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Abstract: Drug discovery and drug delivery are two main aspects for treatment of a variety of
disorders. However, the real bottleneck associated with systemic drug administration is the lack
of target-specific affinity toward a pathological site, resulting in systemic toxicity and innumer-
able other side effects as well as higher dosage requirement for efficacy. An attractive strategy
to increase the therapeutic index of a drug is to specifically deliver the therapeutic molecule in
its active form, not only into target tissue, nor even to target cells, but more importantly, into
the targeted organelle, ie, to its intracellular therapeutic active site. This would ensure improved
efficacy and minimize toxicity. Cancer chemotherapy today faces the major challenge of deliver-
ing chemotherapeutic drugs exclusively to tumor cells, while sparing normal proliferating cells.
Nanoparticles play a crucial role by acting as a vehicle for delivery of drugs to target sites inside
tumor cells. In this review, we spotlight active and passive targeting, followed by discussion of
the importance of targeting to specific cell organelles and the potential role of cell-penetrating
peptides. Finally, the discussion will address the strategies for drug/DNA targeting to lysosomes,
mitochondria, nuclei and Golgi/endoplasmic reticulum.

Keywords: intracellular drug delivery, cancer chemotherapy, therapeutic index, cell penetrat-
ing peptides

Introduction

Targeted drug delivery is essential for several diseases like cancer, which is charac-
terized by groups of cells exhibiting properties of uncontrolled and undifferentiated
growth, invasion, and sometimes metastasis, ie, spread of cancer to other tissues with
the aid of connective tissues like blood and lymph. According to the American Cancer
Society, globally, around 7.6 million deaths were due to cancer, and nearly 12.7 mil-
lion cases of cancer were diagnosed in 2008."> The most general cancer treatments are
restricted to chemotherapy, radiation, and surgery. Frequent challenges encountered
by existing cancer therapies include nonspecific systemic distribution of chemothera-
peutic agents, inadequate drug concentrations reaching the tumor, and limited ability
to monitor therapeutic responses.’ Nanoparticles are used for delivering drugs to the
brain by infiltrating the blood—brain barrier. The advantage of using a nanocarrier
system is that it can cross the blood-brain barrier while keeping the original char-
acteristics of the therapeutic drug molecule intact. There are several drugs that have
been successfully transported into the brain using nanoparticle carriers including
hexapeptide dalargin, dipeptide kyotorphin, loperamide, tubocurarine, the N-methyl-
d-aspartate receptor antagonist MRZ 2/576, doxorubicin, etc. Presently, nanoparticle
iron chelators have been used for treatment of Alzheimer’s disease and other neu-
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rological disorders associated with trace metal imbalance.
Further, polymeric nanoparticles coated with polyethylene
glycol (PEQ) are efficient drug carriers for delivery of active
therapeutic molecules in prion disease.* Consider the case of
inflammatory diseases: the specific uptake of nanoparticles
by immune-related cells in inflamed barriers offers selective
drug targeting to inflamed tissues. Nanoparticle-based drug
delivery uses several strategies for treatment of common
inflammatory disorders like rheumatoid arthritis, multiple
sclerosis, uveitis, or inflammatory bowel diseases.’ Several
intestinal diseases like Crohn’s disease have been treated
via targeted drug delivery. This was achieved by localizing
delivery of glucocorticosteroid budesonide to the ileum and
ascending colon.® Several aspects determine the effectiveness
of'a pharmaceutical drug. Of most concern is how well a drug
molecule is able to reach its intended target. The primary goal
is to enhance effectiveness of a chemotherapeutic drug by
increasing toxicity to cancer cells, while decreasing toxicity
to normal cells, which defines its therapeutic index.” Thus
the need for targeted drug delivery has been well accepted
in modern drug therapy.

Two major goals in the development of therapeutic
agents or imaging contrast formulations are greater tar-
geting selectivity and better delivery efficacy. A rational
approach to attain these goals is to conjugate therapeutic
drugs to monoclonal antibodies or ligands that selectively
bind to various receptors that are usually abundantly or
exclusively expressed on the target cell surface. There are
approximately six ligand-targeted therapeutic strategies being
developed, which comprise chemotherapeutics, antisense
RNAs, molecularly targeted agents, immunotoxins, and drug
immunoconjugates.® Although these conjugated agents have
demonstrated promising efficacy compared with conventional
chemotherapeutic drugs in preclinical and clinical trials,’
there are various limitations in efficiency and specificity of
their delivery mechanisms.

By increasing the proportion of drug accumulation in tar-
get cells versus normal cells, researchers hope to minimize the
potential side effects of therapy and thereby increase thera-
peutic effects.!® Diverse groups of scientists have taken this
approach one step further by targeting to specific sites inside
the target cells, where drugs may exert cell-killing activity.
As of yet, most of the current nanoparticle formulations are
not designed to deliver drugs/DNA to specific organelles
inside the cell; pharmaceutical nanotechnology as applied
to the level of cell organelles — the subcellular level — is an
emerging field in drug delivery systems.!! However, sev-
eral nanoparticles can be coated with organelle targeting

moieties such as the nuclear localization signal (NLS),"
Tat peptide' or mitochondrial targeting sequence (MTS)™
for achieving organelle targeted delivery. Intracellular fate
of nanoparticles depends on their size and composition.
For example, anionic polymeric particles of about 43 nm
in diameter were reported to be internalized via clathrin-
dependent endocytosis, following which they were directed
to a degradative pathway. On the other hand, nanoparticles
of about 24 nm diameter were taken up via a cholesterol-
independent, clathrin-caveolin-independent pathway, not to
a degradative pathway, in HeLa and human umbilical vein
endothelial cell lines.'> Beyond the advances made over the
last decade in using nanocarriers to increase tissue accumu-
lation of drug molecules, improve drug efficacy, and reduce
unwanted side effects, the successes in subcellular targeting
of drugs has recently gained broader recognition.'

Intracellular drug delivery, or subcellular targeting, is
beneficial for therapeutic action under various scenarios.
First, the quantity of a therapeutic molecule required for the
desired effect may be significantly reduced because of its
specificity, eventually leading to a decrease in side effects.
Second, and most importantly, intracellular drug delivery
will overcome the most critical limitation of drug actions,
ie, multidrug resistance, which has been a major hurdle in
cancer chemotherapy.'”’

Drug delivery strategies

Macromolecular conjugation to low molecular weight
drugs has prevented their passive diffusion into highly
circulated tissue systems throughout the body, resulting in
lower toxicity. The use of macromolecules for drug deliv-
ery provides a prime advantage: a mechanism by which the
drug is internalized. The cell has an active internalization
mechanism, whereby the membrane invaginates, forming a
vesicle known as an endosome.'® Various targeting strategies
are classified broadly as active or passive targeting; both
strategies will be discussed below.

Endocytosis-based drug delivery

Of late, most of the drugs being targeted for various disorders
like cancer adopt a mechanism of endocytosis. Endocytosis,
as its name suggests, is the invagination of the cytoplasm
to absorb molecules by engulfing them."” Once the mol-
ecule is invaginated, it forms a vesicle called an endosome,
which eventually fuses with a lysosome and converts to an
endolysosome.' Endocytosis can be further classified into
phagocytosis, pinocytosis, and receptor mediated endocyto-
sis (Figure 1). Phagocytosis, a process observed in specific
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Figure | Four major types of endocytosis.

Notes: The figure depicts phagocytosis, which is the engulfment of large particles/
macro-organisms; macropinocytosis, which is the nonspecific uptake of particles/
solute; clathrin-mediated endocytosis, which forms the major part of receptor
mediated endocytosis; and caveolae-mediated endocytosis, demonstrated by cells
expressing caveolin protein. Except for caveolae-mediated endocytosis, all pathways
result in fusion with the lysosome.

Abbreviation: H*, hydrogen ion.

cells (macrophages and neutrophils in vertebrates), is a
phenomenon whereby cells take up large particles (>0.5 um)
by actin-dependent mechanisms, which are usually indepen-
dent of clathrin.?® Due to its specificity, phagocytosis may not
be typically considered for designing nanoparticles for sub-
cellular targeting applications. On the other hand, pinocytosis
and receptor-mediated endocytosis are clathrin-dependent
mechanisms for the uptake of macromolecules, viruses,
and small particles.?' Pinocytosis is usually independent of
actin-dependent mechanisms. Table 1 summarizes various
endocytic uptake mechanisms.

Endocytosis is the major uptake mechanism of cells and
any biological agents. These agents are entrapped in endo-
somes and are eventually degraded by specific enzymes in
lysosomes. This results in limited delivery of therapeutic
agents to the intracellular target site. Consequently, there are
a few attempts being made to deliver drugs by the nonendo-
cytic route, or by avoiding lysosomal fusion and facilitating
endosomal escape? for ensuring cytosolic delivery of the
therapeutics.

Active and passive targeting

Drug targeting strategies can be broadly classified into two
categories: passive targeting and active targeting. Passive
targeting refers to the accumulation of a drug or drug-carrier
system at a specific site due to physicochemical or pharmaco-
logical factors. This class of targeting relies on the properties
of tumor tissues as well as the particular disease pathology,
which may preferentially aid accumulation of a drug in target
tissues and hence decrease nonspecificity. Consider the case
for cancer: there are differences in endothelial structures
called fenestrations between normal vasculature and tumor
associated vessels.® Tumor vasculatures have wider fenes-
trations; a nanocarrier would preferentially accumulate to a
larger extent in such tumor tissue fenestrations as compared
to normal tissues.”> The blood vessels in tumor tissue are
different from normal tissues as they show extensive angio-
genesis, high vascular density, extensive vascular perme-
ability, defective vascular architecture, and impaired lymph
clearance from the interstitial spaces of tumor tissue, all of
which facilitate retention of a drug.?* The intracellular space
of the angiogenic tumor vasculature is estimated to have an
average pore size of 100-600 nm, significantly larger than
the spaces found in normal endothelial cells within the nor-
mal blood vessels, which are typically <6 nm wide.?® This
phenomenon is called the enhanced permeation and reten-
tion effect.?® Alternatively, active targeting may be mediated
through targeting agents like antibodies, ligands, etc, which
can deliver the nanocarrier intracellularly based on specific
interactions of the targeting moiety with a cell surface anti-
gen or receptor. This strategy involves specific alteration of
a drug/drug carrier nanosystem with the active agent which
has selective affinity for recognizing and interacting with
a specific cell, tissue, or organ in the body. Coupling drug
carrier nanosystems to ligands allows several drug molecules
to be imported by means of receptor—ligand interaction. The
targeting of a drug to specific cells has been explored utilizing
the presence of different receptors, antigens/proteins on the
plasma membrane of cells, and by employing the lipid com-
ponents of cell membranes.?’ Receptor-mediated endocytosis
occurs in pitted membrane regions lined either by caveolin-1
or clathrin proteins (Table 1). The proteins involved in a
number of distinct receptor-mediated endocytic pathways
have been elucidated using biochemical agents along with
fluorescence imaging and confocal microscopy. Reports have
shown that drug-loaded nanoparticles, when conjugated to
ligands or to monoclonal antibodies against specific recep-
tors, resulted in increased uptake via the receptor-mediated
endocytic route. Numerous receptors including those of
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Table | Types of endocytosis

Endocytosis type Vesicle size Shown by Mechanism of internalization Intracellular fate Ref
Phagocytosis >0.5 um Neutrophils Receptor-induced rearrangement Lysosomal fusion to form 21
Macrophages in actin cytoskeleton leading to phagolysosome, followed
internalization of particle by degradation
Macropinocytosis 0.5 um-5 um Epithelial cells Growth factor triggers plasma Leakage from 126,127
Neutrophils membrane ruffling, followed macropinosomes, released
Fibroblasts by sealing of aperture to form into cytoplasm
Macrophages macropinosomes
Clathrin-mediated 100 nm—150 nm  All cells Ligand binds to cell surface Cargo fuses with lysosome.  128-130
endocytosis receptor, which recruits clathrin Clathrin and receptors are
to cell membrane. Cluster of recycled back to plasma
clathrin invaginates forms a vesicle =~ membrane
which engulfs the particle
Caveolae-mediated 50 nm—60 nm Caveolin-1 Caveosomes (via caveolin protein)  No pH drop in endosomes. |31
endocytosis expressing cells form on the membrane, which is The vesicle is sorted to
or muscle cells that  mediated by small hydrophobic smooth ER or Golgi body
have caveolin-3 microdomains rich in cholesterol
and glycosphingolipids
Clathrin and caveolin- 60 nm Tyrosine kinase and cholesterol- It delivers cargo/virus via 132

independent endocytosis

dependent endocytic pathway

nonendosomal, cytosolic
organelles to ER

Abbreviations: ER, endoplasmic reticulum; Ref, reference number.

asialoglycoprotein,®® epidermal growth factor,” folate,*
chemokine®' and transferrin®? serve as high affinity binding
sites and have been investigated for their use in targeting to
different cell types.

Subcellular delivery mechanisms
Subcellular delivery involves delivering a drug in its active
form to its target site of action inside the cell. Before we dis-
cuss the various strategies for subcellular delivery (Figure 2),
it is important to understand why it is necessary to target
subcellular organelles. A discussion addressing the necessity
to target each organelle will be followed by an examination
of the strategies to achieve such directed targeting. Figure 3
presents the organelles and the various diseases with which
they are associated. We begin by discussing cell penetrat-
ing peptides as a mechanism to cross various biological
membranes. The reason cell-penetrating peptides (CPPs)
are discussed separately is because of their similar delivery
mechanisms of crossing various biological membranes.

Cell penetrating peptides

During the past 20 years, there has been growing interest
regarding a class of peptides, known as CPPs, also referred
to as protein transduction domains (PTDs), which can tra-
verse the biological membrane.** CPPs have gained much
attention, not only because of their ability to cross cell
membranes in an energy-independent, nontoxic manner,
but because of their capacity to support efficient cellular

internalization of linked therapeutic biomolecules.** A few
of the well-documented CPPs are HIV-1 Tat DNA binding
domain® and HSV-1 VP22 protein®® of viral origin, droso-
phila’s antennapedia DNA binding domain,*” and various
synthetic peptides like polyarginine.*® In 2001 Futaki et al
showed that polyarginine has similar translocation activity
as that of Tat Peptide.*® CPPs and related peptides are used
for several applications which include delivering imaging
contrast agents and radionuclides to cells and tissues,* drug
delivery,® and intracellular drug accumulation.*! In 1999,
Schwarze et al showed that B-galactosidase, when fused
with Tat, resulted in efficient internalization of a biologi-
cally active fusion protein in all tissues in mice, including
the brain.*> Whereas in 2004, Muratovska and Eccles
demonstrated coupling of small interfering RNA (siRNA)
to penetratin and transportan for efficient uptake in cells.®
Further, in 2007, Bian et al engineered a chimeric protein,
GATA4:VP22, which was efficiently taken up by cardiac
cells in vivo for controlling stress.*

Mechanism of uptake of CPPs is still unclear. Descriptions
of'the internalization process range from energy-independent
cell penetration of the cell membrane to endocytosis-mediated
uptake.* In 2003, it was shown that Tat fusion protein was
internalized by a temperature-dependent endocytic process
via cell membrane lipid rafts followed by caveolae-mediated
endocytosis.* However, it has also been revealed that Tat-
fusion proteins of above 30,000 Da as well as Tat CPPs with
a molecular weight of 1000-5000 Da were internalized by

submit your manuscript

588

Dove

Drug Design, Development and Therapy 2013:7


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove Cell- and organelle-specific drug targeting

Cytoskeleton specific immunoliposome delivery-mediated by
hypoxia induced lesions in plasma membrane. Q

Ve

* * :
CPP-mediated translocation via o - [

electrostatic/hydrophobic interaction *
or by macropinocytosis

Drug release
| .

*

Mitochondria
1. Proapoptotic drugs
Cytoplasm 2. Mitochondrial DNA
1. Enzymes for cellular

storage diseases
2. siRNA

Drug loaded nanocarrier

Receptor mediated

Low pH-dependent //
destabilization of
endosomal membrane by
pH-sensitive nanocarriers

. Therapeutic DNA
2. Antisense
oligonucleotides
3. shRNA bearing
gene for siRNA
4. Drugs acting on
DNA/nucleopr

ge

Figure 2 Intracellular drug delivery by various strategies to cytoplasm, nucleus, mitochondria, or lysosome and the targeting moieties to these organelles.
Abbreviations: CPP, cell-penetrating peptide; siRNA, small interfering RNA; shRNA, small hairpin RNA; RNA, ribonucleic acid.
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Figure 3 Diseases associated with specific cell-organelles.
Abbreviations: CDG, congenital disorders of glycosylation; ED, Emery—Dreifuss; ERSDs, endoplasmic reticulum storage diseases; LSD, lysosomal storage disease.
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macropinocytosis, a form of fluid phase endocytosis shown
by all cells.*’ Further, the effect of cargo on uptake mecha-
nism was analyzed, and it was found that the mechanism of
uptake depended on the size of cargo fused to Tat. A major
fraction of the Tat-protein ended up in cytosolic vesicles,
whereas Tat-peptides were distributed throughout the cell
and were found to accumulate in the nucleolus.*® Addition-
ally, direct penetration of CPP—cargo into cells depends on
peptide concentration; if the concentration is above a critical
threshold, internalization occurs via a nonendocytic path-
way.* Antennapedia DNA binding domain peptide differs
from Tat and arginine-rich nona-arginine peptides in that it
needs a partial blockade of the endocytic uptake pathway in
order to be taken up by a nonendocytic route.™

CPPs have been demonstrated to show various toxic
effects. They can be separated into two groups: arginine-rich
peptides and amphipathic peptides.>! Amphipathic peptides
can cause cell membrane leakage, which has been demon-
strated by leakage of lactate dehydrogenase; leakage was very
high in the case of amphipathic peptides and minimal for
arginine-rich peptides, Tat and penetratin.>? When comparing
three of the most common CPPs for membrane destabiliza-
tion studies, two of which are highly cationic (ie, penetratin
and Tat) and one which is amphipathic (TP10), fluorescein
labeling on penetratin showed no difference when it is not
attached, whereas Tat showed mild toxicity, and TP10 showed
very high toxicity. Tat, when coupled to fluorescein, was not
efficiently taken up by cells as compared to penetratin and
TP10, whereas when coupled to protein, Tat translocation
increased dramatically. Also, it has been shown that attach-
ment of a particular cargo depends on uptake of the CPP—
cargo conjugate, thus using CPP—fluorescein as a marker for
uptake may not be feasible.> Similarly, toxicity also depends
on the cargo attached, ie, when double stranded DNA or pro-
tein were attached to CPPs, they decreased long-term toxicity
of CPPs, as opposed to when fluorescein was attached to Tat,
it increased the CPP’s toxicity.>

Nuclear delivery
Why target the nucleus?

The nucleus is the control center of the eukaryotic cell.
The sequestering of genetic material within the nucleus
of the eukaryotic cell provides the nucleus with a powerful
mechanism for the regulation of gene expression and other
cellular processes through selective translocation of proteins
between the nucleus and cytoplasm. There are various drugs
which act on DNA to prevent its replication and to decrease
or inhibit transcription of a variety of important genes.

However, a therapeutic molecule, even if delivered inside
the target cell, often fails to reach its subcellular target. For
instance, only 0.1% of free plasmids from cytosol were
able to translocate into the nucleus by crossing the nuclear
membrane.** There are various drugs which show similar
results. Additionally, proliferating cells causing disease (such
as in tumors) acquire genetic changes which may make them
resistant to a particular drug, resulting in the production of
new daughter cells that are also drug-resistant. Thus, there is a
need for nanoparticle drug delivery systems that may directly
and effectively deliver drugs or plasmids into the nucleus in
order to circumvent the effect of adverse drug reactions.

The nuclear genome of humans comprises two copies
each of 3.2 billion base pairs, with only 2% of that coding
for 30,000 diverse proteins; with the rest of the genetic mate-
rial being considered “junk” DNA.>%7 Mutations in these
30,000 genes, in the promoter/enhancer regions of these
genes or in their splice sites, may lead to various kinds of
disorders such as cancer, neurodegenerative diseases, heart
dysfunction, brain disorders, etc. Huntington’s disease, a
neurodegenerative disorder, is the result of increased expres-
sion of the polyglutamine regions in huntingtin, a cytoplasmic
protein, which eventually increases intranuclear inclusions.
In 1999, Peters et al showed that when a mutant fragment of
huntingtin was targeted using NLS, a 111% increase in cell
loss was observed as compared to untargeted.>® Conversely,
when a nuclear export signal was attached, cell loss was
decreased by 57%.%® Thus, nuclear localization of mutant
huntingtin is important for cell toxicity.

Nuclear targeting
The boundary between the nucleus and cytoplasm is a double
membrane called the nuclear envelope, which is perforated
with nuclear pore complex (NPC) structures through which
nucleocytoplasmic transfer occurs.’® All passive and active
transport across the nuclear envelope is through NPC, which
has a central channel of only 9 nm and allows for the pas-
sive transport of molecules measuring less than 50 kDa.®
Macromolecules larger than 50 kDa require assistance from
NLS and NPC. NLS-mediated transport involves energy-
dependent recognition of NLS by the NLS receptor, which
subsequently docks the cargo at the NPC. This is followed
by an energy-dependent translocation via NPC and release
of cargo into the nucleus.®

Various DNA viruses deliver their genetic material into
the nucleus thus asserting their toxicity, as delivering their
genetic material into the nucleus results in production of
further viral particles. The study of viral delivery mechanisms
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has aided in the development of viral-mediated gene delivery
strategies. The most commonly studied virus for this pur-
pose is the adenovirus. Adenovirus type 2 and type 5 enter
epithelial cells via endocytosis and enter the cytosol in an
integrin-dependent manner. They are then translocated to a
microtubule organizing complex and hence are translocated
to the nucleus via microtubules.®? It was observed that the
blocking of nuclear export factor, CRM1 (chromosome
region maintenance 1), prevented detachment of the adeno-
virus from microtubules, and therefore prevented the virus
from attaching to the nuclear membrane.®> On the other hand,
Simian vacuolating virus 40 is first delivered to endocytic
compartments that are coated with caveolin-1 protein, which
travel to the endoplasmic reticulum (ER), and finally to the
nucleus.®® The virus possibly employs a retrograde route to
ER, which allows it to reside in the Golgi apparatus for a
significant length of time.*® There are several advantages of
using viral-mediated nuclear delivery, which facilitates high
translocation efficiency, but owing to the presence of viral
components, there is considerable toxicity associated with
them, thereby limiting their use for drug delivery.

Small peptides from viruses that show nuclear localiza-
tion, such as KKKRKYV peptide from SV40 large T antigen,
are used for nuclear delivery. Proteins bearing such NLS are
recognized by the importin-o subunit of heterodimeric com-
plexes in the cytoplasm. The importin-o—protein—importin-f3
trimeric complex is later translocated through NPC into the
nucleoplasm, which requires guanosine triphosphatase Ran
(GTPase-Ran).” Binding of nuclear GTP-Ran to importin-3
dissociates the importin-NLS complex, leaving cargo protein
and importin-o in the nucleoplasm.” Cationic lipids com-
plexed with DNA, called lipoplex, and cationic polymers
complexed with DNA, called polyplex, are being used for
DNA delivery into the nucleus.** Lipoplexes were used in
clinical trials for the treatment of melanoma.®

Most of the naturally occurring NLS are bipartite with
a spacer of about ten to twelve amino acids between two
NLS sequences. One of the best characterized NLS is
nucleoplasmin,® which has a minimal sequence of KRPAAT
KKAGQAKKKKL. This NLS has been extensively used for
coupling cargos like protein, peptide, DNA, and oligonucle-
otide and has been shown to effectively traverse the nuclear
membrane. NLS not only consist of a basic amino acid
domain, but they also contain an o-helix destabilizing amino
acid, proline or glycine residue upstream or downstream of
the basic amino acids cluster, along with an additional clus-
ter of acidic residues upstream or downstream of or within
a spacer. Serine residues located in or around the cationic

cluster are usually essential for transport and have been
implicated as phosphorylation sites. Last but not the least,
hydrophobic amino acids like tryptophan or tyrosine are
excluded from NLS or from spacer that is present in bipartite
NLS.® Liposomes made from a small percentage of cationic
lipid form complexes with DNA, and when modified with Tat
peptide, they have shown fast and efficient translocation into
the cell cytoplasm and subsequently into the nucleus.®’

Mitochondrial delivery
Why target the mitochondria?

The primary role of mitochondria in eukaryotes is to provide
adenosine triphosphate (ATP) to the cell by the process of
oxidative phosphorylation, and hence it is known as the pow-
erhouse of the cell. In 1926, Otto Warnberg®® first found that
cancerous cells produced most of their ATP via the glycolytic
pathway even under aerobic conditions. Thus he proposed
that this “aerobic glycolysis,” shown specifically by cancer-
ous cells, may cause impairment in mitochondrial function.®
Mitochondria play a key role in apoptosis as well, therefore
mutations in apoptotic-related genes like p53, PTEN, Bcl-2
and their homologues may be involved in the development
of chemoresistance in most human cancers.” Mitochondria
also modulate the intracellular calcium concentration’ and
carry out oxidative phosphorylations via the mitochondrial
respiratory chain, which is a major process for the removal of
reactive oxygen species.”? Consequently, the malfunctioning
of mitochondria is found in several adult-onset diseases such
as obesity, diabetes, cardiomyopathy, Parkinson’s, infertility,
migraine, blindness, deafness, kidney and liver diseases, and
stroke. It has been suggested that somatic mutations in the
mitochondrial genome are involved in aging, age-related
neurodegenerative disease, neuromuscular diseases, as well
as in cancer. Hence, they are being considered as a prime
target in pharmacological interventions.” Mitochondrial
damage could be prevented by decreasing oxidative damage
and calcium overload. Strategies for treating mitochondrial
gene mutations include mitochondrial targeted drugs which
could nullify the effect of mutant genes.” Heteroplasmy is a
situation in which pathogenic mitochondrial DNA coexists
among wild type mitochondrial DNA within the same cells
and tissues of an individual. The expression of biochemical
and clinical defects arise only when a critical level of hetero-
plasmy has been exceeded.” Various molecules that could be
targeted to the mitochondria include RNA or DNA (eg, anti-
sense oligonucleotides, ribozymes, plasmid DNA expressing
mitochondrial genes, etc), which may provide a basis for treat-
ment of mitochondrial DNA diseases. Additional treatment
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strategies may include delivery of antioxidants to protect
mitochondria from oxidative stress or proapoptotic drugs,
which could trigger apoptosis in tumor cells. Lastly but not
of least importance, proteins and peptides may be delivered
for treatment of a wide range of mitochondrial disorders.”

Mitochondrial targeting

A huge range of clinically approved drugs, such as paclitaxel,’
VP-16 (etoposide),”” betulinic acid,’ lonidamine, CD-437 (a
synthetic retinoids), and ceramide,™ act directly on mitochon-
dria to trigger apoptosis; however, to date there is no specific
nanocarrier for targeting the mitochondria in mammalian
cells. Nevertheless, there have been some attempts made to
deliver cargos to mitochondria (Figure 4). The first attempts to

achieve mitochondrial drug delivery were based on membrane
potential. This delivery was achieved using a small molecule,
vitamin E, which acts as an antioxidant against reactive oxy-
gen species generated in mitochondria. Covalent coupling of
vitamin E to a triphenylphosphonium cation was driven by a
large membrane potential (—150 to—180 mV) across the mito-
chondrial inner membrane.” Hence, triphenylphosphinium-
modified vitamin E crossed the lipid bilayer and accumulated
in mitochondrial matrix more efficiently, compared to native
vitamin E.” The second strategy used for mitochondrial
targeting was peptide based, using MTS. Most mitochondrial
proteins are nuclear-encoded, ie, they are translated in the
cytosol and then imported into the mitochondria. Most of these
proteins have N-terminal MTS, which are nonspecific and

Conjugation

Conjugation of
molecule to MTS

(C) Mitochondrial targeting sequence
MTS-fused protein

(B) TPP mediated
delivery of cargo based
on membrane potential

Triphenylphosphinium (TPP)
cation when conjugated with smallf
molecules like ATP, vitamins etc
favor its delivery to cytosol and
subsequently to mitochondria.

. [l

(D) Protein

transduction l
domain

Macromolecule
delivery to cytoplasm
and then to
mitochondria by
conjugating it with PTD
follows an unknown
pathway which is
independent of MTS.

Unknown mechanism

TOM/TIM complex

.-'3

Membrane potential

Triphenylphosphinium cation

Macromolecule

Dequalinium chloride |

| 1 -

DQAsomes-

mediated geng
w delivery to

mitochondria

Figure 4 Current approaches being used for successful mitochondrial specific delivery.

Notes: (A) Mitochondrial affinity bearing DQAsomes formed by single chain bolaamphiphiles. Right side shows DQAsomes and DNA forming complexes, DQAplexes, that
transport DNA specifically to mitochondria. (B) TPP-mediated delivery of cargo is based on membrane potential created by high negative potential of the mitochondrial inner
membrane, thus attachment of TPP to small molecules delivers them initially to the cytoplasm and subsequently to mitochondria. (C) Mitochondrial targeting sequences (MTS)
when covalently cross-linked to large molecules like peptide nucleic acids (PNA) or oligodeoxynucleotides (ODN) can be delivered to mitochondria. When the MTS gene is fused
with a gene of interest, MTS-fused protein is expressed in the cytosol and delivers the protein to mitochondria. (D) Macromolecules conjugated to the protein transduction domain
(PTD) have been found to accumulate in mitochondria due to an unknown mechanism. PTD is known to bypass the classical protein import pathway and accumulate in cytosol.

Abbreviations: ATP, adenosine triphosphate; TOM/TIM, translocse of the outermembrane/translocase of the innermembrane; DQA, dequalinium; DQAsomes, dequalinium

based liposome-like vesicles.
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part of the mature protein, but the physiochemical properties
of these sequences are more or less similar.3® Approximately
70% of MTS are rich in basic and hydroxylated amino acids,
which have the capacity to form an amphipathic o-helix.®
The remaining 30% of these proteins lack such sequences, but
paradoxically, they contain targeting information as mature
proteins.®! There are various studies reporting gene therapy
with restriction enzymes being targeted to the mitochondria
using MTS. For example the restriction endonuclease Smal,
which selectively digests mutant DNA (having mutation at
8993T G), was targeted to mitochondria by fusion to MTS.
Consequently it was observed that Smal fused MTS showed
specific elimination of mutant mitochondrial DNA.* The third
approach of mitochondrial targeting was carried out by using a
molecule/nanocarrier that displayed affinity for mitochondria.
Dequalinium chloride is a typical mitochondriotropic delo-
calized cation that is shown to selectively accumulate in
the mitochondria of carcinoma cells.** Dequalinium-based
liposome-like vesicles (DQAsomes) were proposed by
Weissig et al in 1998 to be the first mitochondrial-specific
colloidal drug and DNA delivery system.® There is a distinct
self-assembly behavior of dicationic quinolinium derivatives,
which are mitochondriotropic cationic resembling bola-form
electrolytes, ie, they have symmetrical head groups separated
by a tail.* Upon sonication such bola-like amphiphiles form
an aqueous suspension of cationic vesicles called bolasomes,
or DQAsomes, with diameters between 70 nm—700 nm. It
has been hypothesized that due to the positive charge and the
mitochondriotropic properties of DQAsomes, they may be able
to bind or entrap various drugs and DNA and transport them to
mitochondrion due to the mitochondrial membrane potential
In 2001, Weissig et al demonstrated that DNA complexed with
DQA formed DQAplexes,* and were shown to release the
DNA upon contact with the mitochondrial surface. Further,
when mitochondrial leader sequence-conjugated plasmid
was situated in DQAsomes, oligonucleotides were shown
to be colocalized with mitochondria in mammalian cells.?
Paclitaxel, an antimicrotubule chemotherapeutic drug, at a
relevant concentration, triggered apoptosis in mitochondria by
inducing release of cytochrome c in a permeability transition
pore-dependent manner. When mixed with paclitaxel, DQA
formed paclitaxel encapsulated DQAsomes that triggered
apoptosis in vitro.*’

Lysosomal/endosomal delivery

Targeting to the lysosome/endosome involves two contradic-
tory aspects. One aspect is to directly target therapeutics to the
lysosome/endosome through receptor-mediated endocytosis,

and the other aspect involves strategies which will ensure
escape from the lysosome/endosome in order to prevent deg-
radation so that therapeutics may remain intact and available
in the cytosol for their further action.

Why target the lysosome/endosome?
Discovered by Christian de Duve in 1955,% lysosomes are
single membranous, subcellular organelles involved in mac-
romolecule turnover. They have an acidic pH within their
lumen and approximately 60 hydrolases capable of degrad-
ing various biological macromolecules. Cargo reaches the
lysosome through various pathways: exogenously via pha-
gosomes or endosomes, and endogenously via autophagy.®
Autophagy is a critical process whereby dysfunctional
organelles are subjected to degradation in lysosomes to
provide cellular nutrition in the case of starvation.”® To date,
approximately 50 monogenic diseases are primarily associ-
ated with lysosomes, of which the majority fall within the
category of lysosomal storage diseases. Any disruption of
lysosomal function can lead to an accumulation of unde-
graded substrates in endosomes and lysosomes, eventually
compromising cellular function.?® Tay—Sachs disease,
Gaucher’s disease, Fabry disease, Niemann—Pick disease,
Hurler syndrome, Pompe disease, etc, are a few examples aris-
ing due to such disruption.®" In addition to lysosomal storage
diseases, lysosomes have also been linked to Alzheimer’s,
autoimmune diseases, and resistance to autoimmune
diseases.® Particular enzyme deficiency in lysosomes may
also lead to downstream deactivation of proteins. For example,
endothelin-converting enzyme-1 (ECE-1) is involved in
the degradation of substance P (SP) in early endosomes of
epithelial cells and neurons, which disrupts endosomal SP-
neurokinin | receptor-f3-arrestin-Src-mitogen activated protein
kinases signalosome. SP degradation attenuates extracellular
signal related kinase-2 (ERK?2) activation in the cytosol and
nucleus preventing activation of Nur77 death receptors.
ECE-1 inhibition causes endosomal retention of the SP
neurokinin 1 receptor and B-arrestins resulting in markedly
sustained ERK2 activation in the cytosol and nucleus, which
eventually activates Nur77 death receptors, leading to cell
death.”? Thus, ECE-1 attenuates ERK2 mediated SP signaling
in the nucleus to prevent cell death. Hence ECE-1 is a major
target for disease involving inflammation and pain.”

Lysosomal/endosomal targeting

Endosomes are not only involved in degradation, but they are
also involved in recycling of molecules and receptors on the
cell surface. Being acidic organelles, lysosomes are involved

Drug Design, Development and Therapy 2013:7

submit your manuscript

593

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Sakhrani and Padh

Dove

in the degradation of extracellular molecules and autophagy
(turnover of intracellular cytosolic molecules and organelles).”
Primarily, for targeting a molecule to the endosome/lysosomes,
receptors expressed on the cell surface like folate, transferrin,
vascular endothelial growth factor, and low density lipopro-
teins are used. In lysosomal storage disorders, targeting of
degradative enzymes to lysosomes may result in reversal
of the disease conditions.”! Lysosomes contain soluble and
transmembrane proteins, which are targeted to lysosomes after
their synthesis in the cytoplasm. The main targeting signal for
proteins destined for the lysosomes is mannose-6-phosphate,
which is recognized by the Golgi complex, followed by trans-
port to the endosomal/lysosomal system.”> One lysosomal
storage disease, Gaucher’s disease, is caused by a deficiency
of glucocerebrosidase (B-glucosidase), the enzyme present
in lysosomes and involved in the final step of sphingolipid
degradation. The outcome is accumulation of glucocerebroside
in macrophages, resulting in a tremendous enlargement of the
spleen and liver, disabling bone involvement, and sometimes
pulmonary incapacity.”* The therapeutic strategy used was
treatment with glucocerebrosidase derived from the human
placenta. Within a year significant improvement was seen in
treated patients. Later, this placental enzyme was replaced
by a recombinant enzyme derived from the chinese hamster
ovary, with modification to expose mannose residues on
oligosaccharides.”* Exposing the mannose residue targets the
infused enzyme to mannose receptors of fixed tissue mac-
rophages, the cells affected by storage — receptor-mediated
endocytosis delivers the enzyme to lysosomes where the
accumulated substrate is stored.”* There are basically two
classes of motifs for targeting to lysosomes: tyrosine-based
and dileucine-based sorting signals. The tyrosine-based motif
has consensus sequence YXX¢ where X is any amino acid
and ¢ is amino acid with bulky hydrophobic side chain.”
The dileucine-based motif has either [DE]XXXL[LI] or a
DXXLL pattern, which targets cargo to lysosomes, where
square brackets indicate alternatives.” Finally, insulin-like
growth factor II-B-glucuronidase was shown to be delivered
with the aid of the insulin-like growth factor II/mannose
6-phosphate receptor, and use of Tat-B-glucuronidase was
used for uptake by absorptive endocytosis followed by delivery
into the lysosomes.”

Strategies for endosomal escape

Efficient escape of drug molecules to the cytosol before
their destruction in endolysosomes is a major challenge
for intracellular drug delivery. Various strategies are being
employed to address this issue such as using fusogenic

peptides, pH sensitive polymers, pH sensitive core shell
nanoparticles, and pH sensitive liposomes.? These car-
riers exploit low pH conditions of endosomes for their
mode of action. For example, fusogenic peptides, which
assume a random coil at pH 7.0, show conformational
change at a lower pH and either fuse with the membrane,
lyse it, or create pores, hence releasing all its content into
the cytosol.’” Consider the case of epidermal growth factor
receptor (EGFR) and kirsten ras (KRAS): EGFR is impor-
tant in the carcinogenesis of colorectal cancer, hence anti-
EGFR therapy may be a potential treatment option.”® The
KRAS gene encodes a protein that transmits signal from
EGFR downstream to activate important cell functions, in
particular proliferation and survival. Mutation of KRAS
leads to uncontrolled signaling and uncontrolled prolifera-
tion and hence makes tumors resistant to anti-EGFR thera-
pies.”®?” Oliveira et al demonstrated that when siRNA of
EGFR and K-ras oncogene was given along with influenza-
derived fusogenic peptide diINF-7, a strong enhancement of
gene silencing activity was achieved as opposed to absence
of the peptide, proving endosomal escape was a limiting
factor for siRNA silencing efficiency.”’

Various cationic polymers like polyethyleneimine (PEI)
show endosomal escape by two mechanisms. The first method
is by the interaction of PEI with the endosomal membrane,
making it porous and thus facilitating leakage of various car-
gos into the cytosol. The other mechanism is by PEI buffering
action within the endosomal compartment, which eventually
leads to osmotic swelling of the vesicle, the subsequent burst
of the endosome, and the release of internal components into
the cytosol along with the therapeutic molecule. This effect
is known as the proton sponge effect.!®

Another strategy for endosomal escape is by employ-
ing cationic lipids or cationic polymers. Positively charged
liposomes/polymers bind to negatively charged phosphates
of DNA, forming a complex. Generally, positive charges are
in excess so that the overall charge of the complex becomes
positive, aiding interaction with the negatively charged cell
surface.?? For facilitating endosomal escape, lipids such
as dioleoyl phosphatidylethanolamine are being used for
synthesis of liposomes instead of distearoyl phosphatidyle-
thanolamine.'™ This facilitates destabilization of liposomal
membranes under low pH conditions, which is followed by
fusion with the endosomal membrane and release of lipo-
somal contents into cytoplasm.!®! A different phenomenon
is observed when PEI is being used as carrier for DNA as
mentioned previously; polyplexes (PEI complexed with
DNA) lead to swelling and subsequent bursting of vesicles.!?
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Further, there are several chemical compounds which are
used to facilitate endosomal escape.'®

Golgi/lendoplasmic reticulum
delivery
Why target the Golgi/endoplasmic

reticulum?

Camillo Golgi, over a century ago, first described the Golgi
apparatus (Golgi body) as an “internal reticular apparatus”.'®
It is the central organelle of the cell secretory pathway and
interacts with ER. It carries out posttranslational modifica-
tion of newly synthesized proteins by employing various
enzymes for phosphorylation, acylation, glycosylation,
methylation, and sulfation.!®® These modifications may be
signal sequences, for example, if mannose-6-phosphate is
added, then the protein will be destined for the lysosome.!®
The Golgi apparatus is also involved in the synthesis of
proteoglycans and carbohydrate structures, which include
the production of glycosaminoglycans, polysaccharides
(pectin and hemicellulose), etc.!®> Certain pathological
changes, pharmacological agents, and overexpression of
Golgi-associated proteins cause profound alterations in the
Golgi apparatus. Alterations in the neuronal Golgi apparatus
gives rise to a variety of neurodegenerative disorders which
include Alzheimer’s, Parkinson’s, Niemann—Pick disease,
and others.!% The other most familiar Golgi-linked diseases
are a group of 15 congenital disorders of glycosylation. They
are caused by mutations in genes that encode glycosyla-
tion enzymes or glycosylation-linked transport proteins;
such mutations are usually lethal by the age of 2 years.'"
Symptoms include mental retardation, seizures, and liver
disease.!% Further, the Golgi apparatus as well as the ER have
been postulated as future targets for anticancer therapy.'”’
Drugs directed against the Golgi have been shown to be effec-
tive in both androgen-dependent and androgen-independent
prostate cancer. Abnormal glycosylation has been reported
in prostate cancer.'”® The Thomsen—Friedenreich antigen is
expressed on the surface of prostate cancer cells and may be
involved in the adhesion of cancer cells to endothelial cells
or in immune attack evasion.'”’

The ER is a network of folded membrane-enclosed
tubules and sacs (cisternae) that extend from the nuclear
membrane throughout the cytoplasm.® Its primary function is
to facilitate the folding of secretory and membrane proteins.
Additionally, it is involved in calcium storage, calcium signal-
ing, and has been shown to play a role in apoptosis regula-
tion against disturbances in calcium homeostasis, ischemia,

hypoxia, exposure to free radicals, oxidative stress, elevated
protein synthesis, and gene mutations.''® All of these instabili-
ties lead to ER dysfunction and are collectively termed ER
stress. For example, glucose-regulated protein 78 (GRP78),
which is a chaperone protein, plays a crucial role as indicated
by the observation that overexpression of GRP78 protected
cells from death associated with ER stress, whereas down-
regulation of GRP78 increased the sensitivity of cells to ER
stress.!!! ER storage diseases are a group of genetically-
based disorders in which mutant proteins are produced by
the ER. They may be caused by the absence of a protein, the
presence of a mutant protein, or the misfolding of a protein.
Examples of ER storage diseases are familial hypoparathy-
roidism, coagulation factor X deficiency, Crigler—Najjar
syndrome type II, familial central diabetes insipidus, and
chronic pancreatitis.''? Deficiency of thyroglobulin, which is
synthesized in the thyrocytes and secreted into the follicular
lumen, is the cause of congenital goiter, a common inborn
error leading to congenital hypothyroidism. The occurrence
of this condition is approximately one in 40,000 live births,
and it may lead to hypothyroid growth retardation, abnormal
central nervous system function, and local compression of
neck tissues due to an enlarged thyroid mass.!'® The ER has
also been associated with cancer, and is a target for new
upcoming cancer drugs.''’

Golgi/endoplasmic reticulum targeting

Both the ER and Golgi apparatus are part of the secretory
pathway that transports proteins to the plasma membrane via
vesicular trafficking. As mentioned by Wlodkowic et al,'”’ the
ER-Golgi network is a future target for anticancer therapy, and
there are various strategies for targeting molecules to this net-
work. A notable example is the effort to target rapamycin, the
central regulator of mammalian cell growth and proliferation
in response to environmental and nutritional conditions. The
mammalian target of rapamycin (mTOR) signaling pathway is
regulated via growth factors, amino acids, ATP, and O, levels.'*
mTOR signaling regulates cell-cycle progression, translation
initiation, transcriptional stress responses, protein stability,
and cell survival.'* The mTOR pathway lies both upstream
and downstream of the phosphoinositide 3-kinase pathway.
In some cancer cells, mTOR activation results, via negative
feedback, in the inhibition of phosphoinositide 3-kinase
signaling. Hence, inhibition of mTOR (eg, by rapamycin),
the associated loss of negative feedback results in increase in
activity of phosphoinositide 3-kinase and its effector Akt/PKB
(Protein Kinase B), thereby decreasing the antiproliferative
effect of mTOR inhibition and hence playing a crucial role
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in cancer.'"®> A major proportion of mTOR is localized in the
ER and Golgi."® It has been shown that using four sequences,
which include two internal mTOR sequences ie, Huntingtin,
elongation factor 3 (EF3), protein phosphatase 2A (PP2A),
and the yeast kinase (TOR1) (HEAT) repeats, HEAT18 and
HEAT19, and two intervening interunit spacers (IUS), IUS17
and IUSI8, green fluorescent protein can be targeted to the
Golgi. Deletion of IUS17 targeted it to the ER instead of to the
Golgi.!'" Let us consider the case of cancer: misfolded proteins
are exported from the ER to the cytosol by ER-associated
protein degradation.!'® A defect in this process causes the
accumulation of misfolded proteins in ER leading to ER stress.
Proper functionality of the ubiquitin proteosome system is very
important for cancer cells as well as their role in degradation
of various cell cycle factors.!’ Hence a drug such as bort-
ezomib, which is a proteosome inhibitor has cytotoxic effects
in various cancer cell lines, and is used for clinical tests for
multiple myeloma and mantle cell lymphoma.'?® Bortezomib
may induce cytotoxicity in cancer cells by induction of the
BH3 (Bcl-2 homology 3)-only proapoptotic protein, NOXA.
Wang et al have shown that Eeyarestatin I has cytotoxic effects
preferentially for cancerous cells.'” In addition, they claim that
Eeyarestatin [ and bortezomib have similar characteristics by
inducing cell death via BH3-only protein NOXA..!?

Conclusion

Drug therapy is based on the paradigm that the drug will
selectively show its pharmacological activity to render
the patient free from negative side effects and decrease
the symptoms and/or cause of the disease. Most of the
drugs which show good pharmacological activity against
a particular pathogen are toxic to humans when given at
higher doses. Thus, it is of prime importance that a drug is
delivered directly to its site of action within the target cell.
Understanding the microenvironment of the diseased site
will make it possible to design drug delivery systems that
can specifically target, not only tissue and cells of interest,
but the cell organelle. Hence, designing a nanoparticle-based
drug delivery system would have several goals, including
delivering increased drug concentration at the diseased site
(active/passive targeting), limiting minimal drug concentra-
tion to the rest of the tissues, improving pharmacokinetic
and pharmacodynamics profiles, improving solubility and
stability, achieving improved internalization of intracellular
delivery, and finally, attaining biocompatibility and biode-
gradability.®* A common method to protect a nanocarrier from
the reticuloendothelial system is via PEGylation. The size
of the nanocarrier is an important factor in the design of the

drug delivery vector, which not only determines the mode of
internalization, but the intracellular fate as well. To facilitate
the release of drugs from inside the endosome/lysosome,
several pH sensitive lipids like dioleoyl phosphatidyletha-
nolamine or pH-sensitive polymers are used for the design
of nanocarriers. Therefore, knowledge of microenvironment
in the diseased site, along with therapeutic requirements is
essential for designing a drug delivery system.

There are numerous clinically approved nanocarriers
that target tumors passively, for example, Doxil (liposomal
Doxorubicin),'?! Abraxane (Albumin-paclitaxel),'? etc, and
several of those that are actively targeted are still in clinical
trials, such as oxaliplatin in transferrin-PEG-liposome,'*
paclitaxel loaded galactosamine-conjugated micelles, etc.'?*
Conversely, no drug delivery system that can target a specific
organelle inside target cells has reached clinical trials.

Thus, in this review, we have compiled some of the ongoing
research activities in the field of subcellular targeting, citing
several relevant examples. However, little is currently known
about subcellular targeting using nanoparticles. There are several
unanswered questions: do they remain intact upon cell entry and
subsequent disposition? What is the true influence of size on
intracellular disposition of nanoparticles?'> Based on advantages
and challenges of various delivery systems, sensible selection of
materials and products is essential. Finally, a better understanding
of molecular basics of various diseases will help in increasing the
number and quality of intracellular therapeutic vectors.
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