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Abstract

Many therapeutics require efficient cytosolic delivery either because the receptors for those drugs
are located in the cytosol or their site of action is an intracellular organelle that requires transport
through the cytosolic compartment. To achieve efficient cytosolic delivery of therapeutics, different
nanomaterials have been developed that consider the diverse physicochemical nature of therapeutics
(macromolecule to small molecule; water soluble to water insoluble) and various membrane
associated and intracellular barriers that these systems need to overcome to efficiently deliver and
retain therapeutics in the cytoplasmic compartment. Our interest is in investigating PLGA and PLA-
based nanoparticles for intracellular delivery of drugs and genes. The present review discusses the
various aspects of our studies and emphasizes the need for understanding of the molecular
mechanisms of intracellular trafficking of nanoparticles in order to develop an efficient cytosolic
delivery system.
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Introduction

Effective intracellular drug delivery is important for therapeutic agents which have specific
molecular targets inside a cell. The targets can be located in the cytoplasm (glucocorticoid
receptors, proteins, sSiRNA), nucleus (DNA, antisense oligonucleotides, DNA intercalating
agents such as doxorubicin), mitochondria (anti-oxidants) or other subcellular compartments
of a cell. Further, cytosolic delivery is desirable for drugs which undergo extensive efflux from
the cell by the efflux transporters such as multidrug resistance proteins (MRP) and P-
glycoproteins (P-gp) [1]. Macromolecular drugs such as recombinant proteins and plasmid
DNA usually have their site of action in the cytoplasm and nucleus, respectively. The ultimate
goal of gene delivery can be fulfilled only if the plasmid DNA is able to localize and integrate
with the nuclear or mitochondrial DNA. Further, these therapeutic entities are highly
susceptible to enzymatic degradation and delivery systems need to be designed in order to
ensure the protection of proteins/plasmid DNA from proteases and nucleases.
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Drug carrier systems for cytosolic delivery of therapeutics

Liposomes

A number of drug carrier systems (liposomes, cell penetrating peptides, cationic polymer
conjugates, polymeric nanoparticles) have been explored for intracellular delivery of
therapeutics. These are required to cross a series of membrane barriers in order to reach the
site of drug action in the cells and during this process lose a significant portion of the drug
molecules at each successive barrier. These barriers include the cellular association and
internalization of the drug-carriers by endocytosis; intracellular trafficking and release of drug
or drug-carrier into the cytoplasm; cytoplasmic translocation of drug or drug-carrier to nucleus
or any other cellular organelle; and the nuclear/organellar uptake. Figure 1 depicts a typical
intracellular trafficking pathway for nanoparticles (NPs) and other colloidal drug carrier
systems. The cell contains several intracellular organelles with specific functions. Intracellular
targeting of therapeutics to these specific organelles is not only expected to significantly
enhance the therapeutic efficacy but also reduce non-specific effect and hence toxicity.
Therefore, there is significant interest in achieving intracellular target-specific delivery of
therapeutics using different carrier systems.

The efficiency of drug-carriers for cytosolic delivery of therapeutics is limited mainly by their
interaction with cell membranes and the endosomal release of carriers. Most of the carriers
including liposomes and polymeric NPs associate with the cell membrane and are internalized
into cells by means of endocytic mechanisms. Cell recognition and association of drug-carriers
with cell membrane can be enhanced by the use of targeting ligands which can bind to specific
receptors on cell membranes. This promotes not only the association and binding of drug-
carriers to the cell membrane but also can increase the cellular internalization by means of
receptor-mediated endocytosis. Another bottleneck for cytosolic drug delivery is the
sequestration of drug-carriers within the endosomal compartment, following endocytosis. This
has opened numerous avenues for research into development of strategies to enhance the
endosomal escape of drug-carriers, in order to improve the efficiency of cytosolic drug
delivery.

Liposomes have been extensively investigated as a potential drug carrier system for cytosolic
delivery due to the enormous diversity of structure and compositions that can be achieved.
Different formulation strategies have been developed to increase the ability of liposomes to
mediate cytosolic delivery of therapeutics. These include the development of ‘fusogenic’ and
‘pH-sensitive liposomes’. Fusogenic lipids are included in liposomes since they undergo a
phase transition under acidic conditions. This facilitates an interaction and fusion or
destabilization of liposomes with the endosomal membranes, resulting in release of the
encapsulated therapeutic in the cytoplasm. pH-sensitive liposomes are stable at physiological
pH (pH 7.4) but undergo destabilization, and acquire fusogenic properties under acidic
conditions. Different hypothetical mechanisms have been proposed for the endosomal escape
of pH-sensitive liposomes: (i) destabilization of pH-sensitive liposomes at acidic pH triggers
destabilization of the endosomal membrane by pore formation leading to cytosolic delivery;
(ii) upon destabilization of liposomes, the encapsulated molecules diffuse to the cytoplasm
through the endosomal membranes; and (iii) fusion between the liposomes and endosomal
membranes leading to cytosolic delivery [2,3].

Various strategies have been proposed for the formulation of pH-sensitive liposomes,
depending on the mechanism of triggering pH-sensitivity. The most common one involves the
combination of phosphatidylethanolamine (PE) with compounds containing an acidic group
(e.g. carboxylic groups) that act as a stabilizer at neutral pH [4,5]. Recently, liposomes have
been prepared with novel pH-sensitive lipids and synthetic fusogenic peptides either
encapsulated [6,7] or incorporated in lipid bilayers [8-10]. Liposomes undergo binding to the
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cell membrane and are internalized through the endocytic pathway with or without the
involvement of clathrin coated vesicles. It has been shown that pH-sensitive liposomes are
internalized more efficiently than non-pH-sensitive liposomes [11,12]. PE-containing
liposomes have the tendency to form aggregates due to the poor hydration of its head-groups,
and thus exhibit high affinity to adhere to cell membranes [13]. Immunoliposomes (prepared
by conjugating antibodies to the liposome) are internalized more efficiently by the cells using
a receptor-mediated endocytic process than the non-specific endocytic process used by
unmodified liposomes. However, although the non-pH-sensitive immunoliposomes are
internalized as extensively as the pH-sensitive-immunoliposomes, they have much lower
capacity to mediate cytosolic delivery of the encapsulated therapeutic molecules [14,15]. These
studies suggest that the endosomal escape is a critical step for efficient cytosolic delivery of
therapeutics using liposomes.

pH-sensitive liposomes have been shown to promote the cytoplasmic delivery of encapsulated
calcein and fluorescent dextrans [15]. Cytoplasmic delivery was observed by the emergence
of diffuse cytoplasmic fluorescence. It was shown to require metabolic energy, and was
partially inhibited by chloroquine and monensin, which increase the pH of the endosomal
vesicles. However, the in vivo efficacy of liposomes upon intravascular injection is limited by
the aggregation of liposomes in the presence of plasma proteins and the rapid clearance of
liposomes from the blood stream by means of the reticuloendothelial system (RES) [16].
“Stealth” or long-circulating liposomes designed to evade detection by the RES, are potential
drug-carriers for in vivo drug delivery [17]. Such formulations can be prepared by including
cholesterol [18] or other amphiphilic stabilizers [19,20], or phosphatidylinositol and
gangliosides [21] in the liposomes, or by producing a hydrophilic surface by grafting
polyethylene glycol (PEG) chains on the liposome surface [22]. These sterically stabilized
liposomes act as long-circulating drug reservoirs and enable targeting of drugs to non-RES
target sites. Ligands such as antibodies can be conjugated to the PEG chains on PEG stabilized
liposomes to achieve specific tissue targeting.

Liposomes have also been actively pursued as a potential tool for targeted gene delivery to
specific cells. Cationic liposomes can be complexed with polyanionic plasmid DNA to form
highly compact nanostructures with a net positive charge called the “lipoplexes.” Labeling of
lipoplexes with asialofetuin and protamine sulfate has documented improved in vivo efficiency
due to efficient targeting to nucleus by the nuclear localization signal (NLS) present in
protamine sulfate [23]. The addition of protamine sulfate to asialofetuin-lipoplexes increased
the in vivo gene expression levels by 75 fold compared to those by conventional lipoplexes.
The smaller size of the lipoplexes produced in combination with protamine and the possible
nuclear targeting by NLS present in protamine are responsible for better gene delivery.

Despite significant progress made so far in the formulation of pH-sensitive and ligand-
conjugated liposomes, there are still two major obstacles, including the stability of liposomes
in the presence of plasma proteins and obtaining a sustained cytosolic delivery of the
therapeutic agent.

Cell-penetrating peptides

As cell membrane constitutes a major barrier for intracellular delivery of large hydrophilic
proteins, peptides and oligonucleotides[24], cell penetrating peptides (CPPs) have been
explored to overcome this barrier [25,26]. These CPPs can ferry molecules or colloidal drug
carrier systems that are tagged to them across the cell membrane, into the cytoplasm and to the
nucleus [27,28]. The characteristic CPPs is attributed to the presence of a stretch of 9-16
cationic amino acid residues [29]; the most commonly studied CPPs include HIV-1 Trans-
activating transcriptional activator (TAT) peptide, HSV VP-22 (Herpes Simplex virus type-1
transcription factor) peptide and penetratin [30,31]. Several theories have been proposed to
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determine the exact mechanism by which these CPPs enter the cells. For example, TAT
penetration through the cell membrane has been shown to be independent of receptors and
transporters, and has been suggested to enter the cell by forming an inverted micelle by
destabilizing the phospholipid bilayer [32]. The main benefit of TAT coupling is that, along
with efficient delivery of molecules, biological activity of the coupled molecule is preserved,
and the size of the molecule being transported is also not a rate-limiting factor.

TAT has been suggested not only to enhance intracellular delivery, but also nuclear delivery
and hence has been investigated for nucleic acid delivery. TAT peptide conjugated to antisense
oligonucelotides was shown to deliver the oligonucleotide to the nucleus [33]. After being
internalized, TAT peptide has also been found to colocalize inside the golgi along with
BODIPY-ceramide, which is a marker for golgi [34]. Therefore, it is quite possible that there
is direct trafficking from the early endosome to the golgi body without entering the late
endosome [34]. A secretory pathway could be present where the peptide enters the cytosol
from the endoplasmic reticulum.

Gene therapy has demonstrated a significant potential in the treatment of genetic, acquired and
neurodegenerative disorders [35-37]. Amongst non-viral gene delivery methods, various drug
delivery systems and polymers are being investigated such as liposomes, cationic lipid-DNA,
polymer complexes [38,39]. To overcome relatively inefficient cellular uptake of non-viral
gene expression vectors, [40] TAT peptide conjugation to vectors have been explored [41].
Kleeman et al. have demonstrated gene expression in alveolar basal epithelial cells with
polyethylenimine (PEI) covalently coupled to TAT through a polyethylene glycol (PEG) spacer
which demonstrated higher transfection efficiencies in vivo in mice lung following intratracheal
administration than unconjugated PEG complex [42]. In asimilar study by Rudolph et al., solid
lipid particles conjugated to dimeric HIVV-1 TAT have demonstrated enhanced gene delivery
to the lungs [43].

Biodegradable nanoparticles

Although the above mentioned drug carrier systems result in relatively higher efficiency for
cytosolic delivery, they are incapable of maintaining therapeutic drug concentrations for a
prolonged time [44]. Therefore, the focus recently has shifted to the development of drug
delivery systems which not only target the drug to its site of action but also maintain the drug
concentrations at therapeutically relevant levels for a sustained period of time. We are
investigating biodegradable nanoparticles (NPs) formulated with poly-(o,.-lactide-co-
glycolide) (PLGA) for cytoplasmic delivery of drugs, therapeutic proteins, and plasmid DNA
[45,46]. Poly-lactic acid (PLA) and PLGA polymers are biodegradable and biocompatible
polymers, which are approved for human use by the US Food and Drug Administration.
Polymeric NPs can be formulated to encapsulate various types of therapeutic agents including
low molecular weight drugs, and macromolecules such as proteins or plasmid DNA. PLGA-
NPs with entrapped therapeutics are of special interest for intracellular drug delivery owing to
their biocompatibility, biodegradability and ability to sustain therapeutic drug levels for
prolonged periods of time. The polymeric matrix prevents the degradation of the drug, and also
allows precise control over the release kinetics of the drug from NPs. Moreover, the duration
and levels of drug released from the NPs can be easily modulated by altering formulation
parameters such as drug: polymer ratio, or polymer molecular weight and composition. PLGA-
NPs are generally formulated using ‘water-in-oil-in-water’ double emulsion solvent
evaporation techniques, using poly vinyl alcohol (PVA) as an emulsifier [47]. Since the NP
comes in direct contact with the cell membranes, the surface properties of NPs are critical in
determining the internalization mechanism and intracellular disposition of NPs.
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Cellular internalization of NPs: mechanism and factors

We have demonstrated that PLGA-NPs are internalized into cells through a concentration and
time-dependent endocytic process [48]. Cellular internalization of PLGA-NPs is partly through
fluid phase pinocytosis and in part through clathrin-coated pits in vascular smooth muscle cells
(VSMCs). It was further demonstrated that NPs rapidly escape the endo-lysosomes and enter
the cytoplasm within 10 minutes of incubation with cells, under in vitro cell culture conditions.
PLGA-NPs exhibit a negatively charged surface at neutral pH owing to the presence of
uncapped end carboxylic acid groups of the polymer. We have previously demonstrated that
biodegradable PLGA NPs following cellular internalization (via endocytosis) undergo surface
charge reversal (anionic to cationic) in the acidic pH of endo-lysosomes. This facilitates an
interaction of NPs with the vesicular membranes, leading to transient and localized
destabilization of the membrane, thereby resulting in the escape of NPs into the cytosol [49].
Asignificant fraction of NPs undergoes exocytosis and only 15% of the internalized NPs escape
into the cytosolic compartment. However, the fraction of NPs that escapes the endosomal
compartment seems to remain in the cytoplasmic compartment and release the encapsulated
therapeutic in a sustained manner as the polymer degrades slowly.

The efficiency of cytoplasmic delivery and intracellular retention of NPs is therefore governed
by the ease and rapidity of escape of NPs from endo-lysosomes. Thus, the surface properties
of NPs play an important role in their intracellular trafficking and can potentially influence the
efficiency of cytosolic drug delivery. These include the generally overlooked aspect of surface
associated PVA in NPs, hydrophilicity and the surface charge (zeta potential) of the NPs. It
has been shown that a fraction of PVVA used in the formulation of NPs remains associated with
the NP surface, and cannot be removed even by multiple washings [50]. This residual PVA on
NP surface can alter its physical properties and affect the cellular uptake of NPs. NPs with
lower amount of surface associated PVA show about 3 fold higher cellular uptake in VSMCs
than the NPs with higher residual PVA. This could be due to shielding of the surface charge
reversal of NPs by the presence of higher amount of surface associated PVA, which could
affect the endosomal escape of NPs. Further, the amount of PV A associated with the NP surface
depends on the amount of PVA, the molecular weight and degree of hydroxylation of PVA
used as emulsifier in the formulation [47]. Thus, formulation of NPs can be altered to achieve
different surface properties, which in turn affect the cellular uptake and the intracellular
disposition of NPs.

Cellular internalization of NPs also depends on their particle size and has been shown to affect
the gene transfection efficiency of plasmid DNA-loaded NPs. The smaller size (less than 100
nm) NPs showed 27-fold higher gene transfection than the larger size (more than 100 nm) NPs
[51]. However, this difference in gene transfection was not related to the surface properties,
cellular uptake or the release of DNA from the NPs. Thus, the smaller size with a uniform
particle size distribution is expected to increase the gene transfection efficiency of plasmid
DNA loaded NPs. Other important formulation parameters which influence the cytosolic
delivery of drugs include the molecular weight of polymer, molecular weight and degree of
hydrolysis of PVA [47]. NPs formulated with higher molecular weight PLGA polymer showed
enhanced gene transfection. This was attributed to the relatively higher DNA loading and its
release from NPs prepared with high molecular weight polymer. Higher viscosity and better
emulsifying properties of the polymer solution facilitate higher loading of DNA in NPs and
also leads to lower particle size of NPs. Polymer composition can affect its hydrophobicity and
thus can influence the loading and release of DNA from the NPs. NPs prepared using more
hydrophobic polymers (poly lactides) demonstrated lower transfection than those formulated
using copolymers of poly lactide and glycolide [47]. The slow rate of release of DNA from the
relatively more hydrophobic polymeric matrix may be responsible for the lower levels of gene
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transfection. Therefore, cellular internalization and subsequent efficacy of the delivered drugs
is dependent on the size, surface properties and formulation of PLGA NPs.

Cytosolic delivery of drugs/plasmid DNA

We have shown previously that the NPs which escape into the cytoplasmic compartment are
retained intracellularly and undergo slow degradation, thus acting as an intracellular depot.
Figure 2 depicts the localization of NPs inside the cells even after 14 days. The therapeutic
efficacy of drugs with cytoplasmic targets depends on the intracellular drug levels and their
maintenance for a sustained period of time. We have reported efficient cytoplasmic delivery
of dexamethasone and sustained intracellular drug levels by using biodegradable NPs [45].
Dexamethasone exerts its pharmacological actions by binding with glucocorticoid receptors
present in the cytoplasmic compartment of cells. Vascular smooth muscle cells (VSMCs) were
treated with dexamethasone in solution or dexamethasone-loaded NPs for 3 days, following
which no further dose of drug was added. NPs could be detected inside the cytoplasm of cells
even 14 days after nanoparticle incubation with cells. Thus, it was hypothesized that NPs escape
endo-lysosomes and then release dexamethasone in a sustained manner while present in the
cytoplasm, thus maintaining intracellular drug levels. The efficacy of drug also depends on the
release rate of drug from NPs. Figure 3a depicts the difference in intracellular dexamethasone
levels with two different formulations of NPs that release the encapsulated drug at different
rate. The formulation of NPs that releases the drug at higher rate and for a longer duration
demonstrated higher drug levels and for longer duration than one which has drug release over
a shorter duration of release. In a further study, equal doses of two formulations of
dexamethasone-loaded NPs releasing different doses of the encapsulated drug were evaluated
for the anti-proliferative activity in VSMCs. Dexamethasone-loaded NPs showed significantly
greater and more sustained inhibition of cell proliferation as compared to the drug solution.
NP formulation which released a higher dose of dexamethasone showed greater and sustained
anti-proliferative effect in the cells, as compared to NPs which released a lower dose of drug.
Thus our study suggests that the dose of the drug and its retention at the intracellular site of
action determine the magnitude and duration of the therapeutic effect of the drug [45].

In another study, we have demonstrated sustained intracellular localization of plasmid DNA
with NPs as compared to transient localization of DNA in cells transfected with naked DNA
alone. Breast cancer cells (MDA-MB-435S) transfected with wt-p53 plasmid DNA loaded NPs
showed significantly higher and more sustained (7 days) intracellular DNA levels as opposed
to transfection with naked DNA and DNA-Lipofectamine™ complex [46]. This has significant
implications in cancer gene therapy, where sustained gene expression is of importance for
greater therapeutic benefit. Thus, biodegradable NPs can not only be used for efficient
cytoplasmic delivery of low molecular weight drugs but also for macromolecules like DNA.
One of the key features of PLGA NP mediated gene delivery is the ability to achieve sustained
gene expression. Though the levels of gene expression with NPs are lower than that achieved
with lipid based gene delivery, they are sustained for a prolonged period of time. Further NP-
mediated gene transfection is not affected by the presence of serum in the cell culture media,
and thus PLGA NPs constitute a potential gene delivery vector for in vivo gene delivery. Prabha
and Labhasetwar have shown slow intracellular release of plasmid DNA from the PLGA NPs.
Figure 4a depicts the sustained intracellular release of DNA which is labeled with TOTO dye
(red color) and encapsulated in NPs while the cells transfected with plasmid DNA showed its
transient intracellular retention. Sustained intracellular release of DNA with NPs also resulted
in sustained expression gene expression. As shown in Figure 4b, wt-p53 gene-loaded NPs
resulted in sustained mRNA levels for p53 in MDA-MB-435S breast cancer cells [46]. The
sustained p53 expression levels resulted in greater and sustained inhibition of cell proliferation
as compared to plasmid DNA alone (Figure 4c). Cohen et al. has shown that despite the lower
transfection levels observed in vitro with NPs as compared to liposomal formulations, the in

Adv Drug Deliv Rev. Author manuscript; available in PMC 2008 August 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vasir and Labhasetwar Page 7

vivo gene transfection with NPs was 1-2 orders of magnitude greater than the liposomes, 7
days after an intra-muscular injection in rats [52]. Their studies demonstrated gene expression
sustained over 28 days in vivo with a single dose of intramuscular injection of NPs. Such
sustained gene expression is advantageous especially if the half-life of the expressed protein
is very short and/or a chronic gene delivery is required for better therapeutic efficacy.

Improving cytosolic delivery: functionalization of the NP surface

The surface of NPs can be functionalized and conjugated to different ligands to (i) overcome
rapid opsonization and phagocytosis of NPs, (ii) enhance cellular uptake, and (iii) target NPs
to specific cellular organelles.

Affecting biodistribution of NPs

The polymeric NPs can be surface modified and functionalized to improve their biodistribution
and also conjugated to targeting ligands which can direct NPs to specific cells/tissues where
drug delivery is desired. Surface modification of NPs is achieved either by adsorbing
amphiphilic excipients onto pre-formed NPs or by covalently linking excipients to the core
forming polymer prior to NP formulation. Incorporation of additional excipients such as
polyethylene oxide (PEO) has been attempted to prevent the generation of an extremely acidic
microenvironment inside the NPs on polymer degradation [53]. PEO/PEG has been used to
coat the polymeric NPs to provide a protective hydrophilic sheath, which prevents the rapid
opsonization of the otherwise hydrophobic NPs by the RES and thus prolong the circulation
time of NPs in the bloodstream [54]. The hydrophobic part of PEO/PEG polymers can adsorb
to NP surface while the hydrophilic chains protrude towards the aqueous medium. PEG coating
on the NP surface also provides an attractive opportunity to chemically conjugate active-
targeting ligands to the NP surface [55,56]. These coatings can modify the biodistribution of
NPs when injected into the systemic circulation. However, it has been argued that some of
these polymers can be easily displaced by serum proteins, which can lead to aggregation of
NPs [57]. Thus, alternative approaches of synthesizing co-polymers of PLA/PLGA with PEG
[58,59] and co-encapsulation of PEG with plasmid DNA inside PLA NPs have been tried
[60].

Enhancing cellular uptake

Ligands can be chemically coupled to NP surface to increase the cellular uptake of NPs. Various
cell penetrating peptides including synthetic peptides, protein transduction domains (PTD),
and membrane-translocating sequences (MTS) have been described for the intracellular
delivery of drugs especially macromolecules [61]. In general, these peptides are made up of
30 amino acids, are positively charged and have the ability to translocate the cell membrane
and deliver drugs into the cytoplasm or the nucleus. HIV protein derived transactivating
regulatory protein (HIV-TAT) and penetratin are the most extensively investigated peptides
for intracellular delivery of drugs. Efficient gene transfection has been demonstrated by means
of TAT-conjugated liposomes both in vitro and in vivo [62]. The conjugation of TAT on the
surface of liposomes was found to influence their intracellular uptake. The TAT conjugated
liposomes take a non-endocytic route for cellular entry and the uptake was observed to be
energy independent. However, the mechanism of cell penetration of such peptides is yet to be
elucidated completely and thus the issue of cell specificity by means of these peptides is still
unresolved [61].

As previously described the intracellular retention of PLGA-NPs is limited by the process of
rapid exocytosis of NPs, which seems to occur due to the inefficient escape of NPs from the
endosomal compartment to the cytosol of the cell. Strategies can be devised to design the NP
formulation to facilitate greater intracellular retention of NPs and reducing their exocytosis.
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One such approach is to conjugate ligands such as transferrin to the NP surface, which function
in two ways: first to target the NPs to specific cell populations rich in the receptors for these
ligands, and second to enhance the cellular uptake and retention of the NPs. Transferrin (Tf)
conjugated NPs would be internalized into the cells using Tf-receptor mediated endocytosis,
unlike the unconjugated NPs which internalize by a non-specific endocytic process. This
difference in the endocytic pathway has been shown to result in a lower exocytosis and therefore
greater intracellular retention of Tf-conjugated NPs as compared to the unconjugated NPs
[63]. As shown in Figure 5a, Tf-conjugated NPs demonstrated a 2-fold greater cellular uptake
than unconjugated NPs in MCF-7 cells. Further, 75% of the internalized unconjugated NPs
were shown to undergo exocytosis as compared to 50% Tf-conjugated NPs (Figure 5b). These
studies thus showed that Tf-conjugated NPs result in greater cytoplasmic localization of the
entrapped drugs as compared to the unconjugated NPs. The therapeutic efficacy of paclitaxel
loaded NPs was studied in drug sensitive MCF-7 cells and in resistant MCF-7/Adr cells [63].
The effect of drug retention on anti-proliferative activity was greater in the resistant cell line
than in the nonresistant cell line. After 8 days of treatment, Tf-conjugated paclitaxel loaded
NPs demonstrated about 80% inhibition in cell growth whereas unconjugated NPs
demonstrated 40% and paclitaxel solution demonstrated only 20% inhibition when compared
to untreated cells. Based on these studies, it appears that the duration of drug retention in cancer
cells, especially in resistant cell line is critical to overcome the problem of drug resistance
[63]. We have also demonstrated increased efficacy of paclitaxel-loaded NPs on conjugation
with transferrin in a murine model of prostate cancer. Tf receptors are overexpressed by 2-10
fold in tumor cells than in normal cells and thus transferrin and/or transferrin antibodies have
been used for targeting drugs to tumor cells. Figure 6 shows the efficacy of Tf-conjugated NPs
over unconjugated NPs in prostate cancer model. In this study, a single-dose intra-tumoral
injection of Tf-conjugated paclitaxel NPs produced a complete regression and a significantly
higher survival rate than the unconjugated NPs or drug dissolved in Cremophor EL in a murine
model of prostate cancer [64]. The mechanism of greater efficacy of Tf-conjugated NPs was
determined to be due to greater cellular uptake and sustained intracellular retention of the
encapsulated drug than that with drug in solution or unconjugated NPs.

Facilitating endosomal escape

Most of the viruses and toxins have evolved well-defined machinery to infect the cells and to
integrate with the host cell genome. Now-a-days scientific efforts are focused on synthesizing
bio-inspired polymeric materials which can mimic some of the viral mechanisms of cellular
entry. These include the use of membrane disruptive or viral fusogenic peptides. Wagner has
listed some of these membrane active peptides which are under extensive investigation for
enhancing gene transfection by non-viral methods [65]. Synthetic peptides derived from N-
terminus of influenza virus haemagglutinin or artificial amphipathic peptides (for example
GALA and KALA) have been used for improving the intracellular delivery of DNA-polyplexes
[66]. Specific interaction of these peptides with the endosomal membranes is due to the
presence of acidic residues (aspartic and glutamic acid). At neutral pH, the negatively charged
carboxylic groups destabilize the alpha-helical structure of peptide; however acidic endosomal
pH promotes formation of amphipathic helices of peptide, which further allows
multimerization and membrane interaction of peptides. Peptides can be incorporated into PLL-
DNA complexes by covalent linkage to PLL [67] or by non-covalent ionic interaction of
negatively charged peptides with positively charged polyplexes [68].

Another strategy to enhance cytosolic delivery of therapeutics is to design and synthesize multi-
functional pH-responsive polymers. Murthy et al. have described such a polymer, where the

backbone is relatively hydrophobic, membrane-disruptive polymer that is masked by grafted
PEG chains at neutral pH [69]. The PEG chains are grafted to the polymer backbone using two
linkers: first- disulfide groups and then acid-degradable acetal groups. As the polymer
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formulations enter the cell, acetal groups are designed to degrade in acidic pH of endosome,
thereby unmasking the membrane disruptive backbone. This leads to the disruption of
endosomal membrane and release into the cytosol. Due to the reductive environment in the
cytosol, the disulfide groups are reduced, thereby releasing the conjugated drug/plasmid DNA.
The authors have shown successful intracellular delivery of antisense oligonucleotides in cell
culture using these polymers.

Targeting of NPs to intracellular organelles

For drugs with the nucleus as the site of action (such as plasmid DNA or DNA intercalators),
crossing the nuclear membrane poses another barrier to drug delivery. Nuclear uptake of
plasmid DNA is the rate limiting step in efficient transfection and successful gene therapy
[70]. Molecules smaller than 40-45 kDa and less than 100 nm have been shown to cross the
nuclear membrane by passive transport, while other molecules interact with cytosolic factors
to cross the nuclear membrane through the nuclear pore complexes [71]. Certain peptide
sequences, known as nuclear localization signals (NLS) have been reported to specifically
interact with the cytoplasmic factors which can then target molecules to the nucleus. NLS are
peptides with no general consensus sequence, however mostly composed of basic amino acids.
NLS present in the SV-40 large T antigen was the first and the most extensively studied NLS
[72]. Various strategies have been devised to target plasmid DNA to the nucleus of a cell,
including conjugation of NLS peptide to the end of a linear DNA molecule and non covalent
modification of a plasmid DNA with NLS among others [71]. Liposomes and NPs can be
surface modified and conjugated to the identified NLS sequences, to effect nuclear targeting.
In pioneering work, gold nanoparticles coupled with SV-40 large T antigen on their surface
were shown to efficiently translocate into the nucleus, upon microinjection into the cells [73].
A recent study proposed enzymatically digested low molecular weight protamine as a non-
toxic and efficient gene carrier. Plasmid DNA complexed with low molecular weight protamine
was found to efficiently translocate into the cell and then entered the nucleus of cell owing to
the structural similarity of protamine with HIV-TAT peptide [74]. Another evolving concept
is that of utilization of the viral proteins for nuclear targeting of molecules or the design of
synthetic viruses. However, two or more targeting peptides may be used to target the NPs to
specific cells and then translocate the drug to the nucleus. One such approach using a
combination of cell penetrating and nuclear targeting peptides has been explored with gold
NPs [75].

Conclusions

The above mentioned studies clearly demonstrate that NP-mediated intracellular delivery is a
dynamic process; involving endocytosis, exocytosis, and sorting into different intracellular
compartments. It appears that the NP surface and its interaction with cell surface controls the
uptake and intracellular trafficking of NPs, and hence that of the encapsulated therapeutic
agents. With this intention, our laboratory has developed a model to study the dynamics of
intracellular trafficking of NPs, particularly to determine the influence of different surface
properties of NPs on their sorting into different intracellular compartments following cellular
uptake. Thus, a better understanding of pathways of cellular uptake and its influence on
intracellular distribution of NPs could be critical for developing intracellular target-specific
NPs.

REFERENCES

1. Panyam J, Labhasetwar V. Targeting intracellular targets. Curr Drug Deliv 2004;1:235-47. [PubMed:
16305387]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2008 August 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vasir and Labhasetwar

Page 10

. Ropert, C.; Malvy, C.; Couvreur, P. pH-sensitive liposomes as efficient carriers for intracellular

delivery of oligonucleotides. In: Gregoriadis, G., editor. Strategies for oligonucleotide and gene
delivery in therapy. Plenum Press; New York: 1995. p. 151-162.

. Collins, D. pH-sensitive liposomes as tools for cytoplasmic delivery. In: Philippot, JR.; Schuber, F.,

editors. Liposomes as tools in basic research and industry. CRS Press; Boca Raton: 1995. p. 201-214.

. Liu DX, Huang L. Small, but not large, unilamellar liposomes composed of

dioleoylphosphatidylethanolamine and oleic acid can be stabilized by human plasma. Biochemistry
1989;28:7700-7. [PubMed: 2611208]

. Ellens H, Bentz J, Szoka FC. pH-induced destabilization of phosphatidylethanolamine-containing

liposomes: role of bilayer contact. Biochemistry 1984;23:1532-8. [PubMed: 6722105]

. Provoda CJ, Stier EM, Lee KD. Tumor cell killing enabled by listeriolysin O-liposome-mediated

delivery of the protein toxin gelonin. J Biol Chem 2003;278:35102-8. [PubMed: 12832408]

. Mastrobattista E, Koning GA, van Bloois L, Filipe AC, Jiskoot W, Storm G. Functional characterization

of an endosome-disruptive peptide and its application in cytosolic delivery of immunoliposome-
entrapped proteins. J Biol Chem 2002;277:27135-43. [PubMed: 12021269]

. Turk MJ, Reddy JA, Chmielewski JA, Low PS. Characterization of a novel pH-sensitive peptide that

enhances drug release from folate-targeted liposomes at endosomal pHs. Biochim Biophys Acta
2002;1559:56-68. [PubMed: 11825588]

. Nir S, Nicol F, Szoka FC Jr. Surface aggregation and membrane penetration by peptides: relation to

pore formation and fusion. Mol Membr Biol 1999;16:95-101. [PubMed: 10332743]

10. Bailey AL, Monck MA, Cullis PR. pH-induced destabilization of lipid bilayers by a lipopeptide

11.

12.

13.

derived from influenza hemagglutinin. Biochim Biophys Acta 1997;1324:232-44. [PubMed:
9092710]

Chu CJ, Dijkstra J, Lai MZ, Hong K, Szoka FC. Efficiency of cytoplasmic delivery by pH-sensitive
liposomes to cells in culture. Pharm Res 1990;7:824-34. [PubMed: 2172955]

Schroit AJ, Madsen J, Nayar R. Liposome-cell interactions: in vitro discrimination of uptake
mechanism and in vivo targeting strategies to mononuclear phagocytes. Chem Phys Lipids
1986;40:373-93. [PubMed: 3527460]

Chu CJ, Szoka FC. pH-sensitive liposomes. J. Liposome Res 1994;4:361-395.

14. Ho RJ, Rouse BT, Huang L. Target-sensitive immunoliposomes: preparation and characterization.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Biochemistry 1986;25:5500-6. [PubMed: 3022792]

Straubinger RM, Duzgunes N, Papahadjopoulos D. pH-sensitive liposomes mediate cytoplasmic
delivery of encapsulated macromolecules. FEBS Lett 1985;179:148-54. [PubMed: 2578112]
Connor J, Norley N, Huang L. Biodistribution of pH-sensitive immunoliposomes. Biochim Biophys
Acta 1986;884:474-81. [PubMed: 3778935]

Simoes S, Moreira JN, Fonseca C, Duzgunes N, de Lima MC. On the formulation of pH-sensitive
liposomes with long circulation times. Adv Drug Deliv Rev 2004;56:947-65. [PubMed: 15066754]
Liu D, Huang L. Role of cholesterol in the stability of pH-sensitive, large unilamellar liposomes
prepared by the detergent-dialysis method. Biochim Biophys Acta 1989;981:254-60. [PubMed:
2730903]

Liu D, Huang L. pH-sensitive, plasma-stable liposomes with relatively prolonged residence in
circulation. Biochim Biophys Acta 1990;1022:348-54. [PubMed: 2317486]

Collins D, Litzinger DC, Huang L. Structural and functional comparisons of pH-sensitive liposomes
composed of phosphatidylethanolamine and three different diacylsuccinylglycerols. Biochim
Biophys Acta 1990;1025:234-42. [PubMed: 2364079]

Liu D, Mori A, Huang L. Large liposomes containing ganglioside GM1 accumulate effectively in
spleen. Biochim Biophys Acta 1991;1066:159-65. [PubMed: 1854781]

Kono K, Igawa T, Takagishi T. Cytoplasmic delivery of calcein mediated by liposomes modified
with a pH-sensitive poly(ethylene glycol) derivative. Biochim Biophys Acta 1997;1325:143-54.
[PubMed: 9168140]

Arangoa MA, Duzgunes N, Tros de llarduya C. Increased receptor-mediated gene delivery to the

liver by protamine-enhanced-asialofetuin-lipoplexes. Gene Ther 2003;10:5-14. [PubMed:
12525832]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2008 August 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vasir and Labhasetwar

24.

25.

Page 11

Fawell S, Seery J, Daikh Y, Moore C, Chen LL, Pepinsky B, Barsoum J. Tat-mediated delivery of
heterologous proteins into cells. Proc Natl Acad Sci U S A 1994;91:664—-8. [PubMed: 8290579]
Nitin N, Santangelo PJ, Kim G, Nie S, Bao G. Peptide-linked molecular beacons for efficient delivery
and rapid mRNA detection in living cells. Nucleic Acids Res 2004;32:e58. [PubMed: 15084673]

26. Ziegler A, Nervi P, Durrenberger M, Seelig J. The cationic cell-penetrating peptide CPP(TAT) derived

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

from the HIV-1 protein TAT is rapidly transported into living fibroblasts: optical, biophysical, and
metabolic evidence. Biochemistry 2005;44:138-48. [PubMed: 15628854]

Wadia JS, Stan RV, Dowdy SF. Transducible TAT-HA fusogenic peptide enhances escape of TAT-
fusion proteins after lipid raft macropinocytosis. Nat Med 2004;10:310-5. [PubMed: 14770178]
Richard JP, Melikov K, Vives E, Ramos C, Verbeure B, Gait MJ, Chernomordik LV, Lebleu B. Cell-
penetrating peptides. A reevaluation of the mechanism of cellular uptake. J Biol Chem 2003;278:585—
90. [PubMed: 12411431]

Alexeyev MF, Pastukh VVV, Shokolenko IN, Wilson GL. alpha-complementation-enabled T7
expression vectors and their use for the expression of recombinant polypeptides for protein
transduction experiments. Methods Mol Biol 2004;267:91-100. [PubMed: 15269417]
Fotin-Mleczek M, Welte S, Mader O, Duchardt F, Fischer R, Hufnagel H, Scheurich P, Brock R.
Cationic cell-penetrating peptides interfere with TNF signalling by induction of TNF receptor
internalization. J Cell Sci 2005;118:3339-51. [PubMed: 16079278]

Al-Taei S, Penning NA, Simpson JC, Futaki S, Takeuchi T, Nakase I, Jones AT. Intracellular traffic
and fate of protein transduction domains HIVV-1 TAT peptide and octaarginine. Implications for their
utilization as drug delivery vectors. Bioconjug Chem 2006;17:90-100. [PubMed: 16417256]
Derossi D, Calvet S, Trembleau A, Brunissen A, Chassaing G, Prochiantz A. Cell internalization of
the third helix of the Antennapedia homeodomain is receptor-independent. J Biol Chem
1996;271:18188-93. [PubMed: 8663410]

Astriab-Fisher A, Sergueev D, Fisher M, Shaw BR, Juliano RL. Conjugates of antisense
oligonucleotides with the Tat and antennapedia cell-penetrating peptides: effects on cellular uptake,
binding to target sequences, and biologic actions. Pharm Res 2002;19:744-54. [PubMed: 12134943]
Fischer R, Kohler K, Fotin-Mleczek M, Brock R. A stepwise dissection of the intracellular fate of
cationic cell-penetrating peptides. J Biol Chem 2004;279:12625-35. [PubMed: 14707144]

Koul S, Johnson T, Pramanik S, Koul H. Cellular transfection to deliver alanine-glyoxylate
aminotransferase to hepatocytes: a rational gene therapy for primary hyperoxaluria-1 (PH-1). Am J
Nephrol 2005;25:176-82. [PubMed: 15849465]

Dodart JC, Marr RA, Koistinaho M, Gregersen BM, Malkani S, Verma IM, Paul SM. Gene delivery
of human apolipoprotein E alters brain Abeta burden in a mouse model of Alzheimer’s disease. Proc
Natl Acad Sci U S A 2005;102:1211-6. [PubMed: 15657137]

Qu B, Boyer PJ, Johnston SA, Hynan LS, Rosenberg RN. Abeta(42) gene vaccination reduces brain
amyloid plaque burden in transgenic mice. J Neurol Sci. 2006

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

Bengali Z, Pannier AK, Segura T, Anderson BC, Jang JH, Mustoe TA, Shea LD. Gene delivery
through cell culture substrate adsorbed DNA complexes. Biotechnol Bioeng 2005;90:290-302.
[PubMed: 15800863]

Dincer S, Turk M, Piskin E. Intelligent polymers as nonviral vectors. Gene Ther 2005;12(Suppl
1):S139-45. [PubMed: 16231046]

Rudolph C, Plank C, Lausier J, Schillinger U, Muller RH, Rosenecker J. Oligomers of the arginine-
rich motif of the HIV-1 TAT protein are capable of transferring plasmid DNA into cells. J Biol Chem
2003;278:11411-8. [PubMed: 12519756]

Kleemann E, Neu M, Jekel N, Fink L, Schmehl T, Gessler T, Seeger W, Kissel T. Nano-carriers for
DNA delivery to the lung based upon a TAT-derived peptide covalently coupled to PEG-PEI. J
Control Release 2005;109:299-316. [PubMed: 16298009]

Rudolph C, Schillinger U, Ortiz A, Tabatt K, Plank C, Muller RH, Rosenecker J. Application of novel
solid lipid nanoparticle (SLN)-gene vector formulations based on a dimeric HIV-1 TAT-peptide in
vitro and in vivo. Pharm Res 2004;21:1662-9. [PubMed: 15497694]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2008 August 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vasir and Labhasetwar

44,

45.

46.

47.

Page 12

Zelphati O, Wang Y, Kitada S, Reed JC, Felgner PL, Corbeil J. Intracellular delivery of proteins with
a new lipid-mediated delivery system. J Biol Chem 2001;276:35103-10. [PubMed: 11447231]
Panyam J, Labhasetwar V. Sustained cytoplasmic delivery of drugs with intracellular receptors using
biodegradable nanoparticles. Mol Pharm 2004;1:77-84. [PubMed: 15832503]

Prabha S, Labhasetwar V. Nanoparticle-mediated wild-type p53 gene delivery results in sustained
antiproliferative activity in breast cancer cells. Mol Pharm 2004;1:211-9. [PubMed: 15981924]
Prabha S, Labhasetwar V. Critical determinants in PLGA/PLA nanoparticle-mediated gene
expression. Pharm Res 2004;21:354—-64. [PubMed: 15032319]

48.Panyam J, Labhasetwar V. Dynamics of endocytosis and exocytosis of poly(D,L-lactide-co-glycolide)

49.

50.

51.

52.

nanoparticles in vascular smooth muscle cells. Pharm Res 2003;20:212-20. [PubMed: 12636159]

Panyam J, Zhou WZ, Prabha S, Sahoo SK, Labhasetwar V. Rapid endo-lysosomal escape of poly
(DL-lactide-co-glycolide) nanoparticles: implications for drug and gene delivery. Faseb J
2002;16:1217-26. [PubMed: 12153989]

Murakami H, Kobayashi M, Takeuchi H, Kawashima Y. Preparation of poly(DL-lactide-co-
glycolide) nanoparticles by modified spontaneous emulsification solvent diffusion method. Int J
Pharm 1999;187:143-52. [PubMed: 10502620]

Prabha S, Zhou WZ, Panyam J, Labhasetwar V. Size-dependency of nanoparticle-mediated gene
transfection: studies with fractionated nanoparticles. Int J Pharm 2002;244:105-15. [PubMed:
12204570]

CohenH, Levy RJ, Gao J, Fishbein I, Kousaev V, Sosnowski S, Slomkowski S, Golomb G. Sustained

delivery and expression of DNA encapsulated in polymeric nanoparticles. Gene Ther 2000;7:1896—
905. [PubMed: 11127577]

53. Tobio M, Nolley J, Guo Y, Mclver J, Alonso MJ. A novel system based on a poloxamer/PLGA blend

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

as a tetanus toxoid delivery vehicle. Pharm Res 1999;16:682-8. [PubMed: 10350011]

Redhead HM, Davis SS, Illum L. Drug delivery in poly(lactide-co-glycolide) nanoparticles surface
modified with poloxamer 407 and poloxamine 908: in vitro characterisation and in vivo evaluation.
J Control Release 2001;70:353-63. [PubMed: 11182205]

Benns JM, Kim SW. Tailoring new gene delivery designs for specific targets. J Drug Target 2000;8:1—
12. [PubMed: 10761641]

Otsuka H, Nagasaki Y, Kataoka K. PEGylated nanoparticles for biological and pharmaceutical
applications. Adv Drug Deliv Rev 2003;55:403-19. [PubMed: 12628324]

Neal JC, Stolnik S, Schacht E, Kenawy ER, Garnett MC, Davis SS, Illum L. In vitro displacement
by rat serum of adsorbed radiolabeled poloxamer and poloxamine copolymers from model and
biodegradable nanospheres. J Pharm Sci 1998;87:1242-8. [PubMed: 9758684]

Stolnik S, Dunn SE, Garnett MC, Davies MC, Coombes AG, Taylor DC, Irving MP, Purkiss SC,
Tadros TF, Davis SS, et al. Surface modification of poly(lactide-co-glycolide) nanospheres by
biodegradable poly(lactide)-poly(ethylene glycol) copolymers. Pharm Res 1994;11:1800-8.
[PubMed: 7899246]

Hawley AE, Illum L, Davis SS. Preparation of biodegradable, surface engineered PLGA nanospheres
with enhanced lymphatic drainage and lymph node uptake. Pharm Res 1997;14:657-61. [PubMed:
9165539]

Perez C, Sanchez A, Putnam D, Ting D, Langer R, Alonso MJ. Poly(lactic acid)-poly(ethylene glycol)
nanoparticles as new carriers for the delivery of plasmid DNA. J Control Release 2001;75:211-24.
[PubMed: 11451511]

Jarver P, Langel U. The use of cell-penetrating peptides as a tool for gene regulation. Drug Discov
Today 2004;9:395-402. [PubMed: 15081956]

Torchilin VP, Rammohan R, Weissig V, Levchenko TS. TAT peptide on the surface of liposomes
affords their efficient intracellular delivery even at low temperature and in the presence of metabolic
inhibitors. Proc Natl Acad Sci U S A 2001;98:8786-91. [PubMed: 11438707]

Sahoo SK, Labhasetwar V. Enhanced antiproliferative activity of transferrin-conjugated paclitaxel-
loaded nanoparticles is mediated via sustained intracellular drug retention. Mol Pharm 2005;2:373—
83. [PubMed: 16196490]

Sahoo SK, Ma W, Labhasetwar V. Efficacy of transferrin-conjugated paclitaxel-loaded nanoparticles
in a murine model of prostate cancer. Int J Cancer 2004;112:335-40. [PubMed: 15352049]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2008 August 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vasir and Labhasetwar

Page 13

65. Wagner E. Application of membrane-active peptides for nonviral gene delivery. Adv Drug Deliv Rev

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

1999;38:279-289. [PubMed: 10837761]

Li W, Nicol F, Szoka FC Jr. GALA: a designed synthetic pH-responsive amphipathic peptide with
applications in drug and gene delivery. Adv Drug Deliv Rev 2004;56:967-85. [PubMed: 15066755]

Wagner E, Plank C, Zatloukal K, Cotten M, Birnstiel ML. Influenza virus hemagglutinin HA-2 N-
terminal fusogenic peptides augment gene transfer by transferrin-polylysine-DNA complexes:
toward a synthetic virus-like gene-transfer vehicle. Proc Natl Acad Sci U S A 1992;89:7934-8.
[PubMed: 1518816]

Plank C, Oberhauser B, Mechtler K, Koch C, Wagner E. The influence of endosome-disruptive
peptides on gene transfer using synthetic virus-like gene transfer systems. J Biol Chem
1994;269:12918-24. [PubMed: 8175709]

Murthy N, Campbell J, Fausto N, Hoffman AS, Stayton PS. Bioinspired pH-responsive polymers for
the intracellular delivery of biomolecular drugs. Bioconjug Chem 2003;14:412-9. [PubMed:
12643752]

Subramanian A, Ranganathan P, Diamond SL. Nuclear targeting peptide scaffolds for lipofection of
nondividing mammalian cells. Nat Biotechnol 1999;17:873-7. [PubMed: 10471928]

Nakanishi M, Akuta T, Nagoshi E, Eguchi A, Mizuguchi H, Senda T. Nuclear targeting of DNA. Eur
J Pharm Sci 2001;13:17-24. [PubMed: 11292564]

Gorlich D, Kutay U. Transport between the cell nucleus and the cytoplasm. Annu Rev Cell Dev Biol
1999;15:607-60. [PubMed: 10611974]

Feldherr CM, Akin D. The permeability of the nuclear envelope in dividing and nondividing cell
cultures. J Cell Biol 1990;111:1-8. [PubMed: 2365731]

Park YJ, Liang JF, Ko KS, Kim SW, Yang VC. Low molecular weight protamine as an efficient and
nontoxic gene carrier: in vitro study. J Gene Med 2003;5:700-11. [PubMed: 12898639]
Tkachenko AG, Xie H, Coleman D, Glomm W, Ryan J, Anderson MF, Franzen S, Feldheim DL.
Multifunctional gold nanoparticle-peptide complexes for nuclear targeting. J Am Chem Soc
2003;125:4700-1. [PubMed: 12696875]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2008 August 10.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vasir and Labhasetwar Page 14

Mitochondria

Cellular uptake Sustained

T effect
/ r
IEI t  Nucleus }
¢ \ /!
- e T—
Endosomal Cytoplasmic
escape transport

Figure 1. Schematic drawing of steps involved in cytosolic delivery of therapeutics using polymeric
nanoparticles (NPs)

(1) Cellular association of NPs, (2) Internalization of NPs into the cells by endocytosis, (3)
Endosomal escape of NPs, (4) Release of therapeutic in cytoplasm, (5) Cytosolic transport of
therapeutic agent, (6) Degradation of drug either in lysosomes or in cytoplasm, (7) Exocytosis
of NPs. Major barriers include: (A) Cellular uptake of NPs, (B) Endosomal escape of NPs, (C)
Cytoplasmic transport of therapeutic/NPs, (D) Sustained therapeutic benefit. [PE: Primary
endosomes, RE: Recycling endosomes, Endo-lys: Endo-lysosomes, Lys: Lysosomes, Solid
circles represent polymeric NPs].
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Figure 2. Prolonged retention of NPs in the cytoplasm of cells

Transmission electron microscopic pictures demonstrating the presence of NPs in the VSMCs
on day 1 (A), 3 (B), 10 (C), and 14 (D) post-incubation. The bar is 500 nm long. NPs are
indicated black spherical structures in the cytosol. These NPs were loaded with osmium
tetraoxide for the purpose of contrast. Reprinted with permission from ref [45]. Copyright
(2004) American Chemical Society.
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Figure 3. Sustained cytoplasmic delivery of drugs with NPs

bl

Time (Day)

8

(@) Intracellular dexamethasone levels following treatment with tritiated dexamethasone in
solution or in nanoparticles (formulations A and B). Data are means + the standard error of the

mean (n=3). The two formulations of NPs differed only in their ability to release different
amounts of dexamethasone. (b) Inhibition of VSMC proliferation with dexamethasone in

solution and encapsulated in NP formulations. Cell proliferation was measured using a MTS
assay (CellTiter 96® AQueous, Promega, Madison, WI). MTS is chemically reduced by cells
into formazan, which is soluble in tissue culture medium. The measurement of the absorbance

of the formazan was carried out using 96 well microplates at 492nm. The assay measures
dehydrogenase enzyme activity found in metabolically active cells. Data are means * the

standard deviation (n=6). Reprinted with permission from ref [45]. Copyright (2004) American

Chemical Society.
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Figure 4.

a) Intracellular DNA delivery. DNA was labeled with TOTO (red) and nanoparticles contained
a fluorescent dye (6-coumarin, green). Single-dose of DNA (either alone or in nanoparticles)
was added to cells, the medium was changed at 2 days and then on every alternate day thereafter.
Cells were observed under confocal microscope. Red color is due to DNA that is released from
nanoparticles, green color is due to nanoparticles, and yellow color is due to co-localization of
released DNA (red) and nanoparticles (green). b) RT-PCR data of cells transfected with wt-
p53 gene: Lane 1: Molecular weight marker, Lane 2: p53 DNA-loaded NPs, Lane 3: p53(-ve)
DNA loaded NPs, Lane 4: p53 DNA only; Lane 5: B-actin for p53 DNA loaded nanoparticles,
Lane 6: B-actin for p53(-ve) DNA loaded nanoparticles, Lane 7: B-actin for p53 DNA. c)
Antiproliferative activity of wt-p53 DNA: MDA-M435S cells were treated either with A: wt-
p53-plasmid DNA or wt-p53 DNA-loaded nanoparticles (NP) or B: DNA-Lipofectamine™
complex. Reprinted with permission from ref. [46]. Copyright (2004) American Chemical
Society.
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Figure 5. Enhanced cellular uptake and intracellular retention of drug with Tf-conjugated NPs
(A) Uptake of Tf-conjugated NPs (NPs-Tf) and unconjugated NPs (NPs) in MCF-7 cells. To
determine the competitive inhibition of uptake of Tf-conjugated NPs, an excess of free Tf was
added to the medium prior to incubating cells with Tf-conjugated NPs. Data as mean+SEM
(n=6), (*) p< 0.05 NPs-Tf + free Tf versus NPs. (**) p< 0.005 NPs-Tf versus NPs. (B)
Exocytosis of Tf-conjugated and unconjugated NPs in MCF-7 cells. Cells were incubated with
Tf conjugated NPs (gray) and unconjugated NPs (black) at 100 x#g/mL concentration for 1 h,
cells were washed, and then cells were incubated with fresh medium. This NP level was taken
as the cellular uptake (0 h time point). In other wells, the cells were washed and incubated with
medium, and were processed as above at different time points to determine intracellular
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retention of NPs. Reprinted with permission from ref [63]. Copyright (2004) American
Chemical Society.
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Figure 6. In vivo efficacy of Tf-conjugated paclitaxel-loaded NPs

Antitumor activity of Tx-NPs-Tf in a murine prostate tumor model. PC3 cells (2 x 106 cells)
were implanted s.c. in athymic nude mice. Tumor nodules were allowed to grow to diameter
of about 50 mm?3 prior to receiving different formulations as a single-dose treatment. Tx-NPs-
Tf (o, 24 mg/kg; o, 12 mg/kg), Tx-NPs (%, 24 mg/kg), Tx-Cremophor® EL formulation (A,
24 mg/kg), (&) control NPs and (m) Cremophor® EL formulation. Data are means + s.e.m.,
n=6. *p <0.005 Tx-NPs-Tf versus Tx-NPs and Tx-Cremophor® EL groups. Reprinted with
permission from ref [64], Copyright (2004) Wiley-Liss, Inc., A Wiley Company.
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