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The liposome, a closed phospholipid bilayered vesicular system, has received considerable attention as 
a pharmaceutical carrier of great potential over the past 30 years. The ability of liposomes to encapsulate 
both hydrophilic and hydrophobic drugs, coupled with their biocompatibility and biodegradability, make li-
posomes attractive vehicles in the field of drug delivery. In addition, great technical advances such as remote 
drug loading, triggered release liposomes, ligand-targeted liposomes, liposomes containing combinations of 
drugs, and so on, have led to the widespread use of liposomes in diverse areas as delivery vehicles for anti-
cancer, bio-active molecules, diagnostics, and therapeutic agents. In this review, we summarize design opti-
mization of liposomal systems and invaluable applications of liposomes as effective delivery systems.
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1. INTRODUCTION

Since the pioneering observation of Alec Bangham in
19641) that phospholipids in aqueous systems can form closed 
bilayered structures, liposomes have emerged as one of the 
most promising tools for drug targeting in medical fields. The 
inherent advantages of liposomes, such as biocompatibility, 
low toxicity, high loading capacity, and controllable release 
kinetics,2–4) have inspired their efficient use as drug carriers 
and triggered the first approval of a liposomal formulation for 
the treatment of fungal infections: Ambisome®, a conventional 
liposomes encapsulating the antifungal agent, amphotericin 
B.5) However, despite this success, the in vivo fate of such
conventional liposomes was dismal. Conventional liposomes
tend to fuse and/or aggregate with each other resulting in im-
mature release of liposomal payload over time.6,7) In addition,
conventional liposomes underwent rapid systemic clearance
via their uptake by the cells of mononuclear phagocyte system
(MPS).8,9) To overcome these limitations, surface-modification
strategies were adopted by coating the surface of conventional
liposomes with inert, biocompatible hydrophilic polymers,
such as polyethylene glycol (PEG). Such hydrophilic poly-
mer confers steric stabilization to the liposomal surface via
formation of a protective layer over the liposome surface and
slows down liposome recognition by opsonins, and therefore,
subsequent clearance of liposomes.10,11) As a result, stealth
technology, PEGylation, has led to the development of several
clinically approved liposomal formulations such as Doxil®,
Caelyx®, and Myocet® used for the treatment of cancers.12,13)

Nonetheless, despite the improved pharmacokinetics of 
PEGylated liposomes, the lack of target selectivity substantial-
ly restricted the therapeutic potential of PEGylated liposomes 
in many clinical settings. Accordingly, several engineering 
strategies have been applied to improve the in vivo perfor-
mance of liposomes. These strategies include either the attach-
ment of site-directed surface ligands, such as antibodies (im-

munoliposomes),14,15) positive charge (cationic liposomes),16,17) 
or a peptide (peptide-targeted liposomes),18,19) or exploiting 
the inherent physiological conditions in the target tissue, such 
as elevated temperature or alteration in pH (Fig. 1) so as to 
produce stimuli-responsive liposomes such as thermo-sensitive 
liposomes2,20,21) and pH-sensitive liposomes.22,23)

Several recent reports have discussed specific aspects of 
liposomes regarding novel structural formulations or current 
clinical progress. In this review, we highlight some inherent 
liposomal problems facing their optimized design. We also 
place special focus on recent applications of liposomes as ef-
ficient delivery systems.

2. DESIGN OPTIMIZATION OF LIPOSOMAL DELIV-
ERY SYSTEMS

2.1. Improving Entrapment Efficiency  Drug loading 
into nanoparticles, including liposomes, is known to increase 
the therapeutic ratio of the entrapped drug by permitting se-
lective delivery of adequate concentrations of the entrapped 
drug to the site of action while restraining its delivery to non-
target (normal) tissues.24,25) However, the therapeutic impact 
of many liposomal formulations was compromised in various 
experimental/clinical settings by, at least in part, low drug 
entrapment efficiency. The commercial impact of liposomes 
is strengthened by the invention of active “remote” drug 
loading methods, allowing the encapsulation of several weak 
base or weak acid drugs with very high drug-to-lipid ratios 
(encapsulation efficiency up to 90%).26) In the active loading 
method, the pH or chemical composition of the internal aque-
ous compartment of the liposomes is manipulated to allow 
efficient retention of drugs within the liposomes. This method 
was widely applied for the efficient entrapment of drugs such 
as doxorubicin, daunorubicin, and vincristine.27)

Although the above strategy has proven advantageous in 
certain circumstances, active loading is not considered a uni-
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versal method with many drugs that are highly hydrophobic 
or lack an ionizable group, such as paclitaxel or ciprofloxa-
cin, which cannot be remotely loaded into liposomes.27–29) 
Nonetheless, Sur et al.30) have recently reported an innovative 
method to allow the active loading of hydrophobic chemo-
therapeutics devoid of ionizable groups. They employed modi-
fied cyclodextrins with ionizable groups on their surfaces. The 
“pockets” of these cyclodextrins can encapsulate hydrophobic 
drugs and ferry them across the bilayer membrane of conven-
tional liposomes using simple pH gradients. They emphasized 
that the drug : lipid ratios achieved through this unique ap-
proach was >1000-fold higher than those commonly achieved 
through passive loading.31–33)

2.2. Control of Drug Release Rate  It is well recognized 
that the entrapped drug within liposomes is not bioavailable 
until it is released.34) Therefore optimizing the release rate of 
liposomal payload is considered a crucial determinant for the 
overall therapeutic efficacy of liposomal systems. As a general 
rule, liposomes should grant the delivery of adequate concen-
tration of bioavailable drug within the target tissue, at an ap-
propriate rate, for a sufficient period of time, while retaining 
the drug during transit to the target site (i.e., no premature re-
lease).35–37) Kim et al.38) have reported that despite the efficient 
intratumor delivery of stealth liposomal formulation of cispla-
tin in mouse tumor model, the liposomes failed to exert any 
therapeutic potential. They attributed such conflicting results 
to the failure of liposomes to release a minimum cytotoxic 
concentration of cisplatin at the tumor tissue. We observed 
similar results after intrapleural administration of cholesterol-
containing liposomes loaded with pemetrexed in orthotopic 
malignant mesotheliomal tumor model.39)

Drug release from liposomes was demonstrated influenced 
by liposomal membrane composition and the physicochemi-
cal properties of the encapsulated drug.8,40,41) Inclusion of 
cholesterol into the liposomal membrane, which has a mem-
brane rigidizing effect,42,43) and switching from a fluid phase 
phospholipid bilayer to a solid phase bilayer42,44) were shown 
to reduce the release of drugs from liposomes. Drugs with ex-
tremely low octanol/buffer partition coefficients exhibited pro-
longed liposomal retention whereas molecules with partition 
coefficients ranging from −0.3 to 1.7 were, in contrast, rapidly 
released.45) Interestingly, the effect of drug-to-lipid ratio on 
drug release is also dependent on the specific drug entrapped. 
In the case of doxorubicin, a higher drug-to-lipid ratio resulted 
in decreased drug retention half-life.46) In contrast, vincristine 
and irinotecan were retained longer in liposomes with higher 
drug-to-lipid ratios; a 10-fold increase in release half-life was 

observed as drug-to-lipid ratio was increased from 0.05 to 0.6 
(w/w).47)

2.3. Manipulation of the in Vivo Fate of Liposomes  
Except for the treatment of diseases where there was an MPS 
involvement, e.g., leishmaniasis,48) the rapid liposomal uptake 
by the macrophages and their consequent removal from cir-
culation represented a major challenge against the potential 
use of “classical” liposomes as drug delivery systems.49,50) Ac-
cordingly, many attempts have been devoted to enhance their 
pharmacokinetic characteristics following systemic adminis-
tration. Initially, manipulation of the physicochemical proper-
ties of liposomes, such as size, fluidity, net surface charge, and 
packing of the lipid bilayers, has been found to affect not only 
liposomal physical stability but also their uptake by cells of 
the MPS.51,52) Charged liposomes and/or large-size liposomes 
are cleared from the systemic circulation more rapidly than 
neutral and/or small-size liposomes.53,54) In addition, the use 
of saturated phospholipids or the incorporation of cholesterol, 
which increases the packing of phospholipids in the lipid bi-
layer, reduces liposomal uptake by cells of the MPS.8,55) 
However, this approach cannot fully overcome the binding of 
classical liposomes with serum components and only slightly 
decreased MPS uptake of liposomes. An early alternative ap-
proach was to administer large pre-doses of “empty” classical 
liposomes to saturate the phagocytic uptake capacity of cells 
of the MPS.56,57) Thereafter, a more fascinating approach to 
enhance the pharmacokinetics of liposome was via liposomal 
surface decoration with inert, biocompatible hydrophilic poly-
mers, such as ganglioside GM1, phosphatidylinositol, or lipid-
conjugated PEG.58–60) These polymers act by forming a hydro-
philic protective layer over the liposome surface that sterically 
hinders the attachment of serum opsonins to the liposomal 
surface and accordingly slows down the systemic clearance 
of liposomes.37,60) By reducing MPS uptake, longer-circulating 
liposomes have enhanced opportunity to accumulate inside 
the target tissue via what is called passive targeting. This phe-
nomenon is highly manifested in solid tumors where the leaky 
nature of tumor vasculature triggers the preferential accumu-
lation of liposomes into the tumor tissue via a process known 
as enhanced permeation and retention (EPR) effect.61) As a 
result of this success, long-circulating liposomes are currently 
adopted in clinical practice.2,62)

2.4. Enhancing Intracellular Delivery of Liposomal 
Payload  Despite the widespread use of liposomes as at-
tractive delivery vehicles for drugs and/or biomolecules, their 
clinical efficiency was severely compromised by the inefficient 
intracellular delivery of encapsulated payload. The lipophilic 
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nature of the biological membranes restricts direct entrance 
of liposomes into target cells. Instead, liposomes are engulfed 
into cells via phagocytosis and/or endocytosis.63) Nonethe-
less, receptor-mediated endocytosis of liposomes results in 
their lysosomal delivery, where they become vulnerable to 
degradation by the acidic and enzyme-rich environment of the 
endosomes and lysosomes.34,64) Recently, much attention has 
been devoted to verifying different strategies to bypass the en-
docytic pathway (endosomal escape) and, thereby, enhancing 
the therapeutic efficacy of encapsulated drug. The use of pH-
sensitive peptides or cationic lipids is considered an efficient 
strategy to enhance the cytoplasmic delivery of liposomal 
cargo by disrupting the endosome/lysosome membrane follow-
ing liposomal uptake by phagocytosis and/or endocytosis.64–67) 
Alternatively, incorporation of fusogenic lipids into liposomes 
and/or the use of cell-penetrating proteins or peptides (CPPs), 
proteins and peptides that can translocate through the cellular 
membranes, reportedly may enhance cytoplasmic delivery of 
liposomal cargo via an endocytosis-independent manner.68–70) 
However, these non-endocytotic pathways are less prominent 

Fig. 2. Schematic Representation of Intracellular Delivery of Liposomal Cargo

Fig. 3. Schematic Picture of a Multifunctional Liposome
Figure modified from: Abu Lila A, Ishida T, Allen T. “Liposomal Nanomedicine, Handbook of Nanobiomedical Research (Torchilin V, ed.). World Scientific Publishing, 2014.123)

Fig. 1. Structures of Different Liposomal Preparations
(A) Classical liposome encapsulating lipid soluble drugs; (B) classical lipo-

some encapsulating aqueous soluble drugs; (C) sterically stabilized liposomes; 
(D) ligand-targeted liposome containing an aqueous soluble drug. Figure modified 
from: Abu Lila A, Ishida T, Allen T. “Liposomal Nanomedicine, Handbook of 
Nanobiomedical Research (Torchilin V, ed.). World Scientific Publishing, 2014.123)
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than those using endocytosis (Fig. 2).

3. CURRENT APPLICATIONS OF LIPOSOMES

Liposomes have demonstrated a wide range of applications 
in clinical settings. These applications ranged from therapeu-
tic and diagnostic to, most recently, theranostic applications 
(Fig. 3). In this section, we summarize the potential applica-
tion of liposomes in each field separately.

3.1. Therapeutic Applications of Liposomes  A mount-
ing body of literature has defined the viability of formulating 
a wide range of drugs in liposomes taking advantage of im-
proved therapeutic efficacy and/or reduced systemic toxicity 
of the encapsulated drug compared with the free counterpart. 
Generally, alteration of the pharmacokinetics of liposomal 
drugs, via encapsulation, can lead to prolonged blood circu-
lation characteristics, enhanced drug bioavailability, and/or 
preferential accumulation in disease sites.

3.1.1. Small Molecule Therapeutics  Delivery of small 
molecule therapeutics, particularly chemotherapeutic agents, 
was one of the first clinical applications of liposomal de-
livery systems. Conventional chemotherapeutic agents may 
indiscriminately kill not only diseased cells but also rapidly 
growing healthy cells, leading to severe side effects on tissues 
such as blood cells and hair follicles and on cells lining the 
intestinal mucosa,71) and inflicts practical limits on the drug 
dose and dosing frequency. Exploiting the patho-physiological 
conditions of tumor tissue, such as leaky tumor vasculature, 
along with drug encapsulation within a nanocarrier repre-
sented an invaluable strategy for combating cancer. Classical 
liposomes or PEGylated liposomes use a passive targeting 
strategy, mediated by the EPR effect, preferentially to ac-
cumulate the encapsulated drug into the tumor tissue and, 
thereby, enhance its therapeutic efficacy while minimizing its 
side effects.61) A brilliant example is the clinical use of Doxil®, 
a PEGylated liposomal formulation of doxorubicin (DXR), an 
anthracycline anticancer agent active against a wide variety of 
solid tumors.72,73) Liposomal encapsulation of doxorubicin was 
reported to enhance the therapeutic efficacy of the encapsu-
lated drug, in tandem with reducing the risk of anthracycline-
induced cardiotoxicity, which potentially limits the clinical 
use of the free drug.74) After the approval of Doxil® in 1995, a 
number of cytotoxic agent-containing liposomes have emerged 
for clinical use whereas more liposomal formulations of anti-
cancer agents are currently in various stages of clinical trials.

Despite the aforementioned advances achieved by passive 
targeting-mediated delivery of liposomal anticancer drugs, 
many reports have emphasized the failure of such targeting 
strategy in ensuring the adequate delivery of a minimum 
therapeutic concentration of encapsulated drug within tumor 
tissue, resulting in treatment failure. Alternatively, an active 
“ligand-mediated” targeting approach has been extensively 
investigated for its ability to improve intracellular delivery of 
encapsulated drug within tumor tissue. A variety of molecules, 
including peptides, antibodies, proteins, charged molecules, 
and some low-molecular weight ligands, such as folate, and 
nucleic acid-based aptamers, have been studied in conjunction 
with liposomes for enhanced anticancer treatment.75–78)

Enhanced tumor targeting can also be attained via exploit-
ing specific features in the tumor microenvironment such as 
lowered extracellular pH79) and an altered pattern of extracel-

lular proteins.80) For example, Zhu et al.80) exploited elevated 
levels of matrix metalloprotease 2 in the tumor microenviron-
ment to improve cancer cell-specific delivery of loaded drugs 
via conjugating the anti-nucleosome monoclonal antibody 
(mAb 2C5) to PEGylated liposomes. Another strategy is to 
use external stimuli, such as a magnetic field,81,82) altered tem-
perature,81,83) ultrasound,84) and light85) to improve delivery of 
encapsulated anticancer agents to tumors.

In addition to cancer chemotherapy, liposomal delivery 
systems have been used for the treatment of other diseases. 
For example, encapsulation of the antifungal drug, ampho-
tericin B, within conventional liposomes has been reported 
to increase the overall therapeutic efficacy while minimizing 
severe renal and neuronal toxicities.86) This led to the approval 
of this agent under the name of AmBisome® for the treatment 
of severe systemic fungal infections in immunocompromised 
patients.87)

The inherent ability of cells of the MPS, mainly mac-
rophages of the liver and spleen, to engulf conventional 
liposomes has also been exploited for the delivery of anti-
microbial drugs to cells of the MPS, which are considered 
the main reservoirs of parasites.2,34) Demicheli and colleagues 
have investigated the efficacy of liposomal encapsulation of 
the antimonial drug, meglumine antimoniate, in hamsters 
experimentally infected with Leishmania chagasi. They re-
vealed that a significant reduction of liver parasite burden was 
observed in animals treated with the liposomal formulation. 
In contrast, free meglumine antimoniate was inefficient when 
administered at a comparable dose of antimony.88)

3.1.2. Gene Therapy  Soon after the approval of lipo-
somes as delivery vehicles for small molecule therapeutics, 
liposomes were investigated for their ability to deliver mac-
romolecules such as nucleic acid-based therapeutics (plasmid 
DNA (pDNA), antisense oligonucleotides (asODNs), and 
small interfering RNA (siRNA)) to disease sites. Nucleic 
acid-based materials are high-molecular weight, hydrophilic, 
highly charged molecules that cannot cross cell membranes 
by passive diffusion. In addition, rapid enzymatic degrada-
tion and systemic clearance, low selectivity for the desired 
tissue, and poor cellular uptake of nucleic acid-based ma-
terials significantly limit their clinical application. Accord-
ingly, liposomes have been challenged for their ability to 
deliver nucleic acids-based therapeutics to target cells/tis-
sues. For such purpose, charge-imparting lipids, such as 
1,2-bis(oleoyloxy)-3-(trimethylammonio) propane (DOTAP) 
and 3β[N′,N′-dimethylamino-ethane]-carbomoyl] cholesterol 
(DC-CHOL), were incorporated into the membrane of lipo-
somes to impart them with a net positive charge. These posi-
tively charged “cationic” liposomes interact physically with 
the negatively charged nucleic acid-based materials to form 
a complex structure known as “lipoplex.” These lipoplexes 
are thought to enter the cell through fusion with the plasma 
membrane, and can promote release of nucleic acids from en-
dosomal membranes following internalization.89) Nonetheless, 
the potential clinical use of “cationic” liposomes is limited by 
their instability, rapid systemic clearance, toxicity, and induc-
tion of immunostimulatory responses.

Alternatively, further to maximize the potential use of 
liposome-based systems for gene therapy, a number of tech-
niques were devoted to develop cationic lipid-containing li-
posomes that efficiently entrap nucleic acids in their interior, 
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but which have a net neutral or anionic surface charge. These 
include coated cationic liposomes (CCL),90) lipidic nanopar-
ticles (LNP),91) stable nucleic acid lipid particles (SNALP),92) 
and liposome-polycation-hyaluronic acid particles (LPD).93) In 
addition, the cell selectivity of the surface neutral liposome-
nucleic acid complex can be improved by the application of 
cell-specific targeting technology.94) Pastorino et al.95) have de-
veloped long-circulating cationic liposomes (CCL) entrapping 
c-myb asODNs and targeted against the ganglioside GD2 sig-
nificantly to suppress tumor growth and metastases in murine 
models of melanoma96) and neuroblastoma.95)

A novel lipid bilayer containing a mixture of cationic 
and fusogenic lipids coated with diffusible PEG, known as 
SNALP, has been designed to protect siRNAs from serum 
nucleases and allow cellular endosomal uptake and subse-
quent cytoplasmic release of siRNAs. Wilner and Levy97) 
have recently described a method for using aptamers to de-
liver SNALP encapsulating siRNA to cells in vitro. Using 
such SNALP, selective targeted delivery along with efficient 
siRNA-mediated gene knockdown can be realized.

Clinically, LNP have been investigated for their potential 
to deliver RNA interference (RNAi) molecules to target sites. 
In one clinical trial, LNP siRNA system was used to silence 
expression of PCSK9, a gene responsible for modulation of 
low-density lipoprotein cholesterol (LDL-C) levels in the cir-
culation. This LNP siRNA system was confirmed significantly 
to reduce LDL-C levels without exerting toxic side effects. 
In another trial, LNP siRNA system targeting transthyretin 
(TTR), currently investigated for the treatment of TTR-in-
duced amyloidosis, was found to induce a dramatic reduction 
of TTR levels in blood.34)

It is worth noting that gene therapy can also be combined 
with small molecule therapy to achieve enhanced efficacy. 
Saad et al.98) have employed cationic liposomes for co-
delivery of DXR and siRNA targeting multi-drug resistance 
(MDR) protein to enhance anticancer efficacy of DXR in lung 
cancer cells. Later, Peng et al.99) evaluated the efficiency of 
a novel thermosensitive magnetic liposome as a vehicle for 
the co-delivery of both DXR and SATB1 short hairpin RNA 
(shRNA) to gastric cancer cells. They demonstrated that DXR 
and SATB1 shRNA can be delivered into human gastric ad-
enocarcinoma MKN-28 cells with high gene transfection and 
drug delivery efficiency resulting in enhanced growth-inhibi-
tory activity against gastric cancer cells in vitro and in vivo, 
compared with single delivery.

3.1.3. Immunotherapy  To date, liposomes have been 
demonstrated effective immunological adjuvants for protein 
and peptide antigens.2) They are capable of eliciting both hu-
moral and cellular immune responses for a broad spectrum 
of infectious diseases and cancers, without causing granu-
lomas at the injection site or producing any hypersensitivity 
reactions.100) Liposomes with encapsulated protein or peptide 
antigen are phagocytosed by macrophages and eventually 
accumulated in lysosomes. Once in the lysosomes, degraded 
peptides are presented to the major histocompatibility complex 
class II (MHCII) on the macrophage surface, resulting in the 
stimulation of specific T-helper cells and specific B cells lead-
ing to subsequent secretion of antibodies.101)

Structural modification of liposomes, such as the formula-
tion of pH-sensitive liposomes, endows liposomes with ad-
ditional advantages over traditional adjuvants by permitting 

the escape of the peptide antigen from endosomes into the 
cytoplasm,102) and thus allows the association of antigen with 
the MHC-I complex, which induces a cytotoxic T-lymphocyte 
(CTL) response. Such stimulatory effects were not observed 
with traditional adjuvants such as Freund’s adjuvant.2)

In addition to encapsulation, direct surface modification 
of liposomes with antigen can also elicit an immunologic re-
sponse. Guan et al.103) reported that synthetic human mucin 1 
peptide, a candidate for therapeutic cancer vaccines, could elic-
it a potent antigen-specific T-cell response when being either 
encapsulated or attached to the surface of liposomes.

Interestingly, lipid constituents of liposomal vesicles can be 
tailored to achieve particular immunogenic responses. Manip-
ulation of surface charge density in cationic liposomes was re-
ported to regulate immune response. Ma et al.104) investigated 
the immunogenic response towards ovalbumin after altering 
the overall charge of liposome surface by changing the ratio 
of cationic DOTAP to neutral 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC). They confirmed that increasing surface 
charge density potently enhanced dendritic cell maturation, 
reactive oxygen species (ROS) generation, antigen uptake, and 
production of OVA-specific immunoglobulin G2a (IgG2a) and 
interferon-γ (IFN-γ).

Epaxal®, Inflexal®, and Mosquirix® are clinically approved 
liposome-based vaccine products, classified as virosomes. 
Virosomes are liposomes comprising reconstituted viral 
membranes supplemented with phosphatidylcholine. Epaxal®, 
a hepatitis A virus vaccine, is based on an inactivated hepa-
titis A antigen incorporated into the virosomes. Inflexal®, an 
influenza virus vaccine, is based on hemagglutinin and 
neuraminidase from inactivated influenza incorporated into 
virosomes with lecithin.105) Mosquirix®, a malaria vaccine, is 
based on antigens containing epitopes from the circumsporo-
zoite protein of the Plasmodium falciparum malaria parasite 
genetically fused to hapatitis B antigen (HBsAg).106) All these 
vaccines are safe, well tolerated, and generate effective im-
mune responses.

Recently, liposomes have gained much attention as vehicles 
in nucleic acid vaccines, rather than carriers for attenuated 
bacterial antigens or protein or peptide vaccines, taking ad-
vantage of the higher capacity of liposomes to deliver the 
encapsulated genetic material, such as pDNA, mRNA, or 
siRNA, to specific targets. Ribeiro et al.107) used liposomes to 
deliver pDNA encoding heat shock protein 65 (hsp65) to treat 
the pulmonary fungal infection paracoccidioidomycosis. They 
confirmed that liposomal vaccine could modulate a protective 
immune response and reduced pulmonary fungal burden. Li 
et al.108) also investigated the potency of liposome encapsu-
lating double strand RNA (LE-PolyICLC) against influenza. 
They reported that intranasal LE-PolyICLC inhibited virus 
replication, reduced viral titers, and attenuated pulmonary 
fibrosis.

3.2. Diagnostic Applications of Liposomes  Early de-
tection of diseases, including cancer, is a crucial determinant 
of clinical outcomes. As a result, a broad area of research has 
focused on the development of new diagnostic agents/tech-
niques and optimizing the action of existing ones. Generally, 
diagnostic/imaging agents are necessary to achieve a suffi-
ciently intense signal from the area of interest so as to differ-
entiate certain structures from surrounding tissues, regardless 
of the modality used. Consequently, to facilitate the accu-
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mulation of imaging “contrast” agent in the required zone, 
various particulate systems have been investigated as carriers 
for contrast agents. Among these carriers, liposomes have 
drawn special attention because of their easily manipulated 
physicochemical properties and pharmacokinetics. In addition, 
the multifunctional character of liposomes has permitted the 
loading of a variety of imaging agents, and the inclusion of 
specific ligands for efficient targeting to the desired tissue.109) 
Accordingly, liposomes have been used as carriers for many 
widely used imaging techniques including magnetic resonance 
imaging (MRI), ultrasound, fluorescence, and nuclear imag-
ing applications. In this section, we represent some elegant 
examples of the deployment of liposomes as a diagnostic tool 
in different imaging modalities.

Fluorescence imaging is one of the most commonly used 
diagnostic techniques that allows the visualization of gene ex-
pression, biomolecule location, and enzyme activity in living 
cells. Liposomes with improved pharmacokinetics can help 
deliver fluorescence imaging agents to the target area. Al-
Jamal et al.110) designed a hybrid nanoparticle by encapsulat-
ing PEG-coated quantum dots (QDs) inside the aqueous phase 
of DOPC-based liposomes for cancer imaging. These hybrid 
nanoparticles not only preserve the fluorescence properties of 
the unmodified QDs but also exert a higher targeting potential 
to tumor tissues. In addition, in tumor model experiments, 
these nanoparticles showed enhanced tumor penetration and 
retention properties in both tumor spheroids and subcutaneous 
solid tumors, raising their diagnostic potential compared with 
unmodified QDs.

MRI is a noninvasive medical imaging technique that uses 
a magnetic field and pulses of radio wave energy to visualize 
organs and other structures inside the body. A crucial factor 
to improve the functionality of MRI is the use of paramag-
netic contrast agents to probe the tissue/organ under investiga-
tion. The ability of liposomes containing MRI contrast agents 
to circulate in the blood circulation for prolonged times and 
to deliver these probes in the target site maximized liposo-
mal use in MRI. Tagami et al.111) developed a multifunctional 
thermosensitive liposomal formulation that enhanced DXR 
targeting to a locally heated tumor, and by coupling with non-
invasive MRI contrast agent (gadopentetate dimeglumine (Gd-
DTPA)), the release pattern and the in vivo antitumor efficacy 
of encapsulated drug, DXR, in the EMT-6 tumor model was 
successfully traced. Bankiewicz and colleagues112) have also 
emphasized the use of paramagnetic gadolinium liposomes in 
direct visualization of the tissue distribution of drugs infused 
by convection-enhanced delivery to brain tumors via real-time 
MRI monitoring of liposomes containing gadolinium. Simi-
larly, MRI using pH-sensitive contrast liposomes was reported 
to enable visualization of pathological areas with decreased 
pH values.113)

Computerized tomography (CT) is an imaging procedure 
that uses special X-ray equipment to create detailed pictures 
of areas inside the body. CT contrast agents can be included in 
the inner aqueous core of liposomes or incorporated into the 
liposome membrane. For example, iopromide has been incor-
porated into plain114) and PEGylated liposomes115) and demon-
strated favorable biodistribution and imaging potential in rats 
and rabbits. Encapsulation of the iodinated contrast agent, io-
hexol, in the inner aqueous compartment of a ligand-targeted 
liposome “immunoliposomes” has been reported to enhance 

the diagnostic potential of encapsulated iodinated contrast 
agent against atheromatous plaques in activated human coro-
nary artery endothelial cells (HCAEC) via selectively target-
ing the surface of activated HCAEC with high specificity, 
compared with free contrast agents.109)

Sonography (ultrasound imaging) is another widely used 
noninvasive diagnostic imaging technique that is based on the 
application of ultrasound and measuring the echoes caused 
by tissues at different reflection angles. Liposomes containing 
gas bubbles, which are efficient reflectors of sound, can serve 
as ultrasound imaging probes. Liposomes for sonography are 
prepared by entrapping gas bubbles into the liposome, or by 
forming the bubble directly inside the liposome via a chemical 
reaction, such as bicarbonate hydrolysis yielding carbon diox-
ide. Gas bubbles entrapped inside the phospholipid membrane 
showed good efficacy and low toxicity of these contrast agents 
in animal models.2)

3.3. Theranostic Applications of Liposomes  Theranos-
tics is emerging as a promising therapeutic paradigm. It de-
scribes the co-delivery of therapeutic and imaging agents in a 
single formulation; consequently, theranostic-based strategies 
may be beneficial in the selection of therapy, designing dosage 
regimen, monitoring of objective response, and planning of 
follow-up therapy based on the specific molecular characteris-
tics of a disease.116,117) Liposomes are currently considered one 
of the attractive platforms for theranostic nanomedicine due to 
their high capacity to ferry cargo and the flexible encapsula-
tion capabilities of both imaging and therapeutic agents.118)

Kaul et al.119) have recently developed a folate-targeted 
PEGylated liposomal formulation, encapsulating the anti-
tuberculosis (anti-TB) drug rifampicin, for in vivo imaging 
of mycobacterial infections. In vivo scintigraphic studies in a 
murine model of TB infection showed higher uptake at infect-
ed lesions at 2 h post-injection. Blocking imaging experiments 
showed minimized non-selective uptake, which confirms spe-
cific targeting. In addition, therapeutic experiments confirmed 
the efficient liposomal delivery of the anti-TB drugs in the 
murine model of infection.

Recently, theranostic nanomedicine, using liposomal nano-
carriers, has been extensively investigated in cancer. Lozano 
et al.120) developed an antibody-targeted PEGylated liposome 
“immunoliposome” encapsulating the dye indocyanine green 
(ICG) and the anticancer drug DXR to visualize noninvasively 
the tumor accumulation of these immunoliposomes over time 
in a murine breast cancer mouse model. They revealed that 
such theranostic liposome demonstrated ability to combine 
tumor-specific targeted therapy with diagnosis using multi-
spectral optoacoustic tomography (MSOT). Similarly, Muthu 
and colleagues121) used transferrin-conjugated liposomes 
loaded with docetaxel and QDs for imaging and therapy of 
brain cancer. The in vivo results indicated that transferrin-
conjugated theranostic liposomes provided an improved and 
prolonged brain targeting of docetaxel and QDs in comparison 
with non-targeted preparations, granting them with a potential 
application in brain theranostics. Ren et al.122) designed a mul-
tifunctional liposome encapsulating paclitaxel and gadoterate 
meglumine (Gd-DOTA) (an MRI probe) for targeted tandem 
chemotherapy and therapeutic response monitoring. The sur-
face of such liposomes was decorated with RGD peptide and 
fluorophore. Such targeted liposome was able selectively to 
deliver paclitaxel and Gd-DOTA to tumor tissues in a mouse 
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xenograft model. This was confirmed by fluorescence im-
ages, indicating that targeted liposomes could maximize the 
therapeutic potential of the encapsulated payload, anticancer 
drugs and contrast agents, while limiting related off-target 
side effects.

4. CONCLUSION

The development of liposomes as carriers for therapeutic 
molecules is an ever-growing research area. The possibility of 
manipulating the inherent characteristics of these nanocarriers 
makes them versatile carriers for a wide range of materials 
(drugs, proteins, peptides, nucleic acids, and so on) and wid-
ens their potential use in many clinical settings. Furthermore, 
the ability of liposomes to co-encapsulate both therapeutic 
and diagnostic agents paves the way for a novel application of 
liposomal delivery systems as theranostic platforms. However, 
a rational design approach to achieve therapeutic objectives 
might represent the rate-determining step in the development 
of more sophisticated lipid-based therapeutics in the future.

Acknowledgment This work was supported in part by a 
Grant-in-Aid for Scientific Research (B) (15H04639), the Min-
istry of Education, Culture, Sports, Science and Technology 
of Japan.

Conflict of Interest The authors declare no conflict of 
interest.

REFERENCES

  1) Bangham AD, Horne RW. Negative staining of phospholipids and 
their structural modification by surface-active agents as observed 
in the electron microscope. J. Mol. Biol., 8, 660–668 (1964).

  2) Torchilin VP. Recent advances with liposomes as pharmaceutical 
carriers. Nat. Rev. Drug Discov., 4, 145–160 (2005).

  3) Goyal P, Goyal K, Vijaya Kumar SG, Singh A, Katare OP, Mishra 
DN. Liposomal drug delivery systems—clinical applications. Acta 
Pharm., 55, 1–25 (2005).

  4) Al-Jamal WT, Kostarelos K. Liposomes: from a clinically estab-
lished drug delivery system to a nanoparticle platform for ther-
anostic nanomedicine. Acc. Chem. Res., 44, 1094–1104 (2011).

  5) Plotnick AN. Lipid-based formulations of amphotericin B. J. Am. 
Vet. Med. Assoc., 216, 838–841 (2000).

  6) Haluska CK, Riske KA, Marchi-Artzner V, Lehn JM, Lipowsky R, 
Dimova R. Time scales of membrane fusion revealed by direct im-
aging of vesicle fusion with high temporal resolution. Proc. Natl. 
Acad. Sci. U.S.A., 103, 15841–15846 (2006).

  7) Marrink SJ, Mark AE. The mechanism of vesicle fusion as re-
vealed by molecular dynamics simulations. J. Am. Chem. Soc., 
125, 11144–11145 (2003).

  8) Senior J, Gregoriadis G. Is half-life of circulating liposomes deter-
mined by changes in their permeability? FEBS Lett., 145, 109–114 
(1982).

  9) Blume G, Cevc G. Molecular mechanism of the lipid vesicle lon-
gevity in vivo. Biochim. Biophys. Acta, 1146, 157–168 (1993).

 10) Caliceti P, Veronese FM. Pharmacokinetic and biodistribution 
properties of poly(ethylene glycol)–protein conjugates. Adv. Drug 
Deliv. Rev., 55, 1261–1277 (2003).

 11) Allen C, Dos Santos N, Gallagher R, Chiu GN, Shu Y, Li WM, 
Johnstone SA, Janoff AS, Mayer LD, Webb MS, Bally MB. Con-
trolling the physical behavior and biological performance of lipo-
some formulations through use of surface grafted poly(ethylene 

glycol). Biosci. Rep., 22, 225–250 (2002).
 12) Gabizon A, Shmeeda H, Barenholz Y. Pharmacokinetics of pe-

gylated liposomal doxorubicin: review of animal and human stud-
ies. Clin. Pharmacokinet., 42, 419–436 (2003).

 13) Barenholz Y. Doxil(R)—the first FDA-approved nano-drug: les-
sons learned. J. Control. Release, 160, 117–134 (2012).

 14) Tuffin G, Waelti E, Huwyler J, Hammer C, Marti HP. Immuno-
liposome targeting to mesangial cells: a promising strategy for 
specific drug delivery to the kidney. J. Am. Soc. Nephrol., 16, 
3295–3305 (2005).

 15) Paszko E, Senge MO. Immunoliposomes. Curr. Med. Chem., 19, 
5239–5277 (2012).

 16) Abu Lila AS, Kizuki S, Doi Y, Suzuki T, Ishida T, Kiwada H. Ox-
aliplatin encapsulated in PEG-coated cationic liposomes induces 
significant tumor growth suppression via a dual-targeting approach 
in a murine solid tumor model. J. Control. Release, 137, 8–14 
(2009).

 17) Abu-Lila A, Suzuki T, Doi Y, Ishida T, Kiwada H. Oxaliplatin 
targeting to angiogenic vessels by PEGylated cationic liposomes 
suppresses the angiogenesis in a dorsal air sac mouse model. J. 
Control. Release, 134, 18–25 (2009).

 18) Wu HC, Chang DK. Peptide-mediated liposomal drug delivery 
system targeting tumor blood vessels in anticancer therapy. J. 
Oncol., 2010, 723798 (2010).

 19) Willis M, Forssen E. Ligand-targeted liposomes. Adv. Drug Deliv. 
Rev., 29, 249–271 (1998).

 20) Kneidl B, Peller M, Winter G, Lindner LH, Hossann M. Thermo-
sensitive liposomal drug delivery systems: state of the art review. 
Int. J. Nanomedicine, 9, 4387–4398 (2014).

 21) Ta T, Porter TM. Thermosensitive liposomes for localized delivery 
and triggered release of chemotherapy. J. Control. Release, 169, 
112–125 (2013).

 22) Simões S, Moreira JN, Fonseca C, Düzgüneș N, de Lima MCP. 
On the formulation of pH-sensitive liposomes with long circulation 
times. Adv. Drug Deliv. Rev., 56, 947–965 (2004).

 23) Karanth H, Murthy RS. pH-sensitive liposomes—principle and 
application in cancer therapy. J. Pharm. Pharmacol., 59, 469–483 
(2007).

 24) Eldin NE, Abu Lila AS, Kawazoe K, Elnahas HM, Mahdy MA, 
Ishida T. Encapsulation in a rapid-release liposomal formulation 
enhances the anti-tumor efficacy of pemetrexed in a murine solid 
mesothelioma-xenograft model. Eur. J. Pharm. Sci., 81, 60–66 
(2016).

 25) Allen TM, Mumbengegwi DR, Charrois GJ. Anti-CD19-targeted 
liposomal doxorubicin improves the therapeutic efficacy in mu-
rine B-cell lymphoma and ameliorates the toxicity of liposomes 
with varying drug release rates. Clin. Cancer Res., 11, 3567–3573 
(2005).

 26) Gubernator J. Active methods of drug loading into liposomes: 
recent strategies for stable drug entrapment and increased in vivo 
activity. Expert Opin. Drug Deliv., 8, 565–580 (2011).

 27) Haran G, Cohen R, Bar LK, Barenholz Y. Transmembrane am-
monium sulfate gradients in liposomes produce efficient and stable 
entrapment of amphipathic weak bases. Biochim. Biophys. Acta, 
1151, 201–215 (1993).

 28) Cabanes A, Briggs KE, Gokhale PC, Treat JA, Rahman A. Com-
parative in vivo studies with paclitaxel and liposome-encapsulated 
paclitaxel. Int. J. Oncol., 12, 1035–1040 (1998).

 29) Bartoli MH, Boitard M, Fessi H, Beriel H, Devissaguet JP, Picot 
F, Puisieux F. In vitro and in vivo antitumoral activity of free, and 
encapsulated taxol. J. Microencapsul., 7, 191–197 (1990).

 30) Sur S, Fries AC, Kinzler KW, Zhou S, Vogelstein B. Remote load-
ing of preencapsulated drugs into stealth liposomes. Proc. Natl. 
Acad. Sci. U.S.A., 111, 2283–2288 (2014).

 31) Ascenso A, Cruz M, Euleterio C, Carvalho FA, Santos NC, 
Marques HC, Simoes S. Novel tretinoin formulations: a drug-in-

http://dx.doi.org/10.1016/S0022-2836(64)80115-7
http://dx.doi.org/10.1016/S0022-2836(64)80115-7
http://dx.doi.org/10.1016/S0022-2836(64)80115-7
http://dx.doi.org/10.1038/nrd1632
http://dx.doi.org/10.1038/nrd1632
http://dx.doi.org/10.1021/ar200105p
http://dx.doi.org/10.1021/ar200105p
http://dx.doi.org/10.1021/ar200105p
http://dx.doi.org/10.2460/javma.2000.216.838
http://dx.doi.org/10.2460/javma.2000.216.838
http://dx.doi.org/10.1073/pnas.0602766103
http://dx.doi.org/10.1073/pnas.0602766103
http://dx.doi.org/10.1073/pnas.0602766103
http://dx.doi.org/10.1073/pnas.0602766103
http://dx.doi.org/10.1021/ja036138+
http://dx.doi.org/10.1021/ja036138+
http://dx.doi.org/10.1021/ja036138+
http://dx.doi.org/10.1016/0014-5793(82)81216-7
http://dx.doi.org/10.1016/0014-5793(82)81216-7
http://dx.doi.org/10.1016/0014-5793(82)81216-7
http://dx.doi.org/10.1016/0005-2736(93)90351-Y
http://dx.doi.org/10.1016/0005-2736(93)90351-Y
http://dx.doi.org/10.1016/S0169-409X(03)00108-X
http://dx.doi.org/10.1016/S0169-409X(03)00108-X
http://dx.doi.org/10.1016/S0169-409X(03)00108-X
http://dx.doi.org/10.1023/A:1020186505848
http://dx.doi.org/10.1023/A:1020186505848
http://dx.doi.org/10.1023/A:1020186505848
http://dx.doi.org/10.1023/A:1020186505848
http://dx.doi.org/10.1023/A:1020186505848
http://dx.doi.org/10.2165/00003088-200342050-00002
http://dx.doi.org/10.2165/00003088-200342050-00002
http://dx.doi.org/10.2165/00003088-200342050-00002
http://dx.doi.org/10.1016/j.jconrel.2012.03.020
http://dx.doi.org/10.1016/j.jconrel.2012.03.020
http://dx.doi.org/10.1681/ASN.2005050485
http://dx.doi.org/10.1681/ASN.2005050485
http://dx.doi.org/10.1681/ASN.2005050485
http://dx.doi.org/10.1681/ASN.2005050485
http://dx.doi.org/10.2174/092986712803833362
http://dx.doi.org/10.2174/092986712803833362
http://dx.doi.org/10.1016/j.jconrel.2009.02.023
http://dx.doi.org/10.1016/j.jconrel.2009.02.023
http://dx.doi.org/10.1016/j.jconrel.2009.02.023
http://dx.doi.org/10.1016/j.jconrel.2009.02.023
http://dx.doi.org/10.1016/j.jconrel.2009.02.023
http://dx.doi.org/10.1016/j.jconrel.2008.10.018
http://dx.doi.org/10.1016/j.jconrel.2008.10.018
http://dx.doi.org/10.1016/j.jconrel.2008.10.018
http://dx.doi.org/10.1016/j.jconrel.2008.10.018
http://dx.doi.org/10.1155/2010/723798
http://dx.doi.org/10.1155/2010/723798
http://dx.doi.org/10.1155/2010/723798
http://dx.doi.org/10.1016/S0169-409X(97)00083-5
http://dx.doi.org/10.1016/S0169-409X(97)00083-5
http://dx.doi.org/10.1016/j.jconrel.2013.03.036
http://dx.doi.org/10.1016/j.jconrel.2013.03.036
http://dx.doi.org/10.1016/j.jconrel.2013.03.036
http://dx.doi.org/10.1016/j.addr.2003.10.038
http://dx.doi.org/10.1016/j.addr.2003.10.038
http://dx.doi.org/10.1016/j.addr.2003.10.038
http://dx.doi.org/10.1211/jpp.59.4.0001
http://dx.doi.org/10.1211/jpp.59.4.0001
http://dx.doi.org/10.1211/jpp.59.4.0001
http://dx.doi.org/10.1016/j.ejps.2015.09.015
http://dx.doi.org/10.1016/j.ejps.2015.09.015
http://dx.doi.org/10.1016/j.ejps.2015.09.015
http://dx.doi.org/10.1016/j.ejps.2015.09.015
http://dx.doi.org/10.1016/j.ejps.2015.09.015
http://dx.doi.org/10.1158/1078-0432.CCR-04-2517
http://dx.doi.org/10.1158/1078-0432.CCR-04-2517
http://dx.doi.org/10.1158/1078-0432.CCR-04-2517
http://dx.doi.org/10.1158/1078-0432.CCR-04-2517
http://dx.doi.org/10.1158/1078-0432.CCR-04-2517
http://dx.doi.org/10.1517/17425247.2011.566552
http://dx.doi.org/10.1517/17425247.2011.566552
http://dx.doi.org/10.1517/17425247.2011.566552
http://dx.doi.org/10.1016/0005-2736(93)90105-9
http://dx.doi.org/10.1016/0005-2736(93)90105-9
http://dx.doi.org/10.1016/0005-2736(93)90105-9
http://dx.doi.org/10.1016/0005-2736(93)90105-9
http://dx.doi.org/10.3109/02652049009021832
http://dx.doi.org/10.3109/02652049009021832
http://dx.doi.org/10.3109/02652049009021832
http://dx.doi.org/10.1073/pnas.1324135111
http://dx.doi.org/10.1073/pnas.1324135111
http://dx.doi.org/10.1073/pnas.1324135111
http://dx.doi.org/10.3109/08982104.2013.788026
http://dx.doi.org/10.3109/08982104.2013.788026


8 Vol. 40, No. 1 (2017)Biol. Pharm. Bull.

cyclodextrin-in-liposome approach. J. Liposome Res., 23, 211–219 
(2013).

 32) Zhu Q, Guo T, Xia D, Li X, Zhu C, Li H, Ouyang D, Zhang J, 
Gan Y. Pluronic F127-modified liposome-containing tacrolimus-
cyclodextrin inclusion complexes: improved solubility, cellular 
uptake and intestinal penetration. J. Pharm. Pharmacol., 65, 
1107–1117 (2013).

 33) Modi S, Xiang TX, Anderson BD. Enhanced active liposomal 
loading of a poorly soluble ionizable drug using supersaturated 
drug solutions. J. Control. Release, 162, 330–339 (2012).

 34) Allen TM, Cullis PR. Liposomal drug delivery systems: from 
concept to clinical applications. Adv. Drug Deliv. Rev., 65, 36–48 
(2013).

 35) Laginha KM, Verwoert S, Charrois GJ, Allen TM. Determination 
of doxorubicin levels in whole tumor and tumor nuclei in murine 
breast cancer tumors. Clin. Cancer Res., 11, 6944–6949 (2005).

 36) Charrois GJ, Allen TM. Drug release rate influences the phar-
macokinetics, biodistribution, therapeutic activity, and toxicity of 
pegylated liposomal doxorubicin formulations in murine breast 
cancer. Biochim. Biophys. Acta, 1663, 167–177 (2004).

 37) Boman NL, Mayer LD, Cullis PR. Optimization of the retention 
properties of vincristine in liposomal systems. Biochim. Biophys. 
Acta, 1152, 253–258 (1993).

 38) Kim ES, Lu C, Khuri FR, Tonda M, Glisson BS, Liu D, Jung 
M, Hong WK, Herbst RS. A phase II study of STEALTH cispla-
tin (SPI-77) in patients with advanced non-small cell lung cancer. 
Lung Cancer, 34, 427–432 (2001).

 39) Ando H, Kobayashi S, Abu Lila AS, Eldin NE, Kato C, Shimizu 
T, Ukawa M, Kawazoe K, Ishida T. Advanced therapeutic ap-
proach for the treatment of malignant pleural mesothelioma via the 
intrapleural administration of liposomal pemetrexed. J. Control. 
Release, 220 (Pt A), 29–36 (2015).

 40) Allen TM, Cleland LG. Serum-induced leakage of liposome con-
tents. Biochim. Biophys. Acta, 597, 418–426 (1980).

 41) Stamp D, Juliano RL. Factors affecting the encapsulation of drugs 
within liposomes. Can. J. Physiol. Pharmacol., 57, 535–539 (1979).

 42) Essam Eldin N, Elnahas HM, Mahdy MA, Ishida T. Liposomal 
pemetrexed: formulation, characterization and in vitro cytotoxicity 
studies for effective management of malignant pleural mesothe-
lioma. Biol. Pharm. Bull., 38, 461–469 (2015).

 43) Cullis PR. Lateral diffusion rates of phosphatidylcholine in vesicle 
membranes: effects of cholesterol and hydrocarbon phase transi-
tions. FEBS Lett., 70, 223–228 (1976).

 44) Storm G, Roerdink FH, Steerenberg PA, de Jong WH, Cromme-
lin DJ. Influence of lipid composition on the antitumor activity 
exerted by doxorubicin-containing liposomes in a rat solid tumor 
model. Cancer Res., 47, 3366–3372 (1987).

 45) Defrise-Quertain F, Chatelain P, Ruysschaert JM, Delmelle M. 
Spin label partitioning in lipid vesicles. A model study for drug 
encapsulation. Biochim. Biophys. Acta, 628, 57–68 (1980).

 46) Mayer LD, Tai LC, Bally MB, Mitilenes GN, Ginsberg RS, Cullis 
PR. Characterization of liposomal systems containing doxorubicin 
entrapped in response to pH gradients. Biochim. Biophys. Acta, 
1025, 143–151 (1990).

 47) Zhigaltsev IV, Maurer N, Akhong QF, Leone R, Leng E, Wang J, 
Semple SC, Cullis PR. Liposome-encapsulated vincristine, vin-
blastine and vinorelbine: a comparative study of drug loading and 
retention. J. Control. Release, 104, 103–111 (2005).

 48) Alving CR, Steck EA, Chapman WL Jr, Waits VB, Hendricks LD, 
Swartz GM Jr, Hanson WL. Therapy of leishmaniasis: superior 
efficacies of liposome-encapsulated drugs. Proc. Natl. Acad. Sci. 
U.S.A., 75, 2959–2963 (1978).

 49) Immordino ML, Dosio F, Cattel L. Stealth liposomes: review of 
the basic science, rationale, and clinical applications, existing and 
potential. Int. J. Nanomedicine, 1, 297–315 (2006).

 50) Allen TM, Austin GA, Chonn A, Lin L, Lee KC. Uptake of lipo-

somes by cultured mouse bone marrow macrophages: influence 
of liposome composition and size. Biochim. Biophys. Acta, 1061, 
56–64 (1991).

 51) Oja CD, Semple SC, Chonn A, Cullis PR. Influence of dose on 
liposome clearance: critical role of blood proteins. Biochim. Bio-
phys. Acta, 1281, 31–37 (1996).

 52) Chonn A, Semple SC, Cullis PR. Association of blood proteins 
with large unilamellar liposomes in vivo. Relation to circulation 
lifetimes. J. Biol. Chem., 267, 18759–18765 (1992).

 53) Senior JH. Fate and behavior of liposomes in vivo: a review of 
controlling factors. Crit. Rev. Ther. Drug Carrier Syst., 3, 123–193 
(1987).

 54) Nishikawa K, Arai H, Inoue K. Scavenger receptor-mediated 
uptake and metabolism of lipid vesicles containing acidic phos-
pholipids by mouse peritoneal macrophages. J. Biol. Chem., 265, 
5226–5231 (1990).

 55) Damen J, Regts J, Scherphof G. Transfer and exchange of phos-
pholipid between small unilamellar liposomes and rat plasma 
high density lipoproteins. Dependence on cholesterol content and 
phospholipid composition. Biochim. Biophys. Acta, 665, 538–545 
(1981).

 56) Proffitt RT, Williams LE, Presant CA, Tin GW, Uliana JA, Gamble 
RC, Baldeschwieler JD. Liposomal blockade of the reticuloendo-
thelial system: improved tumor imaging with small unilamellar 
vesicles. Science, 220, 502–505 (1983).

 57) Abra RM, Bosworth ME, Hunt CA. Liposome disposition in vivo: 
effects of pre-dosing with lipsomes. Res. Commun. Chem. Pathol. 
Pharmacol., 29, 349–360 (1980).

 58) Allen TM, Chonn A. Large unilamellar liposomes with low uptake 
into the reticuloendothelial system. FEBS Lett., 223, 42–46 (1987).

 59) Gabizon A, Papahadjopoulos D. Liposome formulations with pro-
longed circulation time in blood and enhanced uptake by tumors. 
Proc. Natl. Acad. Sci. U.S.A., 85, 6949–6953 (1988).

 60) Klibanov AL, Maruyama K, Torchilin VP, Huang L. Amphipathic 
polyethyleneglycols effectively prolong the circulation time of li-
posomes. FEBS Lett., 268, 235–237 (1990).

 61) Maeda H, Sawa T, Konno T. Mechanism of tumor-targeted deliv-
ery of macromolecular drugs, including the EPR effect in solid 
tumor and clinical overview of the prototype polymeric drug 
SMANCS. J. Control. Release, 74, 47–61 (2001).

 62) Gabizon AA. Pegylated liposomal doxorubicin: metamorphosis of 
an old drug into a new form of chemotherapy. Cancer Invest., 19, 
424–436 (2001).

 63) Soldati T, Schliwa M. Powering membrane traffic in endocytosis 
and recycling. Nat. Rev. Mol. Cell Biol., 7, 897–908 (2006).

 64) Torchilin VP. Recent approaches to intracellular delivery of drugs 
and DNA and organelle targeting. Annu. Rev. Biomed. Eng., 8, 
343–375 (2006).

 65) Torchilin VP, Levchenko TS, Whiteman KR, Yaroslavov AA, 
Tsatsakis AM, Rizos AK, Michailova EV, Shtilman MI. Amphi-
philic poly-N-vinylpyrrolidones: synthesis, properties and lipo-
some surface modification. Biomaterials, 22, 3035–3044 (2001).

 66) Weissmann G, Cohen C, Hoffstein S. Introduction of missing en-
zymes into the cytoplasm of cultured mammalian cells by means 
of fusion-prone liposomes. Trans. Assoc. Am. Physicians, 89, 
171–183 (1976).

 67) Xu H, Hu M, Yu X, Li Y, Fu Y, Zhou X, Zhang D, Li J. Design 
and evaluation of pH-sensitive liposomes constructed by poly(2-
ethyl-2-oxazoline)-cholesterol hemisuccinate for doxorubicin deliv-
ery. Eur. J. Pharm. Biopharm., 91, 66–74 (2015).

 68) El-Sayed A, Futaki S, Harashima H. Delivery of macromolecules 
using arginine-rich cell-penetrating peptides: ways to overcome 
endosomal entrapment. AAPS J., 11, 13–22 (2009).

 69) Dominska M, Dykxhoorn DM. Breaking down the barriers: 
siRNA delivery and endosome escape. J. Cell Sci., 123, 1183–1189 
(2010).

http://dx.doi.org/10.3109/08982104.2013.788026
http://dx.doi.org/10.3109/08982104.2013.788026
http://dx.doi.org/10.1111/jphp.12074
http://dx.doi.org/10.1111/jphp.12074
http://dx.doi.org/10.1111/jphp.12074
http://dx.doi.org/10.1111/jphp.12074
http://dx.doi.org/10.1111/jphp.12074
http://dx.doi.org/10.1016/j.jconrel.2012.07.001
http://dx.doi.org/10.1016/j.jconrel.2012.07.001
http://dx.doi.org/10.1016/j.jconrel.2012.07.001
http://dx.doi.org/10.1016/j.addr.2012.09.037
http://dx.doi.org/10.1016/j.addr.2012.09.037
http://dx.doi.org/10.1016/j.addr.2012.09.037
http://dx.doi.org/10.1158/1078-0432.CCR-05-0343
http://dx.doi.org/10.1158/1078-0432.CCR-05-0343
http://dx.doi.org/10.1158/1078-0432.CCR-05-0343
http://dx.doi.org/10.1016/j.bbamem.2004.03.006
http://dx.doi.org/10.1016/j.bbamem.2004.03.006
http://dx.doi.org/10.1016/j.bbamem.2004.03.006
http://dx.doi.org/10.1016/j.bbamem.2004.03.006
http://dx.doi.org/10.1016/0005-2736(93)90256-Y
http://dx.doi.org/10.1016/0005-2736(93)90256-Y
http://dx.doi.org/10.1016/0005-2736(93)90256-Y
http://dx.doi.org/10.1016/S0169-5002(01)00278-1
http://dx.doi.org/10.1016/S0169-5002(01)00278-1
http://dx.doi.org/10.1016/S0169-5002(01)00278-1
http://dx.doi.org/10.1016/S0169-5002(01)00278-1
http://dx.doi.org/10.1016/j.jconrel.2015.10.019
http://dx.doi.org/10.1016/j.jconrel.2015.10.019
http://dx.doi.org/10.1016/j.jconrel.2015.10.019
http://dx.doi.org/10.1016/j.jconrel.2015.10.019
http://dx.doi.org/10.1016/j.jconrel.2015.10.019
http://dx.doi.org/10.1016/0005-2736(80)90118-2
http://dx.doi.org/10.1016/0005-2736(80)90118-2
http://dx.doi.org/10.1139/y79-081
http://dx.doi.org/10.1139/y79-081
http://dx.doi.org/10.1248/bpb.b14-00769
http://dx.doi.org/10.1248/bpb.b14-00769
http://dx.doi.org/10.1248/bpb.b14-00769
http://dx.doi.org/10.1248/bpb.b14-00769
http://dx.doi.org/10.1016/0014-5793(76)80762-4
http://dx.doi.org/10.1016/0014-5793(76)80762-4
http://dx.doi.org/10.1016/0014-5793(76)80762-4
http://dx.doi.org/10.1016/0304-4165(80)90351-7
http://dx.doi.org/10.1016/0304-4165(80)90351-7
http://dx.doi.org/10.1016/0304-4165(80)90351-7
http://dx.doi.org/10.1016/0005-2736(90)90091-2
http://dx.doi.org/10.1016/0005-2736(90)90091-2
http://dx.doi.org/10.1016/0005-2736(90)90091-2
http://dx.doi.org/10.1016/0005-2736(90)90091-2
http://dx.doi.org/10.1016/j.jconrel.2005.01.010
http://dx.doi.org/10.1016/j.jconrel.2005.01.010
http://dx.doi.org/10.1016/j.jconrel.2005.01.010
http://dx.doi.org/10.1016/j.jconrel.2005.01.010
http://dx.doi.org/10.1073/pnas.75.6.2959
http://dx.doi.org/10.1073/pnas.75.6.2959
http://dx.doi.org/10.1073/pnas.75.6.2959
http://dx.doi.org/10.1073/pnas.75.6.2959
http://dx.doi.org/10.1016/0005-2736(91)90268-D
http://dx.doi.org/10.1016/0005-2736(91)90268-D
http://dx.doi.org/10.1016/0005-2736(91)90268-D
http://dx.doi.org/10.1016/0005-2736(91)90268-D
http://dx.doi.org/10.1016/0005-2736(96)00003-X
http://dx.doi.org/10.1016/0005-2736(96)00003-X
http://dx.doi.org/10.1016/0005-2736(96)00003-X
http://dx.doi.org/10.1016/0005-2760(81)90268-X
http://dx.doi.org/10.1016/0005-2760(81)90268-X
http://dx.doi.org/10.1016/0005-2760(81)90268-X
http://dx.doi.org/10.1016/0005-2760(81)90268-X
http://dx.doi.org/10.1016/0005-2760(81)90268-X
http://dx.doi.org/10.1126/science.6836294
http://dx.doi.org/10.1126/science.6836294
http://dx.doi.org/10.1126/science.6836294
http://dx.doi.org/10.1126/science.6836294
http://dx.doi.org/10.1016/0014-5793(87)80506-9
http://dx.doi.org/10.1016/0014-5793(87)80506-9
http://dx.doi.org/10.1073/pnas.85.18.6949
http://dx.doi.org/10.1073/pnas.85.18.6949
http://dx.doi.org/10.1073/pnas.85.18.6949
http://dx.doi.org/10.1016/0014-5793(90)81016-H
http://dx.doi.org/10.1016/0014-5793(90)81016-H
http://dx.doi.org/10.1016/0014-5793(90)81016-H
http://dx.doi.org/10.1016/S0168-3659(01)00309-1
http://dx.doi.org/10.1016/S0168-3659(01)00309-1
http://dx.doi.org/10.1016/S0168-3659(01)00309-1
http://dx.doi.org/10.1016/S0168-3659(01)00309-1
http://dx.doi.org/10.1081/CNV-100103136
http://dx.doi.org/10.1081/CNV-100103136
http://dx.doi.org/10.1081/CNV-100103136
http://dx.doi.org/10.1038/nrm2060
http://dx.doi.org/10.1038/nrm2060
http://dx.doi.org/10.1146/annurev.bioeng.8.061505.095735
http://dx.doi.org/10.1146/annurev.bioeng.8.061505.095735
http://dx.doi.org/10.1146/annurev.bioeng.8.061505.095735
http://dx.doi.org/10.1016/S0142-9612(01)00050-3
http://dx.doi.org/10.1016/S0142-9612(01)00050-3
http://dx.doi.org/10.1016/S0142-9612(01)00050-3
http://dx.doi.org/10.1016/S0142-9612(01)00050-3
http://dx.doi.org/10.1016/j.ejpb.2015.01.030
http://dx.doi.org/10.1016/j.ejpb.2015.01.030
http://dx.doi.org/10.1016/j.ejpb.2015.01.030
http://dx.doi.org/10.1016/j.ejpb.2015.01.030
http://dx.doi.org/10.1208/s12248-008-9071-2
http://dx.doi.org/10.1208/s12248-008-9071-2
http://dx.doi.org/10.1208/s12248-008-9071-2
http://dx.doi.org/10.1242/jcs.066399
http://dx.doi.org/10.1242/jcs.066399
http://dx.doi.org/10.1242/jcs.066399


Vol. 40, No. 1 (2017) 9Biol. Pharm. Bull.

 70) Yang ST, Zaitseva E, Chernomordik LV, Melikov K. Cell-pene-
trating peptide induces leaky fusion of liposomes containing late 
endosome-specific anionic lipid. Biophys. J., 99, 2525–2533 (2010).

 71) Primeau AJ, Rendon A, Hedley D, Lilge L, Tannock IF. The dis-
tribution of the anticancer drug doxorubicin in relation to blood 
vessels in solid tumors. Clin. Cancer Res., 11, 8782–8788 (2005).

 72) Herman EH, Rahman A, Ferrans VJ, Vick JA, Schein PS. Preven-
tion of chronic doxorubicin cardiotoxicity in beagles by liposomal 
encapsulation. Cancer Res., 43, 5427–5432 (1983).

 73) van Hoesel QG, Steerenberg PA, Crommelin DJ, van Dijk A, van 
Oort W, Klein S, Douze JM, de Wildt DJ, Hillen FC. Reduced car-
diotoxicity and nephrotoxicity with preservation of antitumor ac-
tivity of doxorubicin entrapped in stable liposomes in the LOU/M 
Wsl rat. Cancer Res., 44, 3698–3705 (1984).

 74) Uziely B, Jeffers S, Isacson R, Kutsch K, Wei-Tsao D, Yehoshua 
Z, Libson E, Muggia FM, Gabizon A. Liposomal doxorubicin: 
antitumor activity and unique toxicities during two complementary 
phase I studies. J. Clin. Oncol., 13, 1777–1785 (1995).

 75) Lee RJ, Low PS. Folate-mediated tumor cell targeting of lipo-
some-entrapped doxorubicin in vitro. Biochim. Biophys. Acta, 
1233, 134–144 (1995).

 76) Gabizon A, Shmeeda H, Horowitz AT, Zalipsky S. Tumor cell 
targeting of liposome-entrapped drugs with phospholipid-anchored 
folic acid-PEG conjugates. Adv. Drug Deliv. Rev., 56, 1177–1192 
(2004).

 77) Kang H, O’Donoghue MB, Liu H, Tan W. A liposome-based 
nanostructure for aptamer directed delivery. Chem. Commun., 46, 
249–251 (2010).

 78) Song S, Liu D, Peng J, Sun Y, Li Z, Gu JR, Xu Y. Peptide ligand-
mediated liposome distribution and targeting to EGFR expressing 
tumor in vivo. Int. J. Pharm., 363, 155–161 (2008).

 79) Sawant RM, Hurley JP, Salmaso S, Kale A, Tolcheva E, Levchen-
ko TS, Torchilin VP. “SMART” drug delivery systems: double-
targeted pH-responsive pharmaceutical nanocarriers. Bioconjug. 
Chem., 17, 943–949 (2006).

 80) Zhu L, Kate P, Torchilin VP. Matrix metalloprotease 2-responsive 
multifunctional liposomal nanocarrier for enhanced tumor target-
ing. ACS Nano, 6, 3491–3498 (2012).

 81) Zhu L, Huo Z, Wang L, Tong X, Xiao Y, Ni K. Targeted delivery 
of methotrexate to skeletal muscular tissue by thermosensitive 
magnetoliposomes. Int. J. Pharm., 370, 136–143 (2009).

 82) Alexiou C, Arnold W, Klein RJ, Parak FG, Hulin P, Bergemann 
C, Erhardt W, Wagenpfeil S, Lubbe AS. Locoregional cancer treat-
ment with magnetic drug targeting. Cancer Res., 60, 6641–6648 
(2000).

 83) Needham D, Anyarambhatla G, Kong G, Dewhirst MW. A new 
temperature-sensitive liposome for use with mild hyperthermia: 
characterization and testing in a human tumor xenograft model. 
Cancer Res., 60, 1197–1201 (2000).

 84) Schroeder A, Honen R, Turjeman K, Gabizon A, Kost J, Baren-
holz Y. Ultrasound triggered release of cisplatin from liposomes in 
murine tumors. J. Control. Release, 137, 63–68 (2009).

 85) Wan Y, Angleson JK, Kutateladze AG. Liposomes from novel pho-
tolabile phospholipids: light-induced unloading of small molecules 
as monitored by PFG NMR. J. Am. Chem. Soc., 124, 5610–5611 
(2002).

 86) Tollemar J, Hockerstedt K, Ericzon BG, Jalanko H, Ringden O. 
Liposomal amphotericin B prevents invasive fungal infections 
in liver transplant recipients. A randomized, placebo-controlled 
study. Transplantation, 59, 45–50 (1995).

 87) Adler-Moore J, Proffitt RT. AmBisome: liposomal formulation, 
structure, mechanism of action and pre-clinical experience. J. An-
timicrob. Chemother., 49 (Suppl. 1), 21–30 (2002).

 88) Frézard F, Michalick MS, Soares CF, Demicheli C. Novel methods 
for the encapsulation of meglumine antimoniate into liposomes. 
Braz. J. Med. Biol. Res., 33, 841–846 (2000).

 89) Girăo da Cruz MT, Simões S, Pires PP, Nir S, Pedroso de Lima 
MC. Kinetic analysis of the initial steps involved in lipoplex–cell 
interactions: effect of various factors that influence transfection 
activity. Biochim. Biophys. Acta, 1510, 136–151 (2001).

 90) Stuart DD, Kao GY, Allen TM. A novel, long-circulating, and 
functional liposomal formulation of antisense oligodeoxynucleo-
tides targeted against MDR1. Cancer Gene Ther., 7, 466–475 
(2000).

 91) Basha G, Novobrantseva TI, Rosin N, Tam YY, Hafez IM, Wong 
MK, Sugo T, Ruda VM, Qin J, Klebanov B, Ciufolini M, Akinc A, 
Tam YK, Hope MJ, Cullis PR. Influence of cationic lipid composi-
tion on gene silencing properties of lipid nanoparticle formulations 
of siRNA in antigen-presenting cells. Mol. Ther., 19, 2186–2200 
(2011).

 92) Zimmermann TS, Lee AC, Akinc A, Bramlage B, Bumcrot D, 
Fedoruk MN, Harborth J, Heyes JA, Jeffs LB, John M, Judge AD, 
Lam K, McClintock K, Nechev LV, Palmer LR, Racie T, Rohl 
I, Seiffert S, Shanmugam S, Sood V, Soutschek J, Toudjarska I, 
Wheat AJ, Yaworski E, Zedalis W, Koteliansky V, Manoharan M, 
Vornlocher HP, MacLachlan I. RNAi-mediated gene silencing in 
non-human primates. Nature, 441, 111–114 (2006).

 93) Chen Y, Zhu X, Zhang X, Liu B, Huang L. Nanoparticles modified 
with tumor-targeting scFv deliver siRNA and miRNA for cancer 
therapy. Mol. Ther., 18, 1650–1656 (2010).

 94) Ramishetti S, Huang L. Intelligent design of multifunctional lipid-
coated nanoparticle platforms for cancer therapy. Ther. Deliv., 3, 
1429–1445 (2012).

 95) Pastorino F, Brignole C, Marimpietri D, Pagnan G, Morando A, 
Ribatti D, Semple SC, Gambini C, Allen TM, Ponzoni M. Tar-
geted liposomal c-myc antisense oligodeoxynucleotides induce 
apoptosis and inhibit tumor growth and metastases in human 
melanoma models. Clin. Cancer Res., 9, 4595–4605 (2003).

 96) Pagnan G, Stuart DD, Pastorino F, Raffaghello L, Montaldo PG, 
Allen TM, Calabretta B, Ponzoni M. Delivery of c-myb antisense 
oligodeoxynucleotides to human neuroblastoma cells via disialo-
ganglioside GD2-targeted immunoliposomes: antitumor effects. J. 
Natl. Cancer Inst., 92, 253–261 (2000).

 97) Wilner SE, Levy M. Synthesis and characterization of aptamer-
targeted SNALPs for the delivery of siRNA. Methods Mol. Biol., 
1380, 211–224 (2016).

 98) Saad M, Garbuzenko OB, Minko T. Co-delivery of siRNA and an 
anticancer drug for treatment of multidrug-resistant cancer. Nano-
medicine (Lond.), 3, 761–776 (2008).

 99) Peng Z, Wang C, Fang E, Lu X, Wang G, Tong Q. Co-delivery of 
doxorubicin and SATB1 shRNA by thermosensitive magnetic cat-
ionic liposomes for gastric cancer therapy. PLoS ONE, 9, e92924 
(2014).

100) Chen WC, Huang L. Non-viral vector as vaccine carrier. Adv. 
Genet., 54, 315–337 (2005).

101) Raposo G, Tenza D, Mecheri S, Peronet R, Bonnerot C, Desay-
mard C. Accumulation of major histocompatibility complex class 
II molecules in mast cell secretory granules and their release upon 
degranulation. Mol. Biol. Cell, 8, 2631–2645 (1997).

102) Legendre JY, Szoka FC Jr. Delivery of plasmid DNA into mam-
malian cell lines using pH-sensitive liposomes: comparison with 
cationic liposomes. Pharm. Res., 9, 1235–1242 (1992).

103) Guan HH, Budzynski W, Koganty RR, Krantz MJ, Reddish MA, 
Rogers JA, Longenecker BM, Samuel J. Liposomal formulations of 
synthetic MUC1 peptides: effects of encapsulation versus surface 
display of peptides on immune responses. Bioconjug. Chem., 9, 
451–458 (1998).

104) Ma Y, Zhuang Y, Xie X, Wang C, Wang F, Zhou D, Zeng J, Cai L. 
The role of surface charge density in cationic liposome-promoted 
dendritic cell maturation and vaccine-induced immune responses. 
Nanoscale, 3, 2307–2314 (2011).

105) Chang HI, Yeh MK. Clinical development of liposome-based 

http://dx.doi.org/10.1016/j.bpj.2010.08.029
http://dx.doi.org/10.1016/j.bpj.2010.08.029
http://dx.doi.org/10.1016/j.bpj.2010.08.029
http://dx.doi.org/10.1158/1078-0432.CCR-05-1664
http://dx.doi.org/10.1158/1078-0432.CCR-05-1664
http://dx.doi.org/10.1158/1078-0432.CCR-05-1664
http://dx.doi.org/10.1016/0005-2736(94)00235-H
http://dx.doi.org/10.1016/0005-2736(94)00235-H
http://dx.doi.org/10.1016/0005-2736(94)00235-H
http://dx.doi.org/10.1016/j.addr.2004.01.011
http://dx.doi.org/10.1016/j.addr.2004.01.011
http://dx.doi.org/10.1016/j.addr.2004.01.011
http://dx.doi.org/10.1016/j.addr.2004.01.011
http://dx.doi.org/10.1039/B916911C
http://dx.doi.org/10.1039/B916911C
http://dx.doi.org/10.1039/B916911C
http://dx.doi.org/10.1016/j.ijpharm.2008.07.012
http://dx.doi.org/10.1016/j.ijpharm.2008.07.012
http://dx.doi.org/10.1016/j.ijpharm.2008.07.012
http://dx.doi.org/10.1021/bc060080h
http://dx.doi.org/10.1021/bc060080h
http://dx.doi.org/10.1021/bc060080h
http://dx.doi.org/10.1021/bc060080h
http://dx.doi.org/10.1021/nn300524f
http://dx.doi.org/10.1021/nn300524f
http://dx.doi.org/10.1021/nn300524f
http://dx.doi.org/10.1016/j.ijpharm.2008.12.003
http://dx.doi.org/10.1016/j.ijpharm.2008.12.003
http://dx.doi.org/10.1016/j.ijpharm.2008.12.003
http://dx.doi.org/10.1016/j.jconrel.2009.03.007
http://dx.doi.org/10.1016/j.jconrel.2009.03.007
http://dx.doi.org/10.1016/j.jconrel.2009.03.007
http://dx.doi.org/10.1021/ja016874i
http://dx.doi.org/10.1021/ja016874i
http://dx.doi.org/10.1021/ja016874i
http://dx.doi.org/10.1021/ja016874i
http://dx.doi.org/10.1097/00007890-199501150-00009
http://dx.doi.org/10.1097/00007890-199501150-00009
http://dx.doi.org/10.1097/00007890-199501150-00009
http://dx.doi.org/10.1097/00007890-199501150-00009
http://dx.doi.org/10.1093/jac/49.suppl_1.21
http://dx.doi.org/10.1093/jac/49.suppl_1.21
http://dx.doi.org/10.1093/jac/49.suppl_1.21
http://dx.doi.org/10.1590/S0100-879X2000000700016
http://dx.doi.org/10.1590/S0100-879X2000000700016
http://dx.doi.org/10.1590/S0100-879X2000000700016
http://dx.doi.org/10.1016/S0005-2736(00)00342-4
http://dx.doi.org/10.1016/S0005-2736(00)00342-4
http://dx.doi.org/10.1016/S0005-2736(00)00342-4
http://dx.doi.org/10.1016/S0005-2736(00)00342-4
http://dx.doi.org/10.1038/sj.cgt.7700145
http://dx.doi.org/10.1038/sj.cgt.7700145
http://dx.doi.org/10.1038/sj.cgt.7700145
http://dx.doi.org/10.1038/sj.cgt.7700145
http://dx.doi.org/10.1038/mt.2011.190
http://dx.doi.org/10.1038/mt.2011.190
http://dx.doi.org/10.1038/mt.2011.190
http://dx.doi.org/10.1038/mt.2011.190
http://dx.doi.org/10.1038/mt.2011.190
http://dx.doi.org/10.1038/mt.2011.190
http://dx.doi.org/10.1038/nature04688
http://dx.doi.org/10.1038/nature04688
http://dx.doi.org/10.1038/nature04688
http://dx.doi.org/10.1038/nature04688
http://dx.doi.org/10.1038/nature04688
http://dx.doi.org/10.1038/nature04688
http://dx.doi.org/10.1038/nature04688
http://dx.doi.org/10.1038/mt.2010.136
http://dx.doi.org/10.1038/mt.2010.136
http://dx.doi.org/10.1038/mt.2010.136
http://dx.doi.org/10.4155/tde.12.127
http://dx.doi.org/10.4155/tde.12.127
http://dx.doi.org/10.4155/tde.12.127
http://dx.doi.org/10.1093/jnci/92.3.253
http://dx.doi.org/10.1093/jnci/92.3.253
http://dx.doi.org/10.1093/jnci/92.3.253
http://dx.doi.org/10.1093/jnci/92.3.253
http://dx.doi.org/10.1093/jnci/92.3.253
http://dx.doi.org/10.1007/978-1-4939-3197-2_18
http://dx.doi.org/10.1007/978-1-4939-3197-2_18
http://dx.doi.org/10.1007/978-1-4939-3197-2_18
http://dx.doi.org/10.2217/17435889.3.6.761
http://dx.doi.org/10.2217/17435889.3.6.761
http://dx.doi.org/10.2217/17435889.3.6.761
http://dx.doi.org/10.1371/journal.pone.0092924
http://dx.doi.org/10.1371/journal.pone.0092924
http://dx.doi.org/10.1371/journal.pone.0092924
http://dx.doi.org/10.1371/journal.pone.0092924
http://dx.doi.org/10.1091/mbc.8.12.2631
http://dx.doi.org/10.1091/mbc.8.12.2631
http://dx.doi.org/10.1091/mbc.8.12.2631
http://dx.doi.org/10.1091/mbc.8.12.2631
http://dx.doi.org/10.1023/A:1015836829670
http://dx.doi.org/10.1023/A:1015836829670
http://dx.doi.org/10.1023/A:1015836829670
http://dx.doi.org/10.1021/bc970183n
http://dx.doi.org/10.1021/bc970183n
http://dx.doi.org/10.1021/bc970183n
http://dx.doi.org/10.1021/bc970183n
http://dx.doi.org/10.1021/bc970183n
http://dx.doi.org/10.1039/c1nr10166h
http://dx.doi.org/10.1039/c1nr10166h
http://dx.doi.org/10.1039/c1nr10166h
http://dx.doi.org/10.1039/c1nr10166h


10 Vol. 40, No. 1 (2017)Biol. Pharm. Bull.

drugs: formulation, characterization, and therapeutic efficacy. Int. 
J. Nanomedicine, 7, 49–60 (2012).

106) López-Sagaseta J, Malito E, Rappuoli R, Bottomley MJ. Self-
assembling protein nanoparticles in the design of vaccines. Com-
put. Struct. Biotechnol. J., 14, 58–68 (2016).

107) Ribeiro AM, Souza AC, Amaral AC, Vasconcelos NM, Jeronimo 
MS, Carneiro FP, Faccioli LH, Felipe MS, Silva CL, Bocca AL. 
Nanobiotechnological approaches to delivery of DNA vaccine 
against fungal infection. J. Biomed. Nanotechnol., 9, 221–230 
(2013).

108) Li Y, Hu Y, Jin Y, Zhang G, Wong J, Sun LQ, Wang M. Prophy-
lactic, therapeutic and immune enhancement effect of liposome-
encapsulated PolyICLC on highly pathogenic H5N1 influenza 
infection. J. Gene Med., 13, 60–72 (2011).

109) Danila D, Partha R, Elrod DB, Lackey M, Casscells SW, Conyers 
JL. Antibody-labeled liposomes for CT imaging of atherosclerotic 
plaques: in vitro investigation of an anti-ICAM antibody-labeled 
liposome containing iohexol for molecular imaging of atheroscle-
rotic plaques via computed tomography. Tex. Heart Inst. J., 36, 
393–403 (2009).

110) Al-Jamal WT, Al-Jamal KT, Bomans PH, Frederik PM, Kostarelos 
K. Functionalized-quantum-dot-liposome hybrids as multimodal 
nanoparticles for cancer. Small, 4, 1406–1415 (2008).

111) Tagami T, Foltz WD, Ernsting MJ, Lee CM, Tannock IF, May JP, 
Li SD. MRI monitoring of intratumoral drug delivery and predic-
tion of the therapeutic effect with a multifunctional thermosensi-
tive liposome. Biomaterials, 32, 6570–6578 (2011).

112) Saito R, Krauze MT, Bringas JR, Noble C, McKnight TR, Jackson 
P, Wendland MF, Mamot C, Drummond DC, Kirpotin DB, Hong 
K, Berger MS, Park JW, Bankiewicz KS. Gadolinium-loaded 
liposomes allow for real-time magnetic resonance imaging of 
convection-enhanced delivery in the primate brain. Exp. Neurol., 
196, 381–389 (2005).

113) Løkling KE, Fossheim SL, Klaveness J, Skurtveit R. Biodistribu-
tion of pH-responsive liposomes for MRI and a novel approach 
to improve the pH-responsiveness. J. Control. Release, 98, 87–95 

(2004).
114) Sachse A, Leike JU, RÖling GL, Wagner SE, Krause W. Prepara-

tion and evaluation of lyophilized iopromide-carrying liposomes 
for liver tumor detection. Invest. Radiol., 28, 838–844 (1993).

115) Sachse A, Leike JU, Schneider T, Wagner SE, Rossling GL, 
Krause W, Brandl M. Biodistribution and computed tomography 
blood-pool imaging properties of polyethylene glycol-coated 
iopromide-carrying liposomes. Invest. Radiol., 32, 44–50 (1997).

116) Kelkar SS, Reineke TM. Theranostics: combining imaging and 
therapy. Bioconjug. Chem., 22, 1879–1903 (2011).

117) Sharma R, Mody N, Agrawal U, Vyas SP. Theranostic nanomedi-
cine; a next generation platform for cancer diagnosis and therapy. 
Mini Rev. Med. Chem., 16, 1 (2016).

118) Xing H, Hwang K, Lu Y. Recent developments of liposomes as 
nanocarriers for theranostic applications. Theranostics, 6, 1336–
1352 (2016).

119) Kaul A, Chaturvedi S, Attri A, Kalra M, Mishra A. Targeted 
theranostic liposomes: rifampicin and ofloxacin loaded pegylated 
liposomes for theranostic application in mycobacterial infections. 
RSC Adv., 6, 28919–28926 (2016).

120) Lozano N, Al-Ahmady ZS, Beziere NS, Ntziachristos V, Kostare-
los K. Monoclonal antibody-targeted PEGylated liposome-ICG 
encapsulating doxorubicin as a potential theranostic agent. Int. J. 
Pharm., 482, 2–10 (2015).

121) Sonali, Singh RP, Singh N, Sharma G, Vijayakumar MR, Koch 
B, Singh S, Singh U, Dash D, Pandey BL, Muthu MS. Transfer-
rin liposomes of docetaxel for brain-targeted cancer applications: 
formulation and brain theranostics. Drug Deliv., 23, 1261–1271 
(2016).

122) Ren L, Chen S, Li H, Zhang Z, Ye C, Liu M, Zhou X. MRI-visible 
liposome nanovehicles for potential tumor-targeted delivery of 
multimodal therapies. Nanoscale, 7, 12843–12850 (2015).

123) Abu Lila A, Ishida T, Allen T. Liposomal nanomedicines. Hand-
book of Nanobiomedical Research. (Torchilin V ed.) Vol. 3, World 
Scientific, New Jersey, pp. 1–53 (2014).

http://dx.doi.org/10.1016/j.csbj.2015.11.001
http://dx.doi.org/10.1016/j.csbj.2015.11.001
http://dx.doi.org/10.1016/j.csbj.2015.11.001
http://dx.doi.org/10.1166/jbn.2013.1491
http://dx.doi.org/10.1166/jbn.2013.1491
http://dx.doi.org/10.1166/jbn.2013.1491
http://dx.doi.org/10.1166/jbn.2013.1491
http://dx.doi.org/10.1166/jbn.2013.1491
http://dx.doi.org/10.1002/jgm.1536
http://dx.doi.org/10.1002/jgm.1536
http://dx.doi.org/10.1002/jgm.1536
http://dx.doi.org/10.1002/jgm.1536
http://dx.doi.org/10.1002/smll.200701043
http://dx.doi.org/10.1002/smll.200701043
http://dx.doi.org/10.1002/smll.200701043
http://dx.doi.org/10.1016/j.biomaterials.2011.05.029
http://dx.doi.org/10.1016/j.biomaterials.2011.05.029
http://dx.doi.org/10.1016/j.biomaterials.2011.05.029
http://dx.doi.org/10.1016/j.biomaterials.2011.05.029
http://dx.doi.org/10.1016/j.expneurol.2005.08.016
http://dx.doi.org/10.1016/j.expneurol.2005.08.016
http://dx.doi.org/10.1016/j.expneurol.2005.08.016
http://dx.doi.org/10.1016/j.expneurol.2005.08.016
http://dx.doi.org/10.1016/j.expneurol.2005.08.016
http://dx.doi.org/10.1016/j.expneurol.2005.08.016
http://dx.doi.org/10.1016/j.jconrel.2004.04.015
http://dx.doi.org/10.1016/j.jconrel.2004.04.015
http://dx.doi.org/10.1016/j.jconrel.2004.04.015
http://dx.doi.org/10.1016/j.jconrel.2004.04.015
http://dx.doi.org/10.1097/00004424-199328090-00019
http://dx.doi.org/10.1097/00004424-199328090-00019
http://dx.doi.org/10.1097/00004424-199328090-00019
http://dx.doi.org/10.1097/00004424-199701000-00007
http://dx.doi.org/10.1097/00004424-199701000-00007
http://dx.doi.org/10.1097/00004424-199701000-00007
http://dx.doi.org/10.1097/00004424-199701000-00007
http://dx.doi.org/10.1021/bc200151q
http://dx.doi.org/10.1021/bc200151q
http://dx.doi.org/10.2174/1389557516666160219122524
http://dx.doi.org/10.2174/1389557516666160219122524
http://dx.doi.org/10.2174/1389557516666160219122524
http://dx.doi.org/10.7150/thno.15464
http://dx.doi.org/10.7150/thno.15464
http://dx.doi.org/10.7150/thno.15464
http://dx.doi.org/10.1039/C6RA01135G
http://dx.doi.org/10.1039/C6RA01135G
http://dx.doi.org/10.1039/C6RA01135G
http://dx.doi.org/10.1039/C6RA01135G
http://dx.doi.org/10.1016/j.ijpharm.2014.10.045
http://dx.doi.org/10.1016/j.ijpharm.2014.10.045
http://dx.doi.org/10.1016/j.ijpharm.2014.10.045
http://dx.doi.org/10.1016/j.ijpharm.2014.10.045
http://dx.doi.org/10.3109/10717544.2016.1162878
http://dx.doi.org/10.3109/10717544.2016.1162878
http://dx.doi.org/10.3109/10717544.2016.1162878
http://dx.doi.org/10.3109/10717544.2016.1162878
http://dx.doi.org/10.3109/10717544.2016.1162878
http://dx.doi.org/10.1039/C5NR02144H
http://dx.doi.org/10.1039/C5NR02144H
http://dx.doi.org/10.1039/C5NR02144H

