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Lipid vesicles bearing anti-tumor drugs have turned out to be a clinically feasible and promising
nano-therapeutic approach to treat cancer. Efficient entrapment of therapeutics, biocompatibility,
biodegradability, low systemic toxicity, low immunogenicity and ability to bypass multidrug resistance
mechanisms has made liposomes a versatile drug/gene delivery system in cancer chemotherapy. The
Liposomes pre;ent review attempts to explore thg recepF key. advances in liposqmal rgsearch and the vast arsenal
Cancer therapeutics of liposomal formulations currently being utilized in treatment and diagnosis of cancer.
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1. Introduction

Liposomes, uni-lamellar or multi-lamellar spherical vesicles,
primarily comprising phospholipids, either from plant or animal
source (Torchilin, 2005; Zhang et al., 2008; Zhang and Granick,
2006) were first discovered by A.D. Bangham at the Agricultural
Research Council Institute of Animal Physiology at Babraham,
Cambridge (Duzgunes and Gregoriadis, 2005) in 1961, when he
and his colleagues observed that phospholipids upon dispersion
in water spontaneously formed spherical, self-closed vesicles con-
sisting of concentric lipid bilayers (Bangham et al., 1965a). These
vesicles initially called ‘smectic mesophases’, were later renamed
as ‘liposomes’ (Sessa and Weissman, 1968). The resemblance of
the lamellar structure of the vesicles with natural membranes, the
capability to discriminate ions (cations diffuse poorly from mem-
branes which are permeable to univalent anions and water) and
susceptibility to stabilization or labilization by bioactive molecules
similar to biological membranes have rendered liposomes versatile
tool in the field of biology, biochemistry and medicine (Bangham
et al., 1965a). The ability of the vesicles to swell osmotically, the
possibility to vary membrane composition and surface potential
and availability of several analytical techniques to study these sys-
tems have made liposomes a preferred lipid matrix model of living
cells (Bangham et al., 1965b).

With the recognition of the biocompatibility, biodegradabil-
ity, low toxicity and immunogenicity and the capability to entrap
molecules, liposomes have moved a long way from being just
another exotic object of biophysical research to becoming a
pharmaceutical carrier of choice for numerous practical applica-
tions (Black and Gregoriadis, 1976; Gregoriadis, 1976; Juliano and
Mccullough, 1980; Neerunjun and Gregoriadis, 1976; Torchilin,
2005).

The size of the liposomes range from 20 nm to more than 1 pm
(Samad et al., 2007). Each microscopic vesicle has a hydrophilic core
and hydrophobic bilayer which enables the entrapment of both
hydrophilic and hydrophobic drugs (Medina et al., 2004; Zhang
et al., 2008). These self-assembled lipid vesicles protect the cargo
by encapsulating hydrophilic drugs within the aqueous core and
hydrophobic drugs within lipid bilayers (Portney and Ozkan, 2006)
which leads to the isolation of the drug molecules from the sur-
rounding environment (Zhang and Granick, 2006).

Liposomes are generally classified based on lamellarity of the
vesicles and can be distinguished into unilamellar and multilamel-
lar vesicles (Fig. 1). While multilamellar vesicle comprises of several
concentric bilayers arranged in an onion peel pattern with aqueous

® Hydrophilic drug
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layer between them, unilamellar vesicles contains a single bilayer
(Hofheinz et al., 2005; Perezsoler, 1989).

2. Liposomal uptake and role in cancer chemotherapy
2.1. Passive and active targeting

Liposomal formulations of several key active molecules were
developed in order to overcome the problems associated with
conventional drug therapy such as inefficient bio-distribution
throughout the body and lack of specific delivery, by encapsu-
lating the molecules within the vesicles to prevent degradation
and passively targeting tissues and organs that have discontinu-
ous endothelium (e.g. liver, spleen and bone marrow) (Immordino
et al., 2006).

Passive targeting of tumor by drug-loaded liposomes employs
the chaotic tumor-vessel architecture to its advantage. Tumors
characteristically have leaky vasculature and dysfunctional lym-
phatic drainage (Underwood and Carr, 1972). The liposomes thus
can escape into the tumor tissue via the fenestrations of the leaky
vasculature. This phenomenon is termed as Enhanced Permeation
and Retention (EPR) effect (Fig. 3) whereby there is extravasation
followed by increased accumulation of the drug loaded nano-vector
in the tumor tissue (Peer et al., 2007; Phillips et al., 2010). The
“Enhanced Permeation and Retention” (EPR) effect was coined by
Maeda in 1989 (Maeda and Matsumura, 1989).

In 1987, Jain reported that the osmotic pressure within tumors
is high (Jain, 1987). Since tumor interstitial fluid pressure (IFP) is
high in most solid tumors it causes a significant impediment in
efficient anti-cancer drug delivery (Jain, 1987, 1994). The move-
ment of high molecular weight anti-cancer drugs/nanoparticles
from the circulatory system through the interstitial space takes
place by convection rather than by diffusion unlike low molecular
weight drugs. Increased IFP inhibits convection which contributes
to decreased uptake of drugs into tumor. Moreover, IFP at the center
of the solid tumor is higher in comparison to its periphery (Danhier
et al., 2010). By adopting active targeting strategies, liposomes can
overcome the high IFP barrier within tumors (Chang et al., 2009).
Ligand-targeted therapy, which involves the use of ligand with
affinity for the receptor expressed on plasma membrane of can-
cer cells or tumor neovasculature, may increase the accumulation
of anti-cancer drugs in high IFP environment of the tumor tissues
and improve the therapeutic efficacy (Lee et al., 2007). Therapeutic
interventions designed to reduce IFP could be used in conjugation of

Fig. 1. Schematic representation of (A) unilamellar and (B) multilamellar liposomes.
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Fig. 2. Schematic representation of an engineered liposome for long circulation and
ligand/antibody mediated targeted delivery.

nanotherapeutics in order to augment the conventional treatments
of cancer (Cairns et al., 2006).

In order to circumvent the problem of increased toxicity in
normal cells, decreased retention of drug loaded nanocarriers due
to higher IFP and development of drug resistance caused by passive
targeting, liposomes have to be explicitly directed to bind to specific
target cells (Medina et al., 2004; Sapra and Allen, 2003). Targeted
drug delivery involves ligand-mediated or antibody (Ab)-mediated
targeting of the therapeutics to the cancer cell. Ligand targeting
therapeutics (LTT) improves the therapeutic index of the drug by
increasing the drug’s efficacy (therapeutic effect) and reducing the
drug’s toxicity (side effects) (Juliano and Daoud, 1990; Lian and Ho,
2001; Malam et al., 2009; Perumal et al., 2011). A wide spectrum
of ligand targeting agents such as protein (antibody or antibody
fragments) (Heath et al., 1983), peptides (arginine-glycine-aspartic
acid or RGD) (Schiffelers et al., 2003), vitamin (folic acid) (Rui et al.,
1998), nucleic acid (aptamer) (Brody and Gold, 2000; Floege et al.,
1999; White et al., 2000) and glycoprotein (transferrin) (Juliano
and Stamp, 1976) are currently available. While, RGD targets
cellular adhesion molecules like integrin ay[33 (Suri et al., 2007)
which is important in cancer progression (Cooper et al., 2002)
due to its angiogenic role (Danhier et al., 2012) its significant
upregulation in some tumors (Desgrosellier and Cheresh, 2010),
growth factor receptors are specifically targeted by transferrin
(Weinzimer et al., 2001) and folate ligands (Herbert et al., 1962).

Non-antibody ligand-targeted delivery like folate and
transferrin-mediated drug delivery systems are attracting major
attention lately (Fig. 2). Folate-mediated liposome targeting is
increasingly gaining importance due to the frequent overexpress-
ion of folate receptors (FR) in a wide variety of tumor cells (Lu
and Low, 2002). Similarly, targeting tumors with transferrin-
modified liposomes also provides a suitable approach due to the
increased frequency of transferrin receptors (TfR) in cancer cells
(Hatakeyama et al., 2004). Peptides (arginine-glycine-aspartic
acid or RGD) (Schiffelers et al., 2003), glycan (Xie et al., 2012)
and nucleic acid (aptamer) (Leamon et al., 2003) have also been
reported as other forms of non-Ab ligand liposome-based targeted
drug delivery systems. Second generation liposomes bearing dual-
ligands enhances targeting selectivity of drug-loaded nanocarriers
and are designed to target multiple receptors for reduced toxicity
on non-target cells (Saul et al., 2006).

The success of the targeted drug delivery is based on the
density of the expressed targeted receptor/antigen on the cell.
The enhanced effectivity of antibody-mediated drug delivery in
comparison to non-antibody mediated targeted drug delivery
arises from its increased specificity. However, the high cost and
production time of antibody-anchored liposomes significantly lim-
its its application in targeted delivery (Allen, 2002).

Table 1
Advantages of liposomes as pharmaceutical carriers.

Biocompatibility (Mufamadi et al., 2011)

Prevents premature degradation of encapsulated cargo (Goyal et al., 2005;
Petros and DeSimone, 2010)

Entrapment of both hydrophilic and hydrophobic drugs (Medina et al., 2004;
Zhang et al., 2008)

Targeted delivery—Can be functionalized with ligands to deliver therapeutic
agents into cells or cellular components (Torchilin, 2005)

Site avoidance—The entrapped drug is prevented from reaching the healthy
tissue (Hofheinz et al., 2005)

Size or lipid component variation helps in regulating bio-distribution of
liposomes (linuma et al., 2002).

2.2. Liposomes and cancer therapeutics

Gregoria et al. (1974) first proposed liposomes for delivery of
cancer therapeutics. Liposomes have been widely reported to be a
therapeutic tool of choice since they have numerous advantages as
pharmaceutical carriers (Table 1). However, the major associated
limitation of conventional liposomes (Table 2) for therapeutic use
lies in its fast elimination from the blood and recognition by the
reticulo-endothelial system (RES) (Torchilin, 2005).

The efficient uptake of liposomes by macrophages and sub-
sequent removal from systemic circulation upon intravenous
administration is however, severely affected when the target site
is beyond the mononuclear phagocyte system (MPS). The binding
of opsonins (such as immunoglobulins, fibronectin and C-reactive
protein) (Falcone, 1986a; Patel, 1992a) (Volanakis and Narkates,
1981) on the surface of liposomes, results in MPS recognizing these
serum proteins rather than the vesicles and translates into removal
of the liposomes from the circulation. Complement components
such as C5b-9 complexes (membrane attack complex: MAC) which
acts as an immediate host defense against invading foreign parti-
cles also recognize liposomes (Hamada et al., 2008; Moghimi and
Patel, 1998) and initiate membrane lysis through pore formation
and enhances uptake by neutrophils, monocytes, and macrophages
(MPS cells) (Immordino et al., 2006). However, the presence of
dysopsonins such as human serum albumin and IgA on the vesicle
surface reduces recognition and inhibits phagocytosis of liposomes
(Ishida et al., 2002). In fact, a fine balance between the blood
opsonic and suppressive proteins regulates the rate of liposome
clearance (Moghimi and Patel, 1998). The conventional liposomes
were also observed to demonstrate profound instability in plasma
which resulted in the rapid release of the encapsulated cargo due
to their interactions with both high and low density (HDL and LDL)
lipoproteins (Immordino et al., 2006).

In order to bypass the low-systemic circulation time of conven-
tional liposomes, synthesis of long circulating liposomes (Stealth
liposomes) has been attempted by coating the liposome sur-
face with polymers, such as polyethylene glycol (PEG) (Klibanov
etal., 1990), poly(vinyl pyrrolidone) (PVP), poly(acryl amide) (PAA)
(Torchilin etal., 1994), poly[N-(2-hydroxypropyl) methacrylamide]
and amphiphilic poly-N-vinylpyrrolidones (Torchilin et al., 2001)
(Fig. 2). This resulted in significantly increased liposome stabil-
ity which prolonged, by several orders of magnitude their blood

Table 2
Limitations of liposomes in drug/gene delivery.

High production cost-raw material (lipids) cost is high (Barenholz, 2001; Peer
etal., 2007)

Oxidation of some phospholipids (Peer et al., 2007)

Rapid clearance by the Reticulo-endothelial system (RES) (Mufamadi et al., 2011)

Removal from the circulatory system (Peer et al., 2007)

Non-specific uptake (Peer et al., 2007)

Physiochemical instability (aggregation, sedimentation, hydrolysis) (Gurley,
2011)
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Fig. 3. Schematic representation of tumor targeting by nanohybrids via Enhanced Permeation and Retention (EPR) effect. [Reproduced with permission from Prakash et al.

(2011)].

circulation times after systemic administration (Immordino et al.,
2006) and ultimately led to the development of tailor-made liposo-
mal formulations with increased stability both in vitro and in vivo,
improved bio-distribution and optimized residence time in sys-
temic circulation (Allen et al., 1991; Klibanov et al., 1990).

Repeated injections of sterically stabilized liposomes over a
short duration leads to their rapid elimination from the system. This
reduction in half-life of PEG liposomes has been termed as acceler-
ated blood clearance (ABC) (Ishida et al., 2004; Ishida et al., 2003b).
The ABC effect has been observed in animal models (rat, rabbit,
mice, Rhesus monkey, Beagle) and reflects a major change in phar-
macokinetics of consecutive injections of PEG liposomes (Dams
et al., 2000; Ishida et al., 2003a; Zhao et al., 2012). Repeated injec-
tions of empty PEGylated liposomes elicit immune response and
lead to production of anti-PEG IgM, which enhances blood clear-
ance of subsequently injected PEGylated liposomes via anti-PEG
I[gM-mediated complement activation under certain conditions
(Ishida et al., 2005; Ishida et al., 2006b). However, it has been
recently reported that encapsulated Dox in drug loaded PEGylated
liposomes causes selective damage of T cell-independent B cell
mediated ABC phenomenon (Koide et al., 2010).

However, these pharmacokinetic changes were most distinct at
dosing frequencies (1-3 weeks) which is higher than those used
in current clinical practice of approved formulation Doxil® 180
(3-6 weeks). PEG liposomal doxorubicin formulation has a recom-
mended low injection frequency of (3-6 weeks) in order to prevent
the occurrence of cutaneous toxicity (Muggia et al., 1997) thus,
the occurrence of ABC effect has not yet been reported in humans
(Dams et al., 2000).

The magnitude of the induction of the ABC phenomenon is
directly dependent on the interval between injections (Dams et al.,
2000) and inversely related to the dose (Ishida et al., 2005). Thus,
it is very important to design optimal dosing schedules in order to
enhance the therapeutic efficacy and reduce the induced toxicity
or immunological responses (Ishida et al., 2006a).

Recent combinatorial approaches aim to achieve greater cir-
culation time of the vesicles (via PEGylation), specific delivery of
encapsulated pay-load and synergistic uptake via dual-ligand tar-
geting (Takara et al., 2010). In vitro and in vivo intracellular delivery
of doxorubicin with RGD-modified pegylated liposomes exhib-
ited increased cytotoxicity against melanoma (Xiong et al., 2005).
Cationic liposomes have been effectively utilized in the treatment

of resistant forms of cancer which have been unresponsive to con-
ventional chemotherapy and other forms of treatment (Campbell
et al., 2009). Combinatorial treatment regimens involving cationic
nano-systems and other cancer therapeutic approaches such as
hyperthermia or application of magnetic fields are being currently
assessed (Campbell et al., 2009) for enhanced cancer chemother-
apy. Cationic liposomes are effective, but they strongly interact
with the blood components before they can reach the therapeutic
target (Nicolazzi et al., 2003). Latest second-generation liposomal
strategy aiming at conjugating lipoplex technology with PEGylation
has reported to have substantial increase in circulation time. While
this succeeds in enhancing the effectivity of these formulations
(Nicolazzi et al., 2003), its limitation lies in reduced transfection
rates (Xu et al., 2011).

Recent advances report the emergence of a new class of lipo-
somes for cancer specific therapy which successfully overcomes the
limitation of conventional liposomes. In contrast to conventional
liposomes, stimuli-responsive vesicles undergo relatively large and
abrupt physical and chemical changes in sharp response to applied
stimuli. This becomes of particular interest when the stimuli to
which these vesicles react are disease or systemic-biochemistry
specific (such as pH). Solid tumors are characterized by poor vas-
culature which causes prevalence of anaerobic conditions and the
extracellular pH is also significantly acidic (~6-7) than systemic pH
(7.4). The pH-shift of the specific tissues can act as internal stimuli of
chemical and biochemical origin that trigger drug release from the
stimuli responsive nanocarriers. External physical stimuli trigger-
ing release of encapsulated cargo include heat, light and magnetic
field (Deok Kong et al.,, 2012; Fleige et al., 2012; Ganta et al.,
2008).With primary cancer prevention being the goal of the present
day cancer chemotherapy, cancer vaccines have been developed
to significantly reduce the incidence of cancer caused by microor-
ganisms such as hepatocellular carcinoma (hepatitis B virus) and
cervical carcinoma [human papilloma viruses (HPV)] (Goymer,
2005; Villa et al., 2005). However, the anti-tumor vaccine studies
have been limited to in vivo models and transition to the clinical
trials have not been very fulfilling (Lollini et al., 2006). Liposomal
vaccine formulation bearing antigenic peptide derived from chori-
omeningitis virus and immune-stimulatory oligonucleotides has
been reported to elicit antiviral and antitumor immunity (Ludewig
et al.,, 2000). One of the most recent additions to the repertoire of
liposomes is the multifunctional theranostic liposome which can be
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Table 3

Approved anti-cancer liposomal formulations.
Product Company Drug Disease
DaunoXome® Galen Daunorubicin  Advanced Kaposi's

sarcoma
DepoCyt™ DepoTech Cytarabine Lymphomatous
Corporation meningitis

Doxil®/Caelyx® Johnson&Johnson Doxorubicin ~ Metastatic ovarian

cancer and advanced
Kaposi’s sarcoma
Kaposi’s sarcoma,
breast and ovarian
cancer

Philadelphia
chromosome negative
(Ph-) acute
lymphoblastic
leukemia (ALL)
Metastatic breast
cancer

Lipo-Dox Taiwan Liposome Doxorubicin

Company
Margibo® Vincristin
sulfate

Talon Therapeutics

Myocet® Cephalon/Sopherion  Doxorubicin

Therapeutics

considered as a key advancement in nanomedicine and has opened
up a plethora of possibilities for simultaneous cancer therapy and
diagnosis.

Approved liposomal drug formulations in cancer therapeutics
have gone a long way and evolved from classical conventional
liposomes (Myocet®/DaunoXome®) (Batist et al., 2001; Petre and
Dittmer, 2007) to PEGylated forms (Doxil® and Lipo-dox™) (Allen

and Cullis, 2012; Barenholz, 2012). Second generation liposomal
drug delivery system endeavors for clinic use ranges from dual-
drug loaded liposomes (CPX-1/CPX-351) (Dicko et al., 2010; Riviere
etal., 2011) to stimuli-sensitive liposomes (ThermoDox) (Poon and
Borys, 2011). The current focus of drug delivery research in clinical
trials has been on active targeted drug delivery (MM-302/MBP-436)
(Drummond et al., 2006; McDonagh et al., 2012) or utilization of
cationic liposomes for drug delivery (EndoTAG™-1) (Fasol et al.,
2012). Liposomal cancer vaccines being tested clinically include the
Anti-MUC1 cancer vaccine (Bradbury and Shepherd, 2008) and L-
BLP25 (Butts et al., 2005). Other approaches include RNAi based
therapies which involve the delivery of siRNA (ALN-VSP/TKM-
PLK1/TKM-ApoB) (Allen and Cullis, 2012; Semple et al., 2010). By
tracking the evolution of liposomes as potent pharmaceutical car-
riers for anti-cancer drugs one can assimilate that liposomes have
gone a long way and currently numerous attractive and diversified
strategies are being successfully applied pre-clinically or clinically
for enhanced and effective delivery of drugs.

3. Types of liposomes in treating cancer
3.1. Conventional liposomes
Liposomes act as reservoirs encapsulating the drug and pro-

tecting it from the degradation (Goyal et al., 2005) and reducing
the unintended side effects such as cardio- (Forssen and Tokes,

Table 4
Liposome-based anti-cancer therapeutics undergoing clinical trials.
Product Company/Organization Drug Disease
Annamycin Aronex Pharmaceuticals Annamycin Breast cancer
Aroplatin Antigenics Inc. cis-bis-neodeca-noato-trans-R,R-1,2-diaminocyclohexane Advanced solid malignancies, B-cell
platinium(II) [Analogue of oxaliplatin] lymphoma
Atragen® Aronex Pharmaceuticals All-trans-retinoic acid (tretinoin) Leukamia
CPX-1 Celator Pharmaceuticals Fixed combination of irinotecan and floxuridine Advanced Colorectal Cancer
CPX-351 Celator Pharmaceuticals Fixed combination of cytarabine and daunorubicin Advanced Hematologic Cancer
IHL-305 Yakult Honsha Co., LTD Irinotecan Treat Advanced Solid Tumors
INX-0125 Inex Pharm Vinorelbine Advanced breast cancer
JNS002 Janssen Pharmaceutical K.K. Doxorubicin Epithelial ovarian carcinoma, primary
carcinoma of fallopian tube, peritoneal
carcinoma
LONC University of New Mexico 9-nitro-20 (S)-camptothecin Metastatic or Recurrent Cancer of the
Endometrium or the Lung
LEM Insys Therapeutics Inc Mitoxantrone Advanced Cancer
LEP-ETU NeoPharm Paclitaxel Ovarian, breast, and lung cancer
LE-SN38 NeoPharm SN-38 active metabolite of irinotecan Advanced colorectal cancer
Lipoplatin™  Regulon Cisplatin Colon cancer, gastric tumor
Lipoxal™ Regulon Oxaliplatin Colorectal cancer
L-NDDP New York University School of Medicine Cisplatin Analog-Aroplatin Malignant Mesothelioma
and National Cancer Institute (NCI)
MBP-426 Mebiopharm Co., Ltd Oxaliplatin Treat Advanced or Metastatic Solid Tumors
NL CPT-11 University of California, San Francisco CPT-11 Recurrent High-Grade Gliomas
0SI-211 OSI Pharmaceuticals Lurtotecan Ovarian cancer
0OSI-7904L OSI Pharmaceuticals (S-2-[-5-[[[1,2-dihydro-3-methyl-1-oxobenzo[f]- Gastric or Gastroesophageal (GE]) Cancer
quinazolin-9-yl] methyl] amino]-1-0xo0-2-isoinso-linyl]
glutaric acid) [Thymidylate synthase Inhibitor]
PEP02 PharmaEngine Irinotecan Metastatic Pancreatic Cancer
PNU-93914 Memorial Sloan-Kettering Cancer Center Paclitaxel Locally Advanced or Metastatic Cancer of
and National Cancer Institute (NCI) the Esophagus
S-CKD602 Johnson&Johnson CKD-602 [semi-synthetic analogue of camptothecin] Advanced Malignancies
SPI-77 New York University School of Medicine Cisplatin Recurrent Ovarian Cancer
and National Cancer Institute (NCI)
Telcyta® Telik, Inc. Canfosfamide HCI Advanced ovarian, non-small cell lung,
colon and breast cancers
ThermoDox®  Celsion Doxorubicin Hepatocellular carcinoma
TLC ELL-12 The Liposome Company L-O-octadecyl-2-0O-methyl-sn-glycero-3-phosphocholine Advanced solid tumors, including
[L-ET-18-OCH3 (EL)] non-small cell lung, prostate cancer and
melanoma
TLI Talon Therapeutics, Inc Topotecan Small Cell Lung Cancer (SCLC), Ovarian
Cancer and Other Advanced Solid Tumors
VLI Talon Therapeutics, Inc Vinorelbine Advanced Solid Tumors, Non-Hodgkin’s

Lymphoma or Hodgkin’s Disease
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1981), nephro- (Smeesters et al., 1988), neuro- (Park et al., 2008;
Rosentha and Kaufman, 1974) or dermal- (Boman et al., 1996)
toxicity. Numerous liposomal formulations bearing cancer thera-
peutics have been approved or are currently undergoing clinical
trials (Tables 3 and 4).

Liposomal formulation of Doxorubicin, an anthracycline-class
drug and topoisomerase inhibitor with reported irreversible car-
diotoxicity (Lipshultz et al.,, 1995; Vonhoff et al, 1979), has
been successfully developed to effectively treat cancers with
much lesser-associated side effects. Other noted examples of con-
ventional liposomes in clinical use include Myocet® (Sopherion
Therapeutics or Cephalon in USA and Europe respectively) loaded
with doxorubicin (Alberts et al, 2004), DaunoXome® (Galen)
encapsulating daunorubicin (Allen et al, 1991) and Marqibo®
(Talon Therapeutics) carrying vincristin sulfate (Boehlke and
Winter, 2006; Rodriguez et al., 2009). Liposomal daunorubicin for-
mulation DaunoXome® is a pure lipid formulation which efficiently
bypasses the RES and has reduced cardiotoxicity (Batist etal.,2001).

Vincristine sulfate has been successfully used in treatment of
childhood and adolescent leukemia (Crom et al., 1994) and lym-
phoma (Jackson et al., 1984). However, the associated toxicity of
vincristine sulfate is clinically manifested by mixed sensory-motor
neuropathy. Other side effects include seizures, mental changes,
orthostatic hypotension, inappropriate secretion of antidiuretic
hormone (Rosentha and Kaufman, 1974). Vincristine-induced

33

dermal toxicity is significantly reduced when the drug is delivered
via liposomes (Boman et al., 1996).

Aroplatin® (Antigenics Inc., Lexington, MA, USA), a multilamel-
lar liposomal formulation of saturated phospholipids dimyristoyl
phosphatidylcholine (DMPC) and dimyristoyl phosphatidylglycerol
(DMPG) bearing oxaliplatin analogue is undergoing clinical trials
(Immordino et al., 2006) and has been reported to have reduced
nephrotoxicity (Farrell, 2011), a side effect attributed to the drug,
without compromising on its tumoricidal activity.

Liposomal annamycin (3’-deamino-4’-epi-3’-hydroxy-2’-iodo-
4-demethoxy doxorubicin) composed of DMPC and DMPG (Wasan
and Kwong, 1997), exhibited increased encapsulation of the drug
within the vesicles and increased its therapeutic potential (Priebe
and Perez-Soler, 1993).

While conventional drug-bearing liposomes have only been
described to be loaded with single drugs, second generation lipo-
somes have been reported to be loaded with two or more different
drugs simultaneously for enhanced cytotoxicity in cancer cells
(Agrawal et al., 2005; Cosco et al., 2012). This strategy aims at
association of two or more antitumoral compounds for reduced
effective dosages and associated-side effects (Fig. 4) (Colomer,
2005; Theodossiou et al., 1998). The liposomal multidrug car-
rier (MDC) can either be loaded with both water soluble (in
the aqueous core) and lipophilic (entrapped in the bilayers)
(Cosco et al., 2012) drugs or multiple drugs with same affinity

Advantage of combination therapy
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Fig.4. Schematic representation depicting numerous advantages of combination drug delivery for cancer therapy. (A) Single drug acts through a particular pathway, whereas
multiple drugs can show enhanced anticancer activity by acting through several pathways. (B) In the case of single drug treatment, MDR proteins such as P-gp efflux drug
out of the cell, whereas for dual formulations P-gp inhibitor blocks the role of MDR proteins and increases the intracellular concentration of other co-administered drugs
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whereas treatment with different drug combinations leads to synergistic action which can reduce the dose of each single drug and thereby decrease the toxicity. [Reproduced

with permission from Parhi et al. (2012)].
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(hydrophilic/hydrophobic) without any interactions between the
two compounds (Tardi et al., 2007).

3.2. Stealth liposomes

One of the major limitations of the conventional liposome is the
rapid clearance by the RES. The clearance behavior and tissue dis-
tribution of nanocarriers like liposomes are greatly influenced by
their size (Klibanov et al., 1991; Liu et al., 1991), charge (Chonn
etal., 1991) and surface characteristics (Moghimi and Davis, 1994).
The stealth liposomal technology is an ingenious solution which
successfully resolves the drawbacks of the conventional liposome
of diminished circulation longevity through steric stabilization
(Mayer et al., 2000). Stealth liposomes show reduced uptake by
the RES and increased accumulation in tumours (Papahadjopoulos
et al., 1991).

In order to achieve prolonged and sustained drug delivery,
conventional liposomes are being surface modified with inert, bio-
compatible, hydrophilic polymers such as PEG (Drummond et al.,
1999). The presence of PEG molecules on the liposome surface
results in the exclusion of other macromolecules from the ‘per-
iliposomal layer’ by occupying the space immediately adjacent
to the vesicles through its flexible chains and forms a protec-
tive layer which reduces the liposome recognition by ‘opsonins’
(Blume and Cevc, 1993; Klibanov et al., 1990). Some of the
opsonizing proteins that are responsible for recognizing liposomes
have been identified (Immordino et al., 2006) as immunoglob-
ulins (Patel, 1992b), fibronectin (Falcone, 1986b; Patel, 1992b),
beta2-glycoprotein (Chonn et al., 1995), C-reactive protein (CRP)
(Volanakis and Narkates, 1981) and beta 2-macroglobulin (Murai
et al., 1995).

Polymers like poly(vinyl pyrrolidone) (PVP), poly(acryl amide)
(PAA) (Torchilin et al., 1994), poly[N-(2-hydroxypropyl) methacry-
lamide], amphiphilic poly-N-vinylpyrrolidones (Torchilin et al.,
2001), L-amino-acid-based biodegradable polymer-lipid conjugate
(Metselaar et al., 2003), polyvinyl alcohol (Takeuchi et al., 1996),
amphipatic polymers poly(2-methyl-2-oxazoline) and (PMOZ)
poly(2-ethyl-2-oxazoline) (PEOZ) (Woodle et al., 1994) have also
been reported to be utilized for preparation of long circulating
liposomes.

Pegylated liposome containing doxorubicin  named
Doxil®/Caelyx® is the first stealth liposomal formulation to
be approved in USA and Europe for treatment of Kaposi’s sarcoma
(Krown et al., 2004) and recurrent ovarian cancer (Rose, 2005).
Several other formulations are currently undergoing clinical trials,
and a few more formulations are expected to be available in the
market very soon (Katsaros et al., 2005; Hau et al., 2004).

Even though stealth liposomes show reduced uptake by the RES
and increased accumulation in tumours (Papahadjopoulos et al.,
1991), they are eventually cleared at some point from the blood
circulation by macrophages of the RES (Moghimi, 1998; Moghimi
and Gray, 1997; Moghimi and Murray, 1996).

3.3. Immunoliposomes

Immunoliposomes are considered to be a promising new
candidate for targeted delivery of anti-cancer drugs (Table 5).
Immunoliposomes have monoclonal antibodies (mAb) or antibody
fragments conjugated to their surface. Conjugation with whole
mADb leads to greater binding avidity and higher stability. However,
the increased immunogenicity of whole mAb due to the presence
of the fragment crystallizable (F.) domain (Allen, 2002) severely
limits its application.

Targeted drug delivery utilizing immunoliposomes involves two
phases: the transport phase, where the immunoliposomes trav-
erse from the site of administration to the target cells, and the

Table 5
Antibody mediated drug delivery using liposomes.

Ligand Cancer Reference

Anti-CD74 antibody

Monoclonal nucleosome
(NS)-specific
2C5 antibody (mAb 2C5)

F(ab’)2 fragment of human
monoclonal antibody
GAH

Fab’ fragments of a
humanized
anti-p185HER2
monoclonal antibody
(rhuMAbHER2)

Anti-transferrin receptor
single-chain antibody
fragment (TfRscFv)

Malignant B lymphoma
Mammary
adenocarcinoma

Lundberg et al. (2004)
Lukyanov et al. (2004)

Metastatic stomach
cancer

Matsumura et al. (2004)

Breast cancer Park et al. (1995)

Advanced Solid Tumors  Xu et al. (2002)

effector phase which includes specific binding of immunoli-
posomes to the target cells and the subsequent delivery of
encapsulated cargo (Mastrobattista et al., 1999).

The immunoliposome preparation is based on the following
chemical strategies: (i) use of free functional groups like amino
groups, carboxyl groups and carbohydrate chains present in the
antibody molecule, (ii) modification of existing functional groups
(disulfide, amine, carboxyl, and carbohydrate groups) in the anti-
bodies with appropriate crosslinking reagents bearing reactive
functional groups, (iii) utilization of free functional groups present
in phospholipids (like hydroxyl and amine groups), (iv) modi-
fication of the existing functional groups of the phospholipids
using suitable crosslinking reagents containing reactive function-
alities, and (v) utilization of various functionalized PEG derivatives,
which act as a linker between antibodies and liposomes (Manjappa
etal, 2011). An interesting example relates to monoclonal nucleo-
some (NS)-specific antibody 2C5, which has been modified with
poly(ethylene glycol)-phosphatidyl ethanolamine conjugate (PEG-
PE) with the free PEG terminus activated by p-nitrophenylcarbonyl
group (pNP-PEG-PE) for incorporation onto the liposomal surface
(Lukyanov et al., 2004).

Long-circulating liposomes coated with hydrophilic poly-
mer PEG conjugated with monoclonal antibodies (MAb N-12A5)
directed against erbB-2 oncoprotein, a functional surface antigen
in breast cancer has been reported (Goren et al., 1996). Another
study reports the production of sterically stabilized immuno-
liposomal drugs (SIL) useful in ‘mix and match’ combinatorial
applications of a variety of anti-cancer drugs (Ishida et al., 1999).
Sterically stabilized liposomes containing doxorubicin- Doxil®
(Johnson&Johnson) modified with monoclonal nucleosome (NS)-
specific 2C5 antibody (mAb 2C5) showed improved antitumor
efficacy in vitro in comparison to non-targeted conventional
doxorubicin-loaded liposomes (Lukyanov et al., 2004).

3.4. Folate mediated liposomal targeting

Folic acid is a dietary vitamin that is required by eukaryotic cells
for DNA synthesis and one-carbon metabolism (Ke et al., 2003).
Folate receptor (FR) has been identified as cellular surface marker
for a wide variety of malignant tumor types ranging from hema-
tological to solid tumor. FR is a tumor-associated antigen which is
over expressed in the advanced stages of cancer (Lu and Low, 2002).
With the progression of cancer, the FR density have been reported
to increase (Lu and Low, 2002).

In the case of folate-mediated liposomal targeting, the folate
ligand-drug interactions are barred, since the folate ligand is in
the outer leaflet of the bilayer rather than being in the liposo-
mal interior (Zalipsky et al., 2004). Although, eukaryotic cells lack a
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Fig. 5. Schematic representation illustrating the concept of folate targeting of lipo-
somes to tumor cells. The blue dots represent the liposomal folate ligands. The red
dots represent the drug molecules encapsulated in the liposome water phase. The
various steps involved in the targeting process are numerically designated from 1 to
6. Steps 1-3 are common to non-targeted and targeted liposomes. Steps 4-6 are spe-
cific to FTL. (1) Liposomes with long-circulating properties increase the number of
passages through the tumor microvasculature. (2) Increased vascular permeability
in tumor tissue enables properly downsized liposomes to extravasate and reach the
tumor interstitial fluid. (3) Drug is gradually released from liposomes remaining in
the interstitial fluid and enters tumor cells as free drug to exert a cytotoxic effect. (4)
Other liposomes bind to the FR expressed on the tumor cell membrane via the folate
ligand. Because of the limited diffusion capacity of liposomes, binding is likely to be
limited to those tumor cells in closest vicinity to blood vessels. (5) Liposomes are
internalized by tumor cells via FRME. (6) Internalized liposomes release their drug
content in the cytosol enabling the drug to exert its cytotoxic effect. [Reproduced
with permission from Gabizon et al. (2003)].

pathway for folate biosynthesis (Ke et al., 2003), the folate targeted
liposomes are internalized via FR mediated endocytosis (Fig. 5)
(Gabizon et al., 2003; Lee and Low, 1994).

Liposomal folic acid targeted drug delivery is an attractive drug
delivery vehicle because its size exceeds the critical glomeru-
lar filtration threshold which minimizes the loss by excretion
(Gabizon et al., 2003). Folate liposomal formulations have been
lately described as efficient delivery vehicles (Gabizon et al., 1999;
Lee and Low, 1994) in cancer therapeutic studies in vitro (Lu and
Low, 2002; Rui et al., 1998). However, the tendency of free folate
ligand to compete for binding with targeted therapy presents a
significant challenge (Allen, 2002). Second generation liposomes
bearing both folic acid and a monoclonal antibody against endothe-
lial growth factor receptors (EGFR) have been reported for effective
and specific in vitro delivery of doxorubicin (Saul et al., 2006).

3.5. Transferrin mediated liposomal targeting

Rapidly proliferating tumor cells over-express transferrin recep-
tor (Tf-R) (Yamada et al., 2005) due to increased iron requirement
(Bellocq et al., 2003). A recent strategy reports coupling of transfer-
rin (a non-heme iron-binding glycoprotein) with PEG of PEGylated
liposomes, in order to achieve prolonged circulation and targeted
drug delivery to solid tumors (Ishida et al., 2001a).

The effectiveness of transferrin-targeted PEGylated liposomes
has (Qian et al., 2002) been described in colon and gastric can-
cer models (linuma et al., 2002; Ishida et al.,, 2001a). MBP-426
a novel oxaliplatin-encapsulated transferrin (Tf)-conjugated N-
glutaryl phosphatidylethanolamine (NGPE) liposome has recently
entered clinical trials for the treatment of advanced or metastatic
solid tumors (Allen and Cullis, 2012).

Another in vitro study with doxorubicin-loaded transferrin-
conjugated stealth liposomes (Tf-SL-DOX) showed enhanced
intracellular uptake of the encapsulated DOX by HepG2 cells while
results from in vivo tumor models reported that Tf-SL-DOX had sim-
ilar pharmacokinetic behavior comparable to SL-DOX. Tf-SL-DOX

administration led to targeted delivery and reduced DOX concen-
tration in heart and kidney (Li et al., 2009). Thus, combinatorial
strategy focusing on transferrin-mediated targeted delivery and
stealth technology is a very promising approach having increased
circulation time and reduced side effects on non-target organs. In
addition anti-transferrin receptor single-chain antibody Fv frag-
ment (scFv)-immunoliposomes for gene therapy have also been
described lately, which amalgamates transferrin mediated targeted
delivery with immuno-mediated targeting for effective delivery of
gene (Xu et al., 2002).

The main challenge in effective brain glioma chemotherapy
lays in the transport of drugs across the blood-brain barrier (BBB)
and penetration of drugs into the tumor. In order to overcome
this challenge second generation dual-targeting liposomes bearing
daunorubicin have been developed conjugated with two different
ligands p-aminophenyl-a-D-mannopyranoside (MAN) and trans-
ferrin, which successfully transports the drug across the BBB and
specifically targets brain glioma (Ying et al., 2010).

3.6. Cationic liposomes

One of the most effective non-viral systems for oligonucleotide
or gene delivery is the cationic lipid-based liposomes. The result-
ing complex of cationic lipid-based vesicles with oligonucleotides
is termed lipoplex. Lipoplexes have been described to treat cancer
efficiently (Table 6) and are reported to encapsulate high amount
of nucleotides (Felgner and Ringold, 1989). Cationic liposome bear-
ing paclitaxel (MBT-0206) showed selective uptake by angiogenic
tumoral endothelial cells abundant in solid tumor and metastases
(Immordino et al., 2006). EndoTAG™-1 (MediGene A.G., Mar-
tinsried, Germany) is currently undergoing Phase II clinical trial
against advanced pancreatic cancer (Eichhorn et al., 2006; Schuch,
2005).

Recent research initiatives have reported lipoplexes to effec-
tively transfect cells with DNA (Neves et al., 2009) or microRNAs
(miRNAs) (Malone et al., 1989; Wu et al., 2011). Moreover, the
transfection efficiency of cationic liposomes have been known to
increase when their surface is tagged with a ligand that is recog-
nized by a cell surface receptor through the initial binding of the
ligand to the cell (Pirollo et al., 2000). Cationic liposomes target the
anionic functional groups which line the tumor vasculature and
ultimately help in arresting tumor angiogenesis (Figs. 6 and 7).
Although, RNA interference (RNAi) therapeutics is an emerging
novel approach against cancer, the key challenge lies in effective
delivery to target tissues. The preclinical development and tox-
icological profiling of lipid nanoparticle (LNP)-formulated siRNA
chemotherapeutic has thus been a major thrust area of investiga-
tion recently (Barros and Gollob, 2012; Ozpolat et al., 2010).

Combination of stealth and ligand targeted therapeutics with
antisense delivery has proved to be a promising strategy.

Table 6
Lipoplexes undergoing clinical trials.
Product Company Description
SGT-53 SynerGene Liposome encapsulates plasmid

Therapeutics, Inc. DNA coding for p53 wild type

gene

Expresses rhGMCSF, bifunctional

RNAI effector and bi-shRNAfurin

Encapsulates bifunctional short

hairpin RNAs (shRNA) against

human stathmin 1 (STMNT1)

Bio-Path Holdings, Delivers antisense

Inc. oligodeoxynucleotide (ODN)
growth factor receptor-bound
protein 2 (Grb2), with potential
antineoplastic activity

FANG™ Vaccine Gradalis, Inc.

Pbi-shRNA STMN1 LP  Gradalis, Inc.

BP-100-1.01
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Fig. 6. Tumor angiogenesis: a step by step approach: An angiogenic stimulus is
secreted by a developing tumor an a vessel sprouts in the direction of the stimulus
(A), proteases begin to degrade the basement membrane (B), while endothelial cells
migrate in the direction of the stimulus formed through the newly formed openings
in the basement membrane (C), and a new vessel sprouts forms (D). [Reproduced
with permission from Campbell et al. (2009)].

Fig. 7. Vascular targeting with cationic liposomal therapeutics: The tumor vascul-
ature is lined with an overexpression of anionic functional groups (A), cationic
liposomal therapeutics interact with tumor vessels (B), injury to the tumor
microvasculature results in damage to the endothelial cells (C), and eventual loss
of tumor vessel function results in the death of thousands of cancer cells owing
to severe oxygen and nutrient deprivation (D). [Reproduced with permission from
Campbell et al. (2009)].
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Conjugating stealth liposomal technology with Tf-mediated
delivery of drug has been described for the delivery of a phos-
phorothioate antisense oligodeoxyribonucleotide (ODN) (G3139,
oblimerson sodium, or Genasense™) in leukemia cells in vitro
for effective treatment via Bcl-2 regulation (Chiu et al., 2006).
In vivo combination treatment of PEGylated siBcl-2-lipoplex and S-
1(5-FU) pro-drug has reported to exhibit enhanced antineoplastic
activity in a DLD-1 xenograft model (Nakamura et al., 2011).

3.7. Stimuli responsive liposomes

Engineered liposomes that provide therapeutic control of
pathological states by an enhanced enrichment of therapeutic
or diagnostic agents in diseased tissues have currently emerged
as workhorses in nano-medicine (Fleige et al., 2012). Stimuli-
responsive liposomes are active delivery vehicles that evolve
with an external signal and are equipped with “load-and-release”
modalities within their constituting units. The central operat-
ing principle lies in the fact that a specific cellular/extracellular
stimulus of chemical, biochemical, or physical origin can mod-
ify the structural composition or conformation of the liposomes,
thereby promoting release of the active species to specific biolog-
ical environment (Calderon et al., 2010; Kost and Langer, 2001).
The specificity allows liposomes to release the encapsulated cargo
in a temporal or spatial pattern in response to particular patho-
logical triggers (Ganta et al., 2008) present in the diseased tissues
with substantially reduced side effects (Drummond et al., 2000).
These liposomes mimic numerous feed-back controlled biological
events prevailing in nature where the enrichment or absence of any
physical, chemical or physico-chemical factors regulates a series of
biochemical processes (Fleige et al., 2012).

The tumor microenvironment is characterized by oxygen deple-
tion or hypoxia and certain aberrations in temperature and pH.
These triggers are currently being widely exploited to design
stimuli responsive liposomes for site-specific delivery of drugs.

3.7.1. pH-sensitive liposomes

The heterogeneity of tumor tissue is one of the major chal-
lenges in intratumoral drug delivery. Abnormalities in vessel
and tumor microenvironment often result in reduced therapeu-
tic efficiency and drug delivery (Jain, 2005). However, varied
approaches and strategies are currently being applied to utilize
the disordered tumor microenvironment to one’s advantage for
enhanced anti-neoplastic drug delivery. pH-sensitive liposomes
hold great promise in cancer therapy because they are tailored
to combat tumor, based on their distinctive hypoxic, acidic and
nutrient impoverished microenvironment which arises due to the
high metabolic rate, invasiveness and hyper-proliferating nature
of the cancer cells (Cho et al., 2008). pH-sensitive liposomes
are tailored with pH-sensitive components such as unsaturated
lipid molecules like phosphatidylethanolamine (PE), amphiphilic
molecules (cholesteryl hemisuccinate or oleic acid) (Cho et al,,
2009) or polymers containing ionizable groups like amines or car-
boxylic acids (Banerjee et al., 2012a,b; Fleige et al., 2012).

Active targeting by pH responsive nano-liposomal carriers has
been achieved by covalent coupling of different ligands to the
liposome surface or to the distal end of PEG-lipid conjugates. H-
2KX receptor (expressed in numerous types of tumor cells) (Wang
and Huang, 1987), CD-19 (expressed on B-lymphoma cells) (Ishida
et al., 2001b), CD3 (expressed by T-leukemia cells) (Turner et al.,
2002) have been targeted by coupling mAb with second genera-
tion pH-sensitive liposomes. pH-sensitive liposomes also achieve
folate-mediated active targeting by conjugating folic acid to the
distal end of PEG molecules and have been reported recently to
deliver anti-neoplastic drugs (Shi et al.,2002; Sudimack et al., 2002)
as well as plasmid DNA (Chan et al., 2012; Reddy and Low, 2000)

for enhanced cancer chemotherapy. However, the transfection effi-
ciency of pH-sensitive vehicles is reported to be lower than cationic
liposomes under the same experimental conditions (Legendre and
Szoka, 1992).

3.7.2. Thermo-sensitive liposomes

A potential form of cancer therapy currently attracting
enhanced interest involves the use of thermo-sensitive liposomes
in combination with mild hyperthermia. Mild hyperthermia is
considered as a clinically feasible approach in cancer therapy
because of its reported therapeutic benefits. Moreover, hyperther-
mia has been described to be cytotoxic to tumor cells. (Dewhirst
et al., 1997; Karino et al., 1988). The permissible range of appli-
cable mild hyperthermia has been reported to be between 41
and 42 °C. Mild hyperthermia increases the micro-vascular perme-
ability of tumor tissue which causes increased extravasation and
accumulation of liposomes bearing the bioactive molecules (Karino
et al.,, 1988; Kong et al., 2000; Koning et al., 2010; Ponce et al.,
2006). Temperature-sensitive liposomes (TSL) were first formu-
lated by Yatvin et al. (1978). Recent attractive strategies for the
development of thermo-sensitive vesicles includes utilization of
phospholipids having phase transition temperature (T, ) between
41 and 42 °C (Chiu et al., 2005) and undergoing gel-to-liquid crys-
talline transitions (Wagner and Vorauer-Uhl, 2011) or with leucine
zipper sequence peptide which dissociates above its melting tem-
perature (~40°C)into adisordered conformation (Al-Ahmady et al.,
2012).

Thermo-sensitive liposomes with long circulating properties
have also been formulated using PEG (Li et al., 2010; Needham
et al., 2000) or oligoglycerol-moieties (Lindner et al., 2004). The
membrane permeability of TSLs has lately been enhanced by
incorporating additional lipid compounds like lysolipid (Needham
et al., 2000) or oligoglycerol-PG (Lindner et al., 2004). An interest-
ing approach involving targeted temperature sensitive magnetic
liposomes for thermo-chemotherapy has recently been reported
which focusses on magnetic hyperthermia-triggered drug release
(Pradhan et al.,, 2007, 2010; Shinkai et al., 1996). Recently FR-
targeted thermo-sensitive magnetic liposomes serving dual role of
drug targeting and magnetic hyperthermia-triggered drug release
have also been reported (Pradhan et al., 2010). Stealth liposo-
mal technology has been effectively combined with hyperthermia
mediated release of chemotherapeutic drug in a recent report
describing PEGylated cationic thermosensitive liposomes (CTSL)
(Dicheva et al., 2012). This approach achieves dual-targeting by
cationic lipids with temperature-triggered release (Dicheva et al.,
2012).

Both in vitro and in vivo studies involving the delivery of
anti-cancer drug encapsulated into thermo-sensitive liposomal for-
mulations have been reported (Chiu et al., 2005; Tagami et al.,
2011).

3.8. Liposomal vaccines

Cancer vaccines have generated a major interest since they
achieve active specific immunotherapy (ASI). ASI involves the
administration of an antigen to elicit an immune response against
that antigen (Palmer et al., 2001). Moreover they have the potential
to combat tumor as well as its metastasis. An ideal vaccine should
preferably be biocompatible, storable with long shelflife and poten-
tially be able to stimulate both humoral as well as cell-mediated
immune systems.

Micro-organisms have been reported to be the causative agent
of 10-20% tumor incidences (Lollini et al., 2006). Primary cancer
prevention targets the reduction of infection with viruses like hep-
atitis B and human papilloma virus in order to reduce the incidence



38 K. Sen, M. Mandal / International Journal of Pharmaceutics 448 (2013) 28-43

of hepatocellular carcinoma (Chang et al., 2000) and cervical carci-
noma (Goymer, 2005; Villa et al., 2005) respectively.

Liposomal peptide vaccines have been described to activate den-
dritic cells which elicit anti-tumor immune responses (Ludewig
et al.,, 2000). Human synthetic peptide MUC1 has been reported
to elicit strong antigen-specific T-response when incorporated
in or attached to the surface of liposomes (Guan et al., 1998).
Oncothyreon Inc. is currently sponsoring Phase I Study of ONT-10,
a liposomal MUCT cancer vaccine, in patients with solid tumors
(Bradbury and Shepherd, 2008). Phase IIB Trial of BLP25 liposome
vaccine (L-BLP25) is being currently conducted against Stage IIIB
and IV Non-Small-Cell Lung Cancer (Butts et al., 2005).

3.9. Virosomes

In 1975 Almeida et al. first reported liposomal formulations
which have viral envelope proteins integrated into the lipid mem-
brane of vesicles known as virosomes (Almeida et al., 1975). The
fusogenic viral envelope proteins are either anchored in the liposo-
mal lipid membrane or attached to the liposomal surface (Kaneda,
2000). Virosomes provide a platform for the effective delivery of
antigens, nucleic acids and cytotoxic drugs (Gluck et al., 2004;
Kaneda, 2000; Moser et al., 2003; Sarkar et al., 2002).

Although virosomes have been reported to have anti-
tumorigenic applications, there are recent reports of the use
of virosomes in preclinical/clinical trials or approved formula-
tions for immunization against influenza (Intranasal Virosomal
Influenza Vaccine) (Gluck et al.,, 1999; Marchisio et al., 2002),
malaria (AMA49-C1 and FFM ME-TRAP + PEV3A) (Cech et al., 2011;
Okitsu et al., 2007; Thompson et al., 2008), HIV (HIV-1 gp41
subunit virosomes) (Bomsel et al., 2011) and viral bronchioli-
tis (Virosomal Respiratory Syncytial Virus Vaccine) (Kamphuis
et al., 2012). Virosomes have also been utilized in vaccine based
adjuvant therapy against tuberculosis (Tuberculosis Subunit Vacci-
nation Ag85B-ESAT-6/CAF01 where ESAT-6 is antigenic target and
CAFO1 is cationic adjuvant formulation) (Christensen et al., 2010;
Lindenstrom et al., 2009), HIV (applying novel cationic adjuvant
CAF01) (Fomsgaard et al., 2011; Gram et al., 2009) or influenza
(Inflexal® V) (Herzog et al., 2009).

‘Vir' (reconstituted fusion-active viral envelopes) delivers
cytotoxic drugs by binding and penetrating tumor cells. rNeu-
overexpressing breast tumors have been reported to be inhibited
by Fab fragments of antirat Neu (anti-rNeu) mAb-conjugated to Vir
(Waelti et al., 2002).

3.10. Theranostic liposomes

Theranostic liposomes are currently being extensively studied
for their dual utility in nanomedicine. The primary evolution of
theranostic liposomes took place in order to achieve synchronous
diagnosis and treatment. The liposomal bilayer structure facili-
tates the compartmentalization of imaging and therapeutic agents.
Currently theranostic liposomes are either being designed bear-
ing non-invasive multimodality imaging agents like fluorescent
probes, radio-isotopes and nanoparticle like magnetic nanopari-
cles or quantum dots (QDs). Diagnostics by theranostic liposomes
have beenreportedly done by utilizing (i) magnetic resonance (MR)
imaging (Negussie et al., 2011), (ii) positron emission tomography
(PET) imaging (Petersen et al., 2012), (iii) single-photon emission
computed tomography (SPECT) (Lietal.,2011) and iv) near infrared
resonance (NIR) fluorescent imaging (Li et al., 2012).

3.10.1. MRI contrast agents

Liposome loaded with MRI contrast agents were first described
in the 1980s (Tilcock et al., 1989). Co-loading drug and MR con-
trast agent using liposomes have been reported for enhanced

therapeutics, drug dosage manipulation and imaging (Ponce et al.,
2007; Viglianti et al., 2006). Moreover, magnetic resonance image
guided drug release is also possible in the case of temperature-
sensitive liposomes (de Smet et al., 2010; Viglianti et al., 2004).

3.10.2. Radio-isotopes

Gadolinium (Gd)-based contrast agents have been reported to
be loaded in the liposome aqueous core (Ghaghada et al., 2008) or
conjugated to their membrane (Laurent et al., 2008; Mulder et al.,
2004) or both (Ghaghada et al., 2009). Theranostic drug loaded
liposomes could also be stably radiolabeled with °™Tc (Li et al.,
2011) or 54Cu (Petersen et al., 2012) for single-photon emission
computed tomography (SPECT) or positron emission tomography
(PET) imaging, respectively.

3.10.3. Magnetoliposomes/ferrosomes

Liposomes bearing magnetic nanoparticles are now being
preferred for drug delivery because of their structural and phar-
macokinetic advantages for drug delivery (Bogdanov et al., 1994;
Bulte et al., 1999; Di Paolo et al., 2009; Zhang et al., 2005). The
advantages of theranostic strategy via ferri-liposomes include non-
invasiveness (Mikhaylov et al., 2011), deeper penetration (Diou
et al,, 2012), improved sensitivity (Diou et al., 2012) and favor-
able biodistribution (Zhang et al., 2005). There has been a recent
report which describes the enhanced efficacy of ferri-liposomes
bearing cathepsin inhibitor JPM-565 against peri-tumoral region
of mouse breast cancer (Mikhaylov et al., 2011). Combinatorial
approaches in cancer therapeutics using magnetoliposomes have
recently emerged which simultaneously involve hyperthermia and
chemotherapy (Kulshrestha et al., 2012) or folate targeting and
enhanced drug delivery (Bothun et al., 2011).

3.10.4. Quantum dots

QDs facilitate multiplex imaging under a single light source since
they have narrow band emissions and large ultraviolet absorp-
tion spectra (Ozkan, 2004; Wang et al., 2010). Moreover, recent
advances report semi-conductor-based QDs which have success-
fully overcome the limitations of organic fluorophores (Wang et al.,
2010). Drug-conjugated QDs have their own limitations which
include longer internalization time (Ozkan, 2004) and limited drug
molecule loading on the surface by covalent and ionic bonding.
Hence, liposomes are being designed as a carrier of choice bear-
ing both QDs and drugs for therapeutic and diagnostic applications.
Recently targeted co-delivery of QDs and drugs for enhanced ther-
apeutic efficacy and sustained imaging have also been reported in
in vitro studies involving breast cancer cell lines (Muthu et al., 2012;
Schroeder et al., 2007).

4. Conclusion

The evolution of new generation pharmaceutical liposomes
has marked a new era in drug delivery systems in cancer ther-
apeutics. Liposomes are versatile drug delivery systems which
can be designed and modified in order to enhance the effectiv-
ity of the therapeutic drug. The wide array of liposomal drug
formulations approved and undergoing clinical trials for cancer
therapeutics (Table 3) points to the translation of liposomes from
an object of research to preferred pharmaceutical carrier for clini-
cal applications. Other important liposomal formulations approved
for use in applications other than tumorigenic therapy include-
AmBisome (fungal infections and Leishmaniasis), Amphotec (inva-
sive aspergillosis), Abelcet (aspergillosis), DepoDur (pain following
surgery), Diprivan (anesthesia), Estrasorb (menopausal therapy),
Visudyne (wet macular degeneration) (Allen and Cullis, 2012).
A better understanding of liposomal-drug interaction with bio-
logical system will facilitate the emergence of a novel class of
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anticancer therapeutics with improved efficacy and safety. The
vast array of liposome based therapeutics in pre-clinical/clinical
trials and marketed formulations provide a new paradigm in can-
cer nano-therapeutics with focus towards diagnosis, treatment and
prevention.
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