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Abstract

To efficiently deliver therapeutics into cancer cells, a number of strategies have been recently
investigated. The toxicity associated with the administration of chemotherapeutic drugs due to
their random interactions throughout the body necessitates the development of drug-encapsulating
nanopreparations that significantly mask, or reduce, the toxic side effects of the drugs. In addition
to reduced side effects associated with drug encapsulation, nanocarriers preferentially accumulate
in tumors as a result of its abnormally leaky vasculature via the Enhanced Permeability and
Retention (EPR) effect. However, simple passive nanocarrier delivery to the tumor site is unlikely
to be enough to elicit a maximum therapeutic response as the drug-loaded carriers must reach the
intracellular target sites. Therefore, efficient translocation of the nanocarrier through the cell
membrane is necessary for cytosolic delivery of the cargo. However, Crossing the cell membrane
barrier and reaching cytosol might still not be enough for achieving maximum therapeutic benefit,
which necessitates the delivery of drugs directly to intracellular targets, such as bringing pro-
apoptotic drugs to mitochondria, nucleic acid therapeutics to nuclei, and lysosomal enzymes to
defective lysosomes. In this review, we discuss the strategies developed for tumor targeting,
cytosolic delivery via cell membrane translocation, and finally organelle-specific targeting, which
may be applied for developing highly efficacious, truly multifunctional, cancer-targeted
nanopreparations.
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1. Introduction

Based on the description of Hanahan and Weinberg, cancer can be characterized by six
distinctive hallmarks, including limitless replication potential, insensitivity to growth
inhibitory signals, evasion of apoptosis, sustained proliferative signals, induction of
angiogenesis, invasion through capillary walls and basal membranes and metastasis to other

© 2013 Elsevier B.V. All rights reserved.

"Corresponding author. Vladimir P. Torchilin, Ph.D., D.Sc., Professor and Director, Center for Pharmaceutical Biotechnology and
Nanomedicine, Northeastern University, 140 The Fenway (Rm 225), 360 Huntington Ave., Boston, Massachusetts 02115,
v.torchilin@neu.edu, Phone. 617-373-3206, Fax. 617-373-7509.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Biswas and Torchilin

Page 2

locations [1]. Since cancer cells are mutated normal cells, chemotherapeutic agents with the
potential to kill cancer cells also produce non-specific toxicity to normal tissues.

Nanotechnology has the potential to make a significant impact in cancer therapy by various
approaches including an improved toxicity profile of the loaded chemotherapeutic drugs [2,
3]. Nanopreparations or nanoparticles (NP) are typically nano-sized uniformly dispersed
particles, composed of biocompatible and biodegradable synthetic polymers, self-assembled
lipids, or inorganic materials, capable of carrying therapeutic entities such as small molecule
drugs, peptides, proteins, nucleic acids and delivering the pay-loads in a controlled manner
to a desired site of action. Nanoparticles may carry drug molecules to the tumor site by
encapsulation or as covalently linked drug molecules on the nanoparticles surface.
Nanoparticular drug delivery systems offer unique advantages for cancer therapy over free
drug administration since NPs

e increase drug concentration in the tumor tissue through passive and active
targeting, which reduces the drug concentration in normal tissues and reduces toxic
side effects.

« improve the solubility, pharmacokinetics and pharmacodynamic profiles of the
drugs.

e can decrease drug release during transit and increase it at the target site.
e improve drug stability by reducing its degradation in the systemic circulation.

e improve cellular internalization and organelle-specific delivery of the loaded drug
that results from adoption of various surface functionalization strategies.

The unique advantages provided with the use of nanoparticles opened up an opportunity to
re-evaluate potent drugs with poor pharmacokinetics that had been previously discarded [4].
Over the last two decades, a large number of nanoparticular drug delivery systems
consisting of organic or inorganic materials have been evaluated for cancer therapy. Some
have translated to the clinic or are being investigated in advanced pre-clinical stages of
development [5]. Nanoparticulate drug delivery systems for anti-cancer applications include
liposomes, polymeric nanoparticles, micelles, nanoshells, dendrimers, inorganic/metallic
nanoparticles, magnetic and bacterial nanoparticles [2].

Owing to the abnormalities of the tumor vasculature, nanoparticles with a size range of 10—
500 nm can eventually accumulate at the tumor site [6]. However, the nanoparticles have to
unload their pay-loads at the site of disease for effective drug action, more specifically, the
encapsulated drug has to successfully reach its sub-cellular target. Therefore, the drug
loaded nanocarriers have to overcome systemic, extracellular and intracellular barriers to
deliver the drug to the specific organelles for effective therapeutic benefit [7, 8]. More
recently developed nanoparticles now being investigated for cancer therapy have been
designed with multifunctional capabilities such as long systemic circulation, tumor
targeting, cytosolic translocation, organelle-specific targeting for effective cytotoxic effect
[2, 3, 8-11].

Functionalization of nanocarriers for organelle-specific targeting of bioactive molecules to
specific intracellular compartments can sharply increase the efficiency of various treatment
protocols [7]. Generally, nanocarriers are internalized by receptor-mediated endocytosis and
reach lysosomal compartment where the nanocarriers and any released drug molecules
encounter numerous degradative enzymes. Lysosomal degradation allows only a fraction of
intracellular drugs or nanoparticles to become available to a site of action or specific
organelles [7]. Bypass of the endocytic pathway or disruption of the endosomes could be
powerful strategy for improved cytosolic delivery that enhances the therapeutic efficacy of
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the loaded drug. Therapeutic efficacy of drugs could further be improved if the nanocarriers
were actively targeted to the specific organelles [7]. This is particularly important for
anticancer pro-apoptotic drugs and therapeutic nucleic acids, whose the primary site of
action is the mitochondrial membrane and the nuclear or mitochondrial genome,
respectively. Additional evidence of the role of lysosomes in executing apoptosis has
revealed that lysosomes should be explored as an intracellular target for anticancer
therapeutics [12-14]. The membrane characteristics of organelles, including charge,
composition or specific receptor expression can be exploited by surface modification of
nanocarriers with organelle-targeted ligands for organelle-specific delivery. The review
descrtibes various strategies that have been adopted for intracellular and organelle-specific
delivery of nanocarriers with emphasis on cancer therapy.

2. Fundamentals of tumor targeting by nanopreparations

2.1. Passive

Several nanopreparations have emerged as potentially useful cancer therapeutics [15]. The
physico-chemical properties, including size, surface charge, shape, and density of surface-
associated targeting ligands can allow nanoparticles to avoid renal clearance, reach
designated cellular destinations in sufficient amounts, undergo active cellular uptake and
elicit a biological response with minimal non-specific interactions. The following is a brief
discussion about the passive and active targeting of nano-sized drug delivery vehicles
(Figure 1).

nanoparticle targeting

2.1.1. Role of size—Owing to pathophysiological differences of tumor and infarcted
regions from normal tissues, macromolecules larger than 40 KDa and small particles ranging
from 10-500 nm in size can leave the vascular capillary bed and accumulate in the
interstitial space of such regions [6]. Due to the poor lymphatic drainage of interstitial fluid
in tumor, nanoparticles eventually accumulate. The phenomenon of selective extravasation
and retention of macromolecules or nanoparticles of specific size range in tumor or infarcted
areas is known as the Enhanced Permeability and Retention (EPR) effect [6, 16-20]. The
EPR effect, which relies on these unique physiologic features of the tumor
microenvironment has revolutionized the anticancer therapy [19]. As EPR effect driven
passive drug delivery occurs only in tumor, the drug loaded nanoparticles have limited
penetration in normal tissues resulting in decreasing the side effects of chemotherapy [16—
18, 20-22].

2.1.2. Role of surface properties

2.1.2.1. Charge: The surface property such as charge of the NPs can be modified for active
tumor targeting and cytosolic drug delivery. Nanoparticles with their high surface-to-volume
ratio enable surface characteristics to control the behavior of the nanoparticles in the
circulation. In this regard, surface charge of the nanoparticles affects cellular association and
penetration of the large tumors. Studies from animal models suggest that slightly positively
charged nanoparticles with a size range of 50-100 nm can penetrate throughout the large
tumors following systemic administration [23].

2.1.2.2. Steric stabilization: A polymer coating such as PEGylation of the NP’s surface
sterically stabilizes and makes it long circulating [8]. Scavenging of NPs by circulating
macrophages and subsequent clearance by reticulo-endothelial system (RES) increases with
increasing surface charge. Polymer coating on the NP surface helps them to evade the
engulfment by the RES and thereby, prolong circulation.
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2.2. Active nanoparticle targeting

Targeting of the nanoparticles to a desired location, once referred to as the “magic bullet”
concept of visionary Paul Ehrlich, is now commonly known as “active targeting” of the
nanocarriers. Active targeting of nanopreparations to a tumor can be accomplished by
several strategies. Typically, receptor-mediated targeting, in which nanopreparations are
surface-functionalized with specific ligands for recognition of specific receptors/antigens in
tumor, and stimuli-sensitive drug targeting, in which nanocarriers are engineered to respond
to subtle environmental changes in the pathological area to trigger drug release, are the two
most commonly applied targeting strategies [8, 9, 24, 25]. To achieve receptor-mediated
active nanoparticle targeting, various targeting ligands including proteins, peptides,
antibodies, aptamers, or small molecules specific for particular recognition mechanism are
conjugated to the nanoparticle surface. The ligand-anchored nanoparticles bind to the tumor-
specific or over-expressed antigens leading to accumulation in the tumor tissue.

There are two common approaches for the receptor -mediated NP targeting. The first
approach is to target the tumor cell surface receptors for generate the higher tumor cell
association. The second is to target the tumor microenvironment including the extracellular
matrix or the surface receptors on the capillary endothelial cells for targeting immune
response and angiogenesis. The active targeting of internalization-prone cell-surface
receptors, over-expressed by cancer cells improves the cellular uptake of the nanocarriers.
The increased intracellular delivery is responsible for the enhanced anti-tumor efficacy of
the actively targeted nanocarriers. By contrary, NP targeting based on the EPR effect and
active targeting to extracellular antigens cause accumulation in the interstitial spaces of the
tumor that are eventually endocytosed by the cancer cells. The following is an overview of
receptor-mediated active tumor-targeting strategies.

2.2.1. Targeting of cancer cell-surface receptors—Advances in cancer proteomics
and bioinformatics have generated discovery of many protein markers, over-expressed in
tumors. Targeting ligands that bind to internalization prone receptors are utilized for surface
modification of the nanocarriers. Receptors currently utilized for active cancer cell targeting
for receptor-mediated endocytosis are depicted below.

2.2.1.1. Transferrin receptor: Transferrin is a vital serum glycoprotein, which is involved
in iron homeostasis and the regulation of cell growth. Iron loaded transferrin traverses the
cell by binding to a transferrin receptor and is subsequently internalized by this receptor-
mediated endocytosis. Transferrin receptors are over-expressed (approximately 100-fold
higher than the normal cells) on the surface of various cancer cells, which makes this an
attractive target for nanocarrier delivery to tumors [9, 26-29]. In a recent study, a dual
targeted solid lipid nanoparticular (SLN) gene delivery system was developed as an
anticancer therapy which was modified with an amphiphilic polymer transferrin-PEG-PE
and a synthetic glucocorticoid dexamethasone for enhancing cellular and nuclear uptake of
the genetic materials, respectively [30]. Pro-apoptotic ceramide loaded liposomes was
targeted to cancer cells by anchoring transferrin to the liposomal surface [13].

2.2.1.2. Folatereceptor: Folic acid is an essential vitamin for cell survival due to its role in
the synthesis of nucleotide bases. Folic acid is taken up by the folate receptor expressed on
the cell surface by receptor-mediated endocytosis. Folate receptors are over-expressed in
many human malignancies particularly in ovarian cancer. Various attempts have been
undertaken to actively target nanopreparations to tumor by conjugating folic acid (FA) to a
NP-surface [31-34]. In a recent study, ovarian cancer cell targeted nanopreparation, a folate
conjugated ternary copolymer, FA-Polyethylene glycol-polyethyleneimine-poly(e-
caprolactone) (FA-PEG-PEI-PCL) was developed for co-delivery of drug and siRNA [35].
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In a related study, folate-polymer coated liposomes were developed for targeted
chemotherapy using doxorubicin [36]. In this study, FA conjugated poly-L-lysine was used
to coat doxorubicin-loaded anionic liposomes. The FA-polymer coated liposomes
demonstrated increased cellular uptake of loaded doxorubicin by folate receptor over-
expressing human nasopharyngeal carcinoma KB cells that resulted in two-fold higher
cytotoxicity compared to PLL-coated liposomal Doxorubicin.

2.2.1.3. The epidermal growth factor receptor (EGFR): EGFR, over-expressed in a
variety of solid tumors, plays a significant role in the progression of several human
malignancies, since the activation of this receptor stimulates key tumor-promoting processes
including cell proliferation, angiogenesis, invasion and metastasis. Human epidermal
receptor-2 (HER-2) is over-expressed in a majority of patients with breast cancer [37-39].
Anti-EGFR or anti-HER-2 monoclonal antibody-grafted nanopreparations, mainly as
immunoliposomes have been studied extensively as anticancer therapeutics [40—-42]. Dox-
loaded anti-HER-2 immunoliposomes have demonstrated increased therapeutic efficacy in
breast cancer xenograft models when compared to unmodified PEGylated liposomes [40,
43]. Generally, the Fab’ portion of recombinant humanized anti-HER2 MAb, rhuMAb
HER2 was covalently linked to the distal end of the PEG chain of sterically stabilized
liposomes [40, 43].

2.2.2. Targeting the tumor microenvironment—Preventing tumors from recruiting
new blood vessels and the destruction of existing endothelium inhibit tumor growth and
promote subsequent tumor cell death [44, 45]. Targeting of the nanomedicines to the
endothelial cells of the tumor blood vessels is an attractive strategy for inhibition of growth
of the tumor, its blood supply, and capacity for metastasis [46]. The following are among the
main targets on the tumor endothelial cells.

2.2.2.1. Vascular endothelial growth factor (VEGF): VEGF is the key mediator of
angiogenesis up-regulated by oncogene expression, a variety of growth factors and by
hypoxia. VEGF binds to two VEGF receptors (VEGF receptor-1 and VEGF receptor-2)
expressed on vascular endothelial cells [47, 48]. Upregulation of VEGF levels in the tumor
cells results in upregulation of VEGFR-1 and VEGFR-2. This production of VEGF and
other growth factors by the tumor and their interaction with receptors result in enhanced
angiogenesis. Targeting VEGF or VEGFR inhibits neovascularization, resulting in tumor
cell death due to lack of oxygen and nutrients. Two approaches have been developed to
decrease angiogenesis (i) targeting VEGF to inhibit ligand binding to VEGFR, and (ii)
targeting VEGFR to decrease VEGF binding to its receptor [44, 47, 49]. For targeting
nanocarriers to the tumor, the human recombinant VEGF isoform VEGF12; was conjugated
on a carrier surface [50]. Anti-VEGFR-2 mAb-labeled NPs were more effective in delaying
tumor growth than Anti-VEGFR-2 mAb alone [51].

2.2.2.2. a\B3 Integrin: af3 integrin is an endothelial cell surface receptor for various
extracellular matrix proteins with a specific amino acid sequence (Arginine-Glycine-
Aspartic acid (RGD)) [52]. a3 integrin is over-expressed in neovascular tumor endothelial
cells and mediate migration of the endothelial cells. Targeting a,f3 integrin is typically done
by anchoring the RGD sequence on peptides and mimetic non-peptides [53]. An RGD-
anchored cationic NP was reported to deliver genes selectively to angiogenic blood vessels
that resulted in apoptosis leading to regression of primary and metastatic tumors [53].

2.2.2.3. Vascular cell adhesion molecules (VCAM): VCAM-1, an immunoglobulin-like
transmembrane glycoprotein that promotes cell-cell adhesion, is over-expressed on the
surface of endothelial cells during inflammation. This signaling molecule is absent in the
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normal human vasculature, but readily inducible by inflammation and angiogenesis [54].
Active targeting of the nanopreparations to cancer cells was achieved by anchoring an anti-
VCAM-1 monoclonal antibody (M/K-271) to the nanocarrier [55]. This VCAM-1 targeted
nanopreparation actively targeted angiogenic tumor blood vessels. Therefore, VCAM-1
targeted nanocarriers can be further developed for the purpose of modifying the endothelial
functions in tumor.

2.2.2.4. Matrix metalloproteinases (MM Ps): MMPs, a group of structurally related zinc-
dependent endopeptidases are essential for angiogenesis, tumor invasion and metastasis
[56]. Membrane type 1 MMP (MT1-MMP) plays a significant role in angiogenesis by
extracellular matrix degradation, endothelial cell invasion, formation of capillary tubes, and
recruitment of accessory cells [57]. MT1-MMP is expressed on endothelial and certain types
of cancer cells including lung, gastric, colon, breast, cervical carcinomas, gliomas and
melanomas [58-60]. Metalloproteinase aminopeptidase N (CD13) is another endothelial cell
surface receptor that causes degradation of the extracellular matrix by unblocking the N-
terminal segments of peptides and proteins [61]. A tumor homing-peptide NGR (Asn-Gly-
Arg) has also been recognized that binds to aminopeptidase and inhibits angiogenesis [62].
Thus, targeting NPs to MMPs by surface functionation with MMP ligands or anti-MT1-
MMP antibody may be an effective strategy for inhibiting angiogenesis in cancer therapy
[63-65].

2.2.3. Targeting specific cancer cells using aptamers—Aptamers are readily
synthesizable nucleic acid ligands that possess high affinity and specificity for target
antigens. Aptamers could be utilized for dual purposes, as a drug candidate or for targeting
nanopreparations towards tissues over-expressing target antigens [66]. Aptamers are single
stranded DNA or RNA oligonucleotides folded into a stable conformation that recognize
bio-macromolecules such as nucleic acids, proteins, phospholipids and sugars [67].
Aptamers specific for a target bio-macromolecule are identified from randomized nucleic
acid libraries using high-throughput screening methodologies. In a recent study, a nuclease-
resistant VEGF growth factor aptamer was conjugated to a lipid and the anchored into the
liposomal lipid bilayer [68]. These VEGF-aptamer modified liposomes produced high
affinity binding of liposomes to the VEGF. The lipid modification/liposomal incorporation
improved the plasma residence time, the inhibitory activity of the aptamers towards VEGF-
induced endothelial cell proliferation and angiogenesis in vitro and in vivo compared to the
free aptamer. In another study, polymeric nanocarriers were surface-functionalized with A10
2/-fluoropyrimidine RNA aptamers that recognize the extracellular domain of prostate-
specific membrane antigens, which is a well characterized antigen expressed on the surface
of prostate cancer cells [69].

3. Nanopreparations for cancer therapy

Nanopreparations, clinically approved or at various stages of development for cancer
therapy are listed in Tables 1 and 2, respectively. Liposomes loaded with small molecule
chemotherapeutic drugs have been added to those approved for cancer therapy since
mid-1990s. The first liposomal preparations approved for clinical use as formulation
containing doxorubicin were Doxil® (PEG-coated) and Myocet® (uncoated). Other
clinically approved liposomal preparations include DaunoXome®, encapsulating
chemotherapeutic drug daunorubicin for the treatment of Kaposi sarcoma and Onco-TCS®,
containing vincristine for non-Hodgkin lymphoma. Albraxane®, a solvent free, albumin-
bound nanoparticle formulation of paclitaxel is currently approved for metastatic breast
cancer. Abraxane has a better safety profile, higher response rate and improved
pharmacokinetics compared to conventional paclitaxel.
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4. Intracellular delivery

A nanocarrier, once in the tumor has to cross the cell membrane barrier and translocate into
the cytoplasm to exert its therapeutic action. The intracellular site of drug action can be
cytoplasm, or specific organelles such as the mitochondrion, lysosome, or nucleus.
Typically, gene and antisense therapy must be delivered to cell nuclei, pro-apoptotic drugs
to mitochondria, lysosomal enzymes or apoptosis-inducers involving the lysosomal
apoptotic pathway to lysosomes. In general, intracellular delivery of nanopreparations
represents a challenge. Nanocarriers and other macromolecular therapeutics, unlike small
molecules which cross cell membrane by random diffusion, requires energy-dependent
endocytosis for cellular internalization. Molecules or nanoparticles that enter the cells by the
endocytic pathway become entrapped in the endosomes, and eventually fuse with
lysosomes, where active degradation of the nanoparticles and drugs takes place (Figure 2).
As a result, only a small fraction of loaded drugs appear in the cytoplasm. To deliver
nanocarriers effectively to the cytoplasm, a variety of strategies have been developed as
described below.

4.1. Cell penetrating peptides (CPPs)

Over the last two decades, many short peptide sequences, commonly referred to as cell
penetrating peptides have been identified that are capable of efficiently entering cells alone
or when linked to bulky cargos such as peptides, proteins, oligonucleotides, pDNA, or
liposomes [70-74]. The common characteristic of all CPPs is the net cationic charge due to
the presence of the basic amino acids lysine and arginine. Among many CPPs, the peptide
sequence of positions 48-60, referred to as Tat peptide (Tat-p), derived from the 86-mer
trans-activating transcriptional activator (Tat) protein encoded by human immunodeficiency
virus type-1 (HIV)-1 was the first discovered and most extensively utilized for intracellular
delivery of biomacromolecules [75-79]. Other CPPs include pVEC derived from murine
vascular endothelial cadherin, signal-sequence-based peptides and membrane translocating
sequences (MTSs) [80, 81]. Model amphipathic peptides (MAP) or chimetic peptides,
produced by the fusion of hydrophilic and hydrophobic domains from various sources can
act as CPPs. Examples include transportan, a fusion of mastoparan and galanin, and MPG, a
fusion of HIV-1 gp41 protein and peptide from the nuclear localization sequence of SV40 T-
antigen [82, 83]. Synthetic oligo-arginines, most often octa-arginines (R8) have shown
potent cell membrane translocation efficiency [71, 73, 84, 85]. Transportan and MAP have
lysine, whereas Tat-p, penetratin, and pVEC have arginine as the primary cationic charge
contributor. MAP has the highest cellular uptake and cargo delivery efficiency followed by
transportan, Tat-p (48-60) and penetratin [86].

4.1.1. Tat-peptide—Tat-p (48-60), the most studied CPP consists of 13 amino acids
including six arginine and two lysine residues (GRKKRRQRRRPPQ) that contribute to its
basicity and hydrophilicity. The first reported modification of a nanopreparation with Tat-p
was a biocompatible, dextran coated super-paramagnetic iron oxide nanoparticle derivatized
with Tat-p [87]. In another study, the derivatized magnetic nanoparticles were internalized
by lymphocytes over 100-fold more efficiently than unlabeled particles and the labeled cells
were highly magnetic as detected by NMR imaging. Tat-p functionalization of the liposomal
surface produced efficient intracellular delivery of liposomes, even at low temperature and
in the presence of metabolic inhibitors, which indicates that the cargo delivery mediated by
Tat-p is primarily a non-energy dependent process [88]. Another study reported the Tat-p
modification of liposomes in ovarian carcinoma cells was by enhanced endocytosis rather
than direct cytosolic delivery by plasma membrane translocation [89].
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Tat-p has been utilized for intracellular delivery of nucleic acids [90-92]. Tat-p
functionalized cationic liposomes, complexed with a model plasmid encoding for the
enhanced-green fluorescence protein (DEGFP) demonstrated efficient transfection both in
vitro and in vivo [90]. A dual targeted nanopreparation, a cationic liposome-plasmid DNA
complex modified with tat-p and monoclonal antimyosin antibody 2G4 specific for cardiac
myosin, was developed for gene delivery into the ischemic myocardium [92]. mAb 2G4-
modified Tat-p lipoplexes demonstrated increased accumulation and enhanced transfection
of hypoxic cardiomyocites both in vitro and in vivo.

4.1.2. Penetratin—Another cell penetrating peptide called penetratin, derived from the
third helix of the homodomain of Drosophila antennapedia protein (positions 43-58)
possesses the ability to be internalized even at 4 °C, suggesting an energy-independent
mechanism of translocation rather than classical endocytosis [93]. Penetratin, which is rich
in lysine residues, has been linked to a variety of cargos. The anti-androgen drug
bicalutamide was linked to penetratin for intracellular and nuclear-targeted delivery [94].
Both CPPs, Tat-p and penetratin were conjugated to the chemotherapeutic doxorubicin to
counteract the tumor cell resistance towards doxorubicin [95]. The strategy significantly
enhanced the cellular uptake and cytotoxicity in a variety of tested sensitive- and drug-
resistant cancer cell lines. The penetratin sequence linked in a P53-derived peptide (as the
anticancer drug, PNC-28) induced tumor cell necrosis in cancer cells, but not in normal cells
[96] Grb-7 peptide was conjugated to either Tat-p or penetratin. Both the peptide conjugates
were able to inhibit the proliferation of breast cancer cells [97].

4.1.3. Octa-arginine (R8)—Oligo-arginine cell penetrating peptides have gained a great
deal of attention as a cell membrane penetration enhancer [98, 99]. R8 has been successfully
utilized for intracellular delivery of several nanoparticles [100] Releasable, R8-conjugated
paclitaxel overcame multidrug resistance elicited by Taxol® [101]. Octa-arginine-linked
nanocarriers were efficiently internalized and demonstrated improved in vivo efficacy [71-
73, 102, 103]. A multifunctional envelope-type nanodevice (MEND), based on programmed
packaging, has been developed that utilizes R8 for efficient intracellular delivery [10, 71].
Our group demonstrated that the bleomycin-loaded octa-arginine modified liposomes
resulted in improved tumor growth inhibition [104]. Surface functionalization of
doxorubicin-loaded liposomes, commercially available as Doxil® or Lipodox® with octa-
arginine resulted enhanced anticancer activity in vitro and in vivo compared to the
unmodified liposomes [103]. Figure 4 represents the schematic diagram for the modification
of Lipodox® with R8-linked PEG-PE polymer. The confocal laser scanning micrograph in
Figure 4 indicated that the R8-modified doxorubicin-loaded liposomes delivered the pay-
load more efficiently to the cytosol, possibly via endosome disruption, that resulted in
enhanced Dox accumulation in the nucleus.

4.2. Endosomal escape

Various attempts have been undertaken to develop ‘SMART’ nanocarriers that allow
endosomal disruption for release of drugs or drug-loaded nanocarriers to the cytoplasm
before their passage to lysosomes.

4.2.1. Endosome disrupting peptides—High density R8-modified liposomes are
reported to be internalized via macropinocytosis, which avoids the lysosomal fate of the
endocytic pathway [72]. The high content of basic residues in CPPs allows interaction with
the endosomal membrane at lowered pH, which causes endosomal disruption and pore
formation [105]. Histidine-rich peptides can either fuse with endosomal membrane causing
pore formation or buffer the proton pump causing membrane lysis [105]. A pH-sensitive
fusogenic peptide GALA with amino acid sequence
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WEAALAEALAEALAEHLAEALAEALEALAA on the liposomal surface has produced
efficient cytosolic delivery of loaded cargo [106, 107]. A pH-independent fusion inducer
peptide, KALA (WEAKLAKALAKALAKHLAKALAKALKA) has been utilized for
cytosolic delivery of a multi-layered nanoparticle as a gene carrier [108].

4.2.2. Fusogenic lipids—Various lipids used to formulate lipid-based nanocarriers such
as liposomes and micelles have been identified with the ability to fuse with the endosomal
membrane to destabilize of the nanocarriers and release of a drug pay-load. Typically,
dioleoyl phosphatidylethanolamine (DOPE) is used extensively as a fusogenic lipid [109,
110]. DOPE exists in two conformations, lamellar and hexagonal phase. Transformation
from lamellar to inverted hexagonal, which takes place at the low pH characteristic of the
endosomal compartment promotes fusion of the nanocarrier with the endosomal membrane
and resulted in the escape of the enclosed cargo [111] A combination of anionic lipids,
cholesteryl hemisuccinate (CHEMS) and DOPE or phosphatidic acid have been successfully
used as fusogenic lipid components [112].

4.3. Stimuli sensitivity

Nanopreparations, in this category are specially devised to be sensitive to externally applied
energy such as ultrasound, light, heat, or internal stimuli such as change in pH, redox
potential, and enzymes to trigger drug release. These nanoparticles maintain a hidden or
stealth character during systemic circulation. However, they are transformed or degraded to
trigger localized drug release and subsequent enhanced intracellular delivery in response to
environmental or applied, focused stimuli [45]. Application of ultrasound for
chemotherapeutic drug release from nanopreparations in solid tumors has been extensively
studied by Rapoport et al [113-115]. In ultrasound-mediated micellar drug delivery, the
mild hyperthermia induced may enhance micellar extravasation into tumor tissue, whereas
the mechanical action of ultrasound triggers drug release from micelles and enhances
intracellular uptake of the drug. In a recent study conducted by this group, perfluoro-15-
crown-5-ether (PFCE) was used as a core forming compound in perfluorocarbon
nanoemulsions, which manifested both ultrasound and fluorine ((19)F) MR contrast
properties [113]. Paclitaxel-loaded PFCE nanodroplets had demonstrated excellent
therapeutic properties as indicated by significant tumor regression and suppression of
metastasis.

Light-triggered activation of nanocarriers composed of various photo-sensitive polymers has
shown promising applications for various biomedical applications and cancer therapy [116—
120]. Light-triggered activation of nanocarriers that liberate the pay-load is governed by
various underlying mechanisms including photo-driven isomerization and activation, de-
crosslinking, surface plasmon absorption and photochemical effects, hydrophobicity
changes and polymer backbone fragmentation [121]. External magnetic field-driven iron
oxide nanoparticles are being investigated extensively as diagnostics and to improve the
efficacy of anticancer drugs [122-124]. In addition to the application of these external
stimuli, various internal stimuli including altered pH, temperature, redox potential, over-
expressed proteolytic enzymes of the tumor microenvironment potentiate activation of
nanocarriers by deshielding specific moieties or coatings to expose useful functionalities
[125, 126].

5. Organelle-specific delivery

Delivering drug or a nanocarrier to the cytoplasm is often not enough to elicit a maximum
therapeutic effect. Intracellular delivery can only result in random interaction of nanocarriers
with cellular organelles. Organelle-specific delivery or delivery of the drug or drug-loaded
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nanocarriers directly to the site of drug action is required to achieve maximum therapeutic
with a minimum of off-target effects.

5.1. Mitochondrial delivery

Besides being the powerhouse of cells, mitochondria are also considered a suicidal weapons
store. Dozens of cell death-associated signal transduction pathways are activated through
mitochondrion’s action. Mitochondria control the activation of programmed cell death by
regulating the translocation of pro-apoptotic proteins from the mitochondrial intermediate
space to the cytosol.

5.1.1. Role of mitochondria in cancer—Mitochondrial dysfunction has been linked to
many of the hallmarks of cancer cells including their limitless proliferative potential,
impaired apoptosis, insensitivity to anti-growth signals, enhanced anabolism and decreased
autophagy [127, 128]. The microenvironment of rapidly proliferative cancer cells become
hypoxic owing to the inability of the local vasculature to supply adequate oxygen [129].
This chronic hypoxic condition is lethal to normal cells. However, owing to the inability of
mitochondria to provide enough ATP for cell survival under hypoxic conditions, malignant
cells upregulate the glycolytic pathway as a alternate means of energy production by
induction of hypoxia-inducible factor-1 (HIF-1) [130]. In cancer cells, down-regulation of
mitochondrial respiration causes impairment of normal cellular functions. Kreb’s cycle
substrates such as succinate accumulate as a result of inhibition or mutation of succinate
dehydrogenase and signal stimulation of glycolysis and the activation of HIF-1a.

Tumor cells successfully escape hypoxia-mediated cell death by lowering expression or
causing mutation of p53 [131]. p53, a tumor suppressor protein known as a central regulator
of the cellular stress response. Mutation of p53 in tumors causes down-regulation of
mitochondrial respiration and a shift of cellular energy metabolism towards glycolysis.
Another important factor associated with mitochondrial dysfunction is reactive oxygen
species (ROS) production. A dysfunctional mitochondrial respiratory chain produce
excessive ROS, causing an imbalance between production of ROS and antioxidant defense,
which is defined as oxidative stress. The ROS oxidize proteins, induce lipid peroxidation
and damage mitochondrial DNA (mtDNA). The level of oxidatively modified bases such as
8-hydroxyguanosine is 10-20-fold higher than that found in nuclear DNA [129].

In cancer, the mitochondria-mediated intrinsic apoptotic pathway is suppressed, owing to the
over-expression of anti-apoptotic proteins that protects mitochondrial membrane from
permeabilization. Mitochondrial membrane permeabilization is the crucial step in the
triggering of cell death via apoptosis. Over-expressed anti-apoptotic proteins such as Bcl-2,
Bcel-X(, Mcl-1, and Bcl-w in cancer cells interact with pro-apoptotic proteins Bax and Bak
to prevent their oligomerization necessary for mitochondrial membrane permeabilization.

5.1.2. Mitochondrial drug targeting—Since mitochondria play a major role in
executing apoptosis-mediated cell death and cancer cells have suppressed apoptosis,
mitochondria-directed drugs designed to trigger apoptosis are likely to be promising
treatment strategy for curbing cancer. Curbing the mitochondrial ROS production by
delivery of antioxidants to the mitochondria, activating mitochondrial membrane
permeability, targeting Bcl-2 proteins to inhibit or down-regulate anti-apoptotic action,
delivering therapeutic genes for the expression of pro-apoptotic proteins including Bax, Bak
are a few of the effective mitochondrial targeted treatment strategies in cancer [132-135].

5.1.2.1. Mitochondrial- tar geted ligands. Mitochondrial-targeted drug delivery systems
are emerging as a prime pharmacological target in the treatment of cancer. Considerable
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efforts are being undertaken to discover molecules that target mitochondria [136]. Figure 3
summarizes various mitochondria-targeting strategies. Mitochondrial targeting is achieved
by various delocalized lipophilic cations such as small molecule ligands, mitochondria-
penetrating-peptides (MPP), cationic ‘bola-lipid’-based vesicles, mitochondrial protein
import machineries and molecules targeting mitochondrial inner/outer membranes.

5.1.2.1.1. Lipophilic cations: Sufficient lipophilicity combined with delocalized positive
charge are a pre-requisite for mitochondriotropic molecules. Various lipophilic cations
including triphenylphosphonium (TPP), rhodamine 123, Flupirtine, MKT-077 and
anthracyclins have demonstrated selective accumulation in the mitochondria upon
intracellular delivery [137]. Mitochondria maintain a constant membrane potential of about
-180 to —200 mV across their lipid bilayer by using channel pumps and oxidative
phophorylation pathways [138]. This high negative membrane potential is not present in any
other cellular organelle, which offers a unique chemical opportunity for selective
accumulation of lipophilic cations to the mitochondria.

Owing to their possession of a delocalized cationic charge over a large surface area
comprised of three phenyl rings, compounds with a triphenylphosphonium (TPP) moiety can
easily pass through the hydrophobic barrier presented by the lipid bilayer [139]. Several
biologically active molecules have been modified with a TPP moiety to selectively targeting
them to the mitochondria [139-143]. Typically, antioxidants are targeted towards their site
of action within the mitochondria [144]. The TPP group has been conjugated to the phenolic
moiety of Vitamin E for its selective delivery to mitochondria. Results have demonstrated
that increased antioxidant accumulation to the site of action protected mitochondria from
oxidative damage more effectively than Vitamin E [141]. Mitochondrially-targeted
antioxidant, MitoQ, a TPP-conjugated ubiquinone derivative has been used extensively to
prevent oxidative damage in diseases associated with oxidative stress [145-151]. MitoQ
accumulates several 100-fold within mitochondria and is significantly more potent than the
non-targeted CoQ10 analogue cecycloubiquinone [152]. The TPP-conjugation also
circumvents poor solubility problems associated with the naturally occurring antioxidant,
coenzyme Q10 [153].

Drug-loaded liposomes have been surface-functionalized with TPP for effective delivery of
therapeutic cargo to the mitochondria [154, 155]. The TPP cation has been conjugated to a
lipophilic stearyl moiety to form stearyl triphenylphosphonium (STPP), which was easily
incorporated into the liposomal lipid bilayer, anchoring the TPP group on the liposomal
surface [154]. The STPP-modified mitochondriotropic liposomes were loaded with a
sphingolipid signaling molecule, ceramide. An elevated ceramide level results in the
formation of ceramide channel in the mitochondrial membrane, which leads to the release of
cytochrome-c from the mitochondrial intermembrane space and initiation of apoptosis.
Mitochondrial delivery of ceramide via STPP-modified liposomes enhanced its cytotoxicity
both invitro and in vivo in a murine mammary carcinoma model.

In our work, the toxicity associated with STPP was overcome by conjugating the TPP group
to the amphiphilic poly(ethylene glycol)-phosphatidylethanolamine moiety [155]. The
amphiphilic TPP-PEG-PE was incorporated into the liposomes, where the lipid group was
embedded in the liposomal lipid bilayer and the TPP group, anchored at the distal end of the
PEG chain was on the surface. These mitochondriotropic liposomes effectively delivered a
pro-apoptotic chemotherapeutic paclitaxel to the mitochondria in comparison to the non-
mitochondria targeted liposomes and enhanced the antitumor effect in vitro and in vivo
(Figure 5).
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In a related study, surface conjugation of TPP to a macromolecule dendrimer resulted in
efficient mitochondrial targeting [156]. A N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer-based mitochondriotropic drug delivery system was developed by conjugating a
TPP group and a photosensitizer mesochlorine eg (Mceg) on the polymer backbone [157].
This mitochondrial targeted HPMA-copolymer-drug conjugate enhanced in vitro
cytotoxicity compared to non-targeted HPMA-Mceg conjugates.

Rhodamine 123 is another lipophilic cation utilized for drug delivery to the mitochondria. A
complex of tetrachloroplatinate and rhodamine-123 was used to generate cytotoxic and
antitumor effect. In our work, paclitaxel liposomes were modified with rhodamine 123-
conjugated pEG-PE polymer. This drug delivery system produced efficient mitochondrial
targeting and increased cytotoxicity of loaded paclitaxel compared to unmodified paclitaxel
loaded liposomes [158].

5.1.2.1.2. Mitochondria-penetrating peptides: A class of mitochondrial targeting peptides,
known as Szeto-Schiller (SS) peptides possess a structurally similar aromatic cationic motif
in which the aromatic group, either tyrosine or a dimethyltyrosine, alternates with a basic
amino acid. The SS-peptides are rapidly taken up by cells and target the mitochondria by an
energy-independent mechanism [153, 159, 160] The SS-peptides localize to the inner
mitochondrial membrane, where they serve as antioxidants, scavenge hydrogen peroxide,
peroxynitrile and inhibit lipid peroxidation [161]. They have been shown to protect
ischemia-reperfusion mediated cell injury [162]

5.1.2.2. Mitochondrial targeting via membrane fusion

5.1.2.2.1. MITO-Porter: A mitochondrial-targeting nanopreparation, MITO-Porter,
developed by Harashima group holds promise as an efficacious system for the delivery of
both large and small bioactive molecules into mitochondria [163]. MITO-Porter is a
liposome based nanocarrier composed of DOPE/sphingmyelin/Strearyl-R8 (9:2:1) that
delivers its macromolecular cargo to the mitochondrial interior via membrane fusion [163—
165]. The liposomal surface-modification with high-density R8 was responsible for its
efficient cytosolic delivery after cell uptake by macropinocytosis. Figure 5 represents a
schematic diagram of the pathway followed by MITO-Porter for mitochondrial delivery.
Upon cytosolic release from macropinosomes, MITO-Porters translocate into the
mitochondrial membrane via electrostatic interaction between the MITO-Porters and
mitochondria and induce fusion [164]. The lipid composition of the MITO-Porter promotes
both fusion with the mitochondrial membrane and releases of its cargo to the intra-
mitochondrial compartment. MITO-Porter encapsulating propidium iodide (PI), a
fluorescent dye commonly used to stain nuclei, successfully delivered PI as cargo to the
mitochondrial matrix [163]. A dual function MITO-Porter, a nanopreparation combining
both cytoplasmic delivery and mitochondrial macromolecule delivery has been developed in
which MITO-Porter liposomes were surface functionalized with high-density octa-arginine
(R8) [166]. This dual function nanopreparation had efficient cytoplasmic delivery through
the cell membrane due to R8-modification followed by mitochondrial delivery through the
mitochondria-membrane via membrane fusion. A ligand of adenine nucleotide translocator,
Bongkrekic acid (BKA) was encapsulated in the lipid envelope of the MITO-porter. The
MITO-porter encapsulated BKA inhibited the mitochondrial permeability transition
associated with apoptosis after its delivery to the mitochondria using MITO-Porter. The
strong anti-apoptotic effect of MITO-Porter encapsulated BKA was observed compared to
naked BKA in HeLa cells [167].

5.1.2.2.2. Colloidal dequalinium vesicles. Dequalinium is a dicationic amphiphilic
compound that self-assembles and forms vesicle-like aggregates referred to as dequalinium
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liposomes or DQAsomes [168-171]. This vesicles translocate into cells via endocytosis and
fuse with the mitochondrial outer membrane. DQAsomes have been evaluated to determine
their potential to serve as a mitochondriotropic, non-viral transfection vector for delivery of
mitochondrial DNA to the mitochondrial membrane [172-174]. In the first study, to deliver
plasmid DNA (pDNA) more effectively to the mitochondria via DQAsomes, the
mitochondrial DNA was conjugated to a mitochondrial leader sequence peptide (MLS) and
condensed in the DQAsomes. After accumulation of mitochondrial DNA in the
mitochondrial membrane by DQAsomes, it was taken in to the mitochondrial matrix by the
mitochondrial protein import machinery [172]. These results demonstrate that DQAsomes
are able to transport the pDNA to the mitochondria by escaping from endosomes without
losing their pDNA load.

5.1.2.3. Mitochondrial protein import machinery: Mitochondrial targeting for protein
delivery to the mitochondria employs creating a chimeric protein linked with a
mitochondrial signal peptide, an N-terminal specific amino acid sequence to the proteins to
be delivered [140]. These chimeric proteins are taken up into the mitochondrial matrix via
the protein import machinery [175]. Delivery of a oligonucleotide or DNA to the
mitochondria has also been achieved by covalently linking a mitochondrial precursor protein
at the C-terminus or a mitochondrial protein targeting peptide [176, 177]. In another study, a
mitochondrially targeted DNA delivery vector was developed by linking an N-terminal
mitochondrial targeting peptide to a polyamide nucleic acid (PNA), a moiety in which the
deoxyribose phosphate backbone of DNA was replaced with an achiral polyamide backbone
[178]. This mitochondrial targeting peptide-PNA conjugate was annealed to an
oligonucleotide with a selected sequence and transfected into the cytosol via polycations or
transient membrane channels. The nanopreparation efficiently delivered labeled
oligonucleotides into the mitochondrial matrix.

Proteins located in the mitochondrial inner or outer membrane can be targeted for
mitochondrial delivery of therapeutics. A ligand of multimeric translocator protein, located
in the outer mitochondrial membrane, commonly referred to as peripheral benzodiazepine
receptor was conjugated to a dendrimer imaging agent for mitochondrial delivery [179].
Even though significant effort has been undertaken to develop the mitochondria-targeted
nanopreparations, the full understanding of the process of intracellular trafficking of
nanopreparation, pay-load delivery and time-dependent localization have yet to be achieved.

5.2. Lysosomal delivery

Lysosomes are the main digestive organelles of the cells and interconnect the extracellular
environment with the inside of the cell via endocytosis, phagocytosis and exocytosis.
Lysosomes are the final destination of endocytic cargos and macromolecules for
degradation. The notion of lysosomes as merely “garbage disposal units” has changed
dramatically due to recent discoveries of other roles of lysosomes and their contents, the
most importantly in cell-death mechanisms in cancer [12, 180, 181]. The lysosomal enzyme,
cathepsins perform more specific functions, including a role in bone remodeling, antigen
presentation, pro-hormone processing, apoptosis, angiogenesis and cancer cell invasion
[182, 183].

5.2.1. Lysosomal storage diseases (LSD)—Lysosomal storage disease is a set of
more than 40 inherited disorders associated with the deficiency of certain lysosomal
enzymes [184]. The main approach for the treatment of LSD has been enzyme replacement
therapy with supplemental exogenous enzymes. However, poor delivery and
pharmacokinetics of the enzymes limit the efficacy of this approach. The use of
nanopreparations loaded with therapeutic cargo for delivery of agents, including enzymes
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and other small molecules to the lysosomes has been suggested [7]. In an attempt to prepare
a lysosome-targeted nanocarrier, Koshkaryev, et al, surface-modified liposomes with the
lysosomotropic ligand octadecyl-rhodamine B (RhB) [14]. The modified liposomes
successfully delivered the loaded model cargo, fluorescein isothiocyanate (FITC)-dextran
(FD) to the lysosomes of HeLa cells. In the confocal microscopy study, RhB-modified
liposomes demonstrated enhanced co-localization of the liposomal RhB and a specific
lysosomal marker, Lamp-2 (tracked with anti-Lamp2 antibodies) compared to plain RhB-
unmodified liposomes. The fluorescence of the lysosome-enriched fractions of the cells,
treated with FD-loaded, RhB-modified liposomes was at least 2-fold higher compared with
cells, treated with unmodified liposomes. Flow cytometry analysis revealed that the
treatment of cells with same amount of FD, loaded in unmodified and RhB-liposomes, led to
the same level of FITC fluorescence indicating that the enhanced fluorescence associated
with lysosomal fractions of cells treated with RhB-liposomes was due to the enhanced
lysosomal delivery mediated by lysosomotropic RhB-modified liposomes. These lysosome-
targeted octadecyl-RhB liposomes were also utilized for the lysosomal delivery of the
enzyme glucocerebrosidase into the Gaucher’s fibroblasts in vitro [185]. The lysosomotropic
liposomes improved the lysosomal accumulation of liposomal enzymes both in
nonphagocytic Gaucher’s fibroblasts and phagocytic monocyte-derived macrophages.

5.2.2. Lysosomes as target for cancer therapy—Cancer cells can activate or
inactivate a number of pathways to inhibit caspase activation to evade apoptosis. However,
recent findings on the role of lysosomes in apoptosis showed that the cancer cell death could
be triggered by the release of lysosomal enzymes. VVarious molecules of an endogenous or
synthetic nature have been identified which disrupt the lysosomal membranes, causing
lysosomal membrane permeabilization (LMP) [186, 187]. This LMP can be induced by
classic apoptotic stimuli including endogenous reactive oxygen species, detergents such as
sphingosine and other lysosomotropic toxins [188, 189]. Other LMP inducers include
various lysosomotropic compounds that become trapped and accumulate in the lysosomes
after protonation. When the concentration of a lysosomotropic compound reaches a critical
level, the compound stimulates LMP and the release of lysosomal contents in the cytosol.
Released lysosomal proteolytic cathepsins cause the cleavage of Bid, degrade the anti-
apoptotic Bcl-2 protein, triggers caspase, Bax activation, recruit mitochondrial pathway for
executing apoptosis by causing mitochondrial outer membrane permeabilization [190-193].
Lysosomal cell death pathways are turned on not only by lysosomal disrupters, but also by
classic endogenous apoptotic stimuli such as the death receptor and p53 activation [194,
195]. The lysosome-mediated cell death pathway can be activated by many conventional
chemotherapeutics through LMP [196]. Ceramide, a precursor of sphingosine produced by
the lysosomal enzyme, acid ceramidase, is a promising molecule for the induction of LMP
[197]. Intracellular delivery of ceramides via transferrin-functionalized liposomes induced
increased apoptosis in vitro in HeLa and in vivo in A2780-ovarian carcinoma xenograft
mouse model [13].

In cancer cells, lysosomes have increased expression of lysosomal enzymes that participate
in tissue invasion and tumor growth. In addition, cancer cells over-express endogenous
molecules that protect lysosomal membranes against permeabilization including heat-shock
protein 70 (HSP-70), lysosomes-associated membrane proteins 1 and 2 (LAMP-1 and 2) as a
defense mechanism of cancer cells against apoptosis [198]. Depletion or down-regulation or
inhibition of HSP-70 can activate the lysosomal cell death pathway in a tumor and induce a
therapeutic cytotoxic effect [199].
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5.3. Nuclear delivery

Generally, the transport of biomolecules to the nucleus’ interior occurs through the nuclear
pore complexes (NPCs) [105]. The diameter of NPCs is only ~9 nm, which limits the
diffusion of macromolecules in the nucleus. However, many nuclear localization signal
(NLS) peptides have been discovered that target the DNA to the nucleus and allow entry
through NPCs via an active transport process [200, 201]. NLS peptides containing basic
amino acid residues are recognized by cytoplasmic receptors such as importins. These NLS
peptides bind to NPC followed by translocation through the pore [202]. NLS bio-conjugates
have been successfully used to target therapeutic genes to the nucleus [203] The most well-
known NLS for nuclear gene delivery is SV40, derived from a tumor antigen of simian virus
40 [204, 205].

The nuclear membrane represents a major barrier to nuclear delivery. The nuclear membrane
allows pDNA to enter the nucleus only during M-phase of the dividing cells. For gene
delivery to the nucleus, a tetralamellar multifunctional envelope-type nanodevice (T-
MEND) has been developed by Harashima group [10]. This group proposed a nuclear pore
complex-independent nuclear transport approach in which T-MEND is fused with the
nuclear membrane. T-MEND is a multi-layered nanopreparation possessing a pDNA-
polycation condensed core, coated with two envelopes, including an inner envelope
composed of a mixture of cardiolipin and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) for fusion with the nuclear membrane plus an outer envelope composed of
phosphatidic acid and DOPE to disrupt the endosomes [206]. The nanopreparation was
made positively charged by incorporation of stearyl octa-arginine (R8). Transfection of
dendritic JAWS 11 cells using T-MEND as the non-viral gene delivery vector increased by
several hundred-fold compared to another MEND-nanopreparation developed by this group.
The T-MEND system was further upgraded with a pH-independent fusogenic peptide,
KALA, in the outer layer and an increased charge ratio of the core [108]. KALA-peptide
improved the membrane fusion process with endosome- and nuclear membranes. This
upgraded nanopreparation had a 20-fold higher transgene expression compared to the
original R8-T-MEND in JAWS II cells.

Jing Yao et al simultaneously targeted delivery of all-trans-retinoic acid (ATRA) and
paclitaxel to tumors with a hyaluronic acid-based (HRA) multifunctional nanocarrier to
provide a synergistic combination chemotherapy. HRA-nanoparticles had both efficient
cytoplasmic followed by nuclear delivery via a HA-receptor-mediated endocytosis and
ATRA-mediated nuclear translocation, respectively. ATRA translocated into the nucleus by
binding to specific cytosolic proteins [207].

5.4. Delivery to the endoplasmic reticulum (ER)

The ER plays an essential role in protein synthesis, folding, protein trafficking and dynamic
calcium homeostasis. In addition, the activation of caspase-8-mediated apoptotic pathway
occurs in response to the ER stress [208]. The ER lumens represent a major site of stored
intracellular Ca%*, the release of which promotes cleavage of caspase-8 and initiates ER
stress- induced apoptosis. In addition, the ER is a major site of peptide loading and promotes
cross presentation in antigen presenting cells. Delivery of antigenic peptides to the ER
induces for inducing cross presentation in dendritic cells that leads to antitumor immunity.
PLGA nanoparticles were targeted to the ER of dendritic cells for delivery of antigenic
peptides (SIINFEKL) with the goal to prepare an anticancer vaccine [209]. Nanocarriers
were targeted to the ER by surface modification with a peptide containing a specific ER
targeting sequence. The in vitro studies demonstrated that the surface modification with this
ER signal peptide enhanced endocytosis, intracellular trafficking to the ER, and induced
prolonged cross presentation of the loaded antigenic peptides. Analysis of intracellular
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trafficking confirmed that poly(y-glutamic acid)-based nanoparticles (yv-PGA NP), a vaccine
carrier, accumulated in both the ER and endosomal compartments within 2 h [210]. Further
analysis strongly suggested that the y-PGA NP enhanced ER-endosome fusion for antigen
cross presentation.

The ER and mitochondria were simultaneously targeted by photodynamic therapy using a
small molecule hexaminolevulinate to induce apoptosis in human lymphoma cells [211].
Phototherapy damage of the ER calcium pump protein SERCA2 released Ca2+ that initiated
caspase-8 cleavage.

Investigations by Kabanov and co-workers have revealed that the block copolymer Pluronic
P85 can be internalized by caveoli-mediated endocytosis and delivered directly to the ER
[212]. The hydrophobic poly(propylene oxide) (PPO) block in the P85 was suggested to be
the moiety promoting the affinity for ER accumulation. In another study, silicon quantum
dots (Si-QDs) were coated with a block copolymer Pluronic F127 (PEO-PPO-PEQ) with
PPO as a hydrophobic moiety for selective labeling of the ER of live HUVEC cells [213].
Pollock et al studied a number of liposomes of various phospholipid composition and
reported that the liposomal system composed of phosphatidyl ethanolamine: phosphatidyl
choline: phosphatidy! inositol: phosphatidyl serine (1.5:1.5:1:1) trafficked directly to the ER,
fused with the ER membrane, to deliver hydrophobic drugs or markers [214].

5.5. Delivery to other organelles

Drug delivery to the other intracellular organelles has been relatively unexplored. Targeting
nanocarriers to caveolae to promote clathrin-dependent endocytosis is an approach being
studied for cytosolic delivery of nanocarriers [215, 216]. Clathrin-mediated endocytosis by-
passes fusion with lysosomes, and provides an intracellular delivery route with an unique
advantage by avoiding lysosome- mediated degradation of the therapeutic cargos. Various
small molecules or macromolecular complexes interact with caveolar receptors of the cell
surface and are internalized after docking onto caveolar receptors. Internalized caveolae fuse
with caveosomes and deliver their content in non-lysosomal subcellular organelles. Caveolar
invaginations are found only on the surface of cells expressing caveolin | proteins.
Additionally, “lipid rafts” constitute a caveolar-equivalent plasma membrane domain,
assembled from the same lipid constituents and proteins as caveolae, but flat in structure, are
found in cells without caveolae. Lipid-mediated drug delivery prevents lysosomal uptake as
well [217].

6. Conclusion

Considerable efforts have been undertaken to improve the therapeutic efficacy of bioactive
molecules including cancer therapeutics. The highly complex disease pathology of cancer
and the toxic effects associated with chemotherapeutics necessitates the development of
multifunctional nanomedicines with high efficacy and minimized adverse effects. Besides
encapsulating the drugs in nanopreparations and targeting the drug-loaded nanocarriers to
the disease site to generate so called “magic bullets”, a significant effort is being undertaken
to design and develop strategies to improve the cellular uptake of the therapeutic molecules
and their delivery to an organelle of interest. Although organelle-specific delivery is
challenging, when achieved, it can dramatically increase the interaction of the bioactive
molecules with target organelles. The targeted delivery has been shown to reduce the
toxicity and increase the therapeutic efficacy many-fold. Therefore, this strategy remains
attractive for delivering pro-apoptotic compounds to the mitochondria; molecules that alter
lysosomal function to lysosomes; gene silencers or nucleic acid therapeutics to the nucleus.
Still, further in-depth studies to provide detailed understanding of the intracellular
trafficking of organelle-targeted nanopreparations as well as the loaded drugs, together with
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their time-dependent fate and drug release inside the organelles are much needed. Shedding

al
in

ight in that direction would rationalize the application of organelle-specific drug delivery
cancer.
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Figure 1.
Representation of (A) passive (via the EPR effect) and (B) active (receptor-mediated)
targeting utilized for targeting nanopreparations to tumors.
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Figure2.

Schematic drawing of the cytosolic delivery and organelle-specific targeting of drug loaded
nanoparticles via receptor-mediated endocytosis. After receptor mediated cell association
with nanoparticles, the nanoparticles are engulfed in a vesicle known as an early endosome.
Nanoparticles formulated with an endosome disrupting property disrupt the endosomes
followed by cytoplasmic delivery. On other hand, if nanoparticles are captured in early
endosomes, they may make their way to lysosomes as late endosomes where their
degradation takes place. Only fraction of non-degraded drug released in the cytoplasm
interacts with cellular organelles in a random fashion. However, cytosolic delivery of a
fraction of organelle-targeted nanoparticles via endosomal escape or from lysosomes travel
to the targeting organelles to deliver their therapeutic cargo.
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Figure 3.

Summary of current strategies for mitochondrial targeting. (A) attachment of lipophilic
cations such as triphenylphosphonium to small molecules or nanocarriers for targeting to the
mitochondria; (B) Mitochondrial targeting Szeto-Schiller (SS) peptides containing an
aromatic-cationic sequence motif selectively partition into the inner mitochondrial
membrane independent of the mitochondrial membrane potential; (C) A dicationic
mitochondriotropic compound, dequalinium chloride, self-assembles and forms vesicle-like
aggregates called DQAsomes. These vesicles are taken up by endocytosis, fuse with the
mitochondrial outer membrane and enter to the mitochondrial matrix via the mitochondrial
protein import machinery; (D) MITO-porter is a liposome-based carrier that fuses with the
mitochondrial membrane and releases its cargo to the intra-mitochondrial compartment; (E)
Mitochondrial targeted signal peptides attached to non-mitochondrial proteins create a
chimeric protein taken up by the mitochondrial matrix via the mitochondrial protein import
machinery. Cargo consisting of a drug or nucleic acid attached to this chimeric protein can
be selectively transferred to mitochondria.
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Figure4.

Modification of doxorubicin-loaded commercially available Lipodox® with cell-penetrating
synthetic peptide, octa-arginine, to achieve improved anticancer activity. (A) Dox-L and R8-
Dox-L were prepared by incorporation of hydrophilic co-polymer polyethyleneglycol-
phosphatidylethanolamine (PEG-PE) and R8-PEG-PE into the liposomal lipid bilayer. (B)
The confocal laser scanning micrograph shows murine mammary carcinoma cell (4T1)
treated with Dox-L and R8-Dox-L at a Dox concentration 6 ug/mL. The cells were
additionally stained with a DNA stain (blue) and an endosomal marker (green) for
visualization of nuclei and endosomes. The merged picture indicated that R8-Dox-L
delivered its pay-load to the nucleus more efficiently than Dox-L. (Scale bar. 15 nm.) (C)
Co-localization of Dox signal with DNA and endosomes quantified by Image J software.
The Pearson’s coefficient of colocalization of Dox-L or R8-Dox-L with DNA and
endosomes indicates that R8-Dox-L had significantly higher co-localization with DNA than
endosomes, indicating an endosome-disrupting property of R8-Dox-L which resulted in
more cytosolic delivery of the loaded doxorubicin compared to Dox-L.
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Figure5.

Evaluation of efficacy of mitochondria-targeted liposomes. The liposomal surface was
modified with a co-polymer, triphenylphosphonium-PEG-PE conjugate, for mitochondrial
targeting (TPP-L). (A) Confocal microscopy of HeLa cells treated with rhodamine-labeled
unmodified liposomes (PL) and TPP-L. Yellow dots in the merged picture indicate co-
localization of red (liposome) and green (mitotracker) signals. (B) Evaluation of the cell-
killing efficacy of paclitaxel-loaded TPP-L (TPP-L-PTX) on HeLa cells. The targeted
delivery of paclitaxel to mitochondria resulted in a further decrease in cell viability. (C) The
in vivo evaluation of the efficacy of TPP-L-PTX in reducing tumor volume. The arrows
indicate the day of intravenous administration of liposomes at a paclitaxel dose of 1 mg/Kg.
The significantly higher reduction in tumor volumes (p<0.01) indicated the higher
therapeutic efficacy of mitochondrial-targeted PTX liposomes.
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Figure6.

Schematic diagram of mitochondrial delivery of MITO-Porter encapsulated drugs. MITO-
Porters enter cells via macropinocytosis. Disruption of macropinosomes liberates MITO-
Porter, which is translocated to the mitochondria via electrostatic interaction of
mitochondria with the MITO-Porter membrane component, R8. The liposomal cargo is
delivered to the mitochondria via mitochondrial membrane fusion.
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Table 1

Approved nanopreparations for cancer therapy.

Nanopreparation Drug Trade Name Treatment
Liposomes Doxorubicin Doxil®/Caelyx/Li podox Ovarian, metastatic breast cancer, Kaposi Sarcoma
Liposomes Doxorubicin Myocet® Breast cancer
Liposomes Daunorubicin DaunoXome® Kaposi’s Sarcoma
Liposomes Vincristine Onco-TCS® Non-Hodgkin’s lymphoma,
Liposomes Cytarabine DepoCyt® Lymphomatus meningitis
Drug conjugate Doxorubicin Transdrug® Hepatocarcinoma
Drug conjugate Albumin-paclitaxel Abraxen® Non-small cell lung cancer, Metastatic breast cancer
Drug conjugate PEG-L-asparaginase Oncaspar Acute lymphoblastic leukemia
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Table 2

Example of nanopreparations undergoing clinical investigations for cancer therapy.
Formulation Drug Name Indication Status
Liposomes Doxorubicin ThermoDox® Various cancers 1
Liposomes Doxorubicin JNS002 1
Liposomes Cisplatin LiPlaCis |
Liposomes Cisplatin Lipoplatin 11
Liposomes Cisplatin SPI-77 1
Liposomes Cisplatin analog L-NDDP/aroplatin 1
Liposomes Oxaliplatin MBP426 |
Liposomes Vincristine Margibo® 1
Liposomes Annamycin Liposomal Annamycin 1
Liposomes Mitoxantrone LEM Pre-clinical
Liposomes Paclitaxel PNU-93914 1
Liposomes Paclitaxel LEP-ETU 1
Liposomes CKD602 (Topoisomerase inhibitor) | S-CKD602 Various cancers 1711
Liposomes
Polymeric Nanoparticles (Cyclodextrin) Camptothecin CRLX101 Various cancers 1
Polymeric micelles (PEG-poly aspartate) Paclitaxel NK105 Various cancers 1
Polymeric micelles (PEG-poly(D,L-lactide) | Paclitaxel Genexol®-PM Breast, lung, pancreatic | =111

cancer
Polymeric micelles (PEG-PLGA) Docetaxel BIND-014 Various cancers |
Polymeric micelles (PEG-poly(D,L-lactide) | Docetaxel Nanoxel® Advanced breast cancer | |
Polymeric micelles Doxorubicin NK911 Various cancers |
(PEG-poly aspartate
Polymeric micelles (Glycoproteins) Doxorubicin SP1049C Various cancers 1
Polymer-drug conjugate Paclitaxel Xyotax® Breast, overian, 1
advanced lung cancer

Polymer-drug conjugate Paclitaxel Taxoprexin® Various cancers =111
Polymer-drug conjugate Doxorubicin PK1 Breast, lung, colon 1

cancers
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