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Abstract Intracellular delivery of drugs and nucleic acids has become one of the
most widely explored areas of research. However, it has become increasingly
evident that it is also necessary to control the nanocarrier’s disposition within a cell.
Much attention has been paid nowadays to control the distribution of the nanocar-
rier within the cell by using organelle targeted nanocarriers. In this review we have
described various approaches developed in our laboratory for intracellular delivery
of drugs and nucleic acids with lipid-based nanocarriers.
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Rh rhodamine

DDS drug delivery system

STPP stearyl triphenyl phosphonium
Rh-123  rhodamine-123

PCL paclitaxel

LSD lysosomal storage diseases
ERT enzyme replacement therapy
RhB octadecyl derivative of rhodamine B

C,FDG 5-dodecanoylamino fluorescein di-B-D-galactopyranoside

1 Introduction

It is now well understood that nanocarrier-mediated drug delivery can control the
disposition of a drug within the body. The term ‘targeting’ in nanocarrier-mediated
drug delivery often involves binding of the nanocarrier to a cell-surface receptor
(receptors that are preferentially expressed/over-expressed on the target cell) fol-
lowed by internalization of the nanocarrier via the endocytic pathway. The problem,
however, is that any nanocarrier entering the cell via the endocytic pathway becomes
entrapped in the endosome and eventually ends up in the lysosome, where active
degradation under the action of the lysosomal enzymes takes place. This problem is
particularly critical for nucleic acids, peptidic drugs that are sensitive to degradation.
As aresult, only a small fraction of such an unaffected substance appears in the cell
cytoplasm. So far, multiple but only partially successful attempts have been made to
bring various macromolecular drugs and drug-loaded pharmaceutical carriers
directly into the cell cytoplasm, bypassing the endocytic pathway. Methods such as
microinjection or electroporation used for the delivery of membrane-impermeable
molecules in cell experiments are invasive in nature and can damage the cellular
membrane (Chakrabarti et al. 1989; Arnheiter and Haller 1988). Non-invasive meth-
ods such as the use of pH-sensitive carriers, including pH-sensitive liposomes
(which at low pH inside endosomes destabilize endosomal membrane and liberate
the entrapped drug into the cytoplasm) (Straubinger et al. 1985; Torchilin 2005b)
and cell-penetrating molecules (Torchilin 2005b, 2007b; Sawant and Torchilin 2010)
are much more efficient. These approaches assume that just the cell cytosol delivery
is adequate for the final action of a drug or nucleic acid.

However, it has become increasingly evident that it is also necessary to control
the nanocarrier’s disposition within the cell. Many drugs must be delivered to spe-
cific cell organelles such as nuclei (the target for gene and antisense therapy), lyso-
somes (the target for the delivery of deficient lysosomal enzymes in therapy of
lysosomal storage diseases), and mitochondria (the target for pro-apoptotic antican-
cer drugs) to exert their therapeutic action. Thus, the focus has now moved towards
targeting the nanocarrier or its cargo to an individual cell organelle.

Liposomes (mainly, for water soluble drugs) and micelles (for poorly soluble
drugs) can be considered as prototype nanocarriers. Liposomes are artificial
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phospholipid vesicles with sizes varying from 50 to 1,000 nm and greater, which
can be loaded with a variety of drugs (Lasic 1993; Torchilin 2005b). Further, the
addition of a polyethylene glycol (PEG) coating renders these liposomes long-
circulating (Lasic and Martin 1995), which allows them to accumulate in various
pathological areas with compromised (leaky) vasculature, such as tumors or
infarcts. It has been shown that (Torchilin et al. 1996) the long-circulating lipo-
somes can be made ‘targeted’, if antibodies or other specific binding molecules
(ligands) have been attached to the water-exposed tips of the PEG chains
(Torchilin et al. 2001a).

Micelles, including polymeric micelles, are also a popular and well-investigated
pharmaceutical carrier due to their small size (10—-100 nm), in vivo stability, ability
to solubilize water insoluble anticancer drugs, and prolonged blood circulation
times (Torchilin 2001, 2007a). The typical core-shell structure of polymeric
micelles is formed by the self-assembly of amphiphilic block-copolymers consisting
of hydrophilic and hydrophobic monomer units in aqueous media (Torchilin 2001).
The use of special amphiphilic molecules as micelle-building blocks can also intro-
duce the property of micelle extended blood half-life. Block-copolymer micelles
can also be used to target their payload to specific tissues through either passive or
active means. The passive targeting is due to the small micellar size which allows
in spontaneous penetration into the interstitium of body compartments with a leaky
vasculature (tumors and infarcts) by the enhanced permeability and retention (EPR)
effect (Maeda et al. 2000; Torchilin 2001, 2007a; Maeda et al. 2009; Lukyanov
et al. 2004). Active targeting of micelles can also be achieved by attachment of
target-specific ligands to their surface (Torchilin 2001, 2007a).

We have been specifically interested in micelles made of PEG-phosphatidy] etha-
nolamine (PEG-PE), where, the use of lipid moieties as hydrophobic blocks capping
hydrophilic polymer (such as PEG) chains provides the additional advantage of par-
ticle stability when compared with conventional amphiphilic polymer micelles due to
the existence of two fatty acid acyls, which contribute considerably to an increase in
the hydrophobic interactions between the polymeric chains of the micelle core
(Lukyanov and Torchilin 2004). Such PEG-PE micelles demonstrate good stability,
longevity in the blood and the ability to accumulate in the areas with a damaged or
leaky vasculature (Lukyanov et al. 2004; Lukyanov and Torchilin 2004).

The liposomes and micelles can be assembled in ‘modular fashion’ by addition
of various components such as cationic lipids, intracellular peptide-conjugated
lipids, ligand-modified lipids and organelle-targeted lipid conjugates for tumor
targeted or intracellular delivery. Various components of these ‘modular system’
can be further incorporated in one carrier (either liposomes or micelles) to build a
‘multifunctional system’ (e.g. combination of cell penetrating function, cancer cell
targeting antibody and stimuli-sensitivity in one system) to perform various func-
tions simultaneously or in orchestrated fashion.

In this review, we will discuss the approaches successfully developed in our
laboratory for intracellular delivery of liposomes and lipid-core micelles, particu-
larly, the use of cationic lipids, cell penetrating peptides (CPPs), and organelle-
targeting ligands.
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2 Intracellular Delivery of Lipid-Core Micelles
with Cationic Lipids

Polymeric micelles cannot diffuse through the cell membrane but rather are internalized
by endocytosis. Detailed reviews of the endocytotic pathways and endocytosis of
nanocarriers can be found in (Conner and Schmid 2003; Mukherjee et al. 1997,
Bareford and Swaan 2007). Following cell uptake, micelles are contained within
acidic endosomes and are further directed to various transport pathways including
fusion with lysosomes or exocytosis. Therefore, it is necessary to further improve
the efficiency of drug-loaded micelles by enhancement of their intracellular deliv-
ery to compensate for excessive drug degradation in lysosomes as a result of the
endocytosis-mediated capture of micelles by cells.

PEG-PE micelles carry a net negative charge (Lukyanov and Torchilin 2004),
which can hinder their internalization by cells. Modification of PEG-PE micelles
with positively charged lipids may improve the uptake of drug-loaded micelles by
cells. Such positively charged micelles could also more readily escape from endo-
somes and enter the cytoplasm. To test these ideas, we have prepared paclitaxel-
loaded micelles from mixture of PEG-PE and positively charged Lipofectin® lipids
(LL) (Wang et al. 2005). The intracellular fate of paclitaxel-loaded PEG-PE/LL
micelles and micelles prepared without the addition of the LL was investigated by
fluorescence microscopy with BT-20 breast adenocarcinoma cells. Both fluorescently-
labeled PEG-PE and PEG-PE/LL micelles were endocytosed by BT-20 cells
(Fig. 1). However, with PEG-PE/LL micelles, endosomes appeared to be partially
disrupted and released drug-loaded micelles into the cell cytoplasm, a result of the

PEG-PE/paclitaxel PEG-PE/LL/paclitaxel
micelles micelles

Fig. 1 Microscopy of BT-20 cells incubated with PEG-PE/ paclitaxel micelles and PEG-PE/
LL/paclitaxel micelles for 2 and 4 h. Bright-field (left images in each pair) and fluorescence
(right images in each pair). Arrows indicate fluorescent endosomes in cells incubated with
PEG-PE/paclitaxel micelles for 2 h; partially degraded endosomes in cells incubated with
PEG-PE/LL/paclitaxel micelles for 2 h; punctuate fluorescent structures in cells incubated
with PEG-PE/LL/paclitaxel micelles for 4 h; larger (fused) endosomes in cells incubated with
PEG-PE/paclitaxel micelles for 4 h (Modified from Torchilin 2005a)
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de-stabilizing effect of the LL component on the endosomal membranes. After 4 h
incubation, larger, fused fluorescent endosomal structures became apparent in the
case of LL-free micelles, whereas cells incubated with PEG-PE/LL micelles had
smaller punctuate fluorescent structures in the cytoplasm. Increased cytoplasmic
delivery of paclitaxel was confirmed by the results of in vitro cytotoxicity studies
against BT-20 cells (human breast carcinoma) and A2780 cells (human ovarian
carcinoma). The paclitaxel-loaded PEG-PE/LL micelles were significantly more
cytotoxic compared to that of free paclitaxel or paclitaxel delivered using nonca-
tionic LL-free PEG-PE micelles: in A2780 cancer cells, the IC50 values for free
paclitaxel, paclitaxel in PEG-PE micelles, and paclitaxel in PEG-PE/LL micelles
were 22.5, 5.8 and 1.2 uM, respectively. In BT-20 cancer cells, the IC50 values of
the same preparations were 24.3, 9.5 and 6.4 uM, respectively.

However, use of cationic lipids has sometimes been associated with cytotoxicity,
especially when used in the high amounts usually used for gene delivery (Torchilin
et al. 2003a). Therefore, it is necessary to find a novel ligand that enhances both the
cellular uptake and the escape from lysosomal degradation without cytotoxicity or
immunogenicity.

3 Intracellular Delivery of Nanocarriers Using Cell
Penetrating Peptides (CPPs)

A promising approach for the intracellular delivery that has emerged over the last
decade is the use of CPPs (Schwarze et al. 1999). Many different short peptide
sequences have been identified that promote transport of a variety of cargoes across
the plasma membrane and deliver their payload intracellularly. This process is
termed “protein transduction”. Such proteins or peptides contain domains of less
than 20 amino acids and are referred to as Protein Transduction Domains (PTDs) or
CPPs, which are highly enriched with basic residues (Schwarze and Dowdy 2000).

TATp, the most frequently used CPP, is derived from the transcriptional activator
protein encoded by human immunodeficiency virus type 1 (HIV-1) (Jeang et al.
1999). Authors Green (Green and Loewenstein 1988) and Frankel (Frankel and
Pabo 1988) demonstrated that the 86-mer trans-activating transcriptional activator,
Tat, protein encoded by HIV-1, was efficiently internalized by cells in vitro when
introduced in the surrounding media. Later it was shown that residues 49-57 were
responsible for membrane translocation, with the positive charge contributing
largely to the transduction ability of TAT (Park et al. 2002).

TATp-mediated cytoplasmic uptake of plasmid DNA (Astriab-Fisher et al. 2002;
Nguyen et al. 2008), nanoparticles (Zhao et al. 2002; Lewin et al. 2000; Rao et al.
2008), liposomes (Torchilin et al. 2001b; Fretz et al. 2004; Levchenko et al. 2003;
Torchilin 2001; Zhao et al.) and micelles (Sethuraman and Bae 2007; Sawant et al.
2008) has been reported. A variety of uptake mechanisms appear to be involved in
different systems, and in some cases, the mechanism is cell-type or cargo-specific
(Zorko and Langel 2005). Smaller molecules attached to TATp seem to transduce
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directly into cells by energy independent electrostatic interactions and hydrogen bonding
(Vives et al. 2003), but the larger cargos get into cells by an energy dependent macro-
pinocytosis pathway (Wadia et al. 2004). Some examples relating to the intracellular
delivery of pharmaceutical nanocarriers by CPPs are presented in Table 1.

Table 1 Examples of nanoparticles delivered using CPPs

Particle and CPP used

Result

References

Liposomes, TAT,
antennapedia,
octaarginine

Liposomes, lipid-modified
TATp

Sterically stabilized liposomes,
200 nm, TATp coupled
to the linker

Liposomes, polyarginine

Folic acid targeted, paclitaxel
loaded, TATp-modified
polymeric liposomes
(FA-TATp-PLs)

CLIO (MION) particles,
41 nm, TATp

PEG-Polylactic
acid micelles,
20-45 nm, TATp

pH-sensitive polymeric
micelles, 20—45 nm,
TATp

Gold particles, 20 nm,
TATp

Quantum dot-loaded
polymeric micelles,
20 nm, TATp coupled
to a linker

Nanocomplexes of PEI
and DNA, TATp

Increased intracellular targeting
of airway cells.

Increased cellular uptake
in various cells.

Increased transfection in vitro
and in vivo.

siRNA in R8-liposomes effectively
inhibited the targeted gene and
significantly reduced the
proliferation of cancer cells.

Increased intracellular uptake of
FA-TATp-PLs in both KB
and A549 cells and superior
toxicity in vivo in SCID mice
bearing KB nasopharyngeal
cancer.

Mouse lymphocytes, human natural
killer, HeLLa, human
hematopoietic CD34+, mouse
neural progenitor C17.2,
human lymphocytes CD4+,

T- cells, B-cells, macrophages,
immune cells, stem cells. For
intracellular labeling, MRI,
magnetic separation of homed
cells, cell imaging.

Increased cytotoxicity of
doxorubicin
at acidic pH.

Increased uptake at pH 6.6
compared to pH 7.4.

Increased intracellular
localization.

Concurrent imaging and
distinguishing tumor vessels
from perivascular cells
and matrix made possible.

Increased transfection in
SH-SYSY cells.

Cryan et al. (2006)

Yagi et al. (2007)

Torchilin et al. (2003a)

Zhang et al. (2006)

Zhao et al. (2010)

Josephson et al. (1999),
Lewin et al. (2000),
and Dodd et al.
(2001)

Sethuraman et al.
(2008)

Sethuraman and Bae
(2007)

Tkachenko et al. (2004)
and de la Fuente
and Berry (2005)

Stroh et al. (2005)

Suk et al. (2006)

(continued)
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Table 1 (continued)

Particle and CPP used Result References

PEG-PEI conjugates, TATp Increased transfection in mice. Kleemann et al. (2005)

Boron carbide nanoparticles, Increased translocation in murine Mortensen et al. (2006)
TATp EL4 lymphoma cells, BI6F10

melanoma cells. For boron
neutron capture therapy.

TATp liposomes DNA Increased transfection in vitro and ~ Gupta et al. (2007)
complexes in vivo.

TATp liposomes DNA Increased transfection in vitro Pappalardo et al. (2009)
complexes. of the antigen presenting cells.

Low cationic liposomes— Increased transfection of hypoxic Ko et al. (2009)
plasmid DNA complexes cardiomyocytes in vitro by
(lipoplexes) modified the mAb 2G4-modified TATp
with TATp and/or with lipoplexes.
anti-myosin monoclonal Increased accumulation of
antibody 2G4 (mAb 2G4) mAb 2G4-modified TATp
specific toward cardiac lipoplexes in the ischemic rat
myosin myocardium and significantly

enhanced transfection of
cardiomyocytes in the
ischemic zone in vivo.

3.1 TATp-Modified Liposomes and Lipid-Core Micelles
for Drug Delivery and Imaging

We have successfully modified liposomes and micelles with TATp using (p-nitrop-
henyl) carbonyl-PEG-PE (pNP-PEG-PE) (Torchilin et al. 2001a, 2003b). pNP-
PEG-PE can be readily incorporated into liposomes and micelles via its phospholipid
moiety, and it reacts easily with any amino group-containing substrate compound
via its water-exposed pNP group to form a stable and non-toxic carbamate bond
(Fig. 2). The reaction between the pNP group and the amino group of the ligand
proceeds easily and quantitatively at pH 8.0, while excessive wiree pNP groups are
readily eliminated by spontaneous hydrolysis. Some possible ways to attach CPPs
to the micellar and liposomal surface are shown in Fig. 3.

An early study of liposomal delivery with a TATp showed that modification
with TATp (47-57), enhanced delivery liposomes intracellularly to different cells,
such as murine Lewis lung carcinoma (LLC) cells, human breast tumor (BT20)
cells and rat cardiac myocytes (H9C2) (Torchilin et al. 2001b). The liposomes
were tagged with TATp via the spacer, pPNP-PEG-PE, at a density of a few hun-
dreds of TATp per 200 nm liposome vesicle. These preparations of TATp-
liposomes, which allowed for the direct contact of TATp residues with cells,
displayed an enhanced liposome uptake by the cells. This suggested that the
translocation of TATp-liposomes into cells requires direct, free interaction of
TATp with the cell surface. Further studies on the intracellular trafficking of
rhodamine-labeled TATp-liposomes loaded with FITC-dextran revealed that
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Fig. 2 Schematic of amino-group-containing ligand, such as peptide attachment using pNP-
PEG-PE

Liposome Micelle
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T

Water soluble drug Hydrophobic Water insoluble
anchoring group drug

Fig. 3 CPP attached to liposomes and micelles by the insertion into the hydrophobic phase of
liposome membrane or micelle inner core via a spacer arm (linker) with a hydrophobic “anchor”

TATp-liposomes remained intact in the cell cytoplasm at 1 h of translocation
since the fluorescence of the intraliposomal (FITC-dextran) and membrane
(rthodamine-PE) labels coincided (Fig. 4). After 2 h, they had migrated into the
perinuclear zone and after several hours, the liposomes had completely disinte-
grated (Torchilin et al. 2003a).

One of the major obstacles to the use of TATp-mediated intracellular delivery
of pharmaceutical nanocarriers is the lack of selectivity of TATp. This non-
selectivity has generated concern about drug-induced toxic effects towards
normal tissues. This suggested that intratumoral administration of TATp containing
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Fig. 4 Intracellular trafficking of rhodamine-PE- labeled and FITC-dextran-loaded TATp-
liposomes within BT20 cells. Typical patterns of intracellular localization and integrity of
TATp-liposome after 1 h. (a), DIC light; (b), DIC with an rhodamine filter; (¢), DIC with an
FITC filter; (d), DIC composite of (b)—(c). (Magnification, x400) (Modified from Torchilin
2005a)

nanocarriers may serve as good solution to this problem for delivery of anticancer
drugs at least in certain cases. We prepared and studied paclitaxel-loaded TATp
containing PEG-PE micelles (Sawant and Torchilin 2009). Such paclitaxel-loaded
micelles were prepared using PEG,_-PE as the main micelle-forming component
with the addition of 2.5 mol% TATp-PEG,  -PE to promote direct unhindered
contact with cells.

The in vitro cell interaction of the TATp-bearing PEG-PE micelles was confirmed
by fluorescence microscopy with 4T1 cells (Fig. 5). Plain micelles composed of
PEG,-PE demonstrated limited interaction with the cells (Fig. 5a). However, the
use of the TATp-bearing PEG__ -PE micelles resulted in a strong interaction with
the cells (Fig. 5b). This enhanced interaction also resulted in increased in vitro
cytotoxicity against MCF-7 and 4T1 cells with paclitaxel-loaded TATp-bearing
micelles compared to paclitaxel-loaded micelles without TATp at both 5 and 50 nM
paclitaxel concentrations.

For in vivo studies, to avoid any unwanted distribution of paclitaxel-loaded
TATp-micelles, micelles were injected intratumorally in mice and tumors were
harvested after 48 h. Nuclear DNA fragmentation in tumor sections undergoing

1000
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Fig. 5 In vitro interaction of rhodamine-PE labeled PEG-PE micelles with 4 T1 cells. Left panel
shows the bright field and right panel shows the fluorescent microscopy of 4 T1 cells treated with
rhodamine-PE labeled micelles. (a), rhodamine-PE :PEGm—PE micelles; (b), rhodamine-PE:
PEG,-PE: TATp-PEG -PE micelles. Magnification x40 objective (Modified from Sawant and

750

Torchilin 2009)

apoptosis was observed using the TUNEL assay with a DNA fragmentation kit.
Very few TUNEL-positive cells were observed in tumors injected with free pacli-
taxel and paclitaxel-loaded micelles (Fig. 6¢). However, significant apoptotic cell
death was observed in tumors treated with paclitaxel-loaded TATp-bearing
micelles (Fig. 6d).

Another application of CPPs involves the labeling of cells with semiconductor
nanocrystals or quantum dots (QDs). QDs are now more popular than standard
fluorophores for the study of tumor pathophysiology since they are photostable,
more robust stable light emitters, and relatively insensitive to the wavelength of
the excitation. They are also capable of distinguishing tumor vessels from both the
perivascular cells and the matrix, with concurrent imaging. QDs trapped within
PEG-PE micelles bearing a TATp-PEG-PE linker were used to label mouse
endothelial cells in vitro. For in vivo tracking, bone marrow-derived progenitor
cells labeled with TATp-bearing QD-containing micelles ex vivo, were injected in
mice bearing a tumor in a cranial window model. It was possible to track the
movement of labeled progenitor cells to the tumor endothelium, that may provide
a path towards the understanding of the fine details of tumor neovascularization
(Stroh et al. 2005).
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Fig. 6 Detection of apoptotic cells by fluorescence microscopy of frozen tumor sections.
Apoptosis was determined by TUNEL. The left panel shows the sections stained with DAPI and
the right panel shows TUNEL. (a), Negative control; (b), free paclitaxel; (c), paclitaxel-loaded
micelles without TATp; (d), paclitaxel-loaded micelles with TATp. Magnification x20 objective
(Modified from Sawant and Torchilin 2009)
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3.2 TATp- Modified Liposomes for Delivery of Nucleic Acids

Another exceptionally important yet challenging task is cellular delivery of nucleic
acids. Various methods used to deliver these highly negatively charged biomolecules
are associated with cellular toxicity or poor efficiency in certain types of cells
(e.g. lipofectamnine or microinjection). Currently, liposomes and cationic polymers
are used for transfection but they are also less efficient and often accompanied by
high levels of toxicity.

Due to the size of plasmids and the high number of negative charges, non-
covalent approach have been mostly used. It has been reported that TATp binds to
DNA to form complexes which can be internalized through endocytosis (Sandgren
et al. 2002). In our laboratory we prepared TATp-liposomes with the addition of a
small quantity of a cationic lipid (DOTAP) and incubated with DNA to form stable
non-covalent complexes with a model gene encoding for the enhanced-green fluo-
rescent protein (pEGFP-N1) (Torchilin and Levchenko 2003). Such TATp-
liposome-DNA complexes when incubated with mouse fibroblast NIH 3T3 and
cardiac myocytes H9C2 showed substantially higher transfection in vitro, with
lower cytotoxicity than the commonly used Lipofectin®.

We have also investigated the potential of TATp-modified liposomes to
enhance the delivery of the model gene, pEGFP, to human brain tumor U-87 MG
cells in vitro and in an intracranial tumor model in nude mice (Gupta et al.
2007). The size distribution of DNA-loaded TATp-liposomes was narrow
(around 250 nm) and the DNA complexation was firm at lipid/DNA (+/-) charge
ratios of 5 and higher. TATp-lipoplexes demonstrated an enhanced delivery of
pEGFP to U-87 MG tumor cells in vitro at lipid/DNA (+/-) charge ratios of
5 and 10. In vivo transfection of intracranial brain tumors by intratumoral injec-
tions of TATp-lipoplexes showed an enhanced delivery of pEGFP selectively to
tumor cells and subsequent effective transfection compared to plain plasmid-
loaded lipoplexes. No transfection was observed in the normal brain adjacent to
the tumor. Thus, TATp-lipoplexes can be used to augment the delivery of genes
to tumor cells when injected intratumorally, without affecting the normal adja-
cent brain.

Another example is gene delivery into immunocompetent cells to modulate
immune response. Antigen presenting cells (APC) are among the most important
cells of the immune system since they link the innate and the adaptive immune
responses, directing the type of immune response to be elicited. However, APC
are very resistant to transfection. To increase the efficiency of APC transfection,
we used liposome-based lipoplexes additionally modified with TATp for better
intracellular delivery of a model pEGFP. pEGFP-bearing lipoplexes made of a
mixture of egg phosphatidylcholine (PC): cholesterol (Chol): DOTAP (60:30:10 M
ratio) with the addition of 2% mol of PEG-PE conjugate (plain-L) or TATp-
PEG-PE (TATp-L) effectively protected the incorporated DNA from degradation.
Uptake assays of rhodamine (rh)-labeled lipoplexes and transfections with the
EGFP reporter gene were performed with APC derived from the mouse spleen.
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Plain liposomes TATp liposomes
2 S ek - N
.

Fig. 7 (a) Liposome uptake and internalization of APC cultures incubated for 60 min with
Rh-labeled plain-L and TATp-L (100x); (b), APC culture fluorescence microscopy 48 h post
transfection with EGFP (40x). I: bright field, 2: rh filter, 3: Hoechst, 4: EGFP (Modified from
Pappalardo et al. 2009)

TATp-L-based lipoplexes significantly enhanced both the uptake and transfection
of APC (Fig. 7) (Pappalardo et al. 2009).

We recently reported a double—targeted delivery system simultaneously capable
of extracellular accumulation and intracellular penetration for gene therapy in the
treatment of myocardial ischemia. We used low cationic liposome—plasmid DNA
complexes (lipoplexes) modified with TATp and/or with monoclonal anti-myosin
monoclonal antibody 2G4 (mAb 2G4) specific toward cardiac myosin, for targeted
gene delivery to ischemic myocardium. In vitro transfection of both normoxic and
hypoxic cardiomyocytes was enhanced by the presence of TATp determined by
fluorescence microscopy and ELISA. The enhanced transfection with TATp-
lipoplexes indicated that intracellular delivery mediated by TATp played an impor-
tant role in the transfection of hypoxic as well as normoxic cells. The in vitro
transfection was further enhanced by the additional modification with mAb 2G4
antibody in the case of hypoxic, but not normoxic cardiomyocytes. This can be
explained by the additional mAb 2G4-mediated targeted delivery of the lipoplexes
to the hypoxic cells because of the better binding of the lipoplexes with the
hypoxically damaged cells due to exposure of intracellular cardiac myosin.
However, we did not observe a synergism between TATp and mAb 2G4 ligands
under our experimental conditions. In in vivo experiments, we clearly demon-
strated an increased accumulation of mAb 2G4-modified TATp lipoplexes in the
ischemic rat myocardium and significantly enhanced transfection of cardiomyo-
cytes in the ischemic zone. Thus, the genetic transformation of normoxic and
hypoxic cardiomyocytes can be enhanced by using lipoplexes modified with TATp
and/or mAb 2G4 (Ko et al. 2009).
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3.3 TATp-Modified Liposomes and Micelles: A Multifunctional
Approach

An ideal nanoparticular drug delivery system (DDS) should be able to (1) specifically
accumulate in the required organ or tissue, and then (2) penetrate target cells to
deliver its load (drug or DNA) intracellularly. Organ or tissue (tumor, infarct) accu-
mulation could be achieved by the passive targeting via the EPR effect (Maeda
et al. 2000) assisted by prolonged circulation of such a nanocarrier (for example, as
a result of its coating with protecting polymer such as PEG); or by antibody-
mediated active targeting (Torchilin 2004) and (Jaracz et al. 2005), while the intra-
cellular delivery could be mediated by certain internalizable ligands (folate,
transferrin) (Gabizon et al. 2004) and (Widera et al. 2003) or by CPPs (Gupta et al.
2005). Ideally, such a DDS should simultaneously carry on its surface various
active moieties, i.e. be multifunctional and possess the ability to “switch on” certain
functions (such as intracellular penetration) only when necessary, for example
under the action of local stimuli characteristic of the target pathological zone (first
of all, increased temperature or lowered pH values characteristic of inflamed, isch-
emic, and neoplastic tissues). These “smart” DDS should be built in such a way that
during the first phase of delivery, a non-specific cell-penetrating function is shielded
by the function providing organ/tissue-specific delivery (sterically protecting polymer
or antibody). Upon accumulating in the target, protecting polymer or antibody
attached to the surface of the DDS via the stimuli-sensitive bond should detach
under the action of local pathological conditions (abnormal pH or temperature) and
expose the previously hidden second function to allow for the subsequent delivery
of the carrier and its cargo inside cells (Fig. 8).

With this in mind, we prepared targeted long-circulating PEGylated liposomes
and PEG-PE-based micelles possessing several functionalities (Sawant et al. 2006;
Kale and Torchilin 2007a). First, such systems targeted a specific cell or organ by
attaching the monoclonal antibody (infarct-specific antimyosin antibody 2G4 or
cancer-specific antinucleosome antibody 2C5) to their surface via reactive pNP—
PEG-PE moieties. Second, these liposomes and micelles were additionally modified
with TATp moieties attached to the surface of the nanocarrier by using TATp-short
PEG-PE derivatives. PEG-PE used for liposome surface modification or for micelle
preparation was made degradable by inserting a pH-sensitive hydrazone bond
between PEG and PE (PEG-Hz-PE). Under normal pH values, TATp functions on
the surface of nanocarriers were “shielded” by the long PEG chains (pH-degradable
PEG, —PE or PEG, —PE) or by long pPNP-PEG—PE moieties used to attach anti-

2000 5000

bodies to the nanocarrier (non-pH-degradable PEG,, ~PE or PEG, ~PE). At pH
7.5-8.0, both liposomes and micelles demonstrated high specific binding with
antibody substrates, but very limited internalization by NIH/3T3 or U-87 cells.
However, upon brief incubation (15-30 min) at lower pH values (pH 5.0-6.0) nano-
carriers lost their protective PEG shell because of acidic hydrolysis of the PEG—
Hz-PE and were effectively internalized by cells via TATp moieties (Fig. 9a).

In vivo, TATp-modified pGFP-loaded liposomal preparations have been adminis-

tered intratumorally in tumor-bearing mice, and the efficacy of tumor cell transfection
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Fig. 8 The principle scheme of the action of stimuli-sensitive double-targeted nanocarriers. The
surface of the nanocarrier is modified with a CPP via a relatively short spacer; with longer PEG
chains; and with even longer PEG chains decorated at distal termini with a target-specific ligand
(antibody). CPP is shielded with longer chains, while these PEG chains and PEG-antibody chains
are attached to the surface via pH-sensitive bonds. The whole system is stable in the blood and
accumulates in the tumor via the PEG-mediated EPR effect and via antibody-mediated targeting.
Inside the tumor, protective PEG chains and PEG-antibody conjugates are detached from the
surface because of fast hydrolysis of pH-sensitive bonds at the lowered intratumors pH, CPP
becomes exposed and allows for the intracellular delivery

was assessed after 72 h. The administration of pGFP-TATp-liposomes with a
non-pH-sensitive PEG coating resulted in minimal transfection of tumor cells
because of steric hindrances for liposome-to-cell interaction created by the PEG coat,
which shielded the surface-attached TATp. The administration of pGFP-TATp-lipo-
somes with the low pH-detachable PEG resulted in the highly efficient transfection.
The removal of PEG under the action of the decreased intratumoral pH led to the
exposure of the liposome-attached TATp residues, enhanced penetration of the lipo-
somes inside tumor cells and more effectively delivered the pGFP intracellularly
(Fig. 9b) (Kale and Torchilin 2007b).

TATp-modified stimuli-sensitive polymeric micelles with an enhanced ability to
interact with cells under acidified conditions have also been described in (Sethuraman
and Bae 2007). These results can be considered as an important step in the develop-
ment of tumor-specific stimuli-sensitive drug and gene delivery systems.

4 Subcellular Targeted Nanocarriers

The next step in the development of targeted nanocarriers would be designing of
subcellular or organelle targeted nanocarriers to target at molecular receptor level
(Rajendran and Knolker 2010; D’Souza and Weissig 2009; Torchilin 2006). Our
focus has been on the development of nanocarrier systems targeted to mitochondria
and lysosomes.
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4

Fig. 9 (a), Fluorescence microscopy showing internalization of Rh-PE-labeled-TATp containing
liposomes internalization by U87 MG astrocytoma. /: 9 mol % pH-non-sensitive PEG-PE at pH
7.4, 2: 9 mol % pH-sensitive PEG-Hz-PE after incubation at pH 5.0 for 20 min. The cleavable
(pH sensitive) PEG-PE-based TATp-containing liposomes kept at pH 7.4-8 show only a marginal
association with cells while those preincubated for 20-30 min at pH 5.0 demonstrated a dramati-
cally enhanced association with the cells (higher fluorescence). (b), Fluorescence microscopy
images of LLC tumor sections from tumors injected with pGFP-loaded TATp-bearing liposomes.
3: using a pH-non-cleavable PEG coat, 4: with a low pH-cleavable PEG coat

Mitochondria represent an important target for intracellularly delivered drugs and
DNA. Mitochondrial dysfunction contributes to a variety of human disorders, ranging
from neurodegenerative diseases, obesity, diabetes, ischemia-reperfusion injury and
cancer (Wallace 1999). The number of diseases is also found to be associated with
defects of the mitochondria genome has grown significantly over the past decade.
Mitochondria also play a key role in the complex apoptosis mechanism. The mecha-
nism of paclitaxel induced apoptosis is believed to be by stabilization of microtubules
of cells (Fan 1999; Wang et al. 2000). It has been also observed that there is a 24 h
delay between paclitaxel-induced release of cytochrome c in intact cells versus cell-
free system (Andre et al. 2002). This could be due to only few drug molecules reach-
ing the mitochondria. Hence, we hypothesized that we could improve the apoptosis
due to paclitaxel if we could delivery paclitaxel to mitochondria.

The mitochondrion has a major role in the metabolism of eukaryotic cells in the
synthesis of ATP by oxidative phosphorylation via the respiratory chain. This process
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creates a transmembrane electrochemical gradient, which includes contributions
from both a membrane potential (negative inside) and a pH difference (acidic out-
side). The membrane potential of mitochondria in vitro is between 180 and 200 mV,
which is the maximum a lipid bilayer can sustain while maintaining its integrity
(Murphy 1989). Positively charged molecules are attracted by mitochondria in
response to the highly negative membrane potential, but most charged molecules
cannot enter the mitochondrial matrix because the inner mitochondrial membrane
is impermeable to polar molecules. However, certain amphiphile compounds are
able to cross both mitochondrial membranes and accumulate in the mitochondrial
matrix in response to the negative membrane potential. It has long been known that
amphiphile compounds with delocalized cationic charge can accumulate in mito-
chondria (Weissig and Torchilin 2001). Rhodamine 123 (Rh-123), a stain for mito-
chondria in living cells, is the best known representative of this group (Chen et al.
1982). Mitochondrial accumulation of tetraphenylphosphonium chloride and other
cationic aryl phosphonium salts was also demonstrated (Rideout et al. 1994). The
mitochondrial accumulation and retention of dequalinium (DQA), a single-chain
bola amphiphile with two delocalized positive charge centers was also demon-
strated (Weissig and Torchilin 2001).

We have modified liposomes with using stearyl triphenyl phosphonium (STPP)
to render them mitochondriotropic (Boddapati et al. 2008). In vitro STPP liposomes
selectively accumulated in mitochondria of living cells. Also when loaded with
ceramide as model drug, it elicited strong apoptotic response in vivo in 4T1 mam-
mary carcinoma tumor-bearing mice at ceramide doses as low as 6 mg/kg in com-
parison with the 36 mg/kg or higher reported with non-targeted liposomes.

Recently, we prepared a novel mitochondria-targeted liposomal drug delivery
system by the modification of the liposomal surface with Rh-123 (Biswas et al.
2010). A novel polymer was synthesized by conjugating the mitochondriotropic
dye Rh-123, with the amphiphilic PEG-PE conjugate. The co-localization study
with stained mitochondria (Fig. 10) as well as with the isolation of mitochondria of
the cultured cells after their treatment with Rh123-liposomes showed a high degree
of accumulation of the modified liposomes in the mitochondria.

To demonstrate that specific delivery of the drug to the desired subcellular com-
partment can significantly enhance drug action, the mitotic inhibitor, paclitaxel was
used. Paclitaxel-loaded Rh123-liposomes (PCL-Rh123-L) produced significantly
higher cytotoxicity than free paclitaxel or paclitaxel-loaded plain liposomes. An
approximately 35-40% reduction of cell survival was observed with PCL-Rh123-L
compared to non-targeted PCL formulations. Thus, Rh-123-modified liposomes
target mitochondria efficiently and can facilitate the delivery of a therapeutic pay-
load to mitochondria.

Lysosomes, acidic organelles responsible for recycling of cellular constituents,
represent another important intracellular target for diseases such as lysosomal stor-
age diseases (LSD). LSD is associated with the deficiency of certain lysosomal
enzymes, which lead to accumulation of corresponding substrates in lysosomes
(Futerman and van Meer 2004). These diseases pose a serious medical problem
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Fig. 10 Intracellular colocalization by fluorescence confocal microscopy. HeLa cells treated with
(a), NBD-PE labeled plain liposomes; (b), Rh123-liposomes. /,4: Cell treatment with PL or
Rh123-L in the green channel (Ex. 505 nm, Em. 530 nm); 2,5: Cell staining treatment for visual-
ization of mitochondria with Mitotracker deep red in the deep red channel (Ex. 644 nm, Em.
665 nm); 3,6: Merged left and middle panels and Hoechst stained nuclei (Blue channel. Ex.
385 nm, Em,. 470 nm). Yellow color indicates co-localization of mitochondria and Rh123-L.
Analysis of co-localization (Image J software) confirmed significant accumulation of targeted
liposomes in the mitochondria (Pearson’s coefficient 0.55, Mander’s coefficient 0.75 for Rh123-L
compared to Pearson’s coefficient —0.083, Mander’s coefficient 0.007 for plain liposomes)

(Grabowski 2008; Zarate and Hopkin 2008; van der Ploeg and Reuser 2008).
The main approach for the treatment of LSD is enzyme replacement therapy (ERT)
based on the administration of exogenous enzymes (Grabowski and Hopkin 2003).
This procedure remains limited in use and expensive because of poor delivery and
low stability of therapeutic enzymes. The use of liposome-immobilized enzymes
for ERT, was understood long ago (Gregoriadis 1978). Lysosomes are also involved
in the cellular apoptosis due to the lysosome-dependent cell death pathway
(Kirkegaard and Jaattela 2009). Moderate permeabilization of lysosomal mem-
branes can result in apoptosis of cancer cells (Boya et al. 2003). Thus, delivery of
lysosome-destabilizing agents that cause cancer cell apoptosis may also benefit
from lysosome-targeted carriers.

We recently attempted to develop a lysosome-targeted drug delivery system
based on liposomes modified with a lysosome-specific ligand octadecyl deriva-
tive of rhodamine B (RhB). RhB is used to monitor membrane fusion (Hoekstra
et al. 1984) and study lysosomal metabolism (Kuwana et al. 1995). It has been
shown to specifically accumulate in the lysosomes of denervated skeletal muscle
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Fig. 11 Confocal microscopy of HeLa cells treated with (a), FITC-dextran-loaded liposomes;
(b), RhB-modified FITC-dextran-loaded liposomes for 4 h. The treated cells were stained with
lysosomal markers and analyzed by confocal microscopy. /: FITC-dextran-loaded plain liposomes
(green), 2: LysoTracker Red-stained lysosomes (red), 3: Overlay of 1 and 2 images with their
respective DIC image. 4: RhB (red), 5: anti-Lamp2 mAb-stained lysosomes (blue), 6: Overlay of
4 and 5 images with their respective DIC image. Bar=10 pm. Cell incubation with RhBI-
modified FITC-dextran-loaded liposomes for 4 h led to the localization of RhB fluorescence
mostly in the lysosomes with a high rate of the co-localization with the lysosomal marker
(Pearson’s correlation coefficient, PCC 0.7; Mander’s overlap coefficient, MOP 0.8). The cells
treated with the same concentration of FITC-dextran-loaded liposomes demonstrated much lower
localization of FITC-dextran in the lysosomes (PCC — 0.1; MOP 0.2)

(Vult von Steyern et al. 1996). Novel acidic fluorescent probes based on
rhodamine-B have also been described and used for the optical imaging of the
intracellular H* (Zhang et al. 2009).

We prepared liposomes loaded with the model compound, FITC-dextran, and
modified with RhB (Koshkaryev et al. 2010). Confocal microscopy demonstrated
that RhB-liposomes co-localize well with the specific lysosomal markers, unlike
plain liposomes (Fig. 11). The comparison of the FITC fluorescence of the lyso-
somes isolated by subcellular fractionation also showed that the efficiency of FITC-
dextran delivery into lysosomes by RhB-modified liposomes was significantly
higher compared to plain liposomes.

This was confirmed using 5-dodecanoylamino fluorescein di-f3-D-galactopyrano-
side (C,FDG)-loaded liposomes. C ,FDG, is a lipophilic substrate for the lysosomal
[B-galactosidase (Rotman et al. 1963). It was assumed that upon undergoing the
endocytosis, C,,FDG-loaded liposomes would eventually deliver their contents into
lysosomes, and the intra-lysosomal 3-galactosidase will hydrolyze the non-fluorescent
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Fig. 12 Flow cytometry of lysosomal targeting by liposomes loaded with C ,FDG. HeLa cells
were incubated with plain liposomes (20 and 200 pg/ml), Lip-RhB (200 pg/ml). The liposomes
were loaded with C,FDG (1.5% mol/mol), a fluorescent substrate for the intralysosomal
[B-galactosidase. After 4 h incubation with liposomes, the cells were washed and additionally
incubated for 20 h with liposome-free DMEM. The fluorescence intensity of FITC (channel FL1)
was determined by flow cytometry. Each value is the mean=+SD of 2 experiments

CFDG into the fluorescent C,FITC, which will be retained inside lysosomes
because of its lipophilic moiety. Thus, with a standard flow cytometry procedure, the
lysosomal targeting can be quantified by following the fluorescence intensity of live,
intact cells. We prepared plain and RhB-modified liposomes loaded with C, FDG.
The loading of C ,FDG into RhB-modified liposomes was approximately ten times
less than into the plain liposomes. This decrease in the C ,FDG loading can be
attributed to a stoichiometric competition between C, FDG and RhB in the lipo-
somal membrane leading to the partial loss of C ,FDG due to its shorter lipophilic
moiety. Two different concentrations of plain liposomes (20 pg/ml and 200 pg/ml)
were used for cell treatment to achieve the same amount of C,,FDG as with RhB-
modified liposomes (200 pg/ml). The treatment of cells with different concentra-
tions of C ,FDG-loaded plain liposomes (20 and 200 pig/ml) led to a dose-dependent
increase in their FITC fluorescence relative to the control (untreated) cells (Fig. 12).
These data suggest that endocytosed liposomes actually deliver C,,FDG into lyso-
somes. The cells treated with 200 pg/ml of RhB-modified liposomes demonstrated
significantly increased C, FITC fluorescence compared to the cells treated with both
20 and 200 pg/ml of the plain liposomes.

In any case, the development of organelle-specific drug delivery is only in its
early stages; however, it might have important clinical future.



Intracellular Delivery: A Multifunctional and Modular Approach 219
References

Andre N, Carre M, Brasseur G, Pourroy B, Kovacic H, Briand C, Braguer D (2002) Paclitaxel
targets mitochondria upstream of caspase activation in intact human neuroblastoma cells.
FEBS Lett 532 (1-2):256-260

Arnheiter H, Haller O (1988) Antiviral state against influenza virus neutralized by microinjection
of antibodies to interferon-induced Mx proteins. Embo J 7 (5):1315-1320

Astriab-Fisher A, Sergueev D, Fisher M, Shaw BR, Juliano RL (2002) Conjugates of antisense
oligonucleotides with the Tat and antennapedia cell-penetrating peptides: effects on cellular
uptake, binding to target sequences, and biologic actions. Pharm Res 19 (6):744-754

Bareford LM, Swaan PW (2007) Endocytic mechanisms for targeted drug delivery. Adv Drug
Deliv Rev 59 (8):748-758

Biswas S, Sawant RR, Koshkaryev A, Torchilin VP Novel Rhodamine 123-Conjugated
Pharmaceutical Nanocarrier Targets Mitochondria. In: 37th Annual Meeting and Exposition of
the Controlled Release Society, Portland, OR, USA, 2010

Boddapati SV, D’Souza GG, Erdogan S, Torchilin VP, Weissig V (2008) Organelle-targeted nano-
carriers: specific delivery of liposomal ceramide to mitochondria enhances its cytotoxicity
in vitro and in vivo. Nano Lett 8 (8):2559-2563

Boya P, Andreau K, Poncet D, Zamzami N, Perfettini JL, Metivier D, Ojcius DM, Jaattela M,
Kroemer G (2003) Lysosomal membrane permeabilization induces cell death in a mitochon-
drion-dependent fashion. J Exp Med 197 (10):1323-1334

Chakrabarti R, Wylie DE, Schuster SM (1989) Transfer of monoclonal antibodies into mammalian
cells by electroporation. J Biol Chem 264 (26):15494-15500

Chen LB, Summerhayes IC, Johnson LV, Walsh ML, Bernal SD, Lampidis TJ (1982) Probing
mitochondria in living cells with rhodamine 123. Cold Spring Harb Symp Quant Biol 46 Pt
1:141-155

Conner SD, Schmid SL (2003) Regulated portals of entry into the cell. Nature 422 (6927):37-44

Cryan SA, Devocelle M, Moran PJ, Hickey AJ, Kelly JG (2006) Increased intracellular targeting
to airway cells using octaarginine-coated liposomes: in vitro assessment of their suitability for
inhalation. Mol Pharm 3 (2):104-112

D’Souza GG, Weissig V (2009) Subcellular targeting: a new frontier for drug-loaded pharmaceuti-
cal nanocarriers and the concept of the magic bullet. Expert Opin Drug Deliv 6
(11):1135-1148

de la Fuente JM, Berry CC (2005) Tat peptide as an efficient molecule to translocate gold nano-
particles into the cell nucleus. Bioconjug Chem 16 (5):1176-1180

Dodd CH, Hsu HC, Chu WJ, Yang P, Zhang HG, Mountz JD, Jr., Zinn K, Forder J, Josephson L,
Weissleder R, Mountz JM, Mountz JD (2001) Normal T-cell response and in vivo magnetic
resonance imaging of T cells loaded with HIV transactivator-peptide-derived superparamag-
netic nanoparticles. J] Immunol Methods 256 (1-2):89-105

Fan W (1999) Possible mechanisms of paclitaxel-induced apoptosis. Biochem Pharmacol 57
(11):1215-1221

Frankel AD, Pabo CO (1988) Cellular uptake of the tat protein from human immunodeficiency
virus. Cell 55 (6):1189-1193

Fretz MM, Koning GA, Mastrobattista E, Jiskoot W, Storm G (2004) OVCAR-3 cells internalize
TAT-peptide modified liposomes by endocytosis. Biochim Biophys Acta 1665 (1-2):48-56

Futerman AH, van Meer G (2004) The cell biology of lysosomal storage disorders. Nat Rev Mol
Cell Biol 5 (7):554-565.

Gabizon A, Shmeeda H, Horowitz AT, Zalipsky S (2004) Tumor cell targeting of liposome-
entrapped drugs with phospholipid-anchored folic acid-PEG conjugates. Adv Drug Deliv Rev
56 (8):1177-1192

Grabowski GA (2008) Phenotype, diagnosis, and treatment of Gaucher’s disease. Lancet 372
(9645):1263-1271

Grabowski GA, Hopkin RJ (2003) Enzyme therapy for lysosomal storage disease: principles,
practice, and prospects. Annu Rev Genomics Hum Genet 4:403-436



220 R.R. Sawant and V.P. Torchilin

Green M, Loewenstein PM (1988) Autonomous functional domains of chemically synthesized
human immunodeficiency virus tat trans-activator protein. Cell 55 (6):1179-1188

Gregoriadis G (1978) Liposomes in the therapy of lysosomal storage diseases. Nature 275
(5682):695-696

Gupta B, Levchenko TS, Torchilin VP (2005) Intracellular delivery of large molecules and small
particles by cell-penetrating proteins and peptides. Adv Drug Deliv Rev 57 (4):637-651

Gupta B, Levchenko TS, Torchilin VP (2007) TAT peptide-modified liposomes provide enhanced
gene delivery to intracranial human brain tumor xenografts in nude mice. Oncol Res 16
(8):351-359

Hoekstra D, de Boer T, Klappe K, Wilschut J (1984) Fluorescence method for measuring the
kinetics of fusion between biological membranes. Biochemistry 23 (24):5675-5681

Jaracz S, Chen J, Kuznetsova LV, Ojima I (2005) Recent advances in tumor-targeting anticancer
drug conjugates. Bioorg Med Chem 13 (17):5043-5054

Jeang KT, Xiao H, Rich EA (1999) Multifaceted activities of the HIV-1 transactivator of transcrip-
tion, Tat. J Biol Chem 274 (41):28837-28840

Josephson L, Tung CH, Moore A, Weissleder R (1999) High-efficiency intracellular magnetic
labeling with novel superparamagnetic-Tat peptide conjugates. Bioconjug Chem 10
(2):186-191

Kale AA, Torchilin VP (2007a) Design, synthesis, and characterization of pH-sensitive PEG-PE
conjugates for stimuli-sensitive pharmaceutical nanocarriers: the effect of substitutes at the
hydrazone linkage on the ph stability of PEG-PE conjugates. Bioconjug Chem 18
(2):363-370

Kale AA, Torchilin VP (2007b) Enhanced transfection of tumor cells in vivo using “Smart” pH-
sensitive TAT-modified pegylated liposomes. J Drug Target 15 (7-8):538-545

Kirkegaard T, Jaattela M (2009) Lysosomal involvement in cell death and cancer. Biochim
Biophys Acta 1793 (4):746-754

Kleemann E, Neu M, Jekel N, Fink L, Schmehl T, Gessler T, Seeger W, Kissel T (2005) Nano-
carriers for DNA delivery to the lung based upon a TAT-derived peptide covalently coupled to
PEG-PEL J Control Release 109 (1-3):299-316

Ko YT, Hartner WC, Kale A, Torchilin VP (2009) Gene delivery into ischemic myocardium by
double-targeted lipoplexes with anti-myosin antibody and TAT peptide. Gene Ther 16
(1):52-59

Koshkaryev A, Thekkedath R, Pagano C, Meerovich I, VP T Specific lysosomal targeting by
liposomes modified with octadecyl-rhodamine B. In: 37th Annual Meeting and Exposition of
the Controlled Release Society, Portland, OR, USA, 2010

Kuwana T, Mullock BM, Luzio JP (1995) Identification of a lysosomal protein causing lipid
transfer, using a fluorescence assay designed to monitor membrane fusion between rat liver
endosomes and lysosomes. Biochem J 308 ( Pt 3):937-946

Lasic DD (1993) Liposomes: From Physics to Applications. Elsevier, Amsterdam

Lasic DD, Martin FJ (1995) Stealth Liposomes. CRC Press, Boca Raton

Levchenko TS, Rammohan R, Volodina N, Torchilin VP (2003) Tat peptide-mediated intracellular
delivery of liposomes. Methods Enzymol 372:339-349

Lewin M, Carlesso N, Tung CH, Tang XW, Cory D, Scadden DT, Weissleder R (2000) Tat
peptide-derivatized magnetic nanoparticles allow in vivo tracking and recovery of progenitor
cells. Nat Biotechnol 18 (4):410-414

Lukyanov AN, Hartner WC, Torchilin VP (2004) Increased accumulation of PEG-PE micelles in
the area of experimental myocardial infarction in rabbits. J Control Release 94 (1):187-193

Lukyanov AN, Torchilin VP (2004) Micelles from lipid derivatives of water-soluble polymers as
delivery systems for poorly soluble drugs. Adv Drug Deliv Rev 56 (9):1273-1289

Maeda H, Bharate GY, Daruwalla J (2009) Polymeric drugs for efficient tumor-targeted drug
delivery based on EPR-effect. Eur J Pharm Biopharm 71 (3):409—419

Maeda H, Wu J, Sawa T, Matsumura Y, Hori K (2000) Tumor vascular permeability and the EPR
effect in macromolecular therapeutics: a review. J Control Release 65 (1-2):271-284



Intracellular Delivery: A Multifunctional and Modular Approach 221

Mortensen MW, Bjorkdahl O, Sorensen PG, Hansen T, Jensen MR, Gundersen HJ, Bjornholm T
(2006) Functionalization and cellular uptake of boron carbide nanoparticles. The first step
toward T cell-guided boron neutron capture therapy. Bioconjug Chem 17 (2):284-290

Mukherjee S, Ghosh RN, Maxfield FR (1997) Endocytosis. Physiol Rev 77 (3):759-803

Murphy MP (1989) Slip and leak in mitochondrial oxidative phosphorylation. Biochim Biophys
Acta 977 (2):123-141

Nguyen J, Xie X, Neu M, Dumitrascu R, Reul R, Sitterberg J, Bakowsky U, Schermuly R, Fink
L, Schmehl T, Gessler T, Seeger W, Kissel T (2008) Effects of cell-penetrating peptides and
pegylation on transfection efficiency of polyethylenimine in mouse lungs. J Gene Med 10
(11):1236-1246

Pappalardo JS, Quattrocchi V, Langellotti C, Di Giacomo S, Gnazzo V, Olivera V, Calamante
G, Zamorano PI, Levchenko TS, Torchilin VP (2009) Improved transfection of spleen-
derived antigen-presenting cells in culture using TATp-liposomes. J Control Release 134
(1):41-46

Park J, Ryu J, Kim KA, Lee HJ, Bahn JH, Han K, Choi EY, Lee KS, Kwon HY, Choi SY (2002)
Mutational analysis of a human immunodeficiency virus type 1 Tat protein transduction
domain which is required for delivery of an exogenous protein into mammalian cells. J Gen
Virol 83 (Pt 5):1173-1181

Rajendran L, Knolker HJ (2010) Simons K Subcellular targeting strategies for drug design and
delivery. Nat Rev Drug Discov 9 (1):29-42

Rao KS, Reddy MK, Horning JL, Labhasetwar V (2008) TAT-conjugated nanoparticles for the
CNS delivery of anti-HIV drugs. Biomaterials 29 (33):4429-4438

Rideout D, Bustamante A, Patel J (1994) Mechanism of inhibition of FaDu hypopharyngeal car-
cinoma cell growth by tetraphenylphosphonium chloride. Int J Cancer 57 (2):247-253

Rotman B, Zderic JA, Edelstein M (1963) Fluorogenic substrates for beta-D-galactosidases and
phosphatases derived from flurescein (3,6-dihydroxyfluoran) and its monomethylether. Proc
Natl Acad Sci USA 50:1-6

Sandgren S, Cheng F, Belting M (2002) Nuclear targeting of macromolecular polyanions by an
HIV-Tat derived peptide. Role for cell-surface proteoglycans. J Biol Chem 277
(41):38877-38883

Sawant R, Torchilin V (2010) Intracellular transduction using cell-penetrating peptides. Mol
Biosyst 6 (4):628-640

Sawant RM, Hurley JP, Salmaso S, Kale A, Tolcheva E, Levchenko TS, Torchilin VP (2006)
“SMART” drug delivery systems: double-targeted pH-responsive pharmaceutical nanocarri-
ers. Bioconjug Chem 17 (4):943-949

Sawant RR, Sawant RM, Kale AA, Torchilin VP (2008) The architecture of ligand attachment to
nanocarriers controls their specific interaction with target cells. J Drug Target 16
(7):596-600

Sawant RR, Torchilin VP (2009) Enhanced cytotoxicity of TATp-bearing paclitaxel-loaded
micelles in vitro and in vivo. Int J Pharm 374 (1-2):114-118

Schwarze SR, Dowdy SF (2000) In vivo protein transduction: intracellular delivery of biologically
active proteins, compounds and DNA. Trends Pharmacol Sci 21 (2):45-48

Schwarze SR, Ho A, Vocero-Akbani A, Dowdy SF (1999) In vivo protein transduction: delivery
of a biologically active protein into the mouse. Science 285 (5433):1569-1572

Sethuraman VA, Bae YH (2007) TAT peptide-based micelle system for potential active targeting
of anti-cancer agents to acidic solid tumors. J Control Release 118 (2):216-224

Sethuraman VA, Lee MC, Bae YH (2008) A biodegradable pH-sensitive micelle system for target-
ing acidic solid tumors. Pharm Res 25 (3):657-666

Straubinger RM, Duzgunes N, Papahadjopoulos D (1985) pH-sensitive liposomes mediate cyto-
plasmic delivery of encapsulated macromolecules. FEBS Lett 179 (1):148-154

Stroh M, Zimmer JP, Duda DG, Levchenko TS, Cohen KS, Brown EB, Scadden DT, Torchilin VP,
Bawendi MG, Fukumura D, Jain RK (2005) Quantum dots spectrally distinguish multiple spe-
cies within the tumor milieu in vivo. Nat Med 11 (6):678-682



222 R.R. Sawant and V.P. Torchilin

Suk JS, Suh J, Choy K, Lai SK, Fu J, Hanes J (2006) Gene delivery to differentiated neurotypic
cells with RGD and HIV Tat peptide functionalized polymeric nanoparticles. Biomaterials 27
(29):5143-5150

Tkachenko AG, Xie H, Liu Y, Coleman D, Ryan J, Glomm WR, Shipton MK, Franzen S,
Feldheim DL (2004) Cellular trajectories of peptide-modified gold particle complexes: com-
parison of nuclear localization signals and peptide transduction domains. Bioconjug Chem 15
(3):482-490

Torchilin VP (2001) Structure and design of polymeric surfactant-based drug delivery systems.
J Control Release 73 (2-3):137-172

Torchilin VP (2004) Targeted polymeric micelles for delivery of poorly soluble drugs. Cell Mol
Life Sci 61 (19-20):2549-2559

Torchilin VP (2005a) Fluorescence microscopy to follow the targeting of liposomes and micelles
to cells and their intracellular fate. Adv Drug Deliv Rev 57 (1):95-109

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

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

Torchilin VP (2007a) Micellar nanocarriers: pharmaceutical perspectives. Pharm Res 24
(1):1-16

Torchilin VP (2007b) Tatp-mediated intracellular delivery of pharmaceutical nanocarriers.
Biochem Soc Trans 35 (Pt 4):816-820

Torchilin VP, Levchenko TS (2003) TAT-liposomes: a novel intracellular drug carrier. Curr Protein
Pept Sci 4 (2):133-140

Torchilin VP, Levchenko TS, Lukyanov AN, Khaw BA, Klibanov AL, Rammohan R, Samokhin
GP, Whiteman KR (2001a) p-Nitrophenylcarbonyl-PEG-PE-liposomes: fast and simple attach-
ment of specific ligands, including monoclonal antibodies, to distal ends of PEG chains via
p-nitrophenylcarbonyl groups. Biochim Biophys Acta 1511 (2):397-411

Torchilin VP, Levchenko TS, Rammohan R, Volodina N, Papahadjopoulos-Sternberg B, D’Souza
GG (2003a) Cell transfection in vitro and in vivo with nontoxic TAT peptide-liposome-DNA
complexes. Proc Natl Acad Sci USA 100 (4):1972-1977

Torchilin VP, Lukyanov AN, Gao Z, Papahadjopoulos-Sternberg B (2003b) Immunomicelles:
targeted pharmaceutical carriers for poorly soluble drugs. Proc Natl Acad Sci USA 100
(10):6039-6044

Torchilin VP, Narula J, Halpern E, Khaw BA (1996) Poly(ethylene glycol)-coated anti-cardiac
myosin immunoliposomes: factors influencing targeted accumulation in the infarcted myocar-
dium. Biochim Biophys Acta 1279 (1):75-83

Torchilin VP, Rammohan R, Weissig V, Levchenko TS (2001b) TAT peptide on the surface of
liposomes affords their efficient intracellular delivery even at low temperature and in the pres-
ence of metabolic inhibitors. Proc Natl Acad Sci USA 98 (15):8786-8791

van der Ploeg AT, Reuser AJ (2008) Pompe’s disease. Lancet 372 (9646):1342—1353

Vives E, Richard JP, Rispal C, Lebleu B (2003) TAT peptide internalization: seeking the mecha-
nism of entry. Curr Protein Pept Sci 4 (2):125-132

Vult von Steyern F, Josefsson JO, Tagerud S (1996) Rhodamine B, a fluorescent probe for acidic
organelles in denervated skeletal muscle. J Histochem Cytochem 44 (3):267-274

Wadia JS, Stan RV, Dowdy SF (2004) Transducible TAT-HA fusogenic peptide enhances escape
of TAT-fusion proteins after lipid raft macropinocytosis. Nat Med 10 (3):310-315

Wallace DC (1999) Mitochondrial diseases in man and mouse. Science 283 (5407):1482—1488

Wang J, Mongayt D, Torchilin VP (2005) Polymeric micelles for delivery of poorly soluble drugs:
preparation and anticancer activity in vitro of paclitaxel incorporated into mixed micelles
based on poly(ethylene glycol)-lipid conjugate and positively charged lipids. J Drug Target 13
(1):73-80

Wang TH, Wang HS, Soong YK (2000) Paclitaxel-induced cell death: where the cell cycle and
apoptosis come together. Cancer 88 (11):2619-2628



Intracellular Delivery: A Multifunctional and Modular Approach 223

Weissig V, Torchilin VP (2001) Cationic bolasomes with delocalized charge centers as
mitochondria-specific DNA delivery systems. Adv Drug Deliv Rev 49 (1-2):127-149
Widera A, Norouziyan F, Shen WC (2003) Mechanisms of TfR-mediated transcytosis and sorting
in epithelial cells and applications toward drug delivery. Adv Drug Deliv Rev 55

(11):1439-1466

Yagi N, Yano Y, Hatanaka K, Yokoyama Y, Okuno H (2007) Synthesis and evaluation of a novel
lipid-peptide conjugate for functionalized liposome. Bioorg Med Chem Lett 17
(9):2590-2593

Zarate YA, Hopkin RJ (2008) Fabry’s disease. Lancet 372 (9647):1427-1435.

Zhang C, Tang N, Liu X, Liang W, Xu W, Torchilin VP (2006) siRNA-containing liposomes
modified with polyarginine effectively silence the targeted gene. J Control Release 112
(2):229-239

Zhang W, Tang B, Liu X, Liu Y, Xu K, Ma J, Tong L, Yang G (2009) A highly sensitive acidic
pH fluorescent probe and its application to HepG2 cells. Analyst 134 (2):367-371.

Zhao M, Kircher MF, Josephson L, Weissleder R (2002) Differential conjugation of tat peptide to
superparamagnetic nanoparticles and its effect on cellular uptake. Bioconjug Chem 13
(4):840-844

Zhao P, Wang H, Yu M, Cao S, Zhang F, Chang J, Niu R (2010) Paclitaxel-loaded, folic-acid-
targeted and TAT-peptide-conjugated polymeric liposomes: in vitro and in vivo evaluation.
Pharm Res 27 (9):1914-1926

Zorko M, Langel U (2005) Cell-penetrating peptides: mechanism and kinetics of cargo delivery.
Adv Drug Deliv Rev 57 (4):529-545



	Intracellular Delivery: A Multifunctional and Modular Approach
	1 Introduction
	2 Intracellular Delivery of Lipid-Core Micelles with Cationic Lipids
	3 Intracellular Delivery of Nanocarriers Using Cell Penetrating Peptides (CPPs)
	3.1 TATp-Modified Liposomes and Lipid-Core Micelles for Drug Delivery and Imaging
	3.2 TATp- Modified Liposomes for Delivery of Nucleic Acids
	3.3 TATp-Modified Liposomes and Micelles: A Multifunctional Approach

	4 Subcellular Targeted Nanocarriers
	References


