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Gene and nucleic acid therapy is expected to play a major role in the next generation of agents for can-
cer treatment. We have recently developed a multifunctional envelope-type nano device (MEND) for use as 
a novel nonviral gene delivery system. The modification of polyethyleneglycol (PEG), i.e., PEGylation, is a 
useful method for achieving a longer circulation time for the delivery of MEND to a tumor via the enhanced 
permeability and retention (EPR) effect. However, PEGylation strongly inhibits cellular uptake and endo-
somal escape, which results in significant loss of activity of the delivery system. For successful nucleic acid 
delivery for cancer treatment, the crucial problem associated with the use of PEG, i.e., the “PEG dilemma” 
must be resolved. In this review, we describe the development and applications of MEND and discuss vari-
ous strategies for overcoming the PEG dilemma based on the manipulation of both pharmacokinetics and 
intracellular trafficking of cellular uptake and endosomal release. To increase cellular uptake, target ligands 
including proteins, peptides, antibodies and aptamers that recognize molecules specifically expressed on tu-
mors are first introduced. Second, cleavable PEG systems are described. The cleavage of PEG from carriers 
was achieved in response to the intracellular environment as well as the tumor microenvironment, which 
improvs cellular uptake and endosomal escape. Then, endosomal fusogenic peptides are discussed. Finally, 
pH-sensitive liposomes using pH-sensitive lipids are described.

Key words	 liposome; small interfering RNA; tumor; multifunctional envelope-type nano device; drug deliv-
ery system

1.  Introduction

Liposomes are now well-recognized drug delivery vehicles 
that can be used in cancer therapy.1) From the viewpoint of 
practical use, systemic administration is desirable because it 
can be performed easily. After intravenous administration, a 
liposome is adsorbed by biological components such as serum 
proteins (opsonins) in the systemic circulation. An opsonized 
liposome is recognized by the mononuclear phagocytic system 
(MPS) located in the liver and spleen, originally known as 
the reticuloendothelial system (RES), which functions as an 
important host defense mechanism.2) In the early 1990s, it was 
reported that the modification of liposomes with polyethyl-
eneglycol (PEG), i.e., PEGylation, allowed them to circulate 
for remarkably long periods of time in the blood circulation 
after intravenous administration.3–5) The PEG moiety forms 
an aqueous layer on the surface of liposomes and provides 
stabilization of the lipid bilayer and steric hinderance, result-
ing in the inhibition of protein adsorption and less recognition 
by macrophages. In general, the modification of neutral lipo-
somes with approximately 5 mol% PEG-lipid in the total lipid 
content allows long-term circulation of liposomes in the blood 
after intravenous administration.6,7) The term “stealth” was 
applied to these liposomes because of their ability to evade 
interception by the immune system in much the same way as 
the stealth bomber is able to evade detection by radar.8)

Matsumura and Maeda found that high molecular-weight 
(≥40 kDa), long-circulating macromolecules as well as various 
long-circulating nanoparticulate pharmaceutical carriers are 
capable of spontaneous accumulations in various pathological 
sites, such as solid tumors and infracted areas, via the so-
called enhanced permeability and retention (EPR) effect.9,10) 
This effect is based on the fact that the pathological neo-
vasculature of tumor tissue, unlike normal tissues, contains 
a discontinuous or absent basement membrane, making it 
“leaky.”11) This allows large macromolecules and even small 
particles to extravasate and accumulate in the interstitial 
tumor space. Such accumulation is also facilitated by the lack 
of a lymphatic system, which is responsible for the drainage 
of macromolecules from tissues. It is well known that long-
circulating liposomes with an average diameter of 100–200 nm 
accumulate efficiently in tumor tissues via the EPR effect, 
which is known as “passive targeting.”12–14) Advances in long-
circulating liposomes accumulating in tumors via the EPR 
effect allow liposomes to be used clinically in tumor che-
motherapy. Doxil (Caelyx), PEGylated liposomal doxorubicin 
with 100 nm in diameter, accumulates in tumors at high levels 
and has fewer side effects compared with free doxorubicin, 
and is used in the treatment of acquired immunodeficiency 
syndrome (AIDS)-related Kaposi’s sarcoma, ovarian cancer, 
and breast cancer.15) Anticancer agent-incorporating liposomal 
products are also being studied for possible clinical trials.16,17)
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2.  The application of PEGylated liposomes 
for delivering nucleic acids to cancer: 
PEG dilemma

The use of genes and functional nucleic acids in medicine 
such as plasmid DNA (pDNA), oligodeoxynucleotide, small 
interfering RNA (siRNA) or anti-microRNA (miRNA) oligo-
nucleotides represents a promising new approach for treating a 
variety of genetic and acquired diseases, including cancer.18–20) 
For functional nucleic acids to be therapeutically efficacious, 
nano carriers must deliver their cargos to the appropriate in-
tracellular compartment where functional nucleic acids act, 
i.e., the nucleus or cytosol.21) However, the physical properties 
of nucleic acids such as highly hydrophilic macromolecules 
with negative charges restrict their binding to the cell surface 
and passive diffusion across lipophilic cell membranes. This 
means that the most important and most difficult challenge 
in gene and nucleic acid therapy is the issue of delivery. Nu-
merous nonviral delivery strategies have been developed to 
circumvent this problem, and some of them have been suc-
cessfully used for the introduction of nucleic acids into cells 
both in vitro and in vivo. To condense negatively charged 
nucleic acids into delivery vehicles, most nanoparticles con-
tain cations such as cationic polymers or lipids.22,23) Cationic 
liposomes have been among the more efficient synthetic gene 
delivery system reagents in vitro since the late 1980s. The first 
successful in vitro transfection with a cationic lipid was de-
scribed by Felgner et al. in 1987, when N-[1-(2,3-dioleyloxy)
propyl]-N,N,N-trimethylammonium chloride was synthesized 
to form a complex of cationic liposomes with pDNA, i.e., 
a lipoplex.24) Following the success of the lipid in gene 
transfection, numerous cationic lipids, such as 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP), N,N-dimethyl-N-
[2-(sperminecarboxamido)ethyl]-2,3-bis(dioleyloxy)-1-pro
paniminium pentahydrochloride, dioctadecylamidoglycylsper
mine, 3β-[N-(N′,N′-dimethylaminoethane)-carbamoyl]choles
terol and diC14-amidine have been synthesized and used for 
transfection.25–28)

As a novel liposomal delivery system for nucleic acids, 
we have developed a multifunctional envelope-type nano 
device (MEND).29–31) The ideal MEND consists of nucleic 
acids in free form or as a condensed or complexed core with 
a polycation and a lipid envelope structure equipped with 
the various functional devices, such as PEG, specific target 
ligands, and cell-penetrating peptides to manipulate both in 
vivo pharmacokinetics and intracellular trafficking. For in 
vivo systemic administration, a lipid envelope of MEND is 
composed of DOTAP as a cationic lipid and dioleoylphospha-
tidylethanolamine (DOPE) and cholesterol as helper lipids. 
After entering the blood stream, the cationic charged surface 
of MEND immediately interacts with anionic serum proteins 
and cells in blood, resulting in accumulation in the liver and 
spleen. To prevent MEND from recognition by the RES, the 
cationic surface should be masked by greater amounts of 
PEG (10–15 mol% of total lipids) than neutral liposomes (ca. 
5 mol% of total lipids), since cationic charged surfaces strong-
ly interact with anionic plasma proteins.32–35)

PEGylated MEND achieves long-term circulation in the 
blood and accumulates in tumors via the EPR effect as ex-
pected. However, the surface aqueous phase formed by the 
PEG moiety inhibits the interaction of MEND with the target 

cell surface. As a result, cellular uptake is nil or minimal. 
Furthermore, PEGylation improves the stability of the lipid 
envelope of MEND, which results in poor endosomal escape 
via membrane fusion and in degradation of cargos in lyso-
somes, the digestive compartments.36,37) These serious issues 
in the use of PEG in gene and nucleic acid delivery to cancer 
are referred to as the “PEG dilemma.”32,33) Therefore, a suc-
cessful gene and nucleic acid delivery for cancer treatment 
requires a rational strategy and the design of carrier systems 
to overcome the issues associated with the use of PEG.

3.  Strategies for overcoming the PEG di-
lemma

3.1.  Enhancement of Cellular Uptake ​ The cause of 
the PEG dilemma should be clarified o develop strategies to 
overcome it. The positive charge on the surface of the lipo-
plexes ensures their efficient binding to the cell surface. An-
ionic glycoproteins such as heparan sulfate proteoglycans have 
been proposed to play a role in the interactions of lipoplexes 
with the cell surface.38,39) Therefore, one reason for issues 
associated with the use of PEG could be explained by steric 
hindrance conferred by PEG which inhibits the interactions 
between the surface positive charge of lipoplexes and anionic 
molecules on the cell surface and subsequent cellular uptake 
of lipoplexes. The first method for overcoming this problem is 
to display ligands for receptors on the surface of targeted cells 
on PEGylated carriers. This would be expected to improve the 
selectivity, binding and uptake of the carriers by targeted cells 
and is known as “active targeting.” Target molecules are care-
fully selected based on their characteristics such as specificity, 
expression level on tumor cells, and ability to internalize li-
gand-modified PEGylated nanoparticles.40) Proteins, vitamins, 
peptides, antibodies and antibody fragments, and nucleic acids 
(aptamers) are employed as target ligands.

Transferrin (Tf), an iron-binding glycoprotein, and anti-
bodies have been widely utilized as target ligands for drug 
and nucleic acid delivery to target to Tf receptors that are 
overexpressed by tumor cells.41–46) Folate receptors are also 
overexpressed in many types of tumor cell while their dis-
tribution in normal tissues is minimal,47) and folate-modified 
liposomes enhanced the cellular uptake and antitumor efficacy 
of encapsulated drugs and nucleic acids.48–55) A hyaluronan-
modified PEGylated liposome was attempted to target a mela-
noma overexpressing CD44, which is a surface receptor and 
binds to hyaluronan.56,57) Huang and coworkers demonstrated 
that a PEGylated liposome-polycation-DNA nanoparticle 
(LPD) modified with anisamide on top of PEG efficiently de-
livered siRNA to lung carcinomas with high expression levels 
of sigma receptors, which resulted in luciferase gene silencing 
in metastatic tumors compared with nontargeted PEGylated 
LPD.58,59)

Antibodies have been widely investigated as ligands for 
the tumor targeting of liposomes due to their high specific-
ity and affinity for target molecules.60) Antibody-modified 
PEGylated liposomes, i.e., immunoliposomes, are prepared by 
attaching the specific monoclonal immunoglobulin G (IgG) 
antibody, Fab′ fragment, and recombinant single-chain vari-
able fragment on top of the PEG chain. A well-demonstrated 
target of immunoliposomes is human epidermal growth fac-
tor (EGF) receptor (EGF-R) type2 (HER2).61–65) The EGF-R, 
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which is upregulated in tumors including epithelial tumors, 
glioblastoma, and hepatocellular carcinoma, is another widely 
investigated target of immunoliposomes.66,67) Incorporation of 
EGF into PEGylated nanoparticles was also demonstrated for 
targeting to the EGF-R.68–70) Other molecules overexpressed 
on tumors such as nucleosome, CD19, membrane type 1 ma-
trix metalloproteinase (MT1-MMP), GAH, GD2, and heparin-
binding EGF-like growth factor were targeted by immunolipo-
somes.71–77) Aptamers are single-stranded DNA or RNA, can 
specifically bind molecules, and are beginning to be used as 
targeting ligands for drug delivery systems.78–81)

Peptides containing specific motifs in sequence which 
recognize specific molecules have been identified using 
phage-displayed peptide libraries. Arginine-glycine-aspartic 
acid (RGD) is the most typical motif and has been used for 
the targeted delivery of drugs and genes because of its abil-
ity to recognize integrins that are expressed on both tumor 
cells and neovascular endothelial cells.82) The RGD motif has 
more frequently been utilized for targeting tumor endothelial 
cells.83–87) Another peptide ligand, the asparagine-glycine-ar-
ginine (NGR) motif peptide, is identified as a ligand for CD13 
or aminopeptidase N overexpressed on tumor endothelial cells 
and tumor cells.88) NGR motif peptides have been successfully 
used to deliver drugs as well as liposomes to tumor vascu-
lature.89–92) Oku and colleagues determined that the alanine-
plorine-arginine-plorine-glycine (APRPG) motif peptide spe-
cifically binds to tumor angiogenic vessels and demonstrated 
the utility of APRPG-modified PEG liposomes.93,94)

3.2.  De-PEGylation ​ After glycoproteins are recognized 
by lipoplexes, endocytosis or endocytosis-like pathways occur 
for their internalization. Because endosomes are fused with ly-
sosomes, digestive compartments, lipoplexes, and their cargos 
should escape enzymatic degradation. Therefore, endosomal 
release of cargos such pDNA and siRNA into the cytoplasm 
is regarded as a crucial step in achieving successful transgene 
expression and gene silencing. Endosomal escape of lipo-
plexes is mediated by membrane fusion or disruption of endo-
somes.95,96) PEGylation confers steric stability on complexes 
and inhibits fusion with the endosomal membrane. Therefore, 
valid strategies for removing the PEG moiety from complexes 
at the target site in response to the local environment are 
expected to improve cellular uptake and the subsequent en-
dosomal escape of carriers. Intracellular environments with 
a low pH in endosomes/lysosomes are employed as triggers 
of PEG cleavage.97–102) Szoka and colleagues constructed pH-
sensitive PEG lipids containing an orthoester linkage, and a 
transfection experiment showed greater luciferase expression 
of pH-sensitive lipoplexes as compared with stable PEGylated 
ones.97) In addition to the pH gradient, an intracellular re-
ducing environment and enzymes are considered alternative 
stimulating triggers.103–105) Most of the current cleavable PEG 
devices were designed to be cleaved in response to some fea-
ture of the intracellular microenvironment. Therefore, a cleav-
able PEG-lipid triggered in a tumor-specific manner would be 
beneficial for tumor gene delivery. To achieve a tumor-specific 
cleavable PEG system, the enzymes specifically expressed 
in a tumor are focused on, such as matrix metalloproteinase 
(MMP).33,34,106,107) The MMP substrate peptide was inserted 
between PEG and DOPE as a linker, and the resulting conju-
gated PEG-peptide-DOPE ternary conjugate is referred to as 
PPD.33,34) In comparison with noncleavable PEG-lipid, liposo-

mal pDNA or siRNA formulation modified with PPD exhibit-
ed significantly increased gene expression or gene silencing in 
subcutaneously xenografted tumors after intravenous injection 
as a result of enhanced cellular uptake and endosomal escape.

3.3.  Acceleration of Endosomal Escape via Membrane 
Fusion ​ Alternative methods to increase the endosomal 
escape of PEGylated carriers are the acceleration of either 
membrane fusion or disruption of the endosomal membrane. 
The endosomal disruption mechanism has been extensively 
utilized to accelerate endosomal escape in gene delivery. The 
high transfection efficiency of poly(ethyleneimine) (PEI) can 
be attributed to its buffering effect or the “proton sponge 
effect” due to its secondary and tertiary amines.108) Wagner 
and co-workers conjugated a pH-responsive endosomolytic 
peptide, melittin, with PEGylated PEI via an acid-labile di-
methylmaleic anhydride (DMMAn) linker. The resulting 
conjugate showed an enhanced gene transfer and silencing 
effect. This can be attributed to the enhanced lytic activity at 
acidic pH, which triggered the destabilization of endosomal 
membranes.109,110)

The pH-sensitive fusogenic membrane peptide GALA 
(WEAALAEALAEALAEHLAEALAEALEALAA) was de-
veloped based on the endosomal escape mechanism of the 
influenza virus, an envelope-type RNA virus.111) A 30-amino 
acid GALA contains a glutamic acid-alanine-leucine-alanine 
sequence that is repeated four times. GALA undergoes 
structural change to the α-helix under acidic conditions like 
endosomes/lysosomes, which could induce membrane fu-
sion. The introduction of GALA to PEGylated MEND en-
hanced the silencing activity of siRNA after in vitro and in 
vivo intratumoral injection.112,113) However, when injected 
into the blood circulation, the GALA-modified PEGylated 
MEND was eliminated rapidly. We hypothesized that this 
was caused by the recognition of GALA by serum proteins 
because GALA was not masked completely. Therefore, 
we developed a new, shorter version of GALA (shGALA: 
WEAALAEALAEALAEHLAEALA). After systemic admin-
istration, PEGylated MEND modified with shGALA showed 
systemic stability and subsequent tumor accumulation via 
the EPR effect which were comparable to those of PEGylated 
MEND, with an enhanced gene-silencing effect in tumors.35) 
We also reported that the acceleration of endosomal escape 
of PEGylated MEND by GALA could minimize unfavor-
able immunological stimulation. Nucleic acids such as pDNA 
and siRNA have the ability to stimulate the immune system 
through recognition by Toll-like receptors (TLRs)-3, -7/8, or 
-9 expressed in endosomes.114) Due to trapping of PEGylated 
MEND in endosomes, the exposure time of encapsulated 
pDNA or siRNA to TLRs in endosomes is prolonged, which 
leads to excess stimulation of TLRs and enhanced expression 
of type I interferons (IFNs). GALA modification diminished 
the expression of type I IFNs.35,115)

3.4.  pH-Sensitive Cationic Lipids ​ As mentioned above, 
a cationic characteristic of nucleic acid carriers requires 
considerable PEG modification to avoid interactions with the 
biological milieu. Another strategy for overcoming the PEG 
dilemma is offered by pH-sensitive cationic devices. pH-
Sensitive liposomes have been reported from the 1980s. pH-
Sensitive liposomes composed of phosphatidylethanolamine 
was protonated in endosomes/lysosomes, which stimulated the 
release of cargos into the cytoplasm.116,117) Bailey and Cullis 
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reported the synthesis of an ionizable aminolipid 1,2-dioleoyl-
3-dimethylammonium propane (DODAP), and utility of ioniz-
able liposomes for nucleic acid delivery.118,119) The head group 
of DODAP is a tertiary amine responsible for cationization at 
acidic pH. Since liposomes containing DODAP are rendered 
neutral at physiological pH, the net cationic lipid content of 
the liposome is reduced in the systemic circulation. This pH 
sensitivity allows liposomes to circulate stably in the blood 
with a little amount of PEG modification (ca. 5 mol%).

A series of ionizable aminolipids were synthesized and 
utilized for nucleic acid delivery to tumors as a formulation of 
stable nucleic acid-lipid particles or ionizable lipid nano parti-
cles.120–122) Recently, we have designed a new pH-sensitive cat-
ionic lipid, YSK05 (1-methyl-4,4-biz[(9Z,12Z)-octadeca-9,12-
dien-1-yloxy]piperidine).123) The apparent pKa value of MEND 
containing YSK05 (YSK05-MEND) was around 6.5, indicat-
ing that YSK05-MEND was positively charged at the early 
endosome stage. Despite lower cellular uptake in YSK05-
MEND, the in vitro silencing activity of YSK05-MEND was 
100-fold higher than that of cationic MEND composed of 
DOTAP (DOTAP-MEND). This was attributed to the more 
efficient membrane fusion activity of YSK05-MEND com-
pared with DOTAP-MEND. For tumor targeting via the EPR 
effect, the systemic stability of YSK05-MEND modified with 
PEG-lipid was evaluated. The result revealed a lower amount 
of PEG (ca. 5 mol%) was sufficient for YSK05-MEND to cir-
culate in the blood, unlike cationic DOTAP-MEND.124) This 
suggests that YSK05-MEND is a promising system for use 
in the in vivo delivery of nucleic acids to tumors. As another 
type of pH-sensitive lipid, we reported SS-cleavable proton-
activated lipid-like material (ssPalm), which contains two ter-
tiary amines that are positively charged at acidic pH and a di-
sulfide bond that can be cleaved in a reducing environment.125) 
MEND containing ssPalm was positively charged with an 
apparent pKa value of 6.2. Furthermore, the envelope structure 
is designed to be degraded in response to the reductive envi-
ronment in the cytosol. As a result, MEND exhibited higher 
transgene expression comparable to that developed with con-
ventionally used cationic lipids (i.e., DOTAP) with lower cel-
lular uptake. Collectively, pH-sensitive liposomes represent an 
alternative strategy to achieve sufficient nucleic acid delivery 
to tumors via the EPR effect.

4. C onclusion

As described above, various strategies have been devel-
oped to resolve the crucial problem associated with the use of 
PEG in the delivery of nucleic acids to tumors, i.e., the PEG 
dilemma, by the manipulation of both pharmacokinetics and 
intracellular trafficking. In the near future, we have no doubt 
that the principles established as described above will offer 
safe, stable, effective, tumor-specific nanomedicines for suc-
cessful clinical applications of new types of cancer therapies.
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