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Abstract. Arginine-rich cell-penetrating peptides (AR-CPPs) are very promising tools for the delivery of
therapeutic macromolecules such as peptides, proteins, and nucleic acids. These peptides allow efficient
internalization of the linked cargos intracellularly through the endocytic pathway. However, when linked
to bulky cargos, entrapment in the endocytic vesicles is a major limitation to the application of these
peptides in cytosolic delivery. Attachment of a compatible endosomal escape device is, therefore,
necessary to allow cytosolic delivery of the peptide-attached cargo. This review presents different
endosomal escape devices currently in application in combination with AR-CPPs. Applications of
fusogenic lipids, membrane-disruptive peptides, membrane-disruptive polymers, lysosomotropic agents,
and photochemical internalization to enhance the cytosolic delivery of AR-CPPs-attached cargos are
presented. The properties of each system and its mechanism of action for the enhancement of endosomal
escape are discussed, together with its applications for the delivery of different macromolecules in vitro
and, if applicable, in vivo.

KEY WORDS: arginine-rich cell-penetrating peptides; endosomal escape; membrane-disruptive
peptides; oligoarginine; protein transduction domains.

INTRODUCTION

Intracellular delivery of biological macromolecules is a
major topic in the field of drug delivery. Many biological
macromolecules, including proteins, peptides, and nucleic
acids, have proven useful for the treatment of various health
problems; however, efficient application of such macromole-
cules is hindered by their inefficient delivery in sufficient
concentration to the target sites. The delivery of macro-
molecules in vivo faces many extracellular and intracellular
barriers. Extracellular barriers include instability in the hostile
biological environment, delivery to the target tissue or
population of cells, and avoidance of nontarget cell binding
(1). A major intracellular barrier is the cell membrane barrier
that impedes the penetration of hydrophilic macromolecules.
Therefore, therapeutic macromolecules are generally delivered
through endocytosis, as the most common internalization
pathway. After uptake, the macromolecules are challenged by
the acidic pH of endosomes/lysosomes, the digestive enzymes
of lysosomes, and the endosomal membrane (2). If the
molecule manages to escape endosome/lysosome degradation,

then in order to elicit its effect, it should be stable in the
cytosol. In addition, it should be able to bind the target
intracellular organelle and avoid nonspecific binding to other
organelles. In the case of plasmid DNA (pDNA) delivery, the
nuclear membrane is an additional barrier to overcome.

One way to overcome the cell membrane barrier is to link
the cargo macromolecule to one of the cell-penetrating peptides
(CPPs), also known as protein transduction domains (PTDs).
These peptides are a class of short peptide sequences that are
capable of entering cells efficiently, either alone or linked to
bulky cargos such as peptides, proteins, oligonucleotides, pDNA
(3), or liposomes (4). These peptides carry promise for
application in the delivery of macromolecules in vivo, since they
have achieved great success in vitro. Among CPPs, arginine-rich
cell-penetrating peptides (AR-CPPs) are the most widely
studied (5–8). Therefore, this review will elaborate on the
applications of AR-CPPs for the delivery of therapeutic macro-
molecules. Given that endosomal escape is believed by many to
be the rate-limiting step in efficient intracellular delivery of
cargos linked to AR-CPPs, emphasis will be placed on ways to
overcome this barrier. The current knowledge of how to
overcome this barrier will be presented, along with future
directions, in the hope that this review will stimulate new ideas
to improve the cytosolic availability of AR-CPP-linked cargos.

AR-CPPS AND ENDOSOMAL ENTRAPMENT

Since the observation published by Frankel and Pabo
that the human immunodeficiency virus transactivator of
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transcription (HIV-TAT) protein can penetrate cells and activate
HIV-1-specific genes (9), followed by the discovery of the
structure of Drosophila antennapedia peptide (10) called pene-
tratin as the first member, the AR-CPPs have gained a great deal
of attention as delivery tools for macromolecules. Besides
penetratin, these peptides include a short basic segment of the
transactivator of transcription (TAT) protein (amino acid
sequence 48–60), a flock house virus (FHV) coat peptide
(sequence 35–49), and oligoarginines (11,12). Despite the contro-
versy surrounding the uptake mechanism that accompanied their
discovery, it is now widely accepted that AR-CPPs are internal-
ized via endocytosis (13–16). The authors and others have
suggested that macropinocytosis is one of the predominant AR-
CPP uptake pathways (4,17–19). Some reports, however, have
suggested clathrin-mediated endocytosis and caveolin-mediated
endocytosis as alternative endocytic pathways (for review, check
references (20,21)). In all cases, after endocytic uptake, the inter-
nalizedAR-CPPs (either alone or linked to cargos) should escape
from the endocytic vesicles to the cytosol to avoid degradation.
Escape from the endocytic vesicles is believed to be a bottleneck
in the efficient intracellular delivery of functionalmacromolecules.

Whether or not free AR-CPPs can escape from endo-
cytic vesicles after uptake is a debatable issue. Some groups
have reported that AR-CPPs are unable to escape from
endocytic vesicles after endocytic uptake (13,22). Other
groups claim that fluorescently labeled free peptides can
escape from endosomes (23,24). There have even been some
models proposed for the mode of endosomal escape of free
AR-CPPs. One model suggested that AR-CPPs may form a
nonpolar ion pair with negatively charged components of cell
membranes, followed by partitioning of this ion pair to cell
membranes, as a mode for AR-CPPs to cross biological
membranes (25–27). Hitz and colleagues suggested that
oligoarginine binds to membranes, causing their rigidification
and resulting in leakiness and rupture of the membrane (28).
Another model also indicated the importance of the pH
gradient across the endosomal membrane (29) and the
presence of a minimum threshold concentration of penetratin
for translocation across membranes without rupturing them
(30). Fuchs and Raines also stressed the need for a high local
concentration of free nonaarginine to rupture the membranes
and allow endosomal escape (14). These models, although
they may help to explain the escape of free peptides, are not
applicable to peptides linked to bulky cargos such as
biological macromolecules. Several studies have shown that
AR-CPPs linked to quantum dots (31), oligonucleotides (32),
pDNA (33), peptides (34,35), or proteins (36) remain trapped
in endocytic vesicles after uptake, unless an endosomal
escape device is included in the system. In the next section,
details of the different endosomal escape devices applied for
the release of entrapped cargos attached to AR-CPPs from
endocytic vesicles to the cytosol will be discussed.

TOOLS TO ENHANCE ENDOSOMAL ESCAPE
OF AR-CPPS-BOUND MACROMOLECULES

Fusogenic Lipids

Liposomes are one of the most common vectors currently
used for the delivery of macromolecules. Cationic liposomes,

first introduced in 1987 (37), are able to form a complex with
nucleic acids, known as lipoplex, that can result in efficient
gene transfection. Inclusion of a neutral helper lipid such as
dioleoylphosphatidylethanolamine (DOPE) in the lipoplex has
been shown to enhance the expression of the complexed gene
in a concentration-dependent manner (38). Zhou et al. (39)
showed that the role of DOPE as a helper lipid is to mediate
fusion between the liposomes and the endosomal membrane
after endocytosis, which results in the destabilization of this
membrane and release of the complexed DNA to the cytosol.
DOPE is known to exist in two forms: the lamellar phase and
the hexagonal phase. Transformation from the lamellar to the
inverted hexagonal phase can be stimulated upon a decrease in
pH, similar to what happens inside the endosome. The inverted
lipid phase is known to promote fusion of lipid bilayers,
resulting in the escape of the enclosed cargo from the
endosome (for review, check reference (40)). When TAT, a
model AR-CPP, was simply mixed with DOTAP liposomes or
the commercial transfection agent lipofectin (composed of the
cationic lipid DOTMA together with DOPE) before mixing
with pDNA, the resulting complexes showed enhanced GFP
transfection in A549 cells. However, when these complexes
were used to transfect nondividing primary tracheal epithelial
cells, they failed (41). It is of interest that, after complexation
of pDNA with lipofectin and pDNA, the resulting complexes
had a negative charge, even at high concentrations of the
peptide TAT. This shows the importance of topology control
that guarantees the presentation of the CPP on the surface of
the complex.

In 2004, our group introduced a multifunctional enve-
lope-type nanodevice (MEND) as a gene delivery system that
utilized octaarginine (R8) as an AR-CPP, together with
DOPE as fusogenic lipid, to enhance the release from
endosomes after endocytosis (for detailed review, check
references (42,43)). A new strategy was followed in the
design of MEND in which anionic lipids (such as cholesteryl
hemisuccinate [CHEMS] or phosphatidic acid) were used,
rather than cationic lipids. The AR-CPP octaarginine (R8)
was then added at a later step to impart a positive charge to
the system. This allowed better control of the topology of R8
and insured that it was presented on the surface of the
system. MEND, described in the first study, was composed of
a condensed plasmid DNA core encapsulated in a lipid
bilayer (DOPE/CHEMS, in 9:2 molar ratio) (44). The surface
of MEND was decorated with R8 linked to a stearyl moiety
that served as an anchor into the lipid bilayer. This MEND
was as efficient as adenovirus in transfecting cells in cultures,
and it could transfect skin cells after topical administration in
vivo, while the commercial reagent LipofectAmine failed
(45). Besides its use for delivery of pDNA (4,44–47), MEND
was used for the delivery of oligodeoxynucleotides (48),
siRNA (49), and proteins (50). In another application of the
combination of the fusogenic lipid DOPE and R8, our group
developed a mitochondria-selective protein delivery system
called MITO-Porter (51). This system could deliver encapsu-
lated protein to mitochondria through a novel mechanism of
fusion to the mitochondrial membrane.

Fusogenic liposomes modified with R8 were also useful
in the field of immunization. Modification of the surface of
liposomes composed of DOPE/CHEMS/egg phosphatidyl-
choline with R8 proved to deliver an encapsulated antigen,
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ovalbumin, to the cytosol of dendritic cells, resulting in
antigen presentation through the major histocompatibility
complex class I pathway (52). Since the major histocompat-
ibility complex class I presentation requires the release of the
antigens to the cytosol, these results indicated the efficiency
of the combination of AR-CPP octaarginine and DOPE in
mediating the cytosolic release of ovalbumin. This efficient
presentation was consistent with the significant in vivo
antitumor effect of R8-modified liposomes when they were
used to immunize mice before challenge with tumor cells. It
was even shown that other arginine-rich peptides could be
used to modify MEND and result in efficient delivery of the
encapsulated cargo. A novel arginine-rich peptide, identified
by in vivo phage display and called IRQ peptide (having the
sequence IRQRRRR), was checked for delivery of siRNA.
The peptide used to modify MEND with a lipid coat
composed of DOPE/CHEMS (9:2) and encapsulating anti-
luciferase siRNA resulted in significant silencing of luciferase
expression when checked in HeLa cells stably expressing
luciferase (53).

Polyethylene glycol (PEG) is widely used during the
preparation of lipoplexes for in vivo applications. PEG, when
used to modify the lipoplexes, prolongs blood circulation
time, decreases nonspecific interaction with the reticuloendo-
thelial system, and improves the size uniformity of particles.
On the other hand, PEG modification results in a decrease in
gene expression in culture cells due to a decrease in the
cellular uptake of particles. One possible solution to this is to
include AR-CPPs in the system to overcome the problem of
low cellular uptake. When TATwas used to modify liposomes
composed of DOTAP/DOPE/DSPE-PEG2000, either before
or after complexation with pDNA, TAT modification im-
proved the gene expression twofold at 30% DOTAP content,
while TAT decreased the gene expression when DOTAP
content was 50% (33). It is worth noting that the internalized
particles colocalized almost completely with the endosome
marker, LysoTracker, until 1 h post-transfection. This indi-
cated that the presence of DOPE did not sufficiently enhance
the endosomal escape of the lipoplexes. Holland et al. (54)
showed that decoration of DOPE-containing liposomes with
PEG stabilized the lamellar structure of DOPE and hindered
the hexagonal phase formation that is necessary for fusion. In
addition, and as the model in Fig. 1 shows, despite the relative
electrostatic attraction between the cationic AR-CPPs, mod-
ifying the liposome surface, and the anionic components in
the endosomal membrane, the presence of PEG chains on the
liposome may prevent the fusion between the two mem-
branes due to steric hindrance by the bulky hydrophilic PEG
chains. Therefore, there is a need for the removal of PEG
from the lipid bilayer prior to cellular uptake, or just after
uptake, in order for DOPE to function and mediate fusion.

Torchilin et al. are currently working on the development
of a “smart” carrier whose surface will be modified with pH-
sensitive PEG linked to DOPE and TAT linked to short PEG
(55–57). According to their proposed strategy, in the acidic
microenvironment of tumor tissue, the acid-sensitive hydra-
zone linkage between PEG and DOPE will be broken,
allowing the exposure of TAT to bind to the cell and enhance
the internalization of the liposomal carriers. Detachment of
PEG from DOPE is also expected to allow DOPE to
transform to the hexagonal phase in endosomes, which is

expected to facilitate fusion to endosomes. Thus far, they
have shown proof of the concept that the removal of PEG in
tumor tissue enhances the internalization of carriers injected
intratumorally (56,57). Their next step will be to prove that
carriers injected intravenously will specifically accumulate in
tumors and result in efficient cellular uptake and gene
expression.

Table I summarizes the applications of the fusogenic lipid
DOPE along with AR-CPPs for intracellular delivery of
different biological macromolecules. The high number of
applications for the delivery of different cargos both in vitro
and in vivo indicates that such a combination of the fusogenic
lipid DOPE and AR-CPPs is a promising formulation. In
order to explain why this combination was so efficient for the
delivery of different macromolecules intracellularly, the exact
role played by octaarginine, as a model for AR-CPPs, in
endosomal escape in the presence of DOPE was studied in
comparison with octalysine. The study showed that the
presence of R8 on the surface of liposomes composed of
DOPE/phosphatidic acid broadened the fusogenic spectrum
of these liposomes to cover both neutral and acidic pH (58). It
is interesting to note that when the surface of liposomes was
modified with octalysine peptide, as a model for a cationic
peptide not rich in arginine, the liposomes could fuse to the
endosomal membrane only at neutral pH, resulting in low
endosomal escape efficiency of the encapsulated cargo inside
the liposomes. When the same liposomes were modified with
R8, as a model for AR-CPPs, they could fuse to membranes
at both acidic and neutral pH, resulting in enhanced endo-
somal escape of encapsulated cargo. Comparison of our gene
delivery system, MEND, modified with K8 to that modified
with R8 proved that R8-modified MEND resulted in im-
provement in gene expression by more than 300 times over
unmodified and 17 times over K8-modified MEND. In a
similar finding, when antiluciferase siRNA was encapsulated
into MEND, the silencing effect obtained from R8-modified
MEND was higher than that of K8-modified MEND (58).
These results confirmed that AR-CPPs might play an
additional role in mediating endosomal escape, along with

Fig. 1. PEGylation of liposomes linked to AR-CPPs hinders fusion
between the liposomes and endosomal membrane. Despite the
electrostatic attraction between the AR-CPPs on the liposome
surface and the negatively charged components in endosomal
membrane, fusion does not take place due to steric hindrance by
the bulky hydrophilic PEG chains
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their well-recognized role in enhancing cellular uptake. The
results also pointed to the pivotal role that the guanidinium
group, not cationic groups, plays in the function of AR-CPPs.
A proposed model for the role of octaarginine in fusion
between liposomes and endosomal membrane is summarized
in Fig. 2. It was reported that, for fusion to take place
between different membranes, three steps are required: (1)
specific recognition of the site of fusion, (2) close apposition
of membranes, and (3) fusion or coalescence of membranes
(59). Apparently, AR-CPPs, exemplified by R8 in the
reported study, have the ability to boost all the three steps
of fusion resulting in efficient cytosolic delivery of the cargo
enclosed inside the liposomes (Fig. 2).

Membrane-Disruptive Peptides

One of the common ways to overcome endosomal
entrapment is to mimic the mechanisms followed by viruses
to escape from endosomes. Human influenza virus is one of
the enveloped viruses that utilize fusion to the endosomal
membrane for cytosolic delivery of their genetic material
after endocytosis. The influenza virus envelope is composed
largely of two major glycoproteins: hemagglutinin (HA) and
neuraminidase. HA is composed of two subunits, HA1,
responsible for viral cell binding, and HA2, responsible for
endosomal escape. The HA2 subunit possesses a fusion
domain at its N terminus, which forms an α-helix structure
capable of insertion into membranes as the first step of fusion.
Under the acidic pH of endosomes, a conformational change

in hemagglutinin protein takes place, exposing the α-helix
structure in the HA2 subunit. This is followed by insertion of
the α-helix into the endosomal membrane, resulting in fusion
between the virus envelope and the endosomal membrane
and the release of the nucleocapsid of the virus into the
cytoplasm of the infected cell (60,61).

Utilization of this fusogenic segment of HA2 protein to
enhance the endosomal escape of AR-CPP-linked cargo was
first reported by Wadia et al. (18). In that report, TAT linked
to a fusogenic 20-amino acid N-terminal of HA2 peptide was
coincubated with TAT-Cre protein. When TAT was linked to
Cre protein, the result was stimulation of the uptake of the
fusion proteins by macropinocytosis. In the absence of TAT-
HA2 peptide, the majority of the TAT-Cre fusion protein was
found trapped in macropinosomes up to 24 h after transduc-
tion. When TAT-HA2 was coincubated with TAT-Cre protein,
the result was enhancement of its escape from the endocytic
vesicle and Cre recombination, as judged by EGFP expres-
sion in NIH 3T3 cells. However, according to the authors,
>99% of the TAT fusion protein remained trapped in
macropinosomes even after the fusogenic peptide TAT-HA2
treatment (62).

Langel et al. adopted the same strategy, but they used the
cell-penetrating peptide penetratin instead of TAT for the
delivery of peptide nucleic acids (PNA) (63) or siRNA (64).
Coincubation of the CPP-linked PNA with penetratin-HA2
resulted in minor (less than twofold) improvement in splice
correction. Splice correction also remained far below that
obtained in the presence of the endosome disrupting agent
chloroquine, indicating that penetratin-HA2 peptide does not

Table I. Applications of the Fusogenic Lipid DOPE for the Delivery of Various Therapeutic Macromolecules

AR-CPP Lipid composition
Linkage between the
AR-CPP and liposomes Cargo delivered

Application
in vitro

Application
in vivo Reference

TAT DOTMA/DOPE Simple mixing Plasmid DNA Yes No (41)
R8 DOPE/CHMES Surface modification

of liposomes
Plasmid DNA Yes Yes (4,44,45,47)

R8 DOPE/CHMES Surface modification
of liposomes

Plasmid encoding siRNA Yes No (46)

R8 DOPE/CHMES Surface modification
of liposomes

Oligodeoxynucleotide Yes No (48)

R8 DOPE/CHMES Surface modification
of liposomes

siRNA Yes No (49)

R8 DOPE/CHMES Surface modification
of liposomes

GFP Yes No (50)

R8 DOPE/SM Surface modification
of liposomes

GFP and gold colloid Yes No (51)

R8 DOPE/CHEMS/EPC Surface modification
of liposomes

Ovalbumin Yes Yes (52)

IRQ DOPE/CHEMS Surface modification
of liposomes

siRNA Yes No (53)

R8 DOPE/PA Surface modification
of liposomes

Plasmid DNA Yes No (58)

TAT DOTAP/DOPE/
DSPE-PEG

Surface modification
of liposomes

Plasmid DNA Yes No (33)

TAT EPC/Chol/DOTAP/
PE-HZ-PEG

Surface modification
of liposomes

Plasmid DNA Yes Yes (57)

R8 octaarginine, DOTMA N-[1-(2,3-dioleyloxy)propyl]-N,N,N-triethylammonium, CHEMS cholesteryl hemisuccinate, GFP green fluores-
cence protein, SM sphingomyelin, EPC egg phosphatidylcholine, DSPE-PEG distearoylphosphatidylethanolamine–PEG conjugate, IRQ
IRQRRRR peptide, PA phosphatidic acid, PE-HZ-PEG phosphatidylethanolamine linked to PEG through an acid-sensitive hydrazone
linkage
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significantly improve endosomal escape of the PNA cargo
(63). When the same group tested penetratin-HA2 for
enhancement of the silencing effect of penetration/siRNA
complex, it resulted in less than 40% gene silencing effect
(64). One possible explanation for the low efficiency of this
strategy is that the fusogenic peptide used in these studies
should colocalize in the same endocytic vesicle with the cargo
in order to release it from the endocytic vesicle. Since this
could not be guaranteed for each cargo molecule, the
enhancement of endosomal escape remained marginal. In
addition, there is a possibility that some of the CPP-HA2
molecules leak out of endosomes without serious disruption
of the endosomal membrane, leaving the CPP-attached
cargos trapped in the endosomes.

In search of more efficient derivatives of influenza HA2
peptide, Plank et al. (65) introduced the INF7 peptide as a
pH-sensitive, more potent membrane-destabilizing peptide.
In this peptide, two glutamic acid moieties were introduced
into the HA2 structure to extend the α-helix structure and
increase the pH sensitivity. Recent studies confirmed that this
peptide had more pH sensitivity than the parent HA2 peptide
(66). Some researchers have used this modified HA2 peptide
to improve the endosomal escape of cargos linked to AR-
CPP. Sugita et al. (67) provided microscopic evidence that
coincubation of fluorescently labeled TAT, antennapedia,
Rev, or VP22 AR-CPPs with TAT-HA2 results in diffuse

labeling of the cells with the CPPs, rather than punctuate
staining of the AR-CPPs alone. This strategy was applied for
cytosolic delivery of the anticancer peptide shepherdin fused
to TAT in vitro, resulting in a greater cytotoxic effect of
shepherdin at low doses (68). Similarly, through the inclusion
of a nuclear localization signal (NLS) in this system, PM10
peptide linked to TAT could be delivered intranuclearly to
cells in vitro. Cells coincubated with the NLS-PM10-TAT
fusion protein, together with TAT-HA2, showed enhanced
cytostatic effect of the peptide PM10 (69). Using a different
strategy, Michiue et al. (70) linked the AR-CPP undecaargi-
nine (R11) to the C-terminal of P53 protein and the modified
HA2 peptide to the N-terminal of the protein. The R11
moiety was expected to enhance uptake, while the HA2
moiety would enhance the endosomal escape. The presence
of HA2 peptide increased the percentage of apoptotic cancer
cells from less than 10% using P53-R11 alone to more than
50% when HA2-P53-R11 fusion protein was used. The
advantage of this strategy is that each cargo molecule is
accompanied by the HA2 peptide in the endocytic vesicle, in
stoichiometric ratio.

A few synthetic peptides have also been checked to
determine whether they enhanced the endosomal escape of
AR-CPP-linked cargos. The 43E peptide composed of three
LAEL amino acid sequence units, which is capable of α-helix
formation at acidic pH, was proven to enhance the transfec-

Fig. 2. Model for the role of AR-CPPs in the fusion between liposome and endosomal membrane. Steps
of the fusion between liposome modified with octaarginine, a model AR-CPP, and endosome are
summarized. a Recognition of the site of fusion between the liposome and endosomal membrane through
electrostatic attraction between the cationic AR-CPP (R8) and the anionic components in the endosomal
membrane. b Close apposition of the membranes, aided by the electrostatic attraction and neutralization
of the positive charges on R8 by the endosomal membrane anionic components. c Fusion or coalescence of
the endosomal membrane and the liposome. Fusion is guided by insertion of the neutralized R8 into the
endosomal membrane and movement inwards under the influence of difference in endosomal
transmembrane potential. d Fusion pore is formed following lipid mixing between the two membranes
and resulting in the release of the liposome cargo into the cytosol
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tion activity of plasmidDNAcomplexedwith the cationic peptide
46 (71). Recently, Lo et al. (72) showed that the incorporation of a
histidine tail onto the TAT peptide resulted in up to a 7,000-fold
enhancement in gene expression over an unmodifiedTAT/pDNA
complex. This complex, when injected into rat brain and spinal
cord in vivo, resulted in gene expression levels five times lower
than those obtained with polyethyleneimine (PEI) 25 kDa
complexes in the brain, whereas the expression levels from the
two vectors in the spinal cord were close. However, cell viability
experiments showed that the modified TAT complexes did not
affect cell viability, unlike PEI, which resulted in cell toxicity,
especially at high N/P ratios (72). Histidine moieties are thought
to mediate endosomal escape through protonation of their
imidazole groups under acidic conditions of the endosomes,
which may result in osmotic swelling of the endosomes followed
by rupture and release of their contents (73). Table II
summarizes the different applications of membrane-disruptive
peptides reported to date. It is interesting that the systems
reported were tested only in cellular experiments; only the
histidine-modified TATsystem was attempted in vivo, but it had
limited success.

Membrane-Disruptive Polymers

One of the methods employed to enhance the endosomal
escape of AR-CPP-linked cargos is the attachment of a
polymer to the system that can rupture the endosome upon
acidification. The most well-established polymer in the field
of gene delivery that employs this mechanism is PEI. This
polymer is rich in secondary and tertiary amines that can be
protonated at the acidic pH of endosomes. Upon protonation,
PEI results in the rupture of endosomes by the proton sponge
effect that was first suggested by Boussif et al. (74) and is
summarized in reference (75). Figure 3 shows a simplified
model for the mode of endosomal escape of PEI polyplexes
by the proton sponge effect.

In the first trial of the combination of AR-CPPs with
PEI, a ternary complex was formed by first complexing
pDNA with either TAT oligomer and then adding PEI
25 kDa, or vice versa. In vitro transfection results showed
that the former method of preparation resulted in higher gene
expression than complexes prepared by the latter method or
conventional PEI complexes. However, when the system was
checked in vivo by intratracheal instillation into mice, the
gene expression levels did not differ significantly from those

obtained from conventional PEI complexes (76). A similar
recent study showed that modification of PEI/pDNA poly-
plexes with antennapedia AR-CPP after preparation en-
hanced the gene expression of complexes over unmodified
particles in brain capillary endothelial primary cells (77). On
the other hand, when PEI 25 kDa was linked to TAT through
a PEG spacer and used to condense pDNA, the in vitro gene
expression of this system was lower than that of unmodified
PEI polyplexes. However, when the same system was applied
in vivo to mouse lung by intratracheal instillation, significant
improvement was obtained compared with PEI polyplexes
alone. This was explained by the role of PEG in stabilizing
the particles in vivo while hindering transfection in vitro.
PEG-modified particles are less aggregated, so particle
sedimentation to cell surfaces in culture takes place at a
lower rate, resulting in less in vitro transfection (78).

In a similar system, branched PEI 2 kDa covalently
linked to PEG and TAT was shown to deliver exon-skipping
oligonucleotides in vivo and significantly improved dystro-
phin expression in mdx mice over that obtained with PEI–
PEG complexes (79). Alexis et al. (80) checked the effect of

Table II. Applications of Membrane-Disruptive Peptides for the Delivery of Various Therapeutic Macromolecules

AR-CPP
Membrane-disruptive
peptide

Linkage between the AR-CPP
and the membrane-disruptive
peptide Cargo delivered

Application
in vitro

Application
in vivo Reference

TAT HA2-TAT Coincubation Cre recombinase
protein

Yes No (18)

TAT, Pen, Tp Penetratin-HA2 Coincubation PNA Yes No (62)
Pen Penetratin-HA2 Coincubation siRNA Yes No (63)
TAT Modified HA2-TAT Coincubation Shepherdin peptide Yes No (67)
TAT Modified HA2-TAT Coincubation PM10 peptide Yes No (68)
R11 Modified HA2-TAT Fusion protein P53 protein Yes No (69)
46 43E Ternary complex Plasmid DNA Yes No (70)
TAT Histidine 10 Fusion protein Plasmid DNA Yes Yes (71)

Pen penetratin, Tp transportan, PNA peptide nucleic acid, R11 undecaarginine

Fig. 3. Endosomal escape of PEI polyplexes by proton sponge effect.
After uptake, PEI polyplexes in the endosome act as proton sponge
through protonation of the secondary and tertiary amine groups in
the PEI polymer chain. Accumulation of protons together with their
counter ions in the endosome stimulates entrance of water from the
cytosol to balance the high osmotic pressure inside the endosome.
Swelling of the endosome in the presence of PEI eventually leads to
endosome bursting and release of PEI polyplexes to the cytosol
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low-molecular-weight PEI covalently linked to TAT on its
transfection activity. Interestingly, the resulting particles had
in vitro gene expression values comparable to those of PEI
25 kDa complexes, but with less cell toxicity.

A more complex system was proposed by Suk and
colleagues (81) in which the polyplexes of branched PEI
25 kDa with pDNA were chemically modified with PEG and
then TAT moieties were linked to the free tip of PEG. This
system enhanced cell uptake over unmodified PEI polyplexes
and resulted in slightly higher YFP expression. Surprisingly,
more than 50% of modified particles were shown to colo-
calize with endosome/lysosome compartments, compared to
more than 60% of unmodified PEI polyplexes, raising doubts
about the efficiency of PEI in mediating endosomal escape.
On the other hand, a recent study showed that covalent
linkage of PEI to R11 resulted in less efficient gene expression
than PEI polyplexes. The authors suggested that the presence
of R11 changes the uptake pathway of PEI polyplexes to a less
productive one that results in less migration of the polyplexes
to the perinuclear region across the microtubules (82).
Different applications of combinations of AR-CPPs and PEI
are listed in Table III. The table shows that low-molecular-
weight PEI derivatives, though of limited application so far,
seem to be a promising less toxic alternative to the conven-
tional PEI when combined with AR-CPPs.

Lysosomotropic Agents

Lysosomotropic agents are substances of varying chemical
structures that are taken up selectively into lysosomes. Themost
famous among this group is chloroquine, which is a weak base
that can enter the cell and accumulate in endosomes and
lysosomes after being protonated. Depending on the concen-
tration of chloroquine, it can have different functions; at low
concentrations, it may act as an inhibitor to endosome
acidification, preventing the accumulation of free protons in
the endosome and preventing its maturation. At high concen-
trations, it can result in the accumulation of counter ions to
protons in endosomes, resulting in endosomal swelling and
rupture (83,84). At high concentrations, chloroquine can be
used to enhance cytosolic delivery of many functional cargos
such as nucleic acids (85–87) or proteins (18,88) that may suffer
entrapment in endosomes after uptake. In the same way,
chloroquine is currently used by many researchers to enhance
the cytosolic delivery of cargos attached to AR-CPPs that are
known to be internalized through the endocytic pathway.

In 2004, Wadia et al. (18) reported enhanced nuclear
delivery of TAT fusion protein to Cre recombinase in the

presence of chloroquine. However, the high concentrations of
chloroquine used in this study were toxic to cells. Similarly,
Caron and colleagues (88) showed that increasing concen-
trations of chloroquine or sucrose resulted in an increase in
recombination of the TAT-Cre fusion protein. For delivery of
pDNA, TAT fused to polylysine could condense plasmid
DNA and result in efficient intracellular delivery of the
complex formed. However, efficient expression of the EGFP
plasmid was shown only in the presence of chloroquine.
Recently, chloroquine has been used widely in combination
with PNA for efficient splice correction. PNA linked to TAT
(63,89,90), oligoarginine (89), and penetratin (63,91) all
resulted in more efficient splice correction when chloroquine
was included in the transfection medium. Nevertheless,
despite the high efficiency of chloroquine in in vitro experi-
ments, it still has no application for the in vivo delivery of
biological macromolecules due to its pharmacological effects.

Photochemical Internalization

Photochemical internalization (PCI) is a technique in
which the cells are incubated with a photosensitizer that
preferentially localizes in the cell membrane, thereafter being
taken in by endocytosis to localize in the endocytic vesicle
membranes. Upon irradiation of the cell with light at a special
wavelength, the photosensitizer will be excited, resulting in
the formation of reactive oxygen species. This reactive
oxygen will rupture all membranes in close proximity,
particularly endocytic vesicles, releasing their contents to the
cytosol (92). This strategy was applied to release the fusion
protein between the apoptotic proteins P53 and R11 from the
endocytic vesicles. The cells were irradiated with light at
480 nm, which excited the fluorescent label fluorescein
isothiocyanate attached to the fusion protein and released
the fusion protein to the cytosol (93). PCI was also applied
widely for the release of PNA from the endocytic vesicles
(90,94,95). A detailed protocol for the application of PCI to
release PNA from endosomes was published (90). PCI,
though very effective in the release of any type of drug at a
localized site, has some limitations that will require more
effort to overcome. Among these are the limited depth of
light penetration, damage of therapeutic macromolecules that
are in close proximity to the photosensitizer, and skin
sensitivity to light that may appear as a side effect of the
photosensitizer (92,96). There are currently no reports about
in vivo application of PCI for the delivery of AR-CPPs-linked
cargos.

Table III. Applications of PEI for the Delivery of Various Therapeutic Macromolecules

AR-CPP PEI structure
Linkage between the AR-CPP
and liposomes Cargo delivered

Application
in vitro

Application
in vivo Reference

TAT oligomers Branched PEI 25 kDa Ternary complex Plasmid DNA Yes Yes (75)
Antp Branched PEI 25 kDa Ternary complex Plasmid DNA Yes No (76)
TAT Branched PEI 25 kDa Covalent linkage through PEG Plasmid DNA Yes Yes (77)
TAT Branched PEI 2 kDa Covalent linkage to PEI Oligonucleotides Yes Yes (78)
TAT Branched PEI 600 kDa Covalent linkage to PEI Plasmid DNA Yes No (79)
TAT Branched PEI 25 kDa Covalent linkage through PEG Plasmid DNA Yes No (80)
R11 Branched PEI 25 kDa Covalent linkage to PEI Plasmid DNA Yes No (81)

Antp antennapedia peptide, R11 undecaarginine
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CONCLUSIONS

AR-CPPs have many advantages that allow their appli-
cation in the field of therapeutic macromolecule delivery,
such as high cellular uptake, low cytotoxicity, biocompatibil-
ity, and biodegradability. However, one of their major
limitations remains to be the lack of an intrinsic mechanism
of escape from endocytic vesicles after uptake. Therefore,
they should be attached to a system to allow their cytosolic
release after uptake. This has been a review of the different
systems currently in use for the enhancement of endosomal
escape of cargos linked to AR-CPPs. The lack of quantitative
parameters for endosomal escape efficiency and differing
experimental conditions make it difficult to judge which
system was the most successful. Therefore, there is a need
to establish methods to quantitatively determine endosomal
escape efficiency in order to develop more efficient endosomal
escape devices. There is still room for the introduction of new
endosomal escape devices or combinations of more than one of
the current devices, since the number of systems currently in
application is still limited. Another important consideration
during development of delivery systems is that the endosomal
escape device should not contradict the cell-penetrating function
of the AR-CPPs. This contradiction can be avoided through the
rational design of the system so that the AR-CPP is presented
only at the cell surface during uptake, while the endosomal
escape device is presented after uptake.

Future Directions

In this review, five categories of compounds to enhance the
endosomal escape of cargos attached to AR-CPPs were
presented. Only three of them were tested for in vivo animal
experiments and none of them was tested clinically. This may
indicate inefficiency in the process of extension from in vitro to
in vivo application for these systems. The reason is that in vivo
applications need more complex systems to overcome multiple
extracellular and intracellular barriers. The system should
include the following: (1) PEG, to shield the cationic charge of
the AR-CPPs during circulation to avoid nonspecific interaction
and uptake by the macrophages; (2) a ligand, to target a specific
tissue or cell population; (3) AR-CPPs, to enhance cellular
uptake; (4) an endosomal escape device; and (5) a NLS if
nuclear delivery is needed. Such a complex system necessitates a
special arrangement of the different functional devices in a
rational design in order for every device to be presented at the
specific location and time for eliciting its function. We recently
adopted the concept of programmed packaging for the design of
such a multifunctional device, which utilizes octaarginine as a
model AR-CPP. Other groups are also working on the design of
delivery systems that combine different AR-CPPs together with
various devices. It is hoped that such ongoing research will result
in a multifunctional system that brings clinical applications of
these peptides into reality.
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