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Abstract It is well accepted that the ability of a biologically molecule to selec-
tively find its target influences its potential as a successful therapeutic drug. For
many molecules the molecular target is located inside sub-cellular structures.
Molecules with such sub cellular targets and the inability to specifically accumu-
late at the location of the target can potentially be made more active by targeting
strategies that improve their accumulation at the target. Pharmaceutical nanocarri-
ers form the basis of several such targeting strategies. This chapter deals with the
rational approach underlying the current uses of nanocarriers to deliver bioactive
molecules to sub cellular compartments.
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1 Introduction

Drug therapy at the most fundamental level is based on the interaction of two
molecules. An exogenous molecule administered to a patient and the molecule in
the patient that the administered molecule interacts with to initiate a physiological
response. In an ideal scenario, the administered molecule interacts with only one
physiological molecule and produces a physiological response that improves a
patient’s condition. In this context it is clear that the term target may be applied to
the physiological molecule and the administered molecule is a drug. The concept
of targeting has multiple definitions. From a drug discovery perspective, targeting
is very often described in terms of the drug molecule’s ability to interact only with
the target. This concept is more appropriately described by the use of the term

M. Solomon and G.G.M. D’Souza (<))

Department of Pharmaceutical Sciences, Massachusetts College of Pharmacy
and Health Sciences, 179 Longwood Ave, Boston, MA 02115, USA

e-mail: gerard.dsouza@mcphs.edu

A. Prokop (ed.), Intracellular Delivery: Fundamentals and Applications, Fundamental 57
Biomedical Technologies 5, DOI 10.1007/978-94-007-1248-5_2,
© Springer Science+Business Media B.V. 2011



58 M. Solomon and G.G.M. D’Souza

selectivity and is very different from the concept of targeting from a military per-
spective where the term arguably first originated. Consider the firing of a bullet
from a gun as an example. The object the bullet is intended to hit is the target, while
targeting is associated with the act of aiming the gun so the bullet hits the target.
The action that the bullet produces is destruction of the target. This action is indis-
criminate in that if the bullet hits an object other than the target, that object will be
destroyed as well. Using the gunshot analogy to illustrate the drug discovery per-
spective on targeting would involve firing bullets that only destroy the target but
leave the non-targets unharmed. Most approaches to disease therapy have followed
such an argument: finding such selective molecules has been relatively easy when
there were significant differences between the disease causing process and normal
human biochemical pathways. Not surprisingly, infectious diseases are relatively
easier to treat than inherent disorders. The selectivity is however dose dependent
and most drugs that are considered to be selectively toxic to invading pathogens are
in fact toxic to human cells as well, but at higher doses.

The current challenges in drug therapy lie in the treatment of diseases associated
with malfunctions of normal human biochemical pathways in certain tissues. More
often that not, even dose dependent selectivity is hard to achieve. Therefore the
concept of targeting is becoming more and more associated with selective delivery.
The term ‘targeting’ should ideally imply that the molecule is in some way able to
selectively accumulate at an intended site of action and that the selective accumula-
tion is associated with its selective action. This distinction is particularly important
in developing targeted therapy for a disease like cancer. Unless unique molecular
targets found exclusively (or at sufficiently higher levels) in the diseased state and
not in normal state are discovered, selective accumulation at the disease site is
crucial to the improvement of therapy. In summary, it can be said that there appear
to be two distinct approaches to targeting in the context of drug therapy. The first
involves selective action on the target while the second involves selective accumu-
lation at the target. Most if not all examples of targeting seem to end up being the
combination of some degree of selective action on the target and some degree of
selective accumulation at the site of the target. Improving the degree of selective
accumulation has the added advantage, even for molecules with high target selec-
tive action, of reducing the required dose and hence should be a major focus of all
targeting approaches.

In the context of drug molecules the properties of selective accumulation are
associated with the concept of bioavailability and biodistribution that are related
to the physico-chemical properties of the molecule. To overcome the limitations
that a compound’s physico-chemical properties can impose on its potential phar-
maceutical application, the process of large-scale screening of chemical libraries
has been extended beyond identifying desired bioactivity. Screening approaches
routinely incorporate selection for physico-chemical properties that are known to
confer high bioavailability as well. Unfortunately, this approach often leads to
many potent molecules being excluded from further development. These mole-
cules often have a potent pharmacological action at a desired molecular target but
aren’t able to find their way exclusively to that target. It is almost certain that there
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is a growing list of such molecules that are in essence potential drugs if only a
delivery strategy can be devised to get them to their molecular target in the human
body. Delivery strategies aimed at mediating the selective accumulation of a bio-
logically active molecule fall into two broad classes. The first involves direct
chemical modification of the molecule and includes the traditional approaches of
designing chemical analogs of the molecule as well as more recent approaches of
conjugation to macromolecules or ligands capable of directing site-specific bind-
ing of the bioactive molecule. The second approach is the use of pharmaceutical
carriers in particular those approaches that involve physical entrapment of the
bioactive in the carrier thus offering what might be viewed as a non-chemical
approach to modify the disposition of drug molecules. All chemistry can be per-
formed on the components of the nanocarrier system that can then be loaded with
the drug to afford targeted delivery.

Generally speaking, the role of nanocarriers in drug targeting to tissues is well
accepted. For example, nanocarriers are able to improve the tumor specific accu-
mulation of anticancer drugs by virtue of the Enhanced Permeability and Retention
(EPR) effect (Maeda et al. 2000; Greish 2010; Fang et al. 2003). Such targeting
approaches have been applied to anticancer drugs like doxorubicin (Working et al.
1999; Northfelt et al. 1996; Gabizon et al. 1989a, b), daunorubicin (Gill et al. 1996;
Cervetti et al. 2003), paclitaxel (Yang et al. 2007; Sharma et al. 1996, 1997), and
cisplatin (Stathopoulos 2010) with commercial success in some cases (eg Doxil,
Daunosome). Current approaches also routinely focus on improving cell specific
accumulation of the nanocarriers as well. However, nanocarrier targeting at a sub-
cellular level has until recently not been as widely pursued perhaps due to techno-
logical limitations or the argument that once a drug gets inside a cell it will
eventually find its way to the subcellular target. There often seems to be an assump-
tion that mediating cell cytosolic internalization is adequate to ensure the interac-
tion of the drug molecule with its final sub-cellular target by virtue of simple
diffusion of the drug molecule and random interaction with various sub-cellular
structures in the cell. However, it has become increasingly evident during the last
decade that such an assumption cannot always be made (Duvvuri and Krise 2005;
Breunig et al. 2008; Torchilin 2006; Li and Huang 2008; Kaufmann and Krise
2007; Panyam and Labhasetwar 2003; Weissig 2003, 2005; Weissig et al. 2004,
2007). The potential role that nanocarriers play in controlling the subcellular dispo-
sition of bioactives is, therefore, certainly worth examining.

2 Potential Roles of the Nanocarrier in Controlling
Sub-cellular Disposition of Bioactives

Bioactive molecules can potentially act in various sub cellular locations that can be
roughly divided into general cytosolic locations, the surface of organelles and spe-
cific regions inside organelles. The nature of the molecule and its potential sites of
action together influence the design of the nanocarrier delivery strategy. Cytosolic
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access, transport through the cytosol and organelle entry thus become the major
barriers that need to be overcome to mediate the efficient delivery of the bioactive
to its intended site of action.

2.1 Cytosolic Access

In the case of nanocarrier based intracellular delivery strategies, access to the
cytosol is not a trivial matter. Based on current understanding it is accepted that
all nanocarrier systems are subject to some form of endocytosis either receptor
mediated or more commonly non specific endocytosis. Nanocarriers may be sur-
face functionalized with endocytic targeting moieties such as transferrin, folic
acid, low-density lipoprotein, cholera toxin, riboflavin, nicotinic acid and the trip-
eptide RGD, which lead to internalization by either clathrin-dependent receptor
mediated endocytosis, caveolin-assisted endocytosis, lipid-raft assisted endocyto-
sis or macropinocytosis (Bareford and Swaan 2007; Rajendran 2010). Strictly
speaking a nanocarrier and the associated drug that is inside an endosome is not in
the cytosol and therefore much research has been devoted to mediating the release
of the bioactive cargo from the endosome into the cytosol (Rajendran 2010).
Endosomal release may be mediated by a fusogenic mechanism where lipid-con-
taining nanocarriers fuse with the endosomal membrane increasing the fluidity of
the membrane and therefore the release of the cargo (Martin and Rice 2007).
Alternatively endosomolytic agents that can disrupt the endosomal membrane by
the so called proton sponge effect leading to the release of endosomal contents
(Yessine and Leroux 2004) or photochemical internalization (PCI) using photo-
sensitizer molecules that can rupture the endosomal membrane can also be utilized
(Shiraishi and Nielsen 2006). Such approaches are arguably necessary in the case
of agents such as siRNA since the target of the drug molecule is in the cytoplasm
itself (Patil and Panyam 2009; Yuan et al. 2006; Tahara 2010; Song 2010). On the
other hand retention in the endosome followed by subsequent lysosomal fusion is
a desirable outcome in the case of bioactives requiring delivery into the lysosome.
Recombinant human acid sphingomyelinase for example has been delivered intra-
cellularly by nanocarriers surface functionalized with the anti-ICAM antibody that
mediates endosomal uptake and subsequent lysosomal association of the enzyme.
This approach has shown promise in the treatment of Nieman Pick’s disease type
A and B (Muro et al. 2006). Most viruses utilize a cell penetrating peptide (CPP)
that aids in the internalization of the virus in the cell. Some of these peptides can
be anchored with the therapeutic drug molecule to facilitate its internalization into
the cell. HIV’s Tat peptide is one such CPP, which has aided in the delivery of
large proteins and DNA into the cell either when it is directly conjugated to the
molecule (Fittipaldi and Giacca 2005; Schwarze et al. 1999; Fawell et al. 1994) or
conjugated to a nanocarrier such as a liposome (Torchilin et al. 2001). Other CPPs,
D-penetratin and Syn-B, have been used to enhance the intracellular delivery of
doxorubicin in the brain (Rousselle et al. 2000).
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2.2 Transport Through the Cytoplasm

The cytoplasm is a highly viscous space (Seksek et al. 1997; Goins et al. 2008),
which has a high concentration of dissolved solutes (Ellis and Minton 2003; Minton
2006) and as such can present a significant barrier to the movement of many poten-
tial bioactive molecules especially those with high molecular weight. However, in
the eukaryotic cells, transport of biomolecules such as proteins and lipids is gov-
erned by the actin and microtubule cytoskeletons (Vale 1987). The extent to which
this transport system can be utilized for nanocarrier mediated intracellular transport
remains to be explored. Interestingly it has recently been reported that PEGylation
of nanoparticles improves their cytoplasmic transport presumably by allowing
nanoparticles to evade non specific interactions in the highly crowded environment
of the cytoplasm (Suh et al. 2007). It is also interesting to consider in this context
the fact that endosomes are routinely trafficked through the cytosol in their normal
progression to lysosomes. If the endosomal vesicle can somehow be rerouted to
afford association with other membrane bound organelles like mitochondria or the
nucleus, there may well be no need to have the biologically active molecule enter
the cytosol. If for example, the nanocarrier components were to undergo a redistri-
bution to become part of the endosome and the targeting ligand was able to redis-
tribute to the surface of the endosomal vesicle, it might be possible then that the
vesicle would have an altered sub-cellular fate that could involve transport to and
association with a target compartment other than the lysosome. While there is
emerging evidence to suggest that in fact cells actively traffic nanocarriers in cell
membrane-derived vesicles (Ruan et al. 2007), the concept remains speculative
until more is understood about the mechanisms of intracellular molecular versus
vesicular transport. For now, the trend towards mediating endosomal release of
internalized nanocarrier and associated bioactive is arguably based on insights
gleaned from intracellular dynamics of viral particles that are in essence naturally
occurring nanocarriers. Viral particles are endocytosed and then are able to mediate
endosomal escape and subsequent nucleus specific delivery of their DNA. Based on
the premise that to efficiently deliver DNA to the nucleus, a delivery system must
penetrate through the plasma membrane and the nuclear envelope, prior to DNA
release in the nucleus, a strategy that involved step-wise membrane fusion was
devised. Using a multi-layered nanoparticle called a Tetra-lamellar Multi-functional
Envelope-type Nano Device (T-MEND) consisting of a DNA-polycation condensed
core coated with two nuclear membrane-fusogenic inner envelopes and two endo-
some-fusogenic outer envelopes, which are shed in stepwise fashion transgene
expression in non-dividing cells was reported to be dramatically increased (Akita
etal. 2009). A similar approach in designing a mitochondria specific delivery sytem
has been reported as well. Liposomal carriers called MITO-Porters which carry
octaarginine surface modifications to stimulate their entry into cells as intact vesi-
cles (via macropinocytosis) were prepared with lipid compositions that were identi-
fied in various experiments to promote both fusion with the mitochondrial
membrane and the release of liposomal cargo to the intra-mitochondrial compartment
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in living cells. Using GFP protein as a model cargo it was shown that MITOporter
liposomes are able to selectively deliver their cargo to mitochondria (Yamada and
Harashima 2008; Yamada et al. 2008). It is also possible that conferring upon a
nanocarrier the properties of the membrane of a particular subcellular compartment
might direct transport through the cytosol to the organelle of interest. This concept
has been explored with a liposomal formulation of a crude mitochondrial fraction
(Inoki et al. 2000). These so calle proteoliposomes were reported to colocalize with
endogenous mitochondria when microinjected into pre implantation embryos.

In addition to particle composition, it has also been observed that changes in
nanoparticle architecture affect sub-cellular disposition (Xu et al. 2008). Fluorescein
isothiocyanate labeled layered double hydroxide (LDH) nanoparticles were prepared
from Mg, Al under conditions that yielded either hexagonal sheets (5-150 nm wide
and 10-20 nm thick) or nanorods (30—60 nm wide and 100-200 nm long). A com-
parison of the sub-cellular distribution of these two types of preparations revealed
that the nanorods trafficked to the nucleus but the hexagonal sheets remained in the
cytoplasm (Xu et al. 2008). An active microtubule mediated transport process is
hypothesized to be responsible for the observed rapid nuclear accumulation of the
nanorods (Xu et al. 2008).

2.3 Organelle Entry

As with the previous two, barriers hitchhiking existing biological processes extend
to mediating organellar entry in most delivery approaches. Proteins synthesized in
the cytosol bear short peptide sequences within the protein as ‘molecular zip codes’
that determine the preferential transport of a protein into a membrane bound subcel-
lular organelle (Walter et al. 1982). These leader sequences or localization signals
are typically recognized by specialized import proteins that are associated with the
organelle (Allen et al. 2000; Stoffler et al. 1999). Localization sequences for the
nucleus and the mitochondria are well known and have been explored for mediating
the entry of a variety of molecular cargos as well as nanocarriers into these organ-
elles. The potential of leader sequence peptides for overcoming intracellular barriers
to DNA delivery was first demonstrated a decade ago (Zanta et al. 1999). To facili-
tate the import of exogenous DNA into the nucleus, a capped 3.3-kbp CM VLuciferase-
NLS gene containing asingle nuclearlocalization signal peptide (PKKKRKVEDPYC)
was synthesized. The resulting transfection enhancement due to the nuclear leader
peptide was about 10-fold to 1,000-fold irrespective of the cationic vector or the cell
type used. At that time the authors hypothesized that the 3 nm wide DNA present in
the cytoplasm was initially docked to and translocated through a nuclear pore by the
nuclear import machinery and as DNA enters the nucleus, it was quickly condensed
into a chromatin-like structure, which provided a mechanism for threading the
remaining worm-like molecule through the pore (Zanta et al. 1999). In this context
an interesting question arises as to whether localization signals should be directly
conjugated to the bioactive molecule or the nano-carrier. Besides protein import
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machinery, other properties of organellar compartments like membrane lipid
composition (Fernandez-Carneado et al. 2005), membrane potential (D’Souza et al.
2008) and even intra-organellar pH (Torchilin et al. 2009) have been explored for
achieving selective delivery to organelles.

3 Prevalent Nanocarrier Design Approaches

It currently appears that nanocarrier design for subcellular targeting is based on the
fractal symmetry between the case of drug delivery to a cell and drug delivery to a
molecular target inside a sub-cellular compartment. The cell could be viewed as
being a small, slightly simpler but nonetheless highly organized “body” with
“organs” (organelles) and “cells” (defined structures and molecular arrangements)
within these organs. Therefore principles that have been explored for organ and cell
specific targeting are being applied at the subcellular level. Nanocarriers are either
being modified with sub cellular targeting ligands or are being prepared from mate-
rials that have inherent subcellular accumulation characteristics. As alluded to in
the previous section, much of this line of thinking is based on current understanding
of viral particles. Viruses could be considered naturally occurring nanocarriers with
the ability to selectively deliver their DNA cargo to a sub-cellular target (the
nucleus). It is perhaps safe to say that much of what we know about the cellular
interaction and sub-cellular disposition of nanocarriers has some how been associ-
ated with investigations into mimicking the DNA delivery capability of viruses
using artificial nanocarriers.

3.1 Nanocarriers Modified with Sub-cellular Targeting Ligands

Most nanocarriers are believed to enter the cell by endocytic mechanisms and could
therefore be considered as having a predisposition for accumulation in endosomes
and potentially lysosomes as well. This predisposition of particulate systems is
particularly useful as pathological conditions associated with endosomes and lyso-
somes could potentially benefit from therapies targeting these pathways (Bareford
and Swaan 2007; Gregoriadis and Ryman 1971; Castino et al. 2003; Tate and
Mathews 2006). The fate of the nanocarrier is dependent on the mechanism of
vesicular internalization (Bareford and Swaan 2007). For example, nanoscale drug
carrier systems taken up by clathrin-dependent receptor-mediated endocytosis
(RME) are most likely to undergo lysosomal degradation, while clathrin-indepen-
dent RME may lead to endosomal accumulation (Bareford and Swaan 2007).
Consequently, the type of targeting moiety displayed by the nanocarrier system
determines whether the carrier delivers its cargo to either endosomes or lysosomes.
Several endocytic targeting moieties have been studied and include folic acid, low-
density lipoprotein, cholera toxin B, mannose-6-phosphate, transferrin, riboflavin,
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the tripeptide RGD, ICAM-1 antibody and nicotinic acid (Bareford and Swaan
2007). Perhaps the most widely used endocytic targeting ligands for the functional-
izing of nanoscale drug delivery systems are transferrins (comprehensively
reviewed in (Qian et al. 2002), a family of large nonheme iron-binding glycopro-
teins. The efficient cellular uptake of transferrins (Tf) has been and still is being
explored for the intracellular delivery of anticancer agents, and also proteins and
therapeutic genes. Iron-loaded transferrin binds to a specific cell-surface receptor
(TfR1) and upon endocytosis via clathrin-coated pits the transferrin-receptor com-
plex is routed into the endosomal compartment avoiding lysosomal digestion. This
is an important feature of TfR1 for drug delivery, since normally glycoproteins
taken up via receptor-mediated endocytosis are destined to eventually fuse with
lysosomes. Such intracellular sorting of endocytosed transferrin from other endo-
cytosed asialoglycoprotein has been found to occur immediately after cell internal-
ization (Stoorvogel et al. 1987). Following loss of the clathrin coat, the endosome
containing the Tf-TfR1 complex then starts taking up protons which causes the
quick acidification of the lysosomal lumen to a pH of around 5.5. Recently a homo-
logue to TfR1 was cloned, called TfR2 (Trinder and Baker 2003). Of importance
for anticancer drug delivery, TfR2 was found to be frequently expressed in human
cancer cell lines (Calzolari et al. 2007). Encapsulation of doxorubicin into lipo-
somes bearing transferrin on the distal end of liposomal polyethylene glycol (PEG)
chains resulted in significantly increased doxorubicin uptake into glioma cells,
which are known to overexpress the transferrin receptor with the extent of over-
expression correlated to the severity of the tumor (Eavarone et al. 2000). Transferrin
modification of Doxorubicin-loaded palmitoylated glycol chitosan (GCP) vesicles
resulted in higher uptake and increased cytotoxicity as compared to GCP
Doxorubicin alone (Dufes et al. 2004). Tf vesicles were taken up rapidly with a
plateau after 1-2 h and Doxorubicin reached the nucleus after 60—90 min.
Low-density lipoprotein (LDL) represents another endocytic targeting ligand.
Furthermore, LDL itself actually provides a highly versatile natural nanoplatform
for the delivery of diagnostic and therapeutic agents to normal and neoplastic cells
that over express LDL receptors (LDLR) (Glickson et al. 2008, 2009). LDL-loading
of contrast or therapeutic agents has been achieved by covalent attachment to pro-
tein side chains, intercalation into the phospholipid monolayer and extraction and
reconstitution of the triglyceride/cholesterol ester core (Zheng et al. 2005). Glickson
and coworkers have constructed a semi-synthetic nanoparticle by coating magnetite
iron oxide nanoparticles with carboxylated cholesterol and overlaying a monolayer
of phospholipid to which Apo Al, Apo E or synthetic amphoteric alpha-helical
polypeptides were adsorbed for targeting HDL, LDL or folate receptors, respec-
tively (Zheng et al. 2002). These semisynthetic particles have potential utility for
the in situ loading of magnetite into cells for magnetic resonance imaging (MRI)
monitored cell tracking or gene therapy (Zheng et al. 2005). In addition to the sur-
face ligand, carrier geometry also might play a role in the endocytic process (Muro
et al. 2008). Disks were found to display longer half-lives in circulation and higher
targeting specificity in mice, whereas spheres underwent a more rapid endocytosis.
Most interestingly from the aspect of intracellular drug delivery it was also found
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that the size of the carrier might determine its intracellular fate. While micron-size
carriers had prolonged residency in prelysosomal compartments, submicron carriers
trafficked more readily to lysosomes (Muro et al. 2008).

In addition to endolysosomal targeting there is a growing body of work that
suggests the feasibility of modifying nanocarriers to redirect delivery of their cargo
to other sub-cellular compartments. A fusigenic viral liposome fused with the
Hemagglutinating virus of Japan (HVJ) envelope protein was used to efficiently
encapsulate and deliver DNA to the cytoplasm through fusion of the liposome with
the plasma membrane (Dzau et al. 1996). In another study, pH sensitive liposomes
composed of dioleylphosphatidylethanolamine and cholestryl hemisuccinate have
been reported to be efficient carriers of N-butylnojirimycin to the endoplasmic
reticulum (ER) (Costin et al. 2002); this can potentially be applied to the treatment
of melanoma. Surface functionalization with ligands like cholera toxin, shiga toxin
due to which the nanocarrier will be internalized into the cell by caveolae or lipid
raft mediated endocytosis surpasses the lysosome and delivers the moiety to the ER
or golgi complex (Le and Nabi 2003; Tarrago-Trani and Storrie 2007). Such ER
liposomes may be used for the delivery of anti virals (Pollock et al. 2010). On the
other hand, presence of an ER retrieval sequence on a ligand may confer to it ER
targeting abilities. Acyl coenzyme-A binding protein (ACBP) is a ligand consisting
of a potential ER retrieval signal, a dilysine (KK) motif near its C-terminus, which
was found, by live cell imaging and indirect immunohistochemistry, to preferen-
tially accumulate in the endoplasmic reticulum and the golgi complex (Hansen
et al. 2008). Liposomes modified with mitochondriotropic ligands have been shown
to improve the efficacy of an anticancer drug both in vitro and in vivo (Boddapati
et al. 2008). To render liposomes mitochondria-specific, the liposomal surface was
modified with triphenyl phosphonium (TPP) cations (Boddapati et al. 2005).
Methyltriphenylphosphonium cations (MTPP) are rapidly taken up by mitochon-
dria in living cells (Liberman et al. 1969) and have been extensively explored for
the delivery of biological active molecules to and into mitochondria (Murphy 2008;
Murphy and Smith 2007; Ross et al. 2008; Smith et al. 2003). The replacement of
the methyl group in MTPP with a stearyl residue was shown to facilitate the attach-
ment of TPP cations to the surface of liposomes (Boddapati et al. 2005).

Solid nanoparticles prepared from polymers or colloidal metals also fall under
the umbrella of pharmaceutical nanocarriers. Gold nanoparticles (AuNPs) are a
flexible nanoscale platform for the conjugation of a variety of targeting ligands
based on the affinity of thiol and amino groups for the gold surface. Of particular
interest here is the report of the conjugation of the triphenyl phosphonium mito-
chondriotropic ligand (Horobin et al. 2007) to the surface of AuNPs (Ju-Nam et al.
2006). Triphenyl-phosphonioalkylthiosulfate and potassium tetrachloroaurate were
dissolved in dichloromethane followed by drop-wise addition into an aqueous solu-
tion of sodium borohydride to generate 5—10 nm sized AuNPs with surface-attached
triphenylphosphonium residues. While data describing the intracellular localization
of these potentially mitochondriotropic AuNP’s have not yet been made available,
AuNPs have already been targeted to the nucleus using the adenoviral nuclear
localization signal (NLS) and integrin binding domain (Tkachenko et al. 2004).
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Such an approach has been reported to be useful in the development of probes for
cell tracking by surface enhanced raman scattering. Gold nanoparticles were sur-
face functionalized with the SV40 NLS, which led to accumulation of the nanopar-
ticles in the nucleus of HeLa cells (Xie et al. 2009). Quantum dots conjugated to
the amino group of the mitochondrial targeting sequence, Mito-8 were reported to
be colocalized in the mitochondria (Hoshino et al. 2004). Chlorotoxin conjugated
iron oxide nanoparticles coated with a copolymer of chitosan-PEG-PEI were found
to specifically translocate to the nucleus of cancer cells permitting a dual targeting
approach to a specific cell type and an organelle within the cell type; this approach
was successful in vivo, both for imaging and therapeutic purposes Kievit ( 2010).

Modification with a leader sequence peptide has also been applied to creating
delivery systems for mitochondria. A mitochondrial leader peptide (MLP), derived
from the nucleo-cytosol expressed but mitochondria localized ornithine transcar-
bamylase was recently used to render polyethylenimine (PEI) mitochondriotropic
(Lee et al. 2007). PEI had been developed in the mid 1990s as a versatile vector for
gene and oligonucleotide transfer into cells in culture and in vivo (Boussif et al.
1995; Demeneix and Behr 2005). Lee et al. (2007) conjugated the mitochondrial
leader peptide to PEI via a disulfide bond and confirmed the complex formation of
PEI-MLP with DNA by a gel retardation assay. In vitro delivery tests of rhodamine-
labeled DNA into living cells demonstrated that PEI-MLP/DNA complexes were
localized at mitochondrial sites in contrast to controls carried out with PEI-DNA
complexes lacking MLP. The author’s data suggest that PEI-MLP can deliver DNA
to the mitochondrial sites and may be useful for the development of direct mito-
chondrial gene therapy, a strategy for the cure of mitochondrial DNA diseases
proposed earlier (Seibel et al. 1995; Weissig and Torchilin 2000, 2001a, b) as an
alternative to allotropic expression (Ellouze et al. 2008; Oca-Cossio et al. 2003;
Zullo 2001; Gray et al. 1996).

3.2 Nanocarriers Prepared from Self-assembling Molecules
with Known Sub-cellular Accumulation

All the examples discussed in the previous section share a common assumption that
unless a targeting ligand is incorporated into the design, the nanocarriers would
remain in the endolysosomal compartment. However it is interesting to also con-
sider the disposition of a nanocarrier made exclusively of a molecule with a predis-
position for a sub-cellular compartment. A good example of a molecule that has a
strong affinity for a sub-cellular compartment and that is also capable of self assem-
bling to form a potential carrier system is the mitochondriotropic amphiphile
dequalinium chloride. Vesicles prepared exclusively from dequalinium chloride
(called DQAsomes) have been explored for the delivery of several bioactive mol-
ecules to mitochondria (D’Souza et al. 2003, 2005, 2008; Weissig et al. 2000,
2001). Most recently, the antitumor efficiency of DQAsomal encapsulated pacli-
taxel was enhanced by modifying the DQAsomal surface with folic acid (FA)
(Vaidya et al. 2009). However, DQAsomes currently serve as a preliminary proof
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of concept and are still far from being the perfect delivery system. In order to design
similar carriers for other sub-cellular compartments it is necessary to find suitable
self-assembling molecules with an affinity for the intended sub-cellular compart-
ment. To this end, recent work on the sub-cellular distribution of micelle forming
agents offers some interesting insights (Bae et al. 2005; Maysinger et al. 2007,
Savic et al. 2006, 2009; Xiong et al. 2008).

Imaging studies based on the use of a variety of organelle-specific dyes, gold and
fluorescent polymers have provided detailed insight into the sub-cellular distribution
of block copolymer micelles (Maysinger et al. 2007; Savic et al. 2003). Both imaging
techniques, i.e. confocal fluorescence microscopy (to detect the fluorophore-labeled
copolymers) and transmission electron microscopy (to detect the gold-labeled copo-
lymers) demonstrate that poly(caprolactone)-b-poly(ethylene oxide) micelles (PCL-
b-PEO micelles) do not enter the nucleus. With respect to the cytosolic distribution
of PCL-b-PEO micelles, however, the two different imaging techniques used in these
studies suggest quite a different sub-cellular disposition. TEM images show most of
the gold labeled micelles to be localized in endosomes/lysosomes and a few of them
were seen at or in mitochondria (Maysinger et al. 2007). Confocal fluorescence
microscopic images, on the other hand, show fluorescent PCL-b-PEO micelles
almost evenly distributed throughout the cytosol (Savic et al. 2003). Therefore, not
surprisingly, cell staining with organelle-specific dyes and overlaying the correspond-
ing confocal fluorescence images reveal partial colocalization of PCL-b-PEO
micelles with lysosomes, with the Golgi apparatus and the Endoplasmic Reticulum,
with the mitochondria and the Endoplasmic Reticulum and with mitochondria alone.
Considering the nature of the micelle corona, which is entirely made up of non-
functionalized polyethylene oxide, a highly hydrophilic polymer, any specific interac-
tion with or any specific affinity for any of the cell organelles could not be expected
per se. It would be very interesting to see to what extent modifying the micelle corona
with organelle-specific ligands would alter the intracellular distribution of such
micelles, which then potentially could become nanocontainers that distribute cargo to
defined cytoplasmic organelles. However, the distinctive distribution of nonfunction-
alized PCL-b-PEO micelles throughout the cytosol makes them highly suitable for
multiple cytoplasmic targeting (Savic et al. 2003), which has most recently been
proven to be relevant for the delivery of effector molecules of the cell signaling path-
ways that are activated in the cytosol (Savic et al. 2009). This study suggests that
micelle-based intracellular delivery of potent, poorly water-soluble, cell-death-pathway
inhibitors may represent a useful addition to established delivery of cytocidal block-
copolymer micelle-incorporated bioactives (Savic et al. 2009).

4 Conclusion and Perspectives

From the examples discussed so far it would seem that nanocarrier systems could
be designed to achieve true molecular level targeting inside cells. However to say
that these systems will be available soon is perhaps premature given what little is
currently known about the sub-cellular dynamics associated with nanocarrier
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trafficking. There are several unanswered questions. For example, do all nanocarriers
remain intact upon cell entry and subsequent disposition? Are there differences in
the disposition of vesicles in comparison to solid particles? What is the true influ-
ence of size on the intracellular disposition of various nanocarriers? Most important
is however the question of the mechanism by which the nanocarrier is able to
achieve selective uptake and delivery into the sub-cellular compartment. Despite
several reports of altered or improved sub-cellular accumulation associated with an
improvement in activity, it is still unclear how exactly this happens. It will take
much active research to answer these and other questions before sub-cellular
targeted nanocarrier-based therapies become commonplace.
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