted cells (Sawant et al.,
2006; Kale and Torchilin, 2007). Moreover, the incorpo-
ration of PEG-PE-antibody conjugates into these mul-
tifunctional liposomes further allows for the specific
binding of these liposomes to the target site (Sawant
et al., 2006). In the presence of an acidic environment
(e.g., within tumor), the pH-sensitive PEG-PE conju-
gates are hydrolyzed, exposing the TATp functional
moieties to targeted cells to enhance the cellular
internalization of these multifunctional liposomes
(Sawant et al., 2006). It was reported in an in vitro
study that at pH = 7.5–8.0, such liposomes demon-
strated an enhanced specific binding with antibody
substrates, but showed minimal internalization by cells
(Sawant et al., 2006). However, at lower pH (pH = 5.0–
6.0), liposomes lost their protective PEG shell upon
hydrolysis of hydrazone bond and were subsequently
taken up by cells effectively (Sawant et al., 2006). Such a
multifunctional approach represents an important che-
motherapeutic delivery strategy that deserved further
attention.

IX. New Generation of Lipid Nanoparticles

A. Solid Lipid Nanoparticles

In the early 1990s, a new class of lipid particle drug
carrier was developed called solid lipid nanoparticles
(SLNs), which are also known as lipospheres or solid
lipid nanospheres (Muller et al., 2000b; Wong et al.,
2007). They are submicron particles ranging in size
between 50 and 100 nm prepared from lipids that
remain in the solid state at room and body temperature
(Fig. 14) (Wong et al., 2007). In this case, the solid lipid
is used as a matrix material for drug encapsulation and
can be selected from a variety of lipids, includingmono-,
di-, or triglycerides; glyceride mixtures; and lipid acids.
The lipid matrix is then stabilized by biocompatible
surfactants (Wong et al., 2007). SLNs can be produced
by a number of techniques, including high-pressure
homogenization, microemulsion, and precipitation of
lipid particles by solvent evaporation. The preparation
of SLNs is discussed briefly below. For more informa-
tion on the preparation of SLNs, please refer to reviews
by Muller et al. (2000a,b) and Mehnert and Mader
(2001).
Apart from offering the advantages of physical sta-

bility, protection of labile drug degeneration, controlled
release, and easy preparation (Wissing et al., 2004),
SLNs can also be produced through economical large-
scale production and exhibit fewer drug storage and
leakage problems compared with other nanoparticles,
such as liposomes (Heath, 1988; Muller et al., 2000a,b;
Wong et al., 2007). Moreover, toxicity and acidity issues

associated with biodegradable polymers (Smith, 1986;
Muller et al., 1996) are not observed in SLNs, because
the lipids used to prepare SLNs are more biocompatible
and biodegradable than polymeric materials (Muller
et al., 2000b).

1. Preparation of Solid Lipid Nanoparticles.
a. Preparation of solid lipid nanoparticles by high-

pressure homogenization. The preparation of SLNs by
homogenization can be divided into two basic produc-
tion methods, namely the hot and cold homogenization
technique (Schwarz et al., 1994; Muller et al., 2000b). In
both techniques, the drug is dissolved in a lipid that has
been heated to a temperature 5–10°C above its melting
point. However, in the hot homogenization technique,
the mixture of the molten lipid and drug is dispersed in
an aqueous surfactant solution of the same temperature
to form a pre-emulsion (Muller et al., 2000b). The pre-
emulsion is then homogenized using a piston-gap
homogenizer. The homogenization process produces a
hot oil-in-water (o/w) nanoemulsion as a result, which is
allowed to cool to room temperature to recrystallize the
lipid and leads to SLN formation (Muller et al., 2000b).
In the hot homogenization technique, it is important
that lipid recrystallization occurs once the molten lipid
has cooled down to room temperature (Muller et al.,
2000b). The hot homogenization technique can be
used for the preparation of SLNs containing moder-
ately temperature-sensitive drugs, because the exposure
to high temperature is relatively short. However, for
highly temperature-sensitive agents, the cold homogeni-
zation technique must be used (Muller et al., 2000b).

In the cold homogenization technique, the mixture of
molten lipid and the drug is cooled down to form the solid
lipid, which is ground further to form microparticles of a

Fig. 14. Structure of solid lipid nanoparticles (SLNs). SLNs are
submicron particles that range between 50 and 100 nm in size, which
are prepared from lipids that remain solid at room temperature and body
temperature. The solid lipid is used as a matrix material in which
hydrophobic drugs can be stored. The lipid matrix is then stabilized by
biocompatible surfactants, which in this case, are phospholipid and/or
lipid-PEG.
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size between 50 and 100 mm (Mehnert and Mader,
2001). Lipid microparticles are then dispersed in a cold
surfactant solution to form a presuspension. Subse-
quently, this presuspension is homogenized at room
temperature or lower (Mehnert and Mader, 2001). The
cavitation forces produced by the high-pressure ho-
mogenizer are sufficient to break the lipid microparti-
cles directly into SLNs (Mehnert andMader, 2001). For
the cold homogenization technique, it is important that
the difference between the melting point of the lipid
and the homogenization temperature is large enough
to prevent the lipid melting within the homogenizer
(Muller et al., 2000b).
b. Preparation of solid lipid nanoparticles by the

microemulsion technique. To produce SLNs by the
microemulsion technique, the lipid used must be solid
at room temperature and the microemulsion process
must be performed at temperatures higher than the
melting point of the lipid (Gasco, 1993; Muller et al.,
2000b). In this process, the lipid is melted to a temper-
ature above its melting point, and a mixture of water,
cosurfactants, and surfactants at the same temperature
is added to the molten lipid under mild stirring (Gasco,
1993; Muller et al., 2000b). The ratio of surfactant to
lipid for microemulsion formulation must be correct to
form a transparent, thermodynamically stable system
(Mehnert andMader, 2001). The microemulsion formed
is then dispersed in cold water (2–3°C) with mild
stirring to ensure that small particles are formed upon
precipitation (Boltri et al., 1993; Gasco, 1997).
By using the microemulsion technique, it is possible

to scale-up the production of SLNs for commercial use
(Muller et al., 2000b). The scale-up requires preparing a
microemulsion in a large, temperature-controlled tank,
which is then pumped into a cold water tank in the
precipitation step (Muller et al., 2000b). However,
parameters such as the temperature of the microemul-
sion and the water, as well as the mixing conditions
must be maintained constantly to achieve SLNs of
identical characteristics.
c. Preparation of solid lipid nanoparticles by

precipitation using solvent-evaporation technique.
Similar to polymeric nanoparticles, SLNs can also be
prepared by the precipitation method using the solvent-
evaporation technique (Sjostrom and Bergenstahl,
1992; Sjostrom et al., 1993). This method requires the
use of an organic solvent to dissolve the lipid. The
organic phase is then emulsified in an aqueous phase,
and the organic solvent is subsequently allowed to
evaporate (Siekmann and Westesen, 1996). The evapo-
ration of the organic solvent results in the precipitation
of the lipid to form nanoparticles (Siekmann and West-
esen, 1996). However, the disadvantages of this method
involve difficulties in removing organic solvent, which
can be toxic, and scale-up problems associated with the
production of SLNs using the precipitation method
(Mehnert and Mader, 2001).

2. Drug Incorporation and Drug Loading Capacity.
The drug loading capacity of SLNs is determined by the
following parameters: 1) the solubility of the drug in the
molten lipid; 2) the miscibility of the melted drug and
molten lipid; 3) the chemical and physical structures of
solid lipid matrix; and 4) the polymorphic state of the
lipid material (Muller et al., 2000b).

To achieve adequate drug loading in SLNs, the
encapsulated drug must be sufficiently soluble in the
molten lipid. As solubility decreases with decreasing
temperature, it is also necessary for the drug to have
sufficiently high solubility to avoid separation from the
molten or solid lipid (Mehnert and Mader, 2001).
Solubilizers can be added to improve drug solubility in
the molten lipid (Muller et al., 2000b). Additionally, the
presence of mono- and diglycerides in the lipid mixture
used to prepare the SLN matrix can further improve
drug solubilization (Muller et al., 2000b).

The nature of lipid, including its chemical and
physical structure, also plays an important role in drug
loading capacity. Lipids that form particles with a
perfect crystalline lattice matrix will cause the expul-
sion of the drug (Westesen et al., 1997). In contrast, a
complex lipid mixture consisting of different types of
lipids and fatty acid chain lengths produces imperfect
crystalline lattices within the SLN matrix, and thus,
will accommodate more drugs within the matrix as a
result of lattice imperfections (Muller et al., 2000b).

As the degree of crystallization of the lipid matrix
determines the drug loading capacity of SLNs, lipid
crystal polymorphismmay also play a crucial role in the
drug loading efficiency of SLNs (Muller et al., 2000b).
The crystallization of the lipids in nanoparticles is
different from that of the bulk material (Westesen
et al., 1993). Although the lipids in nanoparticles
recrystallize partially into a less stable a-crystalline
form, the bulk lipid usually recrystallizes preferentially
and rapidly into the more stable b-crystalline form via
b-modification (Westesen et al., 1993). With increasing
levels of the stable b-crystalline form within SLNs, the
crystalline lipid lattice becomes more perfect and the
number of imperfections decreases (Westesen et al.,
1993, 1997). Thus, fewer drug molecules can be accom-
modated within SLN matrices with higher levels of the
b-crystalline form, which promotes drug expulsion and
the lowering of the drug loading capacity (Bunjes et al.,
1996; Westesen et al., 1997). On the other hand, an
increase in thea-crystalline formwithin SLNs improves
the drug loading capacity of these particles (Westesen
et al., 1997).

3. Studies of Solid Lipid Nanoparticles in Cancer
Therapy. A number of anticancer drug classes have
been encapsulated within SLNs and examined both
in vitro and in vivo since the early 1990s, includ-
ing anthracyclines, taxanes, camptothecins, etoposide,
flurodeoxyuridine, and retinoic acid (Cavalli et al.,
1993; Yang et al., 1999; Wang et al., 2002; Lim et al.,
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2004; Serpe et al., 2004; Harivardhan Reddy et al.,
2005).
Animal studies have shown that SLNs can increase

the AUC of encapsulated drugs by 3- to 20-fold, as well
as significantly extending the half-life of the encapsu-
lated agent compared with the corresponding free drug
(Yang et al., 1999; Zara et al., 1999; Fundaro et al., 2000;
Wang et al., 2002; Zara et al., 2002). Moreover, the
stealth form of SLNs that are generated by PEGylation
further improves the AUC and the half-life of encapsu-
lated drugs to a greater extent than non-stealth SLNs
(Fundaro et al., 2000; Zara et al., 2002). The cytotoxicity
of cholesteryl butyrate, DOX, and PTX encapsulated
SLNs were previously investigated in the human co-
lorectal HT-28 cancer cell line (Serpe et al., 2004). SLNs
containing cholesteryl butyrate and DOX demonstrated
higher cytotoxicity than their conventional drug formu-
lations, showing lower IC50 values (Serpe et al., 2004).
Similarly, PTX encapsulated SLNs exhibited higher
cytotoxicity than an equivalent amount of the conven-
tional PTX formulation (Serpe et al., 2004).
To overcome resistance to anticancer agents,

P-glycoprotein inhibiting chemosensitizers have been
incorporated into SLNs (Fischer et al., 1998; Krishna
and Mayer, 2000; Ugazio et al., 2002; Planting et al.,
2005). The incorporation of chemosensitizers into SLNs
could potentially improve the potency, safety, and
specificity of these compounds (Krishna and Mayer,
2000). Additionally, their incorporation may reduce the
interaction between chemosensitizers and cytotoxic
drugs observed in conventional formulations when
administered simultaneously (Fischer et al., 1998;
Planting et al., 2005). Previously, the chemosensitizer
cyclosporin-A was successfully encapsulated within
SLNs (Ugazio et al., 2002). Such a delivery system
was shown to release cyclosporin-A slowly over a long
period of time with less than 4% of the chemosensitizer
released after 120 minutes (Ugazio et al., 2002).
The enhanced specificity by active targeting has been

investigated in a number of nanoparticles for many
years (Chang et al., 2009; Low and Kularatne, 2009;
Ulbrich et al., 2009). Recently, this strategy was
assessed on SLNs encapsulating anticancer drugs
(Stevens et al., 2004). Folate receptor-targeting SLNs
containing the PTX-prodrug were shown to improve
both the uptake and cytotoxicity of this agent in cells
expressing the folate receptor compared with nontar-
geted SLNs (Stevens et al., 2004). This improvement
was also observed in vivo, where folate receptor-
targeted SLNs containing the PTX-prodrug signifi-
cantly increased tumor growth inhibition and animal
survival time relative to nontargeted SLNs and PTX in
Cremophor EL (BASF SE, Lugwigshafen, Germany)
(Stevens et al., 2004).
Similar to liposomes, SLNs have been investigated

for their potential use in gene delivery (Tabatt et al.,
2004a,b), because it is believed that these particles

should be at least as effective as liposomes in delivering
genetic material (Wong et al., 2007). Both SLNs and
liposomes incorporating the same cationic lipid were
demonstrated to have similar transfection efficiency
in vitro in Cos-1 monkey kidney fibroblast-like cells
(Tabatt et al., 2004a). Furthermore, alterations in the
lipid composition between the two delivery systems were
able to influence the transfection efficiency (Tabatt et al.,
2004a). In addition, low toxicity and high transfection
efficiency could be achieved by selecting combinations of
two-tailed cationic lipids and matrix lipids (Tabatt et al.,
2004b). Hence, there is a great possibility that SLN
delivery system may be used in gene therapy for cancer
management (Wong et al., 2007).

4. Disadvantages of Solid Lipid Nanoparticles.
Although SLNs provide many advantages over existing
nanoparticle drug delivery systems, they do possess
some drawbacks, particularly low encapsulation of
hydrophilic drugs and nonuniform drug release (Wong
et al., 2007). SLNs exhibit poor encapsulation of hydro-
philic drugs as the drug to be encapsulated must be
adequately dissolved within the melted lipid droplets to
achieve high drug loading during SLN preparation
(Mehnert and Mader, 2001). The addition of organic
counterions during SLN preparation to form ionic pairs
with charged drug molecules has been proposed to
solve this problem (Cavalli et al., 1993, 2000). Another
strategy involves the formation of polymer-lipid hybrid
nanoparticles (PLNs), in which ionic drugs are electro-
statically neutralized by polymer counterions and the
drug-polymer complexes are subsequently incorporated
into lipids for nanoparticle preparation (Fig. 15) (Wong
et al., 2004, 2006; Li et al., 2006;Wong et al., 2006). Such
a strategy has been shown to improve the encapsulation
efficiency of ionic drugs, such as DOX-HCl and verap-
amil HCl from 20 to .80% (Wong et al., 2004, 2006).
PLNs are not to be confused with lipid-polymer hybrid
nanoparticles discussed below (see section IX.C).

The issue of nonuniform drug release by SLNs is
related to the burst release or burst effect, which is the
fast initial release of a large dose of the encapsulated drug
followed by slow incomplete release (zur Muhlen et al.,
1998). Burst release can create serious complications
because of the cytotoxicity of anticancer drugs (Wong
et al., 2007). Such behavior is attributed to the uneven
distribution of the drug within SLNs due to the perfect
lipid crystal structure that forms the SLN matrix
(Westesen et al., 1993; Siekmann and Westesen, 1994;
Bunjes et al., 1996), which lacks free space to accommo-
date large quantities of drug molecules. Thus, the
majority of the drug is concentrated at or near the
surface of the particles, which can then diffuse away
rapidly into the surrounding medium, resulting in the
burst release effect (zur Muhlen et al., 1998). This
problem can be avoided by: 1) reducing the surfactant
concentration; 2) cooling the lipid emulsion quickly to
allow nanoparticles to be made up mainly of solid drug;
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and/or 3) by selecting lipid compositions that do not form
perfect crystal lattices, such asmono-, di-, or triglycerides
of different chain lengths (Wissing et al., 2004).

B. Nanostructured Lipid Carriers

Nanostructured lipid carriers (NLCs) are the second
generation of lipid nanoparticles with SLNs being the
first generation. NLCs were developed in 1999/2000 by
Muller et al. (2002) to improve the burst release
problem observed with SLNs. NLCs are lipid nano-
particles composed of a solid lipid matrix incorporated
with liquid lipid or oil (Fig. 16) (Iqbal et al., 2012). The
solid lipidmatrix immobilizes the drug and prevents the
particles from coalescing with one another, whereas the
liquid oil droplet within the solid matrix increases the
drug loading capacity of the particles (Fig. 16) (Iqbal
et al., 2012). As a result, the mixture of lipids enables
poorly structured lipid crystals to be formed within the
particles, allowing more drugs to be encapsulated
evenly and preventing rapid drug diffusion from the
surface of the particles (Fig. 16).
1. Preparation of Nanostructured Lipid Carriers.

NLCs can be produced by several methods, most of
which are adopted from polymeric nanoparticle prep-
arations. These methods include high-pressure ho-
mogenization (Stecova et al., 2007; Huang et al., 2008;
Ruktanonchai et al., 2009); microemulsion (Doktoro-
vova et al., 2010; Souza et al., 2011); phase inversion
(Souto et al., 2007); emulsification by sonication (Das and
Chaudhury, 2011); emulsification-solvent-evaporation
(ESE) (Lin et al., 2010); solvent diffusion and solvent
injection/solvent displacement (Schubert and Muller-
Goymann, 2003); and the membrane contactor method
(Charcosset et al., 2005). However, the most preferred
method of NLC preparation is high-pressure homoge-
nization (Iqbal et al., 2012).
2. Studies of Nanostructured Lipid Carriers in Cancer

Therapy. As NLCs are a relatively new development,

not many studies have been focused on their use with
anticancer drugs. Docetaxel encapsulated NLCs (DTX-
NLCs) were developed for in vitro assessment against
three human cancer cell lines (HepG2, SKOV3, and
A549) and one murine B16 malignant melanoma cell
line (Liu et al., 2011). In comparison with Duopafei
(Qilu Pharmaceutical Co. Ltd, Jinan, China; the
standard formulation of Docetaxel), DTX-NLCs were
demonstrated to have a significantly lower IC50 value
than Duopafei in all cell lines and were more cytotoxic
against A549 cells by inducing a higher level of
apoptosis and G2/M arrest (Liu et al., 2011). This study
further investigated the in vivo anticancer activity of
DTX-NLCs against Duopafei in Kunmingmice bearing
murine B16 malignant melanoma xenografts (Liu
et al., 2011). Consequently, DTX-NLCs were reported
to be more effective than Duopafei in vivo, and showed
a higher inhibition rate at doses of 10 and 20 mg/kg
(62.69 and 90.36% compared to the control, respec-
tively) relative to Duopafei at 10 mg/kg, which
exhibited an inhibition rate of 42.7% of the control
(Liu et al., 2011).

PTX- and DOX-loaded NLCs, as well as NLCs that
have been surface modified with folic acid and stearic
acid have also been investigated against cancer cells,
including multi-drug resistant (MDR) cells (Zhang
et al., 2008b). Indeed, PTX-NLCs demonstrated a high
level of cytotoxicity in MCF-7 and MCF-7/ADR cells,
whereas DOX-NLCs only showed a high level of
cytotoxicity against MCF-7/ADR cells (Zhang et al.,
2008b). The ability of PTX-NLCs and DOX-NLCs to
reverse MDR was 34.3- and 6.4-fold greater than the
free drugs, respectively (Zhang et al., 2008b). A similar
trend in cytotoxicity was also observed using SKOV3
and SKOV3-TR30 cells, where DOX-NLCs and PTX-
NLCs were 2.2- and 31.0-fold more effective at re-
versing drug resistance, respectively, than the free
drugs (Zhang et al., 2008b). In addition, the surface

Fig. 15. Incorporation of hydrophilic drugs into SLNs using polymers. One of the strategies for incorporating hydrophilic drugs into SLNs is to use
charged polymers. In this procedure, the ionic form of the hydrophilic drug is electrostatically neutralized by counterions on the polymer. The drug-
polymer complexes are subsequently incorporated into lipids for SLN preparation. This strategy gives rise to polymer-lipid hybrid nanoparticles
(PLNs), which are not to be confused with lipid-polymer hybrid nanoparticles (LPNs).
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modification of NLCs with folic and stearic acid
further enhanced the cytotoxicity of PTX and DOX
against cancer cells, includingMDR cells (Zhang et al.,
2008b).
Additionally, PTX has been incorporated into hyalur-

onic acid-coated NLCs (HA-NLCs) to improve nano-
particle specificity (Yang et al., 2013). It was
demonstrated that PTX was released slowly from
PTX-loaded HA-NLCs and these nanoparticles were
more cytotoxic than standard PTX in three cancer cell
lines (i.e., the B16, CT26, and HCT116 cell lines)
(Yang et al., 2013). In vivo studies further showed that
PTX-loaded HA-NLCs exhibited a higher anticancer
efficacy and were better tolerated by B16-bearing
Kumming mice compared to conventional PTX. This
could be due to the prolonged circulation time of PTX-
loaded HA-NLCs and the increased accumulation of
these nanoparticles in the tumor (Yang et al., 2013).
PEG-NLCs have also been prepared to encapsulate

10-hydroxycamptothecin (HCPT) and compared with
free HCPT and HCPT encapsulated NLCs (HCPT-
NLCs) (Zhang et al., 2008c). During in vitro studies,
such PEGylated particles were able to accumulate
within human lung adenocarcinoma epithelial A549
cells and, during in vivo studies, had longer circulation
times and decreased uptake by the RES compared
with free HCPT and unmodified HCPT-NLCs (Zhang
et al., 2008c). Moreover, PEGylated HCPT-NLCs
demonstrated superior antitumor efficacy against
A549 lung cancer xenografts in vivo compared to

free HCPT and unmodified HCPT-NLCs (Zhang
et al., 2008c).

C. Lipid-polymer Hybrid Nanoparticles

Finally, the most recent development in the field of
lipid nanoparticles is lipid-polymer hybrid nanopar-
ticles (LPNs). LPNs combine the characteristics of both
polymeric nanoparticles and liposomes. They consist of
three components (Fig. 17) (Hadinoto et al., 2013): 1) a
polymeric core in which pharmaceuticals are encapsu-
lated; 2) a lipid layer surrounding the polymeric core,
which prevents the encapsulated content from leakage
and slows down polymer degradation by limiting in-
ward water diffusion; and 3) an outer lipid-PEG stealth
layer, which helps prolong the in vivo circulation of
nanoparticles by reducing opsonization and providing
steric stabilization. When lipid-PEG is added, its hy-
drophobic tail usually extends into the inner lipid layer,
whereas its hydrophilic PEG head group projects out
into the aqueous environment (Zhang et al., 2008a). Due
to its hybrid architecture, LPNs show high structural
integrity, stability, and controlled release owing to their
polymeric core, whereas its lipid/lipid-PEG layer pro-
vides biocompatibility and bioavailability (Chan et al.,
2009).

LPNs can be prepared by the original two-stepmethod
or a more recently developed one-step procedure. These
two methods and the parameters governing each are
discussed below (for more details see Hadinoto et al.,
2013).

Fig. 16. Morphology of nanostructured lipid carriers (NLCs) and their improvements over SLNs. NLCs are lipid nanoparticles composed of solid lipid
matrix immersed in liquid lipid (oil) droplets. The solid lipid is used as a matrix to immobilize the drug and prevent particles from coalescing with one
another, whereas the liquid lipid increases the drug loading capacity. The mixture of lipids of different phases also allows an imperfect lipid crystal
lattice to be formed within NLCs, in contrast to SLNs, where a solid lipid matrix is almost perfect, forcing encapsulated drugs to the surface of the
particle. As a result, more drugs can be encapsulated within NLCs, preventing rapid drug release from the surface of the particles, which is observed
with SLNs.
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1. Preparation of Lipid-polymer Hybrid Nanopar-
ticles: The Two-step Preparation Method.
a. The conventional two-step method. The conven-

tional two-step method of LPNs preparation generally
involves the mixing of preformed polymeric nanopar-
ticles with preformed lipid vesicles, which leads to the
adsorption of lipid vesicles to polymeric nanoparticles
due to an electrostatic interaction (Hadinoto et al.,
2013). The polymeric nanoparticles used for preparing
LPNs can be generated by nanoprecipitation (Thevenot
et al., 2007), ESE (Mieszawska et al., 2012), or high-
pressure homogenization (Fenart et al., 1999). The
preformed polymeric nanoparticles are then added to
either a dried thin lipid film prepared by dissolving the
lipid in an organic solvent and evaporating the solvent
(Thevenot et al., 2007) or to preformed lipid vesicles
prepared by hydrating a thin lipid film (Messerschmidt
et al., 2009). Subsequently, the LPNs are generated by
vortexing or ultrasonicating the mixture of polymer/
lipid suspension at a temperature higher than the
gel-to-liquid transition temperature of the lipid
(Hadinoto et al., 2013). Once LPNs are generated, the
suspension is subjected to ultracentrifugation to sep-
arate LPNs from the unused lipid (Hadinoto et al.,
2013). In terms of their size distribution, a monodis-
persed population of LPNs can be prepared by extrud-
ing an LPN suspension through a porous membrane
(Barichello et al., 1999; Sengupta et al., 2005;
Messerschmidt et al., 2009) or by using a high-
pressure homogenizer (Fenart et al., 1999; De Miguel
et al., 2000).

b. The nonconventional two-step method. The non-
conventional two-step method of preparing LPNs has
been developed by various groups (Hitzman et al., 2006;
Li et al., 2010b; Hasan et al., 2012). For example,
Hitzman et al. (2006) dispersed polymeric nanoparticles
(400–500 nm in size) in a dichloromethane solution
containing lipid, which was then subjected to spray
drying to form lipid-coated polymeric nanoparticles.
Another strategy involved the use of Particle Replica-
tion in Non-Wetting Templates technology to prepare
polymeric nanoparticles, which were stabilized by a
poly(vinyl alcohol) coating (Hasan et al., 2012). This
poly(vinyl alcohol) coating was subsequently replaced
with a lipid-coating to form LPNs (Hasan et al., 2012).

c. Parameters governing the two-step method. In the
two-step method, the parameters governing the physi-
cal characteristics of LPNs are: 1) size homogeneity of
the preformed lipid vesicles; 2) charge on the lipid
formulation; 3) ionic strength of the continuous phase
in which the lipid vesicles and polymeric nanoparticles
are dispersed; 4) the lipid vesicle-to-polymeric nano-
particle ratio (Av/Ap); and 5) the presence of lipid-PEG
(Hadinoto et al., 2013).

Lipid vesicles of a small and uniform size allow small
monodispersed LPNs to be formed (Hadinoto et al.,
2013). This can be achieved by extruding lipid vesicles
through a membrane before the addition of lipid vesicles
to a preformed polymeric nanoparticles suspension
(Troutier et al., 2005). LPN monodispersity can also be
influenced by the net charge of the lipid formulation. The
use of lipidswith opposite charge produces LPNs that are

Fig. 17. Morphology of lipid-polymer hybrid nanoparticles (LPNs). LPNs exhibit characteristics of both polymeric nanoparticles and liposomes. They
consist of three components: 1) a polymeric core made of polymers, such as PLGA or PLA, in which drugs are encapsulated; 2) a phospholipid layer
surrounding the polymeric core, which prevents the encapsulated content from leakage and slows down polymer degradation by limiting inward water
diffusion; and 3) an outer lipid-PEG stealth layer, which helps prolong the in vivo circulation time of LPNs and sterically stabilizes the particles.
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prone to aggregation due to electrostatic interactions.
However, minimal LPN aggregation can be achieved by
using lipids of the same charge (Troutier et al., 2005).
Other than the charge on lipid formulations that governs
the aggregation of LPNs, the Av/Ap ratio significantly
affects the stability and the aggregation of LPNs
(Troutier et al., 2005). At a high Av/Ap ratio, lipid vesicles
can act as a stabilizer to prevent LPNs from aggregating.
However, at a lowAv/Ap ratio, an incomplete lipid coating
of preformed polymeric nanoparticles occurs, exposing
parts of the LPN polymeric interior to the surroundings
(Troutier et al., 2005). Aggregation can then take place as
a consequence of the charge on the polymeric core being
opposite to the charge on the lipid coating (Troutier et al.,
2005).
The presence of lipid-PEG also plays a role in the

colloidal stability of LPNs. However, this is dependent
on the chain length of the PEG moiety (Thevenot et al.,
2007). It was demonstrated that despite having a lower
PEG-PE concentration and zeta potential, LPNs with a
longer PEG chain exhibited a higher colloidal stability
in NaCl solution than LPNs with a shorter PEG chain
and a higher zeta potential (Thevenot et al., 2007).
2. Preparation of Lipid-polymer Hybrid Nanopar-

ticles: The One-step Preparation Method. In contrast
to the two-step method, the more recently developed
one-step method involves mixing polymer with a lipid
solution, which leads to self-assembly of lipid molecules
around the polymer core by either nanoprecipitation or
ESE forming the LPNs (Hadinoto et al., 2013). The one-
stepmethod is thought to bemore efficient than the two-
step method because it does not require preformed
polymeric nanoparticles and lipid vesicles. Therefore,
the one-step method requires less time and energy than
the two-step method (Hadinoto et al., 2013). In the one-
step method, lipid is used as a stabilizer to produce
LPNs rather than as an ionic/nonionic surfactant used
in the preparation of polymeric nanoparticles by nano-
precipitation or ESE (Hadinoto et al., 2013).
a. The conventional one-stepmethod by nanoprecipitation.

According to Hadinoto et al. (2013), conventional nano-
precipitation involves dissolving the polymer and the
substance to be encapsulated in a water-miscible or-
ganic solvent (e.g., acetone) and adding it dropwise into
lipid and/or a lipid-PEG aqueous dispersion under
continuous stirring. Such an addition causes the polymer
to precipitate forming nanoparticles. Simultaneously,
lipid molecules within the water will self-assemble
around the polymeric nanoparticles because of the
hydrophobic interaction in which the hydrophobic tails
of lipid molecules interact with the polymer core,
whereas the hydrophilic heads face the aqueous sur-
roundings (Hadinoto et al., 2013). As a result, LPNs are
formed and stabilized by the lipid. This process can be
mademore efficient by heating the lipid and/or the lipid-
PEG solution to ;65–70°C during lipid dispersion in
order to form a homogeneous lipid mixture (Hadinoto

et al., 2013). The resultant LPNs can be recovered by
centrifugation at high speed after the solvent has been
evaporated.

b. Advances and modifications in lipid-polymer
hybrid nanoparticle preparation by nanoprecipitation.
The rapid nanoprecipitation process was recently de-
veloped by Fang et al. (2010). This process involves
supplying a high and uniform energy input via bath
sonication to enable rapid LPN assembly. This devel-
opment was able to increase the productivity of nano-
precipitation by 20-fold compared with the conventional
method (Fang et al., 2010). This method also reduced
the time required for solvent evaporation, because
it used a smaller amount of organic solvent, which
evaporated quickly during the self-assembly process.
The size monodispersity of LPNs was optimized by
changing the concentration ratio between different
components leading to a low LPN polydispersity index
(PDI) of ;0.08 (Fang et al., 2010).

The use of a microchannel during nanoprecipitation
can also improve the size homogeneity of LPNs, as
demonstrated recently by Valencia et al. (2010). This
approach allowed the mixing of lipids and polymers to
be precisely controlled at a microscale, leading to
homogeneous polymer nucleation, which in turn pro-
duced LPNs of uniform size (Valencia et al., 2010).
Additionally, the precise microscale mixing also en-
abled a uniform lipid coating of the polymer core
(Valencia et al., 2010). The mixing of the aqueous and
organic phase was further improved by using a micro-
mixing structure, called the Tesla mixer, in conjunction
with the microchannel (Valencia et al., 2010). This
would enable a complete displacement of the organic
phase to occur at a shorter time scale than the time
required to form the polymer core, resulting in the
formation of homogeneous polymeric nanoparticles
(Valencia et al., 2010). Furthermore, the mixer allowed
the two processes, that is, minimum lipid coating to
stabilize the polymer core and polymer core formation,
to take place within the same time scale as one another
(Valencia et al., 2010). These processes would occur
provided that the lipid-to-polymermass ratio (L/P ratio)
was optimized, which would lead to stable monodis-
persed LPNs (Valencia et al., 2010; Hadinoto et al.,
2013).

In a study by Kim et al. (2012), the microchannel
apparatus used for preparing LPNs (Valencia et al.,
2010) was improved upon by using a three-inlet setup.
This consisted of the organic phase going through the
central inlet, while the aqueous phase was injected
through two inlets on either side (Kim et al., 2012).
This setup enabled a three-dimensional flow to gen-
erate a symmetrical microvortex, which led to the
dispersion of large aggregates into smaller particles,
resulting in a 200-fold improvement in LPN through-
put comparedwith the original method (Valencia et al.,
2010; Kim et al., 2012). A larger-scale microfluidic
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nanoprecipitation process using a multi-inlet vortex
reactor with four radially symmetrical inlets was also
developed recently by Fang et al. (2012). This latter
setup represents an appropriate method for commer-
cial production of LPNs.
c. Parameters governing nanoprecipitation. The L/P

ratio is a property unique to LPNs and influences their
overall characteristics, including stability, encapsula-
tion efficiency, release kinetics, etc. (Zhang et al., 2008a;
Chan et al., 2009). Higher L/P ratios than the optimal
value were reported to result in lipid concentrations
being higher than the critical micelle concentration
(Zhang et al., 2008a). Consequently, liposomes were
formed in addition to LPNs (Zhang et al., 2008a). On the
other hand, lower L/P ratios than the optimal value
were reported to result in LPN aggregation because of
an insufficient coating of lipid (Chan et al., 2009).
The L/P ratio was also suggested to influence the

encapsulation efficiency, loading, and release kinetics of
the encapsulated pharmaceutic indirectly via a lipid
coating of the polymer core (Zhang et al., 2008a). Lipid
coating serves as a barrier keeping the encapsulated
substance inside the polymer core during the self-
assembly process (Hadinoto et al., 2013). Consequently,
it promotes a higher encapsulation efficiency and
loading. It also serves to reduce the drug release from
LPNs by keeping dissolution fluid medium away from
the core (Hadinoto et al., 2013). This was observed in
the study by Zhang et al. (2008a) who demonstrated
that at the optimal L/P ratio, LPNs exhibited a higher
encapsulation efficiency of docetaxel (DTX) (;596 4%)
than nonhybrid PLGA (37 6 4%) and PEGylated-
PLGA (19 6 3%) nanoparticles. Notably, LPNs with
an optimal L/P ratio also showed prolonged drug
release with 50% of the drug effluxed in 20 hours,
relative to 50% released in 7 and 10 hours for PLGA
and PEGylated-PLGA nanoparticles, respectively (Zhang
et al., 2008a).
As observed in the two-step method described above

(see section IX.C.1.c), the lipid-PEG fraction in a lipid
formulation also influences colloidal stability in nano-
precipitation. It was observed that in the absence of the
lipid-PEG component, lecithin-coated PLGA nano-
particles were unstable and formed aggregates (size
;2 mm) in phosphate buffer saline. Only when DSPE-
PEG2000Da was added to the lipid formulation were
LPNs more stable (Chan et al., 2009). This could be
explained by the capacity of PEG to provide steric
stability to LPNs.
Although nanoprecipitation is highly effective and

can be scaled up readily for a larger production, this
method is still limited by the fact that substances to be
encapsulated must be soluble in water-miscible organic
solvents (Cheow and Hadinoto, 2011). Moreover, only a
low encapsulation efficiency of water-soluble sub-
stances can be achieved because of the leakage of these
substances into the aqueous phase (Su et al., 2011). To

improve the range of substances to be encapsulated,
ESE must be used.

d. One-step method by emulsification-solvent-
evaporation. ESE can be divided into a single and
double emulsification. A single ESE is suitable for
substances that are soluble in a water-immiscible
solvent (oil phase). In this method, polymer and phar-
maceutical to be encapsulated are dissolved in the oil
phase, whereas the lipid is dispersed in the aqueous
phase (Bershteyn et al., 2008). Consequently, the oil
phase is added to the aqueous phase under constant
stirring or ultrasonication to form an o/w emulsion
(Bershteyn et al., 2008). The polymer core is formed
when the oil phase is evaporated and simultaneously
lipid molecules self-assemble around the polymer core
to form LPNs (Bershteyn et al., 2008). The dissolution of
lipid in the oil phase together with the polymer and
agent to be encapsulated before emulsification has also
been reported (Cheow and Hadinoto, 2011). It should be
noted that as stable emulsions must first be formed
during the emulsification step, ESE usually generates
larger LPNs comparedwith nanoprecipitation (Hadinoto
et al., 2013).

A double ESE (w/o/w) is used when the substance to
be encapsulated is insoluble in organic solvent and,
therefore, cannot be added together with the polymer.
This substance must be dissolved in the aqueous phase
and emulsified in the oil phase containing the polymer
and lipid, forming a water-in-oil (w/o) emulsion (Cheow
and Hadinoto, 2011). The resultant w/o emulsion is
then emulsified for the second time in an aqueous
phase containing lipid-PEG to produce a w/o/w emul-
sion (Cheow and Hadinoto, 2011). Consequently, the oil
phase is evaporated from the w/o/w emulsion forming
LPNs (Cheow and Hadinoto, 2011). By using the double
ESE method, the LPNs generated usually contain an
inner lipid layer surrounding an aqueous core, a middle
layer containing a polymer, and an outer lipid-PEG
layer.

e. Parameters governing emulsification-solvent-
evaporation. Similar to nanoprecipitation, the most
important parameter controlling ESE is the L/P ratio
(Cheow and Hadinoto, 2011). At low L/P ratios, the LPN
size was observed to be relatively large (;800–1000 nm)
because of aggregation. Conversely, increasing the L/P
ratio was found to reduce the LPN size to;260–400 nm
(Cheow and Hadinoto, 2011).

Apart from stability and size regulation, it was
suggested that the L/P ratio also influences the spatial
configuration of the self-assembled lipid (Bershteyn
et al., 2008). Bershteyn et al. (2008) discovered that
high L/P ratios caused either the formation of multi-
lamellar lipid coating or the formation of free liposomes
by excess lipid. The lipid coating configuration was
further found to be dependent on the lipid type, be-
cause the use of zwitterionic 1,2-dioleoyl-sn-glycero-3
phosphocholine resulted in the formation of onion-like,
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multilamellar stacks of lipid coating. In contrast, the
mixture of zwitterionic and cationic lipids led to a
typical core-shell LPN structure with a single lipid
layer (Bershteyn et al., 2008).
As the L/P ratio controls the LPN size and lipid

coating, it indirectly influences the encapsulation effi-
ciency in a similar manner observed in the nanopreci-
pitation method (Liu et al., 2010b). Typically, high L/P
ratios give rise to smaller LPNs, leading to a lower
ability to encapsulate drugs (Liu et al., 2010b). At the
same time, the presence of a high level of lipid on the
surface of the polymer core due to high L/P ratios can
increase the surface pressure and, consequently, re-
duces drug leakage (Liu et al., 2010b). Therefore, LPNs
with high encapsulation efficiency can be obtained by
optimizing the L/P ratio.
As observed in the two-step method and also nano-

precipitation, the lipid-PEG fraction in a lipid formu-
lation also influences the colloidal stability of the
resulting LPNs in ESE (Chu et al., 2011). A lower mass
ratio of lipid-PEG to polymerwas demonstrated to cause
aggregation, reducing the fraction of LPNs in the sub-
50 nm size (Chu et al., 2011). In contrast, a higher mass
ratio increased the LPN fraction in the sub-50 nm size
from less than 20% to as high as 85% (Chu et al., 2011).
Finally, another factor governing the ESE process is

the ionic interaction between the drug and the lipid
(Cheow and Hadinoto, 2011). This parameter is unique
to ESE. It was discovered by Cheow and Hadinoto
(2011) that an unsuccessful emulsification process
occurred, causing the LPN formation to fail when
oppositely charged lipid and drug components were
used. However, this problem could be solved by adding
counterionic surfactants to the emulsion prior to LPN
formation. In addition, the drug loading and release
kinetics were shown to be dependent on drug lipophi-
licity (Cheow and Hadinoto, 2011). A higher drug
loading and a slower drug release were observed with
highly lipophilic drugs as a result of strong hydrophobic
interactions between the drug and the lipid layer
(Cheow and Hadinoto, 2011).
It is worthmentioning that generally the ESEmethod

results in a higher encapsulation efficiency than nano-
precipitation, which is due to the larger size of LPNs
produced by the ESEmethod (Hadinoto et al., 2013). By
using nanoprecipitation, the encapsulation efficiency of
DTX in 50–60 nm LPNs was 20% (Chan et al., 2009),
whereas 200–300 nm LPNs prepared using the ESE
method were able to encapsulate up to ;60% of PTX
(Liu et al., 2010b).
3. Studies of Lipid-polymer Hybrid Nanoparticles in

Cancer Therapy. A single-drug delivery system using
LPNs has been studied against various cancer cell-types
in vitro, such as breast, prostate, lung, liver, and
cervical cancer (Hitzman et al., 2006; Zhang et al.,
2008a; Chan et al., 2009; Liu et al., 2010b; Chu et al.,
2011). For instance, Liu et al. (2010b) encapsulated PTX

within LPNs, which led to a sustained release of the
drug and a 6- to 7-fold greater in vitro cytotoxicity
against MCF-7 breast cancer cells after a 24 and
72-hour incubation, respectively, compared with stan-
dard taxol. In addition, LPNs exhibited cellular uptake
after a 4-hour incubation that was ;70% higher than
nonhybrid polymeric nanoparticles (Liu et al., 2010b).
These LPNs released 100% of PTX within 7 days
compared with 30% released by polymeric nanopar-
ticles over the same period (Liu et al., 2010b).

More attention has been given to the capacity and
potential of LPNs as a combinatorial drug delivery
system (Sengupta et al., 2005; Aryal et al., 2010, 2011,
2012; Wang et al., 2010a,b; Kong et al., 2013). By using
various strategies, it is possible to incorporate multiple
drugs within LPNs (Fig. 18). For instance, different
drugs can be conjugated to polymers or lipids separately
before LPN preparation (Fig. 18, A and B) or encapsu-
lated within preformed polymeric nanoparticles and
lipid vesicles in the case of the two-step method (Fig.
18C). Alternatively, a second drug can be conjugated to
the surface of LPNs postpreparation (Fig. 18D). The use
of LPNs as a combinatorial drug delivery system would
improvemultidrug therapy by overcoming difficulties in
obtaining a precise level of therapeutic exposure caused
by variations in the pharmacokinetic and biodistribu-
tion of different drugs (Hadinoto et al., 2013).

Sengupta et al. (2005) incorporated the anticancer
drug DOX and antiangiogenesis drug combretastatin
into LPNs via a two-step method. Combretastatin was
incorporated into the lipid layer of LPNs, whereas DOX
was loaded into the polymeric core. This arrangement
allowed an instant release of combretastatin to collapse
the tumoral vasculature, trapping DOX-encapsulated
polymeric nanoparticles within the tumor (Sengupta
et al., 2005). Such LPNs were taken up rapidly by tumor
vasculature within 5 hours after initial exposure and
were retained within the tumor for at least 24 hours
(Sengupta et al., 2005). In vivo studies using these LPNs
also demonstrated greater tumor growth inhibition
and a longer lifespan of mice bearing B16/F10 mela-
noma or Lewis lung carcinoma compared with DOX and
combretastatin-loaded liposomes (Sengupta et al.,
2005).

By using the nanoprecipitation technique, DOX and
the radiotherapeutic agents Indium-111 or Yttrium-90
have also been successfully incorporated into LPNs
(Wang et al., 2010a). The resulting LPNs, called Chemo-
Rad, were taken up rapidly by LNCaP prostate cancer
cells within 45 minutes and exhibited a higher in vitro
cytotoxicity than LPNs containing only one of the
agents (Wang et al., 2010a). No interference to the
encapsulation or the sustained release of DOX by the
radiotherapeutics was observed using these LPNs, with
100% of DOX being released within 7 days (Wang et al.,
2010a). Furthermore, stimuli-responsive combinatorial
LPNs were developed by Kong et al. (2013), who
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generated camptothecin-loaded LPNs containing mag-
netic Fe3O4 nanoparticles. Upon the application of a
remote radio frequency magnetic field, more than 90%
of the encapsulated drug was released within 46 hours,
and a greater growth inhibition of MT2 cancer cells was
observed compared with nonhybrid magnetic nanopar-
ticles (Kong et al., 2013).
Active targeting strategies have also been examined

using LPNs. The conjugation of folic acid onto the
surface of LPNs containing DTX was shown to increase
their uptake by;54% compared with unmodified LPNs
after only 2 hours of incubation with MCF-7 breast
cancer cells (Liu et al., 2010a). This increased uptake
led to enhanced in vitro cytotoxicity by;51% compared
with the unmodified counterpart (Liu et al., 2010a).

Similar results were observed in HeLa cells, both
in vitro and in vivo, when folic acid-conjugated LPNs
containing PTX were tested in comparison with their
unmodified counterparts (Zhao et al., 2012). Other
targeting ligands that have been examined include
aptamers (Zhang et al., 2008a), antibody (Hu et al.,
2010), transferrin (Zheng et al., 2010), and peptides
(Chan et al., 2010, 2011).

Apart from the incorporation of cytotoxic chemothera-
peutic agents into LPNs as a single or combinatorial drug
transport system with/without active targeting, LPNs
have been used for the delivery of genes (Li et al., 2010a;
Zhong et al., 2010), siRNA (Shi et al., 2011; Hasan et al.,
2012; Yang et al., 2012a), and diagnostic imaging agents
(Kandel et al., 2011; Mieszawska et al., 2012).

Fig. 18. Various strategies for combinatorial drug delivery using LPNs. (A) Separate covalent conjugation of different drugs (drug X and Y) to the
polymer and phospholipid precursors before LPN preparation. For instance, drug X can be attached to the polymer, whereas drug Y can be attached to
phospholipid molecules or vice versa. (B) Separate covalent conjugation of different drugs to polymer precursors prior to preparation. (C) Fusion of
preformed polymeric nanoparticles and lipid vesicles via a two-step method of preparation. Different drugs are encapsulated within polymeric
nanoparticles and liposomes separately before particle fusion. (D) Conjugation of the second drug (drug Y) to the surface of LPNs postpreparation. The
first drug (drug X) is encapsulated within the polymeric core during LPN preparation.
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X. Conclusion

The development of nanoparticle drug delivery sys-
tems, such as lipid-based nanoparticles, and particularly
liposomes, has emerged as a promising strategy for the
treatment of cancer. Since their discovery in the 1960s,
liposome technology has advanced rapidly from being
used as an apparatus for cell membrane research to
becoming a versatile drug carrier. Similar to other types
of nanosized drug delivery systems, liposomes can im-
prove the specificity and efficacy of chemotherapeutics,
while reducing their toxic side effects bymeans of passive
and active targeting. However, lipid-based nanoparticles
aremore advantageous over other nanoparticles because
of the more biocompatible and biodegradable nature of
their constituents relative to synthetic polymers found in
other types of nanoparticles. Moreover, the amphiphilic
properties of phospholipids that make up liposomes
allow these nanoparticles to encapsulate both hydropho-
bic and hydrophilic anti-cancer agents.
Presently, a variety of liposomal encapsulated anti-

cancer drugs are clinically approved and commercially
available, while many more formulations are being
investigated in different stages of clinical trials or are
awaiting approval.Moreover, the development of various
liposome technologies, such as different types of stimuli-
sensitive liposomes and multifunctional “SMART” lipo-
somes, has also demonstrated the promising potential of
liposomes as effective anticancer agent delivery systems.
Furthermore, advances in liposomal design have seen
the emergence of the next generation of lipid-based
nanoparticles, including lipid micelles, solid lipid
nanoparticles, nanostructured lipid carriers, and lipid-
polymer hybrid nanoparticles. Such innovations are
believed to be capable of overcoming current drawbacks
observed in liposome technology. However, more stud-
ies are still required to optimize their capacity as drug
delivery systems. Together with other forms of targeted
drug delivery systems, liposomes and lipid-based nano-
particles will help improve the efficacy and safety
profile of anticancer agents and, more importantly,
the fate of cancer patients.
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