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Abstract

Nanotechnology is a novel branch of science that deals with the characterization, creation, and utilization of

materials, devices, and systems at the nanometer scale. Advances in nanotechnology are spurring a revolution in
science, engineering and therapeutics, particularly in drug delivery. Targeted delivery of therapeutic molecules is
the most desirable feature of an effective drug therapy. Conventional chemotherapy faces major drawbacks such
as poor specificity of the drug, increased adverse effects, and reduced therapeutic efficacy. Application of
nanotechnology in drug delivery systems has provided new avenues for engineering materials with molecular
precision. This aids in fabricating nanoscale delivery devices that combine diagnostic and therapeutic actions for
immediate administration of therapy. Nanotechnology can generate a library of sophisticated drug delivery
systems that integrate molecular recognition and site-specific delivery of the therapeutic agents. It formulates
therapeutic agents in biocompatible nanomaterials such as nanoparticles, nanocapsules, liposomes, and micelles.
This review focuses on some of the nano-sized systems used in drug delivery and discusses the potential
applications of nanotechnology in the delivery of macromolecular therapeutic agents.

Nanotechnology is a multidisciplinary branch in science that
has the ability to characterize, manipulate, and organize matter
systematically at the nanometer scale. The term ‘nanotechnology’
is used to describe various research areas where the characteristic
dimensions are in the nanometer range, typically between 0.1 and
100nm."" Advances in science have now made it possible to
manipulate atoms and molecules in order to construct materials
with nanometer-scale accuracy. Although in its infancy, na-
notechnology is revolutionizing science, engineering, and thera-
peutics by novel technological breakthroughs. Apart from areas
such as electronics and robotics, this technology is expected to
make important developments in biomedical sciences, including
gene therapy, tissue engineering, drug delivery, and development
(figure 1).

The potential linkage between nanotechnology and biological
sciences is enormous. Physiological functions depend greatly on
nano-sized units such as viruses, nucleic acids, ribosomes, and
components of the extracellular matrix.”?) Nanotechnology facili-
tates the utilization of small-sized materials in the body that makes
them suitable for these diverse biological functions. Properties
such as subcellular size, controlled-release capability, and suscep-
tibility to external activation make nanodevices more suitable for
new applications in medical science, especially in pharmaceutical
industries.

The major challenge faced by pharmaceutical industries in the
discovery and development of novel drugs is the delivery of drugs
at the right time to the specific target site in a safe and reproducible
manner.?! In the last few decades, there has been considerable
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Fig. 1. Various applications of nanotechnology in science.

progress in drug delivery technology; however, the major require-
ments such as continuous release of therapeutic agents over ex-
tended period of time, targeted delivery of agents, and improved
ease of administration remain unmet. Several potential therapeutic
agents have been limited by their inability to reach target tissues or
cells. For instance, cytostatic chemotherapeutic agents damage
both malignant and normal cells due to nonspecificity of action.™
Nano-sized systems can be manipulated at the molecular level for
site-selective targeting of encapsulated therapeutic agents.

Pharmaceutical industries can take advantage of the unique
properties of these systems as drugs or as constituents of drugs, as
well as design new strategies at the nanoscale level for controlled
release and drug targeting. This technology can be used for design-
ing delivery devices that interact specifically at the subcellular
level and then translate this effect into cellular- and tissue-specific
clinical applications for maximum therapeutic outcomes and limit-
ed adverse effects.’] Moreover, nanodelivery systems can pene-
trate or overcome anatomical barriers such as the complex branch-
ing of the pulmonary system, the blood brain barrier, and the tight
epithelial junctions of the skin that hinder the delivery of a drug to
the desired physiological site.!®! These systems are generally be-
lieved to be a prerequisite for efficient drug targeting because
carrier systems with a diameter larger than that of a capillary tend
to physically clog in the blood vessels. Even though the diameter
of capillary blood vessels is approximately 5uum, generally carrier
systems between 10 and 200nm or smaller in size are most feasible
for drug targeting, since carrier systems larger than 400nm in
diameter are easily scavenged by the reticuloendothelial system
(RES)." However, in some cases carrier systems smaller than the
lower limits (approximately Snm in diameter) are also used so as
to enable the complete excretion of carrier systems, such as
nonbiodegradable polymeric carriers through the renal route.*!
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Even though there are several ways of achieving nanoscale
delivery systems, it is believed that the most stable and versatile
systems are nano-sized versions of synthetic materials that have
already been used in drug delivery applications, i.e. miniaturized
versions of degradable polymers such as poly(lactide-co-glycol-
ide) [PLGA].?! Nanodelivery systems can be given by a variety of
routes and can be easily internalized by different types of human
cells by various mechanisms including clathrin- and caveoli-
mediated endocytosis, pinocytosis, and phagocytosis.[®! Nanode-
livery focuses on formulating drugs in biocompatible nano-sized
carriers such as nanoparticles, nanocapsules, liposomes, micelles,
dendrimers, emulsions, hydrogels, nanospheres, niosomes, and
nanotubes. This review focuses on some of these nanodelivery
systems used in drug delivery and their relevance in the emerging
field of nucleic acid- and peptide-based delivery as well as vaccine
delivery.

1. Nanotechnology in Drug Delivery

Novel drug delivery technologies are important strategic tools
used by the pharmaceutical industry for expanding drug markets.
Nanotechnology can be successfully applied in basic biology as
well as in the development of new biological technologies such as
biocompatible drug delivery systems, imaging probes, or na-
nodevices. In the past, most drugs have been formulated for
delivery via the oral or parenteral routes, which may not always be
the most efficient routes for a particular treatment.®! For instance,
most of the drugs administered through the oral or parenteral route
follow first-order kinetics; however, the ideal release profile for
most drugs involves a steady release rate (zero-order kinetics) so
that the drug level in the body remains constant while the drug is
being administered.

It is widely believed that precise control of the drug carrier can
help in the modulation of drug release in order to achieve a desired
kinetic profile. Therefore, effective delivery of the drug to various
parts of the body is directly affected by the particle size of the drug
or drug carrier encapsulating the drug. Additional problems in-
clude the instability of the drug in the biological environment and
drug loss due to rapid clearance and metabolism.['l Moreover,
newer classes of macromolecular drugs, such as proteins and
nucleic acids, require novel delivery technologies that will maxi-
mize therapeutic outcomes and minimize adverse effects.®)

Several approaches have been developed to circumvent the
problems associated with nonspecific drug delivery. Since most
drugs act as protagonists or antagonists to different molecules and
chemicals within the body, a delivery system that can respond to
the concentrations of these molecules in the body becomes very
important.[’’ Therefore, designing a newer generation of nano-
sized systems for target-specific drug therapy and early diagnosis
of pathologies becomes the priority research area.
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In recent years, significant research has been undertaken to
develop nanotechnology for drug delivery since it is an appropri-
ate system for delivering biotechnology-based drugs such as pro-
teins, peptides or genes by either local or site-specific delivery to
the target tissue.!'”! The additional advantages of nanostructure-
mediated drug delivery include its ability to enhance drug bioavai-
lability, improve the timed release of drug molecules, and enable
precision drug targeting. Nanodelivery systems can address issues
associated with current pharmaceuticals such as the reformulation
of old drugs to reduce their adverse effects and reformulation of
drug candidates that did not pass through the trial phases of new
drug development.[®! Additionally, innovative drug delivery sys-
tems may make it possible to use certain chemical entities or
biologics that were good therapeutically but were difficult to
administer or had serious adverse effects. For example, drug
targeting enables the delivery of chemotherapeutic agents directly
to tumors, reducing systemic adverse effects. Moreover, this tech-
nology may aid in increasing product life, performance, and ac-
ceptability, either by enhancing efficacy or improving safety and
patient compliance.!!!

Other advantages of nanodelivery systems include the potential
to deliver drug molecules intracellularly to the target site.[!’!?] For
example, a nanoscale delivery system encapsulating DNA or RNA
can be transported to the target site inside the cell to repair genetic
mutations or alter gene expression profiles.l® However, nanode-
livery systems may not be suitable for drugs that are less potent
because higher doses of such drugs would require larger delivery
systems, which would be difficult to administer.[!! On account of
their small size, safe doses of nanoparticles have to be optimized
that will provide a manageable mass or volume for administration.
Nevertheless, several nanoscale systems, as mentioned earlier, can
be successfully employed for the targeted delivery of
macromolecular drugs including DNA, proteins, and peptides.

Nanoparticles, liposomes, micelles, and nanocapsules are con-
sidered some of the most promising tools for drug delivery on
account of their versatility for formulations, biocompatibility, and
sustained-release properties. Several of these nanodelivery sys-
tems, such as dendrimers,!'3-!4! nanotubes,!!2!5] micelles,!!¢!7! and
emulsions,'8! have been reviewed recently. This review outlines
some promising nanodelivery systems including nanoparticles,
liposomes, and nanocapsules and their potential applications in
gene, protein, and vaccine delivery.

2. Nanodelivery Systems

2.1 Nanoparticles

Nanoparticles are small polymeric colloidal particles varying in
size from 10—-100nm with a therapeutic agent adsorbed, attached,
dissolved, dispersed, or encapsulated in its polymer matrix (figure
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2).'I Nanoparticles as delivery systems provide two basic advan-
tages:

1. they can easily penetrate through small capillaries and are taken
up by cells allowing efficient accumulation of the drug at the target
sites;20211 and

2. biodegradable nanoparticles facilitate sustained release of the
drug within the target site over an extended period of time.

In nanoparticulate delivery systems, a broad range of both
natural and synthetic polymers have been employed to encapsulate
drugs in the polymer matrix. Polymers used for the delivery
systems exhibit several desirable properties as drug carrier includ-
ing technical flexibility, biodegradability, and biocompatibility.?*!
Polymers undergo hydrolysis forming biocompatible moieties,
such as lactic acid and glycolic acid, that are easily removed from
the body by the citric acid cycle.!*3! Additionally, structural manip-
ulation of polymer materials allows easy incorporation of drug
molecules enabling greater control of the pharmacokinetic behav-
ior of the active drug constituent. Some of the most commonly
used polymers are synthetic polymers such as PLGA, polylactide
(PLA), polylactide-co-poly(ethylene glycol) and polyacrylates,
and natural polymers such as gelatin, albumin, collagen, and
poliglusam.,[10:24-261

PLA and PLGA have been the most extensively employed and
investigated polymers for drug delivery.?’?8! As compared with
the natural polymers, synthetic polymers such as PLGA have the
added advantage of sustained release of the encapsulated therapeu-
tic agent over an extended period of time. The release rate of the
drug can be extended from days to months via slowing the degra-
dation process of the polymer by changing its composition and
molecular weight.””) PLGA microparticles have been formulated
and are being successfully used in the depot formulation of
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Fig. 2. Schematic representation of various nanotechnology-based deliv-
ery systems: (a) nanopatrticles, (b) liposomes, and (¢) nanocapsules.
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leuprorelin acetate (Lupron Depot®)!, a luteinizing hormone-
releasing hormone for the treatment of patients with hormone-
dependent cancers and precocious puberty.?”) PLGA nanopar-

ticles can be formulated in a similar manner.

PLGA nanoparticles are very useful in the delivery of therapeu-
tic agents to the cells as these nanoparticles rapidly escape from
the endolysosomal compartment into cytosol following their up-
take.3!1 Tt has been demonstrated that PLGA nanoparticles are
taken up by human dendritic cells, thus implicating PLGA nano-
particles in the selective activation of T cell-mediated immune
response.?!! Another report established that dexamethasone-load-
ed nanoparticles demonstrated greater and sustained antiprolifera-
tive activity in vascular smooth muscle cells as compared with the
activity demonstrated with the drug alone.®? This was due to the
fact that dexamethasone-loaded nanoparticles were more effective
in sustaining intracellular dexamethasone levels, which allowed
for more efficient interaction with the cytoplasmic glucocorticoid
receptors.3?!

Various therapeutic agents including low molecular weight
lipophilic or hydrophilic drugs and high molecular weight DNA or
antisense oligonucleotides can be encapsulated in PLGA nanopar-
ticles.!?3! Nanoparticles can also be used for targeting specific cell
populations by conjugating them with specific ligands or for the
delivery of antigens for vaccination as these systems are capable of
enhancing mucosal immunity, which is extremely important in
disease prevention. Some of the other polymers that have been
used or are being investigated for nanoscale drug carriers include
poly(3-hydroxybutanoic  acid),’?
poly(ethylene glycol) [PEG],’! poly(ethylene oxide),?! and co-
polymers such as PLA-PEG.F7-3%]

Nanoparticles are very useful drug delivery systems; however,

polyalkylcyanoacrylate,[34

the process of assembling polymers together with different classes
of drug molecules is usually difficult as most of the time a complex
mixture of particles of different sizes and shapes is obtained.
Finding methods of particle formation that are suitable and com-
patible with drugs has been one of the major challenges in this
area.””l Various methods including solvent emulsion evaporation
or displacement, mold replication, colloidal lithography, interfa-
cial polymerization, nanoprecipitation, and nanoimprinting have
been developed to make nano-sized formulation of polymers.[3%-4!]
The drug is coupled with the polymer by sequestering, conjuga-
tion, and micelle formation.*?! Unfortunately, most of these meth-
ods are limited by their incompatibility with most drugs. In the
future, newer and better methods have to be developed to produce
controlled particles that are compatible with drug incorporation.

2.2 Liposomes

Liposomes are spherical phospholipid vesicles typically rang-
ing between 100 and 200nm in size with an inner compartment
that can be used for the encapsulation of drugs®! (figure 2).
Liposomes are inert, biocompatible systems with little toxicity and
antigenic reactions. Liposomal design can be easily manipulated
to provide protection to the enclosed drug from enzymatic degra-
dation and to increase its cellular uptake.[*! Anionic and neutral
liposomes have received limited attention due to their poor encap-
sulation or association efficiencies of macromolecular drugs.[*4

Cationic liposomes are the most widely used systems for drug
delivery owing to the electrostatic interaction between the nega-
tively charged drug molecules and positively charged lipid carrier
that results in a more stable complex. Typically these complexes
have a net positive charge that interacts with the negative charge of
the plasma membrane facilitating internalization of the complex
into the cell by endocytosis* (figure 3). It has been suggested that
membrane destabilization by cationic liposomes causes the anion-
ic lipids from the cytoplasm-facing lipid layer to tumble to the
luminal layer diffusing into the liposome. These anionic lipids
then replace cationic lipids, releasing the drug moiety into the
perinuclear area and finally into the cytoplasm and nucleus. 6! In
order to further facilitate the release of nucleic acids from the
endosomal or lysosomal compartment, helper lipids such as di-
oleylphosphatidylethanolamine are generally used. Although ca-
tionic liposomes are good in in vitro models, in vivo they demon-
strate nonspecific binding to the cellular components, blood plas-
ma components or the endothelial lining of the vessel, resulting in
a short biological half-life.3!
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Fig. 3. Endocytosis-mediated uptake and various barriers hindering the
delivery of DNA drugs into the nucleus: (a) extracellular nucleases; (b)
endocytosis, (¢) endosomal escape, (d) cytoplasmic stability, and (e) nu-
clear entry.

1 The use of trade names is for product identification purposes only and does not imply endorsement.
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Successful clinical application of these cationic reagents de-
pends on a number of factors, such as its chemical structure, target
cell type, length, the method of complex formation, and the charge
ratio.*”] The major problem with the use of liposomes is the
toxicity associated with the high charge ratio of cationic lipid
species and the drug. Therefore, cationic liposomes should be
delivered to the target site so as to minimize adverse effects.
Adding a targeting ligand to liposomes, such as an antibody,
facilitates specific cell targeting (figure 2). Several studies have
demonstrated that antibody-associated liposomes can augment
cell-specific delivery and therapeutic activity of nucleic acids. 34

Another concern is the size of the liposomes. Small liposomes
have longer circulation half-life than large liposomes. Liposomes
administered systemically are rapidly cleared in vivo from the
blood circulation by the RES.’%>? Liposomes were actually intro-
duced as drug delivery systems in the 1960s; however, due to rapid
clearance by the RES, liposomal delivery systems had limited
success. In 1987, this drawback was overcome by the introduction
of GM-1 glycolipid into liposomal formulations, which radically
reduced the nonspecific scavenging of liposomes by the RES.[?
Later, PEG-bound lipid was used instead of GM-1 glycolipid as it
was easier to supply and could be easily manipulated for specific
applications.™ This liposome has been shown to circulate in the
bloodstream for a longer time and can be targeted in cancer
therapy to the solid tumor sites by the enhanced permeability and
retention (EPR) effect.®® Encapsulating doxorubicin in PEG-
coated liposomal systems demonstrated excellent EPR-based tu-
mor therapy results and reduced toxicity of the original drug.’* A
doxorubicin-containing PEG-coated liposome (Doxil®) has been
approved in the US and EU for chemotherapy against Kaposi’s
sarcoma and ovarian cancer.>! Cationic liposomes have also been
extensively employed for the delivery of DNA, small-interfering
RNA, and antisense oligonucleotides.

Even though liposomes are not very good in vivo models, the
fact that they can be administered in vivo via the vascular system
and stored in water for an extended period of time makes them
attractive candidates for drug delivery.[*®3 Liposomes have been
used successfully as in vitro delivery systems; however, there is
still a limited understanding of their behavior in vivo and particu-
larly inside the cell. For successful clinical applications, a more
lucid correlation between the drug-liposome complex and all the
steps that lead to efficient translocation needs to be established.

2.3 Nanocapsules

Colloidal drug delivery systems such as nanoparticles and
liposomes have been studied extensively for site-specific delivery
of drugs.® More recently, nanocapsules have been proposed as a
promising colloidal polymeric drug delivery system. Nanocap-
sules are vesicular carrier systems containing the drug in a cavity
that is surrounded by a unique polymer membrane®’! (figure 2).
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Therefore, nanocapsules are essentially nanoparticles consisting of
the drug in a hollow space that is enclosed by a shell. These
systems can be designed such that the breakdown of the capsule
and release of the drug are controlled.P!

Polymeric nanocapsules can be manipulated at the molecular
level and can be prepared in specific sizes, shapes, and in reasona-
ble quantities. Depending on the method of preparation, nanocap-
sules with different properties and release characteristics can be
obtained. For instance, some nanocapsules swell or shrink in
response to changes in pH, facilitating controlled release of the
enclosed drug. Furthermore, the encapsulation of the drug protects
it from degradation both during storage and after administration,
allowing site-specific drug delivery.® Since the drug is not in
direct contact with tissue at the site of administration, irritation due
to the drug is reduced. In addition, nanocapsules can reduce the
harmful adverse effects of the drug by allowing multifold de-
creases in drug dosages. The main advantage of this system is the
low polymer content and high loading capacity for both lipophilic
as well as hydrophilic drugs.’’! Additional advantages include
increased bioavailability of the drug, higher safety and efficacy,
and improved patient compliance.

Nanocapsules can either be produced as monodisperse particles
with exactly defined properties or tailored for the specific applica-
tion. Nanocapsules can be synthesized directly by interfacial po-
lymerization of monomers or by means of nanodeposition of
preformed polymers.[*> Surface engineering by the interfacial
deposition method can provide suitable size distribution and nec-
essary surface characteristics to the nanocapsules.”® The basic
principle involved in all the methodologies proposed for preparing
nanocapsules entails the preparation of either oil/water emulsions
(oily core suspended in water) or water/oil emulsions (aqueous
core suspended in oil). Oil-based nanocapsule delivery systems
prepared by interfacial polymerization of alkylcyanoacrylate have
been proposed for the delivery of several drugs by various routes
of administration. Because of their oily vesicular nature and ul-
trafine particle size, poly(alkylcyanoacrylate) [PACA] nanocap-
sules can be utilized for sustained drug release.

The ability of PACA nanocapsules to deliver drug to blood
after oral administration led to widespread utilization of this
system for oral delivery of unstable molecules such as peptides
and compounds that caused local adverse effects on the mucosae,
such as anti-inflammatory agents.!°>!l Oral administration of in-
dometacin encapsulated in PACA nanocapsules has been shown to
dramatically reduce the mucosal adverse effects of the drug with
increased efficacy.?! Similarly, oral delivery of insulin and ocular
delivery of ganciclovir encapsulated in PACA nanocapsules has
demonstrated increased efficacy and site-specific delivery of these
drugs.*>631  Furthermore, intramuscular administration of
diclofenac nanocapsules showed decreased inflammation at the
injection site with increased therapeutic efficacy.[®¥

Am J Drug Deliv 2006; 4 (2)
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Nanocapsules are being investigated for the site-specific deliv-
ery of various drugs including oligonucleotides, proteins, peptides,
and small molecular agents. Despite several successful applica-
tions, in vivo delivery of nanocapsules is limited by their distribu-
tion, particularly their recognition by the mononuclear phagocyte
systems after intravenous administration.® Other drawbacks in-
clude improper encapsulation of the active molecule and modula-
tion of its release rate that largely depends on the surface proper-
ties of the nanocapsules. Further development of nanocapsule
delivery systems with precise manipulation of the surface proper-
ties and appropriate particle size can lead to successful application
of these systems for the delivery of various drugs.

3. Pharmaceutical Applications of Nanotechnology

3.1 Gene Therapy

With the human genome sequenced, gene or DNA delivery is
becoming the main focus of gene therapy. Delivery of exogenous
DNA plasmid into the cells is a powerful tool in genetic diseases as
it controls gene structure, regulation, and function. The nucleus is
considered the ultimate delivery site for DNA; however, DNA
delivery to mitochondria is also important.[®>]

Entry into the nucleus is essential for drugs targeting DNA and
the delivery of therapeutic genes in gene therapy.!! Basically, in
gene therapy, genetic material including DNA is introduced into
cells either to block the expression of harmful proteins or to
produce therapeutic proteins. Therefore, gene therapy is a practical
approach for curing diseases rather than treating the symptoms
alone. In order to access the nuclear transcription machinery,
therapeutic DNA must cross the extracellular and intracellular
barriers (figure 3). DNA is degraded by extracellular nucleases
and, hence, to begin with, DNA must be condensed or protected
with vectors that prevent it from nuclease degradation.[®”’ DNA
then enters the cell by endocytosis and is generally degraded in
this process due to low pH and enzymatic action. Nonetheless, the
DNA molecules that survive finally escape from the endosome
and enter the nucleus through nuclear pores or during cell division
when the nuclear envelope ruptures.[®® As a result of all these
barriers, the number of potential DNA molecules decreases at each
step of their passage from the extracellular environment to the
nucleus.

DNA delivery presents the challenge of not only delivering
DNA to the right cell type but also to the correct cellular organelle,
i.e. the nucleus. Appropriate delivery systems are required to
protect DNA from nuclease degradation and to enhance its thera-
peutic efficacy. Among the DNA delivery systems developed so
far, viral vectors are one of the most widely used strategies for
clinical applications owing to their inherent ability to transport
genetic material into the cell and nucleus, leading to enhanced
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gene expression. However, the engineered virus may revert back
to its wild form causing harmful effects. Large-scale production of
viral vectors is difficult and some viruses, such as adenoviruses,
can also cause immunogenic and inflammatory reactions leading
to de novo carcinogenesis.!® Due to these safety issues, alterna-
tive nonviral gene delivery systems have been developed. These
systems provide several advantages, including the possibility of
transfecting cells with large DNA molecules, low cytotoxicity,
less immunogenic reactions, reduced cost, and reproducibili-
ty.7%71) Nonviral delivery systems also have their own drawbacks,
such as being restricted to extrachromosomal plasmid expression;
furthermore, the delivered plasmid may even escape from the
nucleus during cell division resulting in plasmid dilution and
integration into inactive chromatin.[’>73 However, these delivery
systems can be manipulated for efficient delivery and enhanced
site specificity.

Nonviral nanodelivery systems such as cationic lipids and
polymers are one of the most extensively studied systems for the
delivery of nucleic acids as their structure can be easily manipulat-
ed, enabling the investigation of structure-function relation-
ships.”#7% Condensing DNA with positively charged na-
nomolecules such as cationic lipids and cationic polymers, pro-
tects it from nuclease degradation and results in a more stable
complex.””1 Both in vivo and in vitro delivery of DNA has been
studied using various nanocarriers such as polyethylenimine, 2-
diethylaminoether (DEAE)-dextran, artificial lipids, proteins, and
peptides.l’87

The transfection efficiency of DNA can be enhanced by coup-
ling molecules such as transferrin, asialoorosomucoid, folate, an-
tibodies (CD3, CD34), or calcium phosphate to the DNA
polyplexes.80-821 Furthermore, nuclear localization sequence
(NLS) tags can be attached directly to the DNA molecule or to the
delivery system in order to increase the efficiency of DNA uptake
through the nuclear pore complex (NPC) into the nucleus.!®”! Zanta
and coworkers®* reported successful nuclear targeting of a report-
er gene plasmid by covalently linking it to a single Simian Virus
40-derived NLS-containing peptide. However, binding to a NLS
may modify the chemical nature of DNA and interfere with the
plasmid transcription. Future studies should focus on understand-
ing the mechanism of the uptake of carrier-DNA complex which
will help in the processing and targeting of these macromolecules
in the intracellular compartment in a more efficient way.

3.2 Protein Delivery

Proteins are polymers of amino acids that perform a wide range
of cellular functions. Proteins and peptides possess and control
biological activities that mark them as important therapeutic
agents. Some of the examples include antimicrobial peptides, anti-
inflammatory enzymes, and antioxidants such as catalase and
superoxide dismutase.® However, most proteins and peptides are

Am J Drug Deliv 2006; 4 (2)
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rapidly eliminated from the circulation by renal filtration, proteo-
lytic degradation, receptor-mediated clearance, and accumulation
in nonspecific organs and tissues.!® High molecular weight pro-
teins may generate neutralizing antibodies leading to an immune
response. Additionally, most of them have limited biodistribution
in vivo as they are unable to cross biological membranes in the
absence of specific transport systems.

Clinical application of proteins and peptides is further limited
by their short biological half-lives due to low solubility or poor
stability.[®®! For instance, a number of commercial peptides, in-
cluding insulin for diabetes, Fuzeon® for HIV, and Forteo® for
osteoporosis, require regular injections. Protein drugs normally
exert their action either extracellularly by interacting with recep-
tors on the cell surface or have targets inside the cell. In the case of
intracellularly acting peptides and proteins, low permeability of
cell membranes to these macromolecules presents an additional
obstacle for the development of proteins and peptides as therapeu-
tic agents. Endogenous proteins that are about 40kDa in size
cannot easily diffuse into the nucleus via the NPC. Moreover,
proteins and peptides administered by the oral route show poor
bioavailability due to their rapid degradation by proteolytic en-
zymes in the gastrointestinal tract.®”) Parenteral delivery of pro-
teins and peptides is the most popular route as it bypasses the
biological barriers that deter the passage of proteins and also leads
to pharmacologic levels of proteins in a relatively short time.®

Advances in the field of molecular biology have led to the use
of protein drugs for the treatment of a number of diseases. Howev-
er, these formulations require a delivery system that would protect
protein and peptide drugs from enzymatic degradation and deliver
them to the target site. To address these problems several ap-
proaches have been explored. Conjugating proteins and peptides
with nanodelivery systems such as nanoparticles or liposomes
prolongs their blood circulation by reducing glomerular filtration.
In these systems, the protein drug is encapsulated or attached to the
polymeric or liposomal matrix that releases the protein in a con-
trolled manner by undergoing enzymatic digestion or hydrolysis.
With the exceptions of BioPORTER® (Gene Therapy Systems,
Inc., San Diego, CA, USA) which is a cationic lipid-based carri-
er®1 and TransIT® (Panvera, Madison, WI, USA) which is a
histone-based polyamine,®! most of these systems do not effi-
ciently deliver proteins to their intracellular targets. This could be
due to the fact that the protein encapsulated in nanocarrier systems
may undergo denaturation due to exposure to organic solvents
during the formulation procedure and/or the acidic environment
generated during the degradation of the polymer matrix.[°1-92!

PEGylation that involves linking specific PEG polymers to
protein and peptide macromolecules is considered to be a useful
method for protein delivery. Currently, PEG is the most widely
used polymer for modifying therapeutically active proteins be-
cause it is less toxic, economical and many of its molecular weight
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variants are commercially available. Additional advantages in-
clude optimized pharmacokinetics, decreased dosage frequency,
enhanced efficacy, bioavailability, solubility, and stability. Mathi-
owitz et al.”3! were able to deliver insulin in diabetic rats using
polyanhydride nanospheres. Small molecular carriers are being
used to deliver insulin and heparin in animals.*?! Endogenous
proteins are generally imported into the nucleus via the NPC in an
NLS-dependent and ATP-dependent fashion.”®! Numerous pro-
teins and peptides including growth factors, hormones,
monoclonal antibodies, and cytokines are undergoing clinical in-
vestigation for a wide range of clinical conditions.

A major hindrance in the development of protein/peptide-based
drugs is the cost, as large quantities of proteins are required for
formulation and thorough bioavailability studies.® Further devel-
opment of suitable delivery systems is required for site-specific
delivery of protein drugs for maximum efficacy and minimum
adverse effects.

3.3 Vaccine Delivery

Vaccines are one of the most valuable medical interventions as
they have the capability of completely eradicating a disease.
Vaccine development faces major challenges such as noncompli-
ance for needle systems, the requirement of large number of doses,
and insufficient availability of vaccines in certain parts of the
world.” Therefore, new vaccine delivery strategies that require
fewer doses and provide lifelong, complete immunity against
diseases are being developed.

An ideal theoretical vaccine will never be convincing unless
formulated and delivered suitably. Currently, various formulation
techniques including adjuvants are being evaluated to deliver
vaccines in a safe and effective manner. Adjuvants are substances
that when co-administered with the desired antigen can modulate
and produce an enhanced antigen-specific immune response.°%%!
Adjuvants can either be used as immunostimulatory agents that
stimulate the innate immune system or as vaccine delivery systems
that target antigen-presenting cells.®*! Adjuvants play a critical
role in surmounting the poor immunogenicity of subunit vaccines
in which the isolated component containing antigen fails to induce
immunity on its own.

Since 1926, when it was first reported that aluminum com-
pounds increased the immune response elicited by diphtheria
toxoid vaccine,!'% several natural and synthetic compounds hav-
ing adjuvant properties have been established. However, to date,
the only adjuvants licensed for human use by the US FDA are the
so-called ‘alum’ adjuvants composed of aluminum salts. However,
alum adjuvants have been associated with allergic reactions in
some populations and increased levels of IgE antibody response in
others, making them generally unsuitable for mucosal deliv-
ery 1011031 Tp addition, they produce T-helper type 2 biased immu-
nogenicity with decreased levels of T-helper type 1 responses
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restricted only to the stimulation of antibodies with little or no
induction of cell-mediated immunity.!%41051

Other potential adjuvants that have advanced to the clinical trial
phase have been verified to be very toxic for regular clinical use.
As a result, there is a need for the development of safer and
effective adjuvants for delivery of vaccines that will provide a
complete immune response including stimulation of antibodies
and cell-mediated immunity. Additionally, these adjuvants should
be biocompatible, biodegradable, stable, and easily manufac-
tured. 24981

Although the mechanism of action of most adjuvants is only
partially understood, adjuvants administered through mucosal or
topical route are drawing interest as they are capable of stimulating
the innate immune system providing the added advantage of easy
administration and better patient compliance.!'%! Modified cholera
toxin and E. coli heat labile enterotoxin are the most commonly
used adjuvants for mucosal delivery.?>1971 Nanodelivery systems
such as nanoparticles have also been studied for oral immunization
in order to induce systemic and mucosal immunity.['% Nanopar-
ticles containing entrapped or adsorbed antigens are being investi-
gated as vaccine adjuvant alternatives as they can facilitate sus-
tained release of the antigen, minimizing the frequency of immuni-
zation.[1%]

In 1976, the adjuvant properties of poly(methyl methacrylate)
nanoparticles were demonstrated for the first time.[''” Desai and
coworkers!!'!l demonstrated adjuvant properties of PLGA nano-
particles containing encapsulated staphylococcal enterotoxin B
toxoid. It was reported that animals injected with PLGA nanopar-
ticles demonstrated systemic immune response that was compara-
ble with that obtained following injection of alum. In another
study it was demonstrated that injecting tetanus toxoid-loaded
nanoparticles coupled with alum induced a synergistic immune
response.['® It was reported that the mean immune response
obtained with this combination was comparable with the response
obtained from two injections of alum alone. These studies suggest
that nanoparticles could be used as vaccine adjuvants; however,
extensive research is required to further validate these systems.

In the future, novel adjuvants with well defined mechanisms of
action and site-specific delivery systems should be developed.
Such improved adjuvants will be more potent, requiring fewer re-
vaccinations and will help in future disease eradication programs.

4. Summary

An appropriate delivery system is the major determinant of the
efficacy of any therapeutic agent. Despite the development of a
large number of new therapeutic systems that improve drug effica-
cy and specificity, undesirable adverse effects still deter the poten-
tial therapeutic outcome of the drugs. With the plethora of knowl-
edge amassed in the field of molecular biology, which has led to
better understanding of disease conditions and their cellular mech-
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anisms, delivery systems customized for site-specific delivery and
increased therapeutic efficacy are required.

Nanoscale carriers are promising drug delivery systems, as they
provide several advantages over conventional delivery systems
including a subcellular size, sustained release properties, and
biocompatibility. In the future, developing nanodelivery systems
that are economical, reproducible and easily inclusive with current
infrastructure will definitely improve current drug treatment. With
positive development in the field of nanoscale science, the goal of
site-specific drug delivery will soon be attained. Advances in
nanotechnology coupled with improved therapeutic methods will
revolutionize medical science and the way healthcare is adminis-
tered.

Acknowledgments

The authors used no sources of funding in the writing of this article. The
authors have no conflicts of interest that are directly relevant to the content of
this article.

References
1. Sahoo SK, Labhasetwar V. Nanotech approaches to drug delivery and imaging.
Drug Discov Today 2003; 8 (24): 1112-20
2. Saltzman M, Desai T. Drug delivery in the BME curricula. Ann Biomed Eng 2006;
34 (2): 270-5
3. Orive G, Hernandez RM, Rodriguez Gascon A, et al. Drug delivery in biotechnolo-
gy: present and future. Curr Opin Biotechnol 2003; 14 (6): 659-64
4. Yokoyama M. Drug targeting with nano-sized carrier systems. J Artif Organs
2005; 8 (2): 77-84
5. Ernest H, Shetty R. Impact of nanotechnology on biomedical sciences: review of
current concepts on convergence of nanotechnology with biology. AZojono J
Nanotechnol Online 2005; 1: 1-14
6. Hughes GA. Nanostructure-mediated drug delivery. Dis Mon 2005; 51 (6): 342-61
7. Litzinger DC, Buiting AM, van Rooijen N, et al. Effect of liposome size on the
circulation time and intraorgan distribution of amphipathic poly (ethylene
glycol)-containing liposomes. Biochim Biophys Acta 1994; 1190 (1): 99-107
8. Kefalides PT. New methods for drug delivery. Ann Intern Med 1998; 128 (12 Pt 1):
1053-5
9. Peppas NA. Intelligent therapeutics: biomimetic systems and nanotechnology in
drug delivery. Adv Drug Deliv Rev 2004; 56 (11): 1529-31
10. Moghimi SM, Hunter AC, Murray JC. Long-circulating and target-specific na-
noparticles: theory to practice. Pharmacol Rev 2001; 53 (2): 283-318
11. Drummond DC, Meyer O, Hong K, et al. Optimizing liposomes for delivery of
chemotherapeutic agents to solid tumors. Pharmacol Rev 1999; 51 (4): 691-743
12. Martin CR, Kohli P. The emerging field of nanotube biotechnology. Nat Rev Drug
Discov 2003; 2 (1): 29-37
13. Svenson S, Tomalia DA. Dendrimers in biomedical applications: reflections on the
field. Adv Drug Deliv Rev 2005; 57 (15): 2106-29
14. Duncan R, Izzo L. Dendrimer biocompatibility and toxicity. Adv Drug Deliv Rev
2005; 57 (15): 2215-37
15. Kohli P, Martin CR. Smart nanotubes for biomedical and biotechnological applica-
tions. Drug News Perspect 2003; 16 (9): 566-73
16. Torchilin VP. Lipid-core micelles for targeted drug delivery. Curr Drug Deliv
2005; 2 (4): 319-27
17. Rosler A, Vandermeulen GW, Klok HA. Advanced drug delivery devices via self-
assembly of amphiphilic block copolymers. Adv Drug Deliv Rev 2001; 53 (1):
95-108
18. Sarker DK. Engineering of nanoemulsions for drug delivery. Curr Drug Deliv
2005; 2 (4): 297-310
19. Brigger I, Dubernet C, Couvreur P. Nanoparticles in cancer therapy and diagnosis.
Adv Drug Deliv Rev 2002; 54 (5): 631-51

Am J Drug Deliv 2006; 4 (2)



Nanobiotechnology in Drug Delivery

87

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

44,

45.

46.

Desai MP, Labhasetwar V, Amidon GL, et al. Gastrointestinal uptake of bi-
odegradable microparticles: effect of particle size. Pharm Res 1996; 13 (12):
1838-45

Panyam J, Sahoo SK, Prabha S, et al. Fluorescence and electron microscopy probes
for cellular and tissue uptake of poly (D,L-lactide-co-glycolide) nanoparticles.
Int J Pharm 2003; 262 (1-2): 1-11

Jilek S, Merkle HP, Walter E. DNA-loaded biodegradable microparticles as
vaccine delivery systems and their interaction with dendritic cells. Adv Drug
Deliv Rev 2005; 57 (3): 377-90

Panyam J, Labhasetwar V. Biodegradable nanoparticles for drug and gene delivery
to cells and tissue. Adv Drug Deliv Rev 2003; 55 (3): 329-47

O’Hagan DT. Recent developments in vaccine delivery systems. Curr Drug
Targets Infect Disord 2001; 1 (3): 273-86

Webster DEG, Strugnell RA, Wesselingh SL. Advances in oral vaccine delivery
options: What is on the horizon? Am J Drug Deliv 2003; 1 (4): 227-40

Lin JH, Weng CN, Liao CW, et al. Protective effects of oral microencapsulated
Mycoplasma hyopneumoniae vaccine prepared by co-spray drying method. J
Vet Med Sci 2003; 65 (1): 69-74

Jain RA. The manufacturing techniques of various drug loaded biodegradable poly
(lactide-co-glycolide) (PLGA) devices. Biomaterials 2000; 21 (23): 2475-90

Langer R. Tissue engineering: a new field and its challenges. Pharm Res 1997; 14
(7): 840-1

Lin SY, Chen KS, Teng HH, et al. In vitro degradation and dissolution behaviours
of microspheres prepared by three low molecular weight polyesters. ] Microen-
capsul 2000; 17 (5): 577-86

Jones AJ, Putney S, Johnson OL, et al. Recombinant human growth hormone poly
(lactic-co-glycolic acid) microsphere formulation development. Adv Drug De-
liv Rev 1997; 28 (1): 71-84

Lutsiak ME, Robinson DR, Coester C, et al. Analysis of poly (D,L-lactic-co-
glycolic acid) nanosphere uptake by human dendritic cells and macrophages in
vitro. Pharm Res 2002; 19 (10): 1480-7

Panyam J, Labhasetwar V. Sustained cytoplasmic delivery of drugs with intracellu-
lar receptors using biodegradable nanoparticles. Mol Pharm 2004; 1 (1): 77-84

Piddubnyak V, Kurcok P, Matuszowicz A, et al. Oligo-3-hydroxybutyrates as
potential carriers for drug delivery. Biomaterials 2004; 25 (22): 5271-9

Salgueiro A, Gamisans F, Espina M, et al. Cyclophosphamide-loaded nanospheres:
analysis of the matrix structure by thermal and spectroscopic methods. J
Microencapsul 2002; 19 (3): 305-10

Kumar R, Chen MH, Parmar VS, et al. Supramolecular assemblies based on
copolymers of PEG600 and functionalized aromatic diesters for drug delivery
applications. J Am Chem Soc 2004; 126 (34): 10640-4

Van Domeselaar GH, Andrew LC. Application of solid phase peptide synthesis to
engineering PEOpeptide block copolymers for drug delivery. Colloids Surf B
Biointerfaces 2003; 30: 323-34

Luu YK, Kim K, Hsiao BS, et al. Development of a nanostructured DNA delivery
scaffold via electrospinning of PLGA and PLA-PEG block copolymers. J
Control Release 2003; 89 (2): 341-53

Vila A, Gill H, McCallion O, et al. Transport of PLA-PEG particles across the
nasal mucosa: effect of particle size and PEG coating density. J Control Release
2004; 98 (2): 231-44

Li YY, Cunin F, Link JR, et al. Polymer replicas of photonic porous silicon for
sensing and drug delivery applications. Science 2003; 299 (5615): 2045-7

Lu Y, Chen SC. Micro and nano-fabrication of biodegradable polymers for drug
delivery. Adv Drug Deliv Rev 2004; 56 (11): 1621-33

Dalby MJ, Berry CC, Riehle MO, et al. Attempted endocytosis of nano-environ-
ment produced by colloidal lithography by human fibroblasts. Exp Cell Res
2004; 295 (2): 387-94

Duncan R. The dawning era of polymer therapeutics. Nat Rev Drug Discov 2003; 2
(5): 347-60

. Dokka S, Rojanasakul Y. Novel non-endocytic delivery of antisense oligonucleo-

tides. Adv Drug Deliv Rev 2000; 44 (1): 35-49

Akhtar S, Hughes MD, Khan A, et al. The delivery of antisense therapeutics. Adv
Drug Deliv Rev 2000; 44 (1): 3-21

Greish K, Fang J, Inutsuka T, et al. Macromolecular therapeutics: advantages and
prospects with special emphasis on solid tumour targeting. Clin Pharmacokinet
2003; 42 (13): 1089-105

Cao A, Briane D, Coudert R, et al. Delivery and pathway in MCF7 cells of DNA
vectorized by cationic liposomes derived from cholesterol. Antisense Nucleic
Acid Drug Dev 2000; 10 (5): 369-80

© 2006 Adis Data Information BV. All rights reserved.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Mahato RI, Takakura Y, Hashida M. Development of targeted delivery systems for
nucleic acid drugs. J Drug Target 1997; 4 (6): 337-57

Leonetti JP, Mechti N, Degols G, et al. Intracellular distribution of microinjected
antisense oligonucleotides. Proc Natl Acad Sci U S A 1991; 88 (7): 2702-6

Renneisen K, Leserman L, Matthes E, et al. Inhibition of expression of human
immunodeficiency virus-1 in vitro by antibody-targeted liposomes containing
antisense RNA to the env region. J Biol Chem 1990; 265 (27): 16337-42

Dass CR. Biochemical and biophysical characteristics of lipoplexes pertinent to
solid tumour gene therapy. Int J Pharm 2002; 241 (1): 1-25

Kamps JA, Morselt HW, Scherphof GL. Uptake of liposomes containing phospha-
tidylserine by liver cells in vivo and by sinusoidal liver cells in primary culture:
in vivo-in vitro differences. Biochem Biophys Res Commun 1999; 256 (1):
57-62

Senior JH. Fate and behavior of liposomes in vivo: a review of controlling factors.
Crit Rev Ther Drug Carrier Syst 1987; 3 (2): 123-93

Allen TM, Chonn A. Large unilamellar liposomes with low uptake into the
reticuloendothelial system. FEBS Lett 1987; 223 (1): 42-6

Gabizon AA. Pegylated liposomal doxorubicin: metamorphosis of an old drug into
a new form of chemotherapy. Cancer Invest 2001; 19 (4): 424-36

Uziely B, Jeffers S, Isacson R, et al. Liposomal doxorubicin: antitumor activity and
unique toxicities during two complementary phase I studies. J Clin Oncol 1995;
13 (7): 1777-85

Miyazaki S, Takahashi A, Kubo W, et al. Poly n-butylcyanoacrylate (PNBCA)
nanocapsules as a carrier for NSAIDs: in vitro release and in vivo skin
penetration. J Pharm Sci 2003; 6 (2): 238-45

Couvreur P, Barratt G, Fattal E, et al. Nanocapsule technology: a review. Crit Rev
Ther Drug Carrier Syst 2002; 19 (2): 99-134

Mayer C. Nanocapsules as drug delivery systems. Int J Artif Organs 2005; 28 (11):
1163-71

Nishioka Y, Yoshino H. Lymphatic targeting with nanoparticulate system. Adv
Drug Deliv Rev 2001; 47 (1): 55-64

Aprahamian M, Michel C, Humbert W, et al. Transmucosal passage of poly-
alkylcyanoacrylate nanocapsules as a new drug carrier in the small intestine.
Biol Cell 1987; 61 (1-2): 69-76

Damge CA, Balboni G, Hoeltzel A, et al. Polyalkylcyanoacrylate nanocapsules
increase the intestinal absorption of a lipophilic drug. Int J Pharm 1987; 36:
121-5

Ammoury N, Fessi H, Devissaguet JP, et al. Jejunal absorption, pharmacological
activity, and pharmacokinetic evaluation of indomethacin-loaded poly (d,l-
lactide) and poly (isobutyl-cyanoacrylate) nanocapsules in rats. Pharm Res
1991; 8 (1): 101-5

Damge C, Michel C, Aprahamian M, et al. New approach for oral administration of
insulin with polyalkylcyanoacrylate nanocapsules as drug carrier. Diabetes
1988; 37 (2): 246-51

Guterres SS, Fessi H, Barratt G, et al. Poly (rac-lactide) nanocapsules containing
diclofenac: protection against muscular damage in rats. J Biomater Sci Polym
Ed 2000; 11 (12): 1347-55

Torchilin VP, Khaw BA, Weissig V. Intracellular targets for DNA delivery: nuclei
and mitochondria. Somat Cell Mol Genet 2002; 27 (1-6): 49-64

Nori A, Kopecek J. Intracellular targeting of polymer-bound drugs for cancer
chemotherapy. Adv Drug Deliv Rev 2005; 57 (4): 609-36

Belting M, Sandgren S, Wittrup A. Nuclear delivery of macromolecules: barriers
and carriers. Adv Drug Deliv Rev 2005; 57 (4): 505-27

Dass CR. Oligonucleotide delivery to tumours using macromolecular carriers.
Biotechnol Appl Biochem 2004; 40 (Pt 2): 113-22

Gansbacher B. Report of a second serious adverse event in a clinical trial of gene
therapy for X-linked severe combined immune deficiency (X-SCID). Position
of the European Society of Gene Therapy (ESGT). J Gene Med 2003; 5 (3):
261-2

Lee M, Kim SW. Polyethylene glycol-conjugated copolymers for plasmid DNA
delivery. Pharm Res 2005; 22 (1): 1-10

Pitard B. Supramolecular assemblies of DNA delivery systems. Somat Cell Mol
Genet 2002; 27 (1-6): 5-15

Carmo-Fonseca M. The contribution of nuclear compartmentalization to gene
regulation. Cell 2002; 108 (4): 513-21

Coonrod A, Li FQ, Horwitz M. On the mechanism of DNA transfection: efficient
gene transfer without viruses. Gene Ther 1997; 4 (12): 1313-21

Duzgunes N, De Ilarduya CT, Simoes S, et al. Cationic liposomes for gene
delivery: novel cationic lipids and enhancement by proteins and peptides. Curr
Med Chem 2003; 10 (14): 1213-20

Am J Drug Deliv 2006; 4 (2)



88

Azad & Rojanasakul

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Liu D, Ren T, Gao X. Cationic transfection lipids. Curr Med Chem 2003; 10 (14):
1307-15

Merdan T, Kopecek J, Kissel T. Prospects for cationic polymers in gene and
oligonucleotide therapy against cancer. Adv Drug Deliv Rev 2002; 54 (5):
715-58

Sandgren S, Wittrup A, Cheng F, et al. The human antimicrobial peptide LL-37
transfers extracellular DNA plasmid to the nuclear compartment of mammalian
cells via lipid rafts and proteoglycan-dependent endocytosis. J Biol Chem 2004;
279 (17): 17951-6

Luo D, Saltzman WM. Synthetic DNA delivery systems. Nat Biotechnol 2000; 18
(1): 33-7

Wiethoff CM, Middaugh CR. Barriers to nonviral gene delivery. J Pharm Sci 2003;
92 (2): 203-17

Dauty E, Remy JS, Zuber G, et al. Intracellular delivery of nanometric DNA
particles via the folate receptor. Bioconjug Chem 2002; 13 (4): 831-9

Qian ZM, Li H, Sun H, et al. Targeted drug delivery via the transferrin receptor-
mediated endocytosis pathway. Pharmacol Rev 2002; 54 (4): 561-87

‘Wu CH, Wilson JM, Wu GY. Targeting genes: delivery and persistent expression
of a foreign gene driven by mammalian regulatory elements in vivo. J Biol
Chem 1989; 264 (29): 16985-7

Zanta MA, Belguise-Valladier P, Behr JP. Gene delivery: a single nuclear localiza-
tion signal peptide is sufficient to carry DNA to the cell nucleus. Proc Natl Acad
Sci U S A 1999; 96 (1): 91-6

Cryan SA. Carrier-based strategies for targeting protein and peptide drugs to the
lungs. AAPS J 2005; 7 (1): E20-41

Torchilin VP, Lukyanov AN. Peptide and protein drug delivery to and into tumors:
challenges and solutions. Drug Discov Today 2003; 8 (6): 259-66

Takakura Y, Hashida M. Macromolecular carrier systems for targeted drug deliv-
ery: pharmacokinetic considerations on biodistribution. Pharm Res 1996; 13
(6): 820-31

Bai JP, Chang LL. Comparison of site-dependent degradation of peptide drugs
within the gut of rats and rabbits. J Pharm Pharmacol 1993; 45 (12): 1085-7

Gombotz WR, Pettit DK. Biodegradable polymers for protein and peptide drug
delivery. Bioconjug Chem 1995; 6 (4): 332-51

Zelphati O, Wang Y, Kitada S, et al. Intracellular delivery of proteins with a new
lipid-mediated delivery system. J Biol Chem 2001; 276 (37): 35103-10

Tinsley JH, Hawker J, Yuan Y. Efficient protein transfection of cultured coronary
venular endothelial cells. Am J Physiol 1998; 275 (5 Pt 2): H1873-8

van de Weert M, Hoechstetter J, Hennink WE, et al. The effect of a water/organic
solvent interface on the structural stability of lysozyme. J Control Release 2000;
68 (3): 351-9

Zhu G, Mallery SR, Schwendeman SP. Stabilization of proteins encapsulated in
injectable poly (lactide-co-glycolide). Nat Biotechnol 2000; 18 (1): 52-7

Mathiowitz E, Jacob JS, Jong YS, et al. Biologically erodable microspheres as
potential oral drug delivery systems. Nature 1997; 386 (6623): 410-4

Leone-Bay A, Ho KK, Agarwal R, et al. 4-[4-[(2-Hydroxybenzoyl)ami-
no]phenyl]butyric acid as a novel oral delivery agent for recombinant human
growth hormone. J Med Chem 1996; 39 (13): 2571-8

Milstein SJ, Leipold H, Sarubbi D, et al. Partially unfolded proteins efficiently

penetrate cell membranes: implications for oral drug delivery. J Control Release
1998; 53 (1-3): 259-67

© 2006 Adis Data Information BV. All rights reserved.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Cho MJ, Juliano R. Macromolecular versus small-molecule therapeutics: drug
discovery, development and clinical considerations. Trends Biotechnol 1996;
14 (5): 153-8

Azad N, Rojanasakul Y. Vaccine delivery: current trends and future. Curr Drug
Deliv 2006; 3 (2): 137-46

McCluskie MJ, Weeratna RD. Novel adjuvant systems. Curr Drug Targets Infect
Disord 2001; 1 (3): 263-71

Payette PJ, Davis HL. History of vaccines and positioning of current trends. Curr
Drug Targets Infect Disord 2001; 1 (3): 241-7

Glenny AT, Pope CG, Waddington H, et al. The antigenic value of toxoid
precipitated by potassium alum. J Pathol Bacteriol 1926; 29: 31-40

O’Hagan DT, MacKichan ML, Singh M. Recent developments in adjuvants for
vaccines against infectious diseases. Biomol Eng 2001; 18 (3): 69-85

Amara RR, Villinger F, Altman JD, et al. Control of a mucosal challenge and
prevention of AIDS by a multiprotein DNA/MVA vaccine. Science 2001; 292
(5514): 69-74

Ambrosch F, Wiedermann G, Jonas S, et al. Inmunogenicity and protectivity of a
new liposomal hepatitis A vaccine. Vaccine 1997; 15 (11): 1209-13

Davis HL, Schirmbeck R, Reimann J, et al. DNA-mediated immunization in mice
induces a potent MHC class I-restricted cytotoxic T lymphocyte response to the
hepatitis B envelope protein. Hum Gene Ther 1995; 6 (11): 1447-56

Davis HL, Weeratna R, Waldschmidt TJ, et al. CpG DNA is a potent enhancer of
specific immunity in mice immunized with recombinant hepatitis B surface
antigen. J Immunol 1998; 160 (2): 870-6

Vogel FR, Powell MF. A compendium of vaccine adjuvants and excipients. Pharm
Biotechnol 1995; 6: 141-228

Alpar HO, Bramwell VW. Current status of DNA vaccines and their route of
administration. Crit Rev Ther Drug Carrier Syst 2002; 19 (4-5): 307-83

Jung T, Kamm W, Breitenbach A, et al. Tetanus toxoid loaded nanoparticles from
sulfobutylated poly (vinyl alcohol)-graft-poly (lactide-co-glycolide): evalua-
tion of antibody response after oral and nasal application in mice. Pharm Res
2001; 18 (3): 352-60

Raghuvanshi RJ, Mistra A, Talwar GP, et al. Enhanced immune response with a
combination of alum and biodegradable nanoparticles containing tetanus tox-
oid. J Microencapsul 2001; 18 (6): 723-32

Kreuter J, Speiser PP. In vitro studies of poly (methyl methacrylate) adjuvants. J
Pharm Sci 1976; 65 (11): 1624-7

Desai MP, Hilfinger JM, Amidon GL, et al. Immune response with biodegradable
nanospheres and alum: studies in rabbits using staphylococcal enterotoxin B-
toxoid. J Microencapsul 2000; 17 (2): 215-25

Correspondence and offprints: Dr Yon Rojanasakul, Department of Pharma-

ceutical Sciences, West Virginia University, PO Box 9530, Morgantown, WV
26506, USA.

E-mail: yrojanasakul@hsc.wvu.edu

Am J Drug Deliv 2006; 4 (2)



