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ABSTRACT

Nanotechnology is expected to have a

revolutionary impact on biology and medicine. In 
this paper, I will discuss the role of
nanotechnology in development of site-specific

drug delivery systems. Polymeric nanoparticles,
lipid nanosystems, and self-assembling

nanosystems are described with special emphasis 
on targeted drug delivery in cancer therapy.
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1. INTRODUCTION

In the last few decades, there has been
tremendous explosion in the research pertaining to 
novel (or advanced) drug delivery systems.

Majority of the efforts have been directed towards 
development of “better” formulations of existing 

and/or off-patent drugs – the betterment being
mostly aimed at improving the performance of the 
drugs by altering the ir disposition and

pharmacokinetics. Similarly, the trend is also
being extrapolated to novel therapeutic

compounds still in the pipeline with the additional 
objective of positioning these molecules in the
highly competitive, technology-based intellectual

property environment. The outcome has been
phenomenal and the market size for advanced drug 

delivery systems is expected to swell to a
whopping $40 billion by 2008 from its current size 
of $20 billion. Nanotechnology has played an

important role in development of advanced drug 
delivery systems, specifically in targeting the

formulation to the disease site for maximum
therapeutic effect [1].

Nanoparticles can be defined as solid colloidal 

particles, produced by mechanical or chemical
means, which are typically in the nanometric size 

range (1 to 1000 nm). Nanoparticles, especially 
those prepared from polymeric materials, enjoy

tremendous popularity due to ease of

preparation, ease to tune the physicochemical
properties (through an array of polymeric

materials), possibility of surface modification, 
excellent stability and scalability for industrial 
production. Since their conception in mid-

1970s’, nanoparticles have found applicability 
in almost every section of medicine and

biology (besides host of other fields) in general 
and for controlled /targeted delivery of drugs 
and genetic materials in particular

The basis in development of nanoparticles 
for drug delivery lies in Paul Elrich`s idea of 

designing “magic bullet” carrying active
molecules in them and be able to target specific 
sites in the body for the desired therapeutic 

effects. Depending on the process by which
they are prepared, the nanosystems can be

classified as nanospheres (nanoparticles)
having a dense and solid monolithic network or 
nanocapsules, which consist of a hollow core 

surrounded by a shell. Drug- loaded
nanoparticles have been developed for almost 

every route of administration – nasal, ocular, 
mucosal, inhalation, oral, transdermal and
parenteral. Clinically, they have found

applications for diagnosing and treating a wide 
range of pathological conditions.

Although significant advances have
occurred in our understanding of disease origin 
and progression, and many different types of 

pharmacological agents have been developed 
over the years for treatment, in some cases, the 

problem of optimum delivery remains a
formidable challenge. The problem of drug
delivery is compounded by newer drugs,

developed through advances in molecular and 
cellular biology, which are either very

hydrophobic or hydrophilic macromolecules
(proteins and DNA) with very poor solubility 
and diffusional properties, respectively, when

administered into the systemic circulation. For 
any of the drug therapy strategies to be
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effective, the agent must be able to reach the target
site in sufficient concentration remain at the site 

for the duration to induce therapeutic effect.
Nanoparticulate carriers represent a valid
alternative to soluble polymeric carriers. This type 

of systems includes polymeric nanoparticles,
liposomes, micelles, and cell hosts. The use of

such carriers allows for the achievement of a much 
higher active moiety/carrier material ratio
compared to "direct" molecular conjugates. They 

also provide a higher degree of protection against 
enzymatic degradation and other destructive

factors upon parenteral administration because the 
carrier wall completely isolates drug molecules
from the environment. An additional advantage of 

these carriers is that a single carrier is capable of 
delivering multiple drug species. All

nanoparticulates have a size which excludes the 
possibility of loss by renal filtration. 

2. NANO-PLATFORMS FOR DRUG

DELIVERY

2.1. Polymeric Nanoparticles

Polymeric nanoparticles can be prepared from 

both synthetic and natural polymers. The
polymeric materials could be either biodegradable 

or non-biodegradable, but should be essentially
biocompatible. Poly(D,L- lactide-co-glycolide),
poly(epsilon-caprolactone),

polyalkylcyanoacrylates, poly(styrene-co-maleic
anhydride), poly(divinylether-co-maleic

anhydride), poly(vinyl alcohol), and poly(ethylene
glycol) are some of the synthetic, non-
immunogenic polymers extensively used for

preparation of nanoparticles [2]. Similarly,
poly(aminoacids), hyaluronic acid, albumin,

dextran, chitosan, and gelatin are few of the
natural biodegradable polymers. While each of the 
polymers poses its own advantages and

nanoparticles can be synthesized with high degree 
of reproducibility from majority of them, natural 

polymers, due to their natural origin, get
preference considering non-toxicity and
biodegradability. The striking advantage of

synthetic polymers remains the possibility to
synthesize them reproducibly with well-defined

physico-chemical properties. Advancement in

biotechnology is helping the natural polymers 
to overcome this drawback and we can expect 

a surge in delivery systems based on them. 
Polymeric nanoparticles, administered into 

the systemic circulation, will be essentially

removed within an hour of administration by 
the macrophages of the reticulo-endothelial

systems. To prolong the circulation of
nanoparticles by evading the macrophages, the 
surfaces of nanoparticles are modified with

water-soluble polymers. PEG or poly(ethylene 
oxide) (PEO) are very popular for surface

modification of nanoparticulate drug delivery 
systems since they have long history of safe 
use in biological and pharmaceutical products. 

Surface-bound PEG chains extend into the
aqueous physiological environment and repel 

proteins, decrease antibody formation, and
increase the circulation of the formulation in 
the plasma for extended periods of time by the 

steric repulsion mechanism. Hydrophobic
drugs, like tamoxifen and paclitaxel, can be 

encapsulated with high efficiency in
hydrophobic polymeric nanoparticles, such as 
PEO-modified poly(epsilon-caprolactone)

(PCL) nanoparticles (Figure 1).

Figure 1. Particle size analysis (A) and scanning electron 

micrograph (B) of poly(ethylene oxide)-modified
poly(epsilon-caprolactone) nanoparticles and the
intracellular distribution of the nanoparticles in MCF-7

human breast cancer cells after 2 hours of incubation as 
observed with differential interference contrast (C) and 
fluorescence confocal microscopy where the rhodamine-

containing nanoparticles are localized in the endosomal 
compartments (D).
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In the presence of serum lipases, PEO-PCL
nanoparticles degrade within 10 hours and release 

the encapsulated drug either by diffusion and/or 
degradation. Both PEO and PCL and their
degradation products do not cause any toxicity in 

the body and are excreted by the renal route.
Tamoxifen- loaded PEO-PCL nanoparticles could 

efficiently deliver the drug inside the MCF-7
breast cancer cells near the proximity of estrogen 
receptors for maximum therapeutic benefits and 

lower toxicity [3,4]. Paclitaxel- loaded PEO-PCL
nanoparticles have also been prepared and we are 

currently evaluating the efficacy of the
formulation, relative to the solution form of the 
drug, in a variety of tumor cell lines.

In addition, we have encapsulated plasmid
DNA in PEG-modified gelatin nanoparticles for 

systemic delivery to solid tumors [5,6]. We
observe that the nanoparticles enter the cell
through non-specific endocytosis and the PEG

chains protect the encapsulated DNA in the
cytoplasm until the nanoparticles reach the nuclear 

membrane in about 12 hours.  Our PEG-modified
gelatin nanoparticles can transfect tumor cells with 
60% efficiency and without any toxicity after 96 

hours (Figure 2). Biodistribution studies in murine 
tumor model show that the PEG-modified

nanoparticles have an extended circulation time 
(t1/2 of 25 hours) in the plasma and are
preferentially targeted to tumor.

2.2. Lipid Nanosystems

Among particulate drug carriers, liposomes

are the most extensively studied and possess 
the most suitable characteristics for peptide
(protein) encapsulation. Liposomes are vesicles 

formed by concentric spherical phospholipid 
bilayers encapsulating an aqueous space. These 

particles are completely biocompatible,
biologically inert and cause very little toxic or 
antigenic reaction. Their inner aqueous

compartment can be used for encapsulation of 
peptides and proteins. Many techniques for

liposome preparation require only
manipulations that are compatible with
maintaining the drug (including peptide and

protein) integrity. Recently, Torchilin, et al [7]
have developed long-circulating PEG-modified

liposomes linked with HIV-1 Tat-peptide for 
efficient DNA delivery in vitro and in vivo in 
tumor models.

However, as with other nanoparticulate
delivery systems, conventional liposomes

suffer from rapid elimination from the systemic
circulation by the cells of the
reticuloendothelial system (RES). In order to 

make liposomes capable of delivering
pharmaceutical agents to targets other than the 

RES, attempts were made to prolong their
circulation lifetime. This was achieved with the 
development of surface-modified long-

circulating liposomes grafted with a flexible 
hydrophilic polymer, such as PEG or PEO.

PEG and PEO are the most common examples 
of polymers that prevent plasma protein
adsorption to the nanoparticle surface and the 

consecutive recognition and uptake of
liposomes by the RES. 

It has been shown with a broad variety of 
examples that, similar to macromolecules,
liposomes are capable of accumulating in

tumors of various origins via the EPR effect. 
Liposomal forms of at least two conventional 

anticancer drugs, daunorubicin and
doxorubicin, are currently used in the clinic. 
Liposomal doxorubicin, incorporated into long 

circulating PEG-coated liposomes (Doxil®),
demonstrates excellent effects in EPR-based

tumor therapy and diminishes the toxic side 
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Figure 2. Particle size analysis (A) and scanning electron 
micrograph (B) of poly(ethylene glycol)-modified gelatin
nanoparticles and the transfection of enhanced green

fluorescent protein plasmid DNA in NIH-3T3 cells after 96 
hours of incubation as observed with differential interference 
contrast (C) and fluorescence confocal microscopy (D).
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effects of the original drug. Long-circulating,
PEG-modified liposomes can be easily adapted for 

the delivery of peptide (protein)-based
pharmaceuticals to the tumor [8].

Nanoemulsions are oil- in-water lipid delivery 

systems where the internal oil phase is in the
nanometer size range. We have developed a series 

of nanoemulsions using edible oils rich in
polyunsaturated fatty acids to deliver drugs at
specific sites in the body, including transport

across the blood brain barrier. When administered
intravenously to naïve mice, the stearylamine-

containing nanoemulsion was very effective in
delivery of tritiated [3H]-paclitaxel to the brain, as 
shown in Figure 3. Aqueous solution of paclitaxel

diluted from the stock solution in Cremophore-
EL/ethanol system was significantly less effective, 

especially after 6 hours. In contrast, the
stearylamine-containing nanoemulsions increased 
the concentration of paclitaxel in the brain to

approximately 3.0 µg/g of tissue after 6 hours.

2.3. Self-Assembling Nanosystems

There were, however, reports indicating that in 
some cases liposome size was too large to provide 

efficient accumulation via the EPR effect,
presumably due to a relatively small vasculature 
cutoff size in certain tumors. In the cases of these 

particular tumors, alternative delivery systems

with smaller sizes, such as peptide
(protein)/polymer conjugates or drug- loaded

micelles should be more efficient. Among
various pharmaceutical micelles, polymeric
micelles including those prepared from

amphiphilic PEG-phospholipid conjugates are 
of special interest because of their stability. 

These particles are smaller than liposomes and 
lack the internal aqueous space. To load
micelles, peptide or protein pharmaceutical

agent can be attached to the surface of these 
particles or incorporated into them via a

chemically attached hydrophobic group
("anchor"). It has been shown in mice that the 
use of micelles as carriers allows for the

delivery of a model protein with higher
efficiency compared to PEG-liposomes into a 

tumor with a low vasculature cutoff size. PEG-
based antibody- linked micelles, with low
critical micelle concentrations, have been

developed for tumor-targeted drug delivery
[9,10].

The use of specific “vector” molecules can 
further enhance tumor targeting of
peptide/protein carriers or make them EPR-

effect independent. The latter is especially
important for the cases of tumors with

immature vasculature, such as tumors in the 
early stages of their development, and for
delocalized tumors. Vector molecules (those

having affinity toward ligands characteristic for 
target tissues) capable of recognizing tumors 

were found among antibodies, peptides, lectins, 
saccharides, hormones, and some low
molecular weight compounds. From this list, 

antibodies and their fragments provide the
most universal opportunity for targeting

various tumors and have the highest potential 
specificity.

Vector molecules can be used for the

targeting of nanoreservoir delivery systems as 
well. PEG-modified long-circulating

doxorubicin-containing immunoliposomes
targeted with anti-HER-2/neu monoclonal
antibody fragments represent a recent example 

of increased efficiency of targeted delivery
systems. In all studied HER2-overexpressing

models, immunoliposomes showed potent
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Figure 3: Tritiated paclitaxel concentrations (µg of drug per 

gram of tissue) at 1 hour and 6 hour post-administration in 
the brain of naïve mice after intravenous administration in 
the control aqueous solution and nanoemulsion

formulations. The nanoemulsions were formulated with
phosphatidylethanolamine (control NE) and

phosphatidylethanolamine/stearylamine (stearylamine-NE).
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anticancer activity superior to that of control non-
targeted liposomes. In part, this superior activity 

was attributed to the ability of the
immunoliposomes to deliver their load inside the 
target cells via the receptor-mediated endocytosis, 

which is obviously important if the drug's site of 
action located inside the cell. As with non-targeted

liposomes, liposomes targeted by vector molecules 
can be adapted very easily for the delivery of
peptide and protein anticancer pharmaceutics.

Self-assembled nanosystems (nanoassemblies)
for targeting subcellular organelles, such as the 

mitochondria, are also developed. It has become 
increasingly evident that mitochondrial
dysfunction contributes to a variety of human

disorders. Moreover, since the middle of the ‘90s,
mitochondria, the “power houses” of the cell, have 

also become accepted as the cell’s “arsenals”,
which reflects their increasingly acknowledged
key role during apoptosis. Based on these recent 

developments in mitochondrial research, increased 
pharmacological and pharmaceutical efforts have 

lead to the emergence of “Mitochondrial
Medicine” as a whole new field of biomedical
research. Yet the development of “Mitochondrial 

Pharmaceutics” is lagging behind. No
mitochondria-specific drug carrier system

allowing the organelle-specific delivery of drugs 
and DNA in living mammalian cells has been
made available. The targeting of biologically

active molecules to mitochondria in living cells 
will open up avenues for manipulating

mitochondrial functions, which may result in the 
selective protection, repair or eradication of cells 
[11,12].

3. CONCLUSIONS

Polymeric nanoparticles, lipid nanosystems

that include liposomes and nanoemulsions, and
self-assembling nanosystems such as micelles

offer tremendous opportunity for development of 
site-specific delivery systems for drugs and genes. 
These delivery systems are especially critical in an 

era of rising healthcare cost and development of 
multidrug resistance in cancer and infectious

diseases.
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