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Over the past few decades, drug delivery systems have advanced significantly to deliver novel drug entities, such as
proteins and oligonucleotides, and a number of drug delivery technologies involving smart polymers have been
developed. Polymers have been essential in the development of controlled release dosage forms, as they offer a
wide range of physicochemical properties, such as aqueous solubility, biodegradability, and molecular weight. Furthermore, emergence of drug delivery techniques such as smart hydrogels, micelles, liposomes, and PEGylation has
improved the bioavailability of poorly soluble drugs, protein therapeutics, and other drugs. New approaches in
designing better drug delivery systems involve the use of nanotechnology to create polymer particles in the nano
range and/or incorporate these nanoparticles into microdevices to allow better control of drug release and more
efficient drug targeting.
Drug delivery, Nanotechnology, Nanoparticle, Micelle, Drug eluting stent (DES)
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INTRODUCTION

trolled-release drug delivery, on the other hand, is characterized by the delivery of a drug to a target site at a
predetermined rate and for a predetermined period of time
that is controlled by the device (i.e., dosage form) itself. The
duration of drug release ranges from days to years. Since the
drug release is predominantly controlled by the design of the
dosage form itself, the drug release rate is largely independent
of external factors.
There are several reasons why drug delivery systems are
important. The development of a new drug is estimated to
cost approximately $800 million. Drug delivery systems provide an alternative to developing such expensive new drugs.
By utilizing suitable drug delivery systems, those chemical entities that lack clinical efficacy can be developed into effective
drugs. Furthermore, as more drug delivery technologies were
introduced, it was found that the same drug, which had its
patent protection expired, could extend its product life if it is
formulated into a more advanced drug delivery system leading
to a higher efficacy. Procardia (nifedipine) is a calcium channel antagonist used for the treatment of hypertension. When
its patent expired, Pfizer introduced the same drug in a novel
controlled-release delivery system, called “OROS (Oral
Osmotic Tablet),” which provides 24-h release after oral
administration. The new product, Procardia XL , could extend
the product life for several more years. As new types of protein drugs and oligonucleotides were developed, non-conventional drug delivery systems were required. These drugs often
require site-specific delivery, and, therefore, demanding the
use of advanced delivery systems. Delivery of poorly soluble

ontrolled drug delivery technologies have advanced durC
ing the last five decades. In early days of drug delivery
technologies, formulations were largely based on simple mix-

tures of a drug and a polymer. Controlled drug delivery technologies exist because of drugs which play a central role in
medical practice. Drugs are not everything in medicine, but
there would be no modern medicine without them. Drugs
treat diseases and illnesses, such as infections, hypertension
and its arteriosclerotic complications, coronary heart disease/
heart attack, cancers, gastric and duodenal ulcers, and pains.
Besides serving as diagnostic tools, drug also support other
therapeutic techniques, such as surgery, organ transplantation,
and psychiatry. Moreover, such treatments can become more
efficient by using controlled drug delivery systems.
The main goal of drug delivery systems, also called dosage
forms, is to provide the safe and convenient delivery of accurate amount of a drug to the appropriate places. Certain dosage forms are preferred for certain route of administration.
Specific dosage forms may also be necessary depending on
the physicochemical and other properties of drugs. Conventional dosage forms come in various physical forms including
tablets, capsules, caplets, injectables, suspensions, emulsions,
ointments, and syrups. The uniqueness of conventional dosage
forms is that they are defined by the total amount of a drug
contained in a formulation and the duration of action. Con1)

2)

1)
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Evolution of drug delivery technologies.
1950-60s
Beginning of controlled drug delivery
Delayed release and sustained release
1970s
Control of drug release kinetics
Various polymers and geometries
1980s
Zero-order release
1990s
Modulated release
Smart polymers
Protein delivery (PEGylation)
2000s
Nanotechnology
Solubility increase
Targeting
Cellular uptake

Table 1.

drugs has been the subject of intense research for decades. In
most cases, drugs are loaded and released in a controlled
fashion in the form of nano/microparticles or membranes with
polymers. Advances in the drug delivery technologies over
the past several decades are summarized in Table 1.
3,4)

standing chemical/physical properties. Those polymers were
also made into block copolymers with poly(ethylene glycol)
(PEG). One advantage from using block copolymers is that the
characteristics of the block polymer can be manipulated by
choosing monomers with different properties.
Polymers used in drug delivery can be classified into watersoluble polymers, water-insoluble polymers, biodegradable
polymers, and cross-linked hydrophilic polymers (i.e., hydrogels). Water-soluble polymers and biodegradable polymers are
used for designing dissolution-controlled drug delivery systems,
while water-insoluble polymers are used for diffusion-controlled delivery systems. Water-soluble polymers with functional groups that can respond to environmental changes, e.g.,
changes in pH, temperature, or solvent, are known as smart
or intelligent polymers. It is these smart polymers that allowed
development of advanced drug delivery systems. Biodegradable polymers, polyesters, can be manipulated by incorporating a variety of labile groups in their backbone. Biodegradation
can be of enzymatic chemical or microbial origin and these
may operate either separately or simultaneously and often are
influenced by many other factors. Depending on their chemical structure polymers that are used for dissolution controlled
drug delivery systems have two main degradation modes: bulk
erosion and surface erosion. Surface erosion occurs when the
rate of erosion exceeds the rate of water permeation into the
bulk of the polymer. Bulk erosion occurs when water molecules permeate into the bulk of matrix at a faster rate than
erosion.
In the diffusion-controlled drug delivery systems the drug
diffuses through a polymer membrane or a matrix into the
external environment. Hydrogels, formed from a three-dimensional cross-linked network of hydrophilic polymer chains,
enable water absorption and swell without dissolving while
maintaining the overall structure. The swelling of the polymer
increases the aqueous solvent content within the drug delivery
device as well as the polymer mesh size enabling the drug to
diffuse through the swollen network into the external environment. PEG-based hydrogels allow control of the hydrogel’s
mesh size by changing the PEG chain length, which makes it
easy to control the extent of swelling and, consequently, the
release of drug substances. However, if drug molecules are
smaller then the obtained mesh size in the swollen state,
additional methods are necessary to control the release from
the hydrogels such as the complexation using microparticle
systems based on gelatin.
The pH values around the cancer cells and in the stomach
are known to be 6.5-7.2 and less than 3, respectively. This
unique property has been exploited for drug delivery to the
cancer cells using pH-sensitive polymers. The pH-sensitive
polymers, which can bypass drug resistance and deliver sufficient amounts of the anticancer drug, were evaluated both
The pH-sensitive polymers
and
experiments.
7,8)

9)

9)

POLYMERS IN CONTROLLED DRUG DELIVERY

Advances in drug delivery technologies could not have been
possible without polymers. As polymers are the engines of
drug delivery systems, synthesis of new polymers resulted in
improvements in drug delivery, and delivery of new drugs
required synthesis of new polymers with desired properties.
Numerous books on polymer chemistry, such as theoretical
treatment, polymer synthesis, and characterization, exist, but
only a handful of books are available describing the history
and cultural impacts of the polymers, or plastics. As
described in a 1967 movie, the Graduate, there was a great
future in plastics, and the plastics have dominated our lives to
the extent that we cannot live without them. While the natural polymers, such as wood (cellulose), skins (proteins), and
genetic materials (DNA), have existed since the human history,
synthetic polymers were first introduced by the synthesis of
Bakelite in 1907, which was formed by the reaction under
heat and pressure of phenol and formaldehyde, generally with
a wood flour filler. Synthesis of nylon in 1938 marked a milestone in polymer history as it was the first polymer synthesized
based on Staudinger’s theory of polymeric nature of plastics.
Since then, other synthetic polymers, such as poly(hydroxyethyl methacrylate), poly(dimethyl siloxane) and polyurethanes,
have been synthesized for various industrial applications. Most
of the polymers currently used in controlled drug delivery
were initially developed for industrial applications. Only
recently poly(α-hydroxy ester)s, such as poly(glycolic acid)
(PGA), poly(lactic acid) (PLA) and their copolymers (PLGA)s,
were specifically developed for drug delivery applications due
to their unique advantage of biodegradation and their out5,6)
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12-14)
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containing acidic groups, such as carboxylic and sulfuric acids,
or basic amino groups can accept or release protons in
response to changes in environmental pH. Recent reports
have described two nanoparticle systems that operate according to different mechanisms: (1) triggered release and improved
cell interaction by aggregation/shrinking at the pH of cancer
cells; and (2) triggered release by destabilization of the drug
carrier at the pH of cancer cells. A new pH-sensitive polymer
based on sulfonamide derivatives has been used for targeting
to a receptor that was over-expressed by acidic extracellular
The solubility transition of the pH-senmatrix of cancers.
sitive polymer occurred in a narrow pH range, only 0.2 pH
units. Other pH-sensitive polymers, block copolymers of
poly(L-histidine), which is a polybase, and PEG, were also synthesized to make polymeric micelles that can respond to the
The local pH change
local pH changes in the body.
around cancer cells has also been used to deliver DNA from
nanoparticle complexes formed by electrostatic interactions
between DNA, cationic polymer (PEI) and amphiphilic copolymer. The complex formed at physiological pH dissociated to
release DNA at pH 6.6.
The potential of using thermally responsive macromolecules
Poly(N-isopropylacrylaas a drug carrier was investigated.
mide) (poly(NIPAAm)) and an artificial elastin-like polypeptide
were designed to exhibit a lower-critical solution transition
(LCST) in response to increase in temperature slightly above
37°C.
Below the LCST, poly(NIPAAm) is soluble in water.
As the temperature is increased above the LCST, however, the
polymer becomes precipitated from the aqueous solution due
to hydrophobic associations. Poly(NIPAAm) and its copolymers
have been utililized as thermoresponsive drug delivery vehithree dimensional extracellular matrix,
cles,
and detachable substrates for cell culture.
Not only synthetic polymers, but also natural polymers such
as polysaccharides, proteins, nucleic acids, and their
hybrids have been widely used in drug delivery. One of the
advantages of natural polymers is that they cause less irritation
when used. One disadvantage, though, is that their release
profiles are not easy to control. Liposome is a phospholipid
vesicle composed of a bilayered lipid membrane. It can be
used to deliver various drugs, vaccines, and even genes to the
body. When used in the delivery of cancer drugs, liposomes
help to protect healthy cells from the toxicity of drug and
lower their concentration in susceptible tissues such as kidney
and liver, reducing side effects. Hydrophilic anti-cancer drugs,
such as doxorubicin and cytosine, can be trapped inside the
aqueous compartment of liposomes. However, water-insoluble
drugs, such as paclitaxel, can be incorporated into the bilayer
membrane, which plays a role as a solubilization vehicle.
The clearance of PEG-liposomes from blood circulation was 2
to 5 times slower than conventional liposomes, which enhance
the targeting ability of drug-loaded liposomes.
15-17)

18)

19,20)

21)

22,23)

24,25)

22,23,26,27)

26,28,29)

30,31)

32)

33)

34)

32

35)

3

DESIGN OF DRUG DELIVERY SYSTEMS

There is no one protocol that can be followed for the
design of a controlled release formulation. Various factors
need to be considered simultaneously to develop a delivery
system suitable for a drug, as listed in Table 2. Of the factors
listed in Table 2, however, the selection of the delivery system
is by and large determined by the nature of a drug. A drug
can be water-soluble or water-insoluble, low or high molecular
weight, and stable or non-stable. These properties are the key
for consideration of other factors. Drugs can be divided into
different groups depending on their physicochemical properties, such as aqueous solubility and molecular weight. Once
the physicochemical properties are understood, it can narrow
down the route of administration. For example, delivery of
protein drugs (e.g., insulin) by oral administration has been
pursued for decades, but it still remains as an elusive dream.
Parenteral administration is still the only viable option, even
though pulmonary route has been exploited in recent years.
Also a good understanding of the biological barriers is of great
importance to choose the right administration route. The
administration route is also affected by the nature of the delivery vehicle, or vice versa. A broad spectrum of delivery vehicles could be used depending on the properties of the drug
and the aim/disease. Some of the used delivery vehicles are:
polymeric micelles, polymeric micro/nanoparticles and liposomes. Each of these delivery vehicles has their specific properties that make them suitable for use with certain drugs and
certain diseases. The different delivery vehicles have different
drug release profiles. In many cased, a sustained drug release
is desired. Otherwise, profiles that do not exhibit zero-order
release may be preferable in certain circumstances. Pulse
release could be divided into programmed and triggered
release. The triggered release could be controlled by changes
in the physiologic environment or by external stimuli from the
environment such as change in pH or temperature.
36,37)

Factors in the design of drug delivery systems.
1. Drug property
Molecular weight, solubility, and stability of a drug
2. Administration route
Oral, ocular, nasal, pulmonary, transdermal, parenteral, or implantable
3. Delivery vehicle
Size and shape, polymer
4. Drug release mechanism
Continuous delivery, modulated delivery, duration of release
5. Targeting
Organ, tissue, cell, cellular component
6. Biocompatibility
Exposure to blood, implantable, oral
Table 2.
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Novartis’s Ritalinr applied a pulsatile release technology to
produce a once-daily dosage form, mimicking the original
twice-daily dosage regime. In some cases, delayed-release
may also be formulated to protect an acid-labile drug from
the low pH in the stomach, or target the lower gastrointestinal
tract for local effect, thus minimizing systemic exposure and
achieving a target profile. All mentioned factors play a role in
the pharmacokinetic properties of the drug.
Conjugation of drugs to polymers is one of the most widely
The
used methods for designing drug delivery vehicle.
drug-conjugated polymers contain cytotoxic drug molecules
connected directly or through a suitable linker, and they may
contain a cancer recognition moiety. Polymers that have been
used for making drug-polymer conjugates include poly(N-[2poly(styrene-cohydroxypropyl]-methacrylamide) (HPMA),
The molecular weight of
maleic anhydride), and PEG.
the drug-polymer conjugates affects the interactions with proteins and circulation time in blood. For increased blood circulation, grafting drugs to PEG has been the choice.
Macromolecule-ligand conjugation could provide site-specific
drug delivery to concentrate the drug in the specific site of the
body through manipulation of its biodistribution profile. Targetspecific ligands such as carbohydrates must be linked to
different types of macromolecular drug carriers to enhance the
targeting of drug to specific cells or tissues.
Homogenization in emulsion is relatively more effective in
emulsifying viscous solutions. A high-speed homogenizer produced cystatin-loaded PLGA particles ranging from micro to
nano depending stirring speed (Figure 1). Yoncheva
reported encapsulation of pilocarpin hydrochloride in PLGA
by using a combination of a double emulsification and high
pressure homogenization procedure. The particle size was
decreased with increasing homogenization pressure and the
number of cycles, and was different depending on the type of
emulsifier (Table 3). Residual solvent and emulsifiers are a
®

38,39)

40-44)

45)

46,47)

48)

40)

49)

Table 3. The effect of particle size for pilocarpin hydrochloride
encapsulation in PLGA (From Ref. [50])
Pressure,
Particle
Emulsifier
Cycles diameter
gauge (bar)
(nm)
Poly(vinyl alcohol)
0
332
100
1
283
100
3
232
500
1
231
500
3
204
Carbopol
0
11253
100
1
631
100
3
366
500
1
467
500
3
309
Poloxamer
0
572
1
100
692
3
100
424
1
500
467
3
500
304

matter of concern with respect to the toxicological risk, especially for injectable formulations. The most common emulsifier
is poly(vinyl alcohol) (PVA) for PLGA-based particle formation.
The interfacial PVA influences particle size, zeta potential,
polydispersity index, surface hydrophobicity, and drug loading. Both residual solvent and emulsifier can be reduced by
cross-flow microfiltration, evaporation under reduced pressure, or ultracentrifugation. Recently, several researchers have
utilized albumin protein stabilizer because of its complete
compatibility with even the injectable formulation (Figure 2).
51)

52)

51)

et al.

50)

The size of cystatin-loaded PLGA nanoparticles as a function of the stirring rate. From Ref. [49].
Figure 1.
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Schematic description of the formation of protein-stabilized
drug nanoparticles. From Ref. [51].
Figure 2.
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A more systematic design and manufacture of particulate
systems including micro- or nano-particles has been done by
application of traditional as well as novel technologies, such as
supercritical fluid (SCF) technology. A fluid such as carbon
dioxide (CO ) is supercritical when it is compressed beyond its
critical pressure and heated beyond its critical temperature.
Non-porous or highly porous PLGA microparticles encapsulating proteins (e.g., basic fibroblast growth factor and deslorelin)
were produced by modified SCF technology.
Drug targeting with nanotechnology continues to be the
main focus of the drug delivery system, as the ultimate target
of a drug can be a specific site inside a cell, which is quite
often hard to reach. For effective targeting at the cellular level,
the drug delivery vehicle needs to be in micro- down to
nano-dimension for cellular absorption as well as interaction
with the target molecules. Different drug targeting methods
are used with the different vehicles, passive targeting and
physical targeting. Physical targeting could be based on abnormal pH or temperature in the delivery zone or use of a vector
molecules possessing high specific affinity toward the affected
The PLGA nanoparticles can be easily designed to
zone.
have targeting properties to specific tissues by conjugating
ligands as a targeting moiety in the formulation, and they can
also be modified to include PEG pendant chains for increased
circulation time. PLGA nanoparticles (~200 nm in diameter) loaded with plasmid DNA demonstrated a sustained antiproliferative effect whose magnitude increased with incubation
time in a breast cancer cell, indicating that a therapeutic protein concentration was maintained in the target tissue. In
practice, it has already been demonstrated that organ or tissue
accumulation could be achieved by the passive targeting via
the enhanced permeability and retention (EPR) effect or by
antibody-mediated active targeting, which requires carrier
prolonged circulation, while the subsequent intracellular delivery
specifically into target cells could be mediated by site-recognizable ligands (folate, transferrin) or by cell-penetrating peptides
(CPP, such as TAT or polyArg). However, such targeting systems,
which first accumulate in the target tissue and after penetrate
inside target cells, still represent a challenge.

5

2

53,54)

37,55)

7,56)

57)

DELIVERY OF POORLY SOLUBLE DRUGS

Improved bioavailability of a poorly soluble drug by increasing the dissolution kinetics.
Figure 3.

by orders of magnitude. For example, paclitaxel is extremely
hydrophobic and sparingly water-soluble due to its cyclic components, and this poor solubility has limited its clinical applications. A number of formulations with paclitaxel have utilized
micro- or nano-particles, solid dispolymeric micelles,
persion, complexation with cyclodextrin, and cosolvents
to overcome its poor water-solubility.
The cosolvent approach is the simplest one to dissolve paclitaxel, but the use of organic solvent is not encouraged.
One of the drug delivery systems to increase the bioavailability
for poorly water-soluble drugs is to make nanocrystals or
nanoparticles of a drug, extremely increasing the surface area.
The nanosize approach has a limitation in that the increase in
bioavailability is only several folds at best after oral administration. There have been attempts to deliver drug nanocrystals
directly to the target cells by modifying the crystal surface with
a targeting moiety, such as antibody. Fifty times smaller than
conventional microparticles, nanocrystal particles, which have
an approximately 80-400 nanometer in diameter, are produced by a proprietary milling technique and stabilized against
agglomeration to create a suspension that behaves like a solution. A number of pharmaceutical products that incorporate
nanocrystal technology have been successfully commercialized. The new tablet developed with nanocrystal technology
gives patients a far more convenient means to administer the
drug. Wyeth’s first solid-dose formulation of the immunosuppressant Rapamune (sirolimus) received marketing approval
from the FDA in 2000. Emend (Merck), which is a capsule
containing aprepitant, was approved by the FDA in 2003. This
technology is also useful for moderately soluble drugs when a
high concentration of drug in a low volume of fluid is desired.
In alternative approaches, self-assembled polymeric colloidal
nanoparticles (micelle) composed of hydrophilic shell and
hydrophobic core were commonly used where the sizes of
colloidal particles range from several tens to hundred nanomMicelles are safe for parenteral administration as
eters.
compared with other solubilizing agents, permitting an
increase in the dose of potent yet toxic and poorly water-sol58)

59-61)

8,62)

63)

64)

65)

8,64)

66)

®

®

Bioavailability of a poorly soluble drug is low. Those drugs
with high cellular permeability but with low solubility would
benefit significantly with the delivery system. The intrinsic solubility, or equilibrium solubility, of a poorly soluble drug does
not change by the delivery system. The right delivery system,
however, can release the drug at a much faster rate than simple dissolution from drug particles, and this is how the bioavailability is increased, as shown in Figure 3. Even if the
dissolved drug is absorbed, more drug can be released from
the delivery system fast enough to increase the bioavailability

19,67)
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.

Table 4.

[47]).

Advantages of polymeric micelles as drug carriers (From Ref.
1. Very small diameter (10-100 nm)
2. High structural stability
3. High water solubility
4. Low toxicity
5. Separated functionality

uble compounds. Hydrophobic drugs can be solubilized
into the hydrophobic core structures of polymer micelles to
concentrations much higher than their intrinsic water-solubility.
Table 4 summarizes these advantages. Otherwise, one of
disadvantages of polymeric micelles is their physical instability
during circulation due to their amorphous state. Nicotinamidederivatized hydrotropic polymers were found to increase the
water-solubility of paclitaxel by several orders of magnitude.
To improve the bioavailability of the paclitaxel in formulation,
hydrotropic polymer-based micelles, consisting of a hydrophilic PEG shell and a hydrophobic core that contains a significant amount of hydrotropic moieties (poly(2-[4-vinylbenzyloxy]N -diethylnicotinamide) (PDENA)) were developed (Figure
With the unique micellar characteristics and hydrotro4).
pic activity, the hydrotropic-based micelles exhibit a high drug
loading capacity and enhanced long-term stability in aqueous
medium.
Hydrotropic hydrogels were examined to improve the aqueous solubility of paclitaxel. The loading of paclitaxel into the
hydrogels was carried out by solubilizing paclitaxel in aqueous
solutions of 2-(4-vinylbenzyloxy)- -picolylnicotinamide (2VBOPNA) and 6-(4-vinylbenzyloxy)- -picolylnicotinamide (6VBOPNA), followed by the
crosslinking reaction to form
hydrogels. Paclitaxel solubility in hydrogels increased as the
concentration of 2-VBOPNA or 6-VBOPNA used in hydrogel
synthesis increased (Figure 5). Poloxamers or Pluronics are
commercially-available triblock copolymers composed of a
central block of polypropylene (PPO) surrounded by two
poly(ethylene oxide) (PEO). They have been used as solubilizers for insoluble drugs as well as nanocontainers for site-spe60)

47)

68)

,N

61,69)

61)

68)

N

N

in situ

Figure 4.

Paclitaxel solubility in N-picolylnicotinamide hydrogels as a
function of the concentrations of 2-VBOPNA and 6-VBOPNA. From
Ref. [68].
Figure 5.

cific drug delivery in body.
Dendritic polymer architectures (dendrimer), which provide
multi-valent surfaces, are another type of nanoparticles, that
facilitate immobilization of drugs.
Dendrimers consisting
of an apolar core and polar shell have been referred to as
unimolecular micelles. Unlike conventional micelles, however,
the dendritic structure is independent of dendrimer concenDue to their unique structure and properties,
tration.
dendrimers with amphiphilic moieties are known to have
micelle-like behavior and have guest-host properties in solution. The inherent stability of dendritic micelles and their
capability to encapsulate drug molecules make them good
candidates for novel drug delivery systems. The highly
branched poly(amidoamine) (PAMAM) dendrimer conjugated
with fluorescein isothiocyanate (FITC) was utilized as multiA nano-strucfunctional cancer therapeutic nano-carriers.
tural PAMAM dendrimer model as a carrier (< 5 nm in diameter) and method of attaching drugs to the dendrimer were
demonstrated. However, dendrimers have often been used
for increasing the solubility, but each dendrimer molecule is
not large enough to dissolve a drug inside the dendrimer
70)

71-78)

79-82)

83)

74,77)

84)

Self-assembly of amphiphilic polymers with hydrotropic moieties into polymeric micelles.
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structure. Rather, the aggregates of dendrimers wrap around a
drug, and this results in unstable formulations. Furthermore,
the safety of dendrimers has not been fully established. In the
end, it is the safety and efficacy that will distinguish the clinical useful delivery systems from others. A poorly soluble drug
can also be complexed with protein nanoparticles, such as
paclitaxel complexed with albumin microparticles (Abraxis BioScienence).

DELIVERY OF PROTEIN DRUGS
The formulation and delivery of therapeutic proteins for systemic activity continues to challenge development scientists.
Protein drugs and oligonucleotides are very large in size in
comparison with traditional low molecular weight drugs. Protein drugs require maintenance of their tertiary structures to
be bioactive, and this brings difficulty in protein formulations.
Protein drugs are vulnerable to gastrointestinal (GI) proteolytic
enzymes (peptidases) and extremes of pH that are present in
the GI tract and once absorbed are often removed to a high
degree by hepatic metabolism. Thus, protein drugs are
delivered by injections, and because of short half-lives of most
protein drugs, daily injections, sometimes multiple daily injections are required, and also most delivery systems for protein drugs are designed to deliver them for weeks or months.
Since it is practically unrealistic to remove the delivery systems
after their lifetime, biodegradable polymers have been used
for long-term delivery of protein drugs.
PLGA has been most widely used, but traditional double
emulsion methods of making microparticles by solvent extraction/evaporation, which has to be used organic solvents and
generated a low pH during degradation (acidic), result in
For this reason, new
denaturation of protein drugs.
microencapsulation methods, such as addition of a poorly sol85)

86)

87,88

7

uble basic additive, combination of PLA/PEG, and solvent
exchange method, have been developed. Enzymatically biodegradable hydrogels such as dextran and amphiphilic
poly(ether ester) multiblock copolymers were utilized for the
protein delivery. Currently, various nanotechnologies are utilized for preparing protein-containing nano/microparticles, and
the issue at hand is to scale up the processing steps.
PEG conjugation to a biomacromolecule is a largely
exploited strategy to improve the properties of many drugs. It
was in fact often found to improve physical and chemical stability, to increase aqueous solubility, to provide protection
against enzymatic degradation, to prolong
half-life, and
to decrease plasmatic clearance of conjugated drugs when
compared to the unmodified parent molecules. Reduced antigenicity, immunogenicity and toxicity are other positive properties often observed with PEGylated molecules. Several
PEGylated proteins have been successfully tested in clinical trials, and a few cytokines have recently reached the market.
89)

90)

91)

in vivo

92)

DRUG-BIOMEDICAL DEVICE COMBINATION
PRODUCTS
Despite the decades of advances in drug delivery technologies, there are relatively low number of biomedical devices
combined with drug delivery systems. Urinary catheters that
can deliver antibiotics can be easily developed, but there are
not readily available. Restenosis is the maladaptive response of
the coronary artery to injury. Coronary stents, which made
from stainless steel 316L, plastically open the channel of arterial segments that are constricted by fatty deposits or calcium
accumulations through the inflation of a balloon, and reduce
Recently, drugrestenosis rates after balloon angioplasty.
eluting stents (DES) for interventional cardiology have been
developed, and their clinical successes have brought the

Restenosis and instent restenosis, 1977-2006 (From Ref. [96]).
Year and procedure
Indications
1977-87: percutaneous transluminal Coro- Simple lesion, chronic syndromes
nary angioplasty
1988-92: Newer devices- rotablater, exci- Complex, calcific, tortuous, bifurcations,
mer laser coronary angioplasty, coronary left main, multiple lesions
atherectomy

93-95)

Table 5.

Stent

Acute coronary syndromes

1993-2002: newer stents (biodegradable, Carotides, iliacs, renals, saphenous vein
covered, radioactive,
grafts, abdominal aotic aneurysms direct,
intravascular Atherectomy)
rupture
1995-2002: brachytherapy-Photodynamic
therapy, Ultrasonography,
instent restenosis
cryotherapy, Cutting ballon
Simple lesions, chronic syndromes, some
2002-: Drug eluting stents
complex lesions

Restenosis rate
30-50%
50%

Problem
Restenosis, subacute closure
Restenosis 50-70%

20-30%

Restenosis, subacute thrombosis instent
restenosis

10-20%

Instent restenosis, re-restenosis

< 10%

Restenosis, re-restenosis 10% late thrombosis, edge failure, geographical miss

0-5%

Delayed restenosis
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Figure 6.

Schematic diagram depicting the steps involved in the assembly of polymer and latex particles on substrate surface.

potential benefits of combination products into our attention.
DES significantly reduced restenosis and instent restenosis
compare to bare stent (Table 5). Drug coating on cardiovascular stents is not as simple as it may seem. Currently, spray
coating is used for coating drug-releasing layer, but new
approaches, such as self-assembly and layer-by-layer (LbL),
have been applied to develop more efficient methods of drugcontaining layer with more control on drug release kinetics.
The sequence of deposition of different materials defines the
multilayer architecture and its properties. The fabrication of
multicomposite films by the LbL assembly procedure involves
the nanoscopic assembly of different materials onto solvent
accessible surfaces of almost any kind and shape. Coatings
comprised of pure polyelectrolyte multilayer and negatively
charged latex particles and protein layers have been fabricated, and the resulting coated layers have been assembled
into ordered arrays by physical adsorption (Figure 6).
Current DES delivers only one drug, and it may be necessary to deliver two drugs or more in the future, since the
physiological response after stent implantation is time-dependent. The initial thrombus deposition and inflammation is followed by smooth muscle cell proliferation and more longterm remodeling processes. Furthermore, it is most desirable
to encourage the growth of endothelial cells on the stent surfaces, and unfortunately most drugs used for preventing restenosis also inhibit endothelial cells. Thus, developing delivery
technologies for different drugs at different release kinetics will
be required for development of the second generation DES.
96)

NANOTECHNOLOGIES IN DRUG DELIVERY
Recent advances in nanotechnology have certainly enhanced
the ability to design better drug delivery systems. Nanotechnologies, however, have not produced new drug delivery
technologies. For drug delivery, most of the sites are accessible through either microcirculation by blood capillaries or
pores present at various surfaces and membranes. The cross97)
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sectional diameter of the narrowest capillaries is about 2000
nm, and then for efficient transport the nanoparticle should be
smaller than 300 nm. The rapid clearance of circulating particles from the bloodstream coupled with their high uptake by
liver and spleen can be overcome by reducing the particle
size, and by making the particle surface hydrophilic. Gaur et
al. observed that 100 nm particles of polyvinylpyrrolidone had
a negligible uptake by the macrophages in liver and spleen,
and 5-10% nanoparticles remain in circulation even eight
hours after intravenous injection. The uptake of 100 nm
PLGA particles by the intestinal tissue was 15-250 fold higher
compared to the larger-size microparticles. Cellular uptake
is greater for nanoparticles compared to microparticles.
With 20 nm particles, the uptake by the 1 cm cell monolayer
was as high as ~20%. Intracellular uptake of nanoparticles is
one of the most attractive approaches for cancer therapy in
drug delivery. In 2005, the U.S. Food and Drug Administration
approved intravenously administered 130-nm albumin nanoparticles loaded with paclitaxel (Abraxane ) for cancer therapy, which offers elimination of toxicity and improved efficacy
with increased drug dosage.
The smart drug delivery systems, such as pH-dependent
drug delivery, drug targeting, and molecular imaging of drugcontaining nanoparticles, were already available. Nanoparticles
with targeting ability can be obtained by conjugation of siterecognition moieties to the surface of the nanoparticles. Use
of the targeting nanoparticles affords several potential advantages over conventional antibody-guided therapy. These include
delivery of much higher therapeutic payloads per target
biorecognition event, the ability to carry multiple, potentially
different targeting agents for enhanced selectivity, the ability to
integrate means to bypass biological barriers, and co-localized
delivery of multiple agents, resulting in targeted combination
therapy. Nanotechnologies have brought the ability to manipulate the drug delivery devices in nanoscale better than
before. This has been most prominent in the transdermal drug
delivery area. Various transdermal patches with microneedles
98)
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have been prepared for more efficient delivery of drugs,
including macromolecular drugs. Because the microneedles
can penetrate the epidermis, it is possible to deliver protein
drugs, such as insulin, by transdermal route. Furthermore, the
ability to deposit drug particles at the tip of microneedles
allows more efficient delivery of a drug. The ability to
nanofabricate various polymers and hydrogels in a microdevice, e.g., microvalve, allows better control of drug release.
Since drug delivery systems will most likely be prepared by
bottom-up approach, development of new polymers and
supramolecular systems that can self-assemble into suitable
delivery systems would be most desirable.
Nanoparticulate drug delivery systems, such as micelles and
liposomes, have been applied for treating cancers, but more
improvements are necessary for the nanoparticular formulations to be useful in clinical applications. First, the stability and
biological activity of the drug should not be adversely affected
during the nanoencapsulation processes or in the final nanoparticle formulations. Second, the yield of the nanoparticles
having the required size range and the drug encapsulation
efficiency should be high. Third, the nanoparticle quality and
the drug release profiles should be reproducible within specified limits. Finally, the nanoparticles should be produced as a
free flowing powder in the dry state and should not aggregate
or adhere each other. Intravenously injected PEG-grafted liposomes (PEGylated liposomes) exhibit prolonged circulation
times in the blood. As a result of enhanced permeability
retention phenomenon these liposomes can efficiently accumulate at well-perfused and low-pressure regions of solid
tumor.
While there is no doubt that nanotechnology has brought a
new dimension in drug delivery technologies, caution has
been exercised not to over-engineer the delivery systems. The
ultimate goal of drug delivery technologies is to cure the diseases, and this requires delivery of a certain amount of a
drug. Application of micro- and nano-devices to drug delivery
is certainly the future, but one has to remember that such
devices can deliver only a limited amount of a drug.
102)

103)

104)

105)

REFERENCES
1. J. Drews, eds., In Quest of Tomorrow's Medicines; New York,
NY, 1999.
2. J. A. DiMasi, R. W. Hansen, and H. G. Grabowski, “The price
of innovation: new estimates of drug development costs,” J.
Health Economics, 22, 151-185 (2003).
3. J. Panyam, M. M. Dali, S. K. Sahoo, W. Ma, S. S. Chakravarthi,
G. L. Amidon, R. J. Levy, and V. Labhasetwar, “Polymer degradation and in vitro release of a model protein from poly(d,l-lactide-co-glycolide) nano- and microparticles,” J. Control. Rel.,
92, 173-187 (2003).
4. S. K. Sahoo and V. Labhasetwar, “Nanoparticle Interface: An
important determinant in nanoparticle-mediated drug/gene
delivery,” in Nanoparticle Technology for Drug Delivery, B. R.

9

Gupta, Kompella, B. Uday (ed.), New York, 2006, pp. 139-160.
5. J. L. Meikle, eds., American Plastic. A Cultural History; New
Brunswick, NJ, 1995.
6. S. Fenichell, eds., Plastic. The Making of a Synthetic Century;
New York, NY, 1996.
7. S. H. Kim, J. H. Jeong, K. W. Chun, and T. G. Park, “Target-specific cellular uptake of PLGA nanoparticles coated with poly(Llysine)-poly(ethylene glycol)-folate conjugate,” Langmuir, 21,
8852-8857 (2005).
8. C. Fonseca, S. Simoes and R. Gaspar, “Paclitaxel-loaded PLGA
nanoparticles: preparation, physicochemical characterization and
in vitro anti-tumoral activity,” J. Control. Rel., 83, 273-286
(2002).
9. C.-C. Chu, “Biodegradable polymeric biomaterials,” in The Biomedical Engineering Handbook, J. D. Bronzino (ed.), Boca
Raton, 1995, pp. 611-626.
10. Y. M. Kwon and S. W. Kim, “Thermosensitive biodegradable
hydrogels for the delivery of therapeutic agents,” in Polymeric
Drug Delivery Systems, G. S. Kwon (ed.), Boca Raton, 2005,
pp. 251-274.
11. T. A. Holland, Y. Tabata, and A. G. Mikon, “Dual growth factor
delivery from degradable oligo(poly(ethylene glycol) fumarate)
hydrogel scaffolds for cartilage tissue engineering “ J. Control.
Rel., 101, 111-125 (2005).
12. J. Taillefer, N. Brasseur, J. E. Van Lier, V. Lenaerts, D. Le Garrec,
and J. C. Leroux, “In-vitro and in-vivo evaluation of pH-responsive polymeric micelles in a photodynamic cancer therapy
model,” J. Pharm. Pharmacol., 53, 155-166 (2001).
13. S. K. Sahoo, T. K. De, P. K. Ghosh, and A. Maitra, “pH- and
thermo-sensitive hydrogel nanoparticles,” J. Colloid Interface
Sci., 206, 361-368 (1998).
14. A. Potineni, D. M. Lynn, R. Langer, and M. M. Amiji, “Poly(ethylene oxide)-modified poly(b-amino ester) nanoparticles as a
pH-sensitive biodegradable system for paclitaxel delivery,” J.
Control. Rel., 86, 223-234 (2003).
15. K. Na and Y. H. Bae, “Self-Assembled Hydrogel Nanoparticles
Responsive to Tumor Extracellular pH from Pullulan Derivative/
Sulfonamide Conjugate: Characterization, Aggregation, and
Adriamycin Release in Vitro,” Pharm. Res., 19, 681-688 (2002).
16. S. I. Kang and Y. H. Bae, “pH-Induced volume-phase transition
of hydrogels containing sulfonamide side group by reversible
crystal formation,” Macromolecules, 34, 8173-8178 (2001).
17. S. I. Kang and Y. H. Bae, “pH-Induced solubility transition of
sulfonamide-based polymers,” J. Control. Rel., 80, 145-155
(2002).
18. S. Y. Park and Y. H. Bae, “Novel pH-sensitive polymers containing sulfonamide groups,” Macromol. Rapid Commun., 20, 269273 (1999).
19. G. M. Kim, Y. H. Bae, and W. H. Jo, “pH-induced micelle formation of poly(histidine-co-phenylalanine)-block-poly(ethylene
glycol) in aqueous media,” Macromolecular Bioscience, 5,
1118-1124 (2005).
20. E. S. Lee, H. J. Shin, K. Na, and Y. H. Bae, “Poly(l-histidine)-PEG
block copolymer micelles and pH-induced destabilization,” J.
Controlled Rel., 90, 363-374 (2003).
21. V. A. Sethuraman, K. Na, and Y. H. Bae, “pH-Responsive Sulfonamide/PEI System for Tumor Specific Gene Delivery: An in
Vitro Study,” Biomacromolecules, 7, 64-70 (2006).
22. A. Chilkoti, R. Dreher Matthew, and E. Meyer Dan, “Design of
thermally responsive, recombinant polypeptide carriers for targeted drug delivery,” Adv. Drug Delivery Rev., 54, 1093-1111
(2002).

Vol. 10, No. 3

10

Il Keun Kwon, Hatem Hegazy, and Kinam Park

23. A. Chilkoti, M. R. Dreher, D. E. Meyer, and D. Raucher, “Targeted drug delivery by thermally responsive polymers,” Adv.
Drug Delivery Rev., 54, 613-630 (2002).
24. H. G. Schild, “Poly(N-isopropylacrylamide): experiment, theory
and application,” Prog. Poly. Sci., 17, 163-249 (1992).
25. D. W. Urry, “Physical chemistry of biological free energy transduction as demonstrated by elastic protein-based polymers,” J.
Phys. Chem. B, 101, 11007-11028 (1997).
26. N. Morikawa and T. Matsuda, “Thermoresponsive artificial
extracellular matrix: N-isopropylacrylamide-graft-copolymerized gelatin,” J. Biomater. Sci., Polym. Ed., 13, 167-183 (2002).
27. D. Neradovic, O. Soga, C. F. Van Nostrum, and W. E. Hennink,
“The effect of the processing and formulation parameters on
the size of nanoparticles based on block copolymers of
poly(ethylene glycol) and poly(N-isopropylacrylamide) with and
without hydrolytically sensitive groups,” Biomaterials, 25, 24092418 (2004).
28. I. K. Kwon and T. Matsuda, “Photo-iniferter-based thermoresponsive block copolymers composed of poly(ethylene glycol)
and poly(N-isopropylacrylamide) and chondrocyte immobilization,” Biomaterials, 27, 986-995 (2006).
29. S. Ibusuki, Y. Fujii, Y. Iwamoto, and T. Matsuda, “Tissue-engineered cartilage using an injectable and in situ gelable thermoresponsive gelatin: fabrication and in vitro performance,” Tissue
Eng., 9, 371-384 (2003).
30. T. Matsuda, “Poly(N-isopropylacrylamide)-grafted gelatin as a
thermoresponsive cell-adhesive, mold-releasable material for
shape-engineered tissues,” J. Biomater. Sci., Polym. Ed., 15,
947-955 (2004).
31. Y. Kaneko, S. Nakamura, K. Sakai, T. Aoyagi, A. Kikuchi, Y.
Sakurai, and T. Okano, “Rapid Deswelling Response of Poly(Nisopropylacrylamide) Hydrogels by the Formation of Water
Release Channels Using Poly(ethylene oxide) Graft Chains,”
Macromolecules, 31, 6099-6105 (1998).
32. J. C. Fernandes, M. J. Tiera, and F. M. Winnik, “DNA-chitosan
nanoparticles for gene therapy: current knowledge and future
trands,” in Biological and Pharmaceutical Nanomaterials, C.
Kumar (ed.), Weinheim, 2006, pp. 68-113.
33. K. Langer, “Peptide nanoparticles,” in Biological and Pharmaceutical Nanomaterials, C. Kumar (ed.), Weinheim, 2006, pp. 145183.
34. G. Zuber, B. Pons, and A. W. Fraley, “Nucleic acid nanoparticles,” in Biological and Pharmaceutical Nanomaterials, C. Kumar
(ed.), Weinheim, 2006, pp. 23-50.
35. L. D. Mayer, R. Krishna, and M. B. Bally, “Liposomes for cancer
therapy applications,” in Polymeric Biomaterials (2nd Edition), S.
Dumitriu (ed.), New York, 2002, pp. 823-841.
36. B. G. Stubbe, S. De Smedt, and J. Demeester, “Programmed
Polymeric Devices” for pulsed drug delivery “ Pharm. Res., 21,
1732-1740 (2004).
37. V. Torchilin, “Drug targeting,” European J. Pharm. Sci., 11, 281291 (2000).
38. S. Jaracz, J. Chen, L. V. Kuznetsova, and I. Ojima, “Recent
advances in tumor-targeting anticancer drug conjugates,”
Bioorg. Med. Chem., 13, 5043-5054 (2005).
39. S. Kommareddy and M. Amiji, “Targeted drug delivery to tumor
cells using colloidal carriers,” 䞯䣢㰖GⳛSG Vol. , pp. 000-000
(0000).
40. R. Duncan, M. J. Vicent, F. Greco, and R. I. Nicholson, “Polymer-drug conjugates: towards a novel approach for the treatment of endocrine-related cancer,” Endocrine-Related Cancer,
12, S189-S199 (2005).
Biomaterials Research 2006

41. L. W. Seymour, R. Duncan, P. Kopeckova, and J. Kopecek,
“Daunomycin- and adriamycin-N-(2-hydroxypropyl)methacrylamide copolymer conjugates; toxicity reduction by improved
drug-delivery,” Cancer Treat. Rev., 14, 319-327 (1987).
42. E. Gianasi, R. G. Buckley, J. Latigo, M. Wasil, and R. Duncan,
“HPMA copolymers platinates containing dicarboxylato ligands.
Preparation, characterization and in vitro and in vivo evaluation,” J. Drug Target., 10, 549-556 (2002).
43. B. Rihova, “Receptor-mediated targeted drug or toxin delivery,”
Adv. Drug Deliv. Rev., 29, 273-289 (1998).
44. R. Satchi-Fainaro, H. Hailu, J. W. Davies, C. Summerford, and
R. Duncan, “PDEPT: Polymer-directed enzyme prodrug therapy. 2. HPMA copolymer-b-lactamase and HPMA copolymer-cdox as a model combination,” Bioconjugate Chem., 14, 797804 (2003).
45. S. Rudt and R. H. Mueller, “In vitro phagocytosis assay of nanoand microparticles by chemiluminescence. II. Effect of surface
modification by coating of particles with poloxamer on the
phagocytic uptake,” J. Control. Rel., 25, 51-59 (1993).
46. H. Iinuma, K. Maruyama, K. Okinaga, K. Sasaki, T. Sekine, O.
Ishida, N. Ogiwara, K. Johkura, and Y. Yonemura, “Intracellular
targeting therapy of cisplatin-encapsulated transferrin-polyethylene glycol liposome on peritoneal dissemination of gastric cancer,” Int. J. Cancer, 99, 130-137 (2002).
47. M. Yokoyama, “Polymeric micelles for the targeting of hydrophobic drugs,” in Polymeric Drug Delivery Systems, G. S. Kwon
(ed.), Boca Raton, 2005, pp. 533-575.
48. S. Kamei and J. Kopecek, “Prolonged blood circulation in rats of
nanospheres surface-modified with semitelechelic poly[N-(2hydroxypropyl)methacrylamide],” Pharm. Res., 12, 663-668
(1995).
49. M. Cegnar, J. Kos, and J. Kristl, “Cystatin incorporated in
poly(lactide-co-glycolide) nanoparticles: development and fundamental studies on preservation of its activity,” European J.
Pharm. Sci., 22, 357-364 (2004).
50. K. Yoncheva, J. Vandervoort, and A. Ludwig, “Influence of process parameters of high-pressure emulsification method on the
properties of pilocarpine-loaded nanoparticles,” J. Microencaps., 20, 449-458 (2003).
51. R. B. Gupta, “Polymer or protein stabilized nanoparticles from
emulsions,” in Nanoparticle Technology for Drug Delivery, R. B.
Gupta, Kompella, Uday B. (ed.), New York, 2006, pp. 95-102.
52. I. Limayem, C. Charcosset, and H. Fessi, “Purification of nanoparticle suspensions by a concentration/diafiltration process,”
Separ. Purif. Technol., 38, 1-9 (2004).
53. D. D. Hile, M. L. Amirpour, A. Akgerman, and M. V. Pishko,
“Active growth factor delivery from poly(dl-lactide-co-glycolide)
foams prepared in supercritical CO2,” J. Control. Rel., 66, 177185 (2000).
54. K. Koushik and U. B. Kompella, “Preparation of large porous
deslorelin-PLGA microparticles with reduced residual solvent
and cellular uptake using a supercritical carbon dioxide process,” Pharm. Res., 21, 524-535 (2004).
55. W. R. Gombotz and D. K. Pettit, “Biodegradable Polymers for
protein and peptide drug delivery,” Bioconjugate Chem., 6,
332-351 (1995).
56. H. S. Yoo and T. G. Park, “Folate receptor targeted biodegradable polymeric doxorubicin micelles,” J. Control. Rel., 96, 273283 (2004).
57. S. Prabha and V. Labhasetwar, “Nanoparticle-mediated wildtype p53 gene delivery results in sustained antiproliferative
activity in breast cancer cells,” Mol. Pharm., 1, 211-219 (2004).

Controlled Drug Delivery: Transition to Nanosystems

58. B. R. Goldspiel, “Clinical overview of the taxanes,” Pharmacotherapy, 17, 110S-125S (1997).
59. C. Zhang, P. Qineng, and H. Zhang, “Self-assembly and characterization of paclitaxel-loaded N-octyl-O-sulfate chitosan micellar system,” Colloids Surf., B, 39, 69-75 (2004).
60. G. S. Kwon, “Polymeric micelles for delivery of poorly water-soluble compounds,” Crit. Rev. Ther. Drug Carrier Syst., 20, 357403 (2003).
61. K. M. Huh, S. C. Lee, Y. W. Cho, J. Lee, J. H. Jeong, and K.
Park, “Hydrotropic polymer micelle system for delivery of paclitaxel,” J. Control. Rel., 101, 59-68 (2005).
62. G. J. Fetterly and R. M. Straubinger, “Pharmacokinetics of paclitaxel-containing liposomes in rats,” AAPS PharmSci, 5, No pp
given (2003).
63. R. T. Liggins and H. M. Burt, “Paclitaxel loaded poly(l-lactic
acid) (PLLA) microspheres II. The effect of processing parameters on microsphere morphology and drug release kinetics,” Int.
J. Pharm., 281, 103-106 (2004).
64. T. Cserhati and J. Hollo, “Interaction of taxol and other anticancer drugs with hydroxypropyl-b-cyclodextrin,” Int. J. Pharm.,
108, 69-75 (1994).
65. N. J. Medlicott, K. A. Foster, K. L. Audus, S. Gupta, and V. J.
Stella, “Comparison of the effects of potential parenteral vehicles for poorly water soluble anticancer drugs (organic cosolvents and cyclodextrin solutions) on cultured endothelial cells
(HUV-EC),” J. Pharm. Sci., 87, 1138-1143 (1998).
66. B. E. Rabinow, “Nanosuspensions in drug,” Nat. Rev. Drug Discov., 3, 785-796 (2004).
67. T. Schneider, M. Haase, A. Kornowski, S. Naused, H. Weller, S.
Forster, and M. Antonietti, “Synthesis and characterization of
PbS nanoparticles in block copolymer micelles,” Berichte der
Bunsen-Gesellschaft, 101, 1654-1656 (1997).
68. S. C. Lee, G. Acharya, J. Lee, and K. Park, “Hydrotropic polymers: synthesis and characterization of polymers contg. picolylnicotinamide moieties,” Macromolecules, 36, 2248-2255
(2003).
69. S. C. Lee, K. M. Huh, J. H. Park, and K. Park, “Hydrotropic
polymer micelles for increasing the water solubility of poorly
soluble drugs,” 2005.
70. A. Graff, S. M. Benito, C. Verbert, and W. Meier, “Polymer
nanocontainers,” in Nanobiotechnology, C. M. Niemeyer, Mirkin, C. A. (ed.), Weinhei, 2004, pp. 168-181.
71. J. Cloninger Mary, “Biological applications of dendrimers,” Curr.
Opin. Chem. Biol., 6, 742-748 (2002).
72. E. R. Gillies and J. M. J. Frechet, “Dendrimers and dendritic
polymers in drug delivery,” Drug Discov. Today, 10, 35-43
(2005).
73. R. Lo-Man, S. Vichier-Guerre, R. Perraut, E. Deriaud, V. Huteau,
L. BenMohamed, O. M. Diop, P. O. Livingston, S. Bay, and C.
Leclerc, “A fully synthetic therapeutic vaccine candidate targeting carcinoma-associated Tn carbohydrate antigen induces
tumor-specific antibodies in nonhuman primates,” Cancer Res.,
64, 4987-4994 (2004).
74. I. J. Majoros, T. P. Thomas, C. B. Mehta, and J. R. J. Baker,
“Poly(amidoamine) dendrimer-based multifunctional engineered
nanodevice for cancer therapy,vJ. Med. Chem., 48, 5892-5899
(2005).
75. A. K. Patri, A. Myc, J. Beals, T. P. Thomas, N. H. Bander, and J.
R. J. Baker, “Synthesis and in vitro testing of J591 antibody-dendrimer conjugates for targeted prostate cancer therapy,” Bioconjugate Chem., 15, 1174-1181 (2004).
76. L. M. Santhakumaran, T. Thomas, and T. J. Thomas, “Enhanced

11

cellular uptake of a triplex-forming oligonucleotide by nanoparticle formation in the presence of polypropylenimine dendrimers,” Nucleic Acids Res., 32, 2102-2112 (2004).
77. I. J. Majoros, T. P. Thomas, C. B. Mehta, and J. R. Baker, Jr.,
“Poly(amidoamine) dendrimer-based multifunctional engineered
nanodevice for cancer therapy,” J. Med. Chem., 48, 5892-5899
(2005).
78. R. Wiwattanapatapee, B. Carreno-Gomez, N. Malik, and R.
Duncan, “Anionic PAMAM dendrimers rapidly cross adult rat
intestine in vitro: a potential oral delivery system,” Pharm. Res.,
17, 991-998 (2000).
79. M. Tobio, R. Gref, A. Sanchez, R. Langer, and M. J. Alonso,
“Stealth PLA-PEG nanoparticles as protein carriers for nasal
administration,” Pharm. Res., 15, 270-275 (1998).
80. S. M. Agnihotri and P. R. Vavia, “Influences of process parameters on nanoparticle preparation performed by a double emulsion ultrasonication technique,” J. Surf. Sci. Technol., 19, 183187 (2003).
81. Y. Li, M. Ogris, E. Wagner, J. Pelisek, and M. Ruffer, “Nanoparticles bearing polyethylene glycol-coupled transferrin as gene
carriers: preparation and in vitro evaluation,” Int. J. Pharm.,
259, 93-101 (2003).
82. A. Dalpiaz, E. Leo, F. Vitali, B. Pavan, A. Scatturin, F. Bortolotti,
S. Manfredini, E. Durini, F. Forni, B. Brina, and M. A. Vandelli,
“Development and characterization of biodegradable nanospheres as delivery systems of anti-ischemic adenosine derivatives,” Biomaterials, 26, 1299-1306 (2004).
83. S. Stevelmans, J. C. M. v. Hest, J. F. G. A. Jansen, D. A. F. J. Van
Boxtel, E. M. M. de Berg, and E. W. Meijer, “Synthesis, Characterization, and Guest-Host Properties of Inverted Unimolecular
Dendritic Micelles,” J. Am. Chem. Soc., 118, 7398-7399 (1996).
84. J. F. Kukowska-Latallo, K. A. Candido, Z. Cao, S. S. Nigavekar, I.
J. Majoros, T. P. Thomas, L. P. Balogh, M. K. Khan, and J. R.
Baker, “Nanoparticle targeting of anticancer drug improves
therapeutic response in animal model of human epithelial cancer,” Cancer Res., 65, 5317-5324 (2005).
85. J. F. Woodley, “Enzymatic barriers for GI peptide, and protein
delivery,” Crit. Rev. Therap. Drug Carrier Sys., 11, 61-95 (1994).
86. V. H. L. Lee, “Peptide and protein drug delivery - problems and
some solutions,” Pept.: Target New Drug Dev., 120-134 (1991).
87. M. van de Weert, W. E. Hennink, and W. Jiskoot, “Protein instability in poly(lactic-co-glycolic acid) microparticles,” Pharm.
Res., 17, 1159-1167 (2000).
88. S. P. Schwendeman, “Recent advances in the stabilization of
proteins encapsulated in injectable PLGA delivery systems,”
Pharmaceuticals, 19, 73-98 (2002).
89. G. Zhu, S. R. Mallery, and S. P. Schwendeman, “Stabilization of
proteins encapsulated in injectable poly(lactide-co-glycolide),”
Nat. Biotechnol., 18, 52-57 (2000).
90. A. Shenderova, T. G. Burke, and S. P. Schwendeman, “The
acidic microclimate in poly(lactide-co-glycolide) microspheres
stabilizes camptothecins,” Pharm. Res., 16, 241-248 (1999).
91. W. E. Hennink, C. F. van Nostrum, D. J. A. Crommelin, and J.
M. Bezemer, “Hydrogels for the controlled release of proteins,”
in Polymeric Drug Delivery Systems, G. S. Kwon (ed.), Boca
Raton, 2005, pp. 215-250.
92. P. Glue, R. Rouzier-Panis, C. Raffanel, R. Sabo, S. K. Gupta, M.
Salfi, S. Jacobs, and R. P. Clement, “A dose-ranging study of
pegylated interferon alfa-2b and ribavirin in chronic hepatitis
C,” Hepatology, 32, 647-653 (2000).
93. P. W. Serruys, P. de Jaegere, F. Kiemeneij, C. Macaya, W. Rutsch, G. Heyndrickx, H. Emanuelsson, J. Marco, V. Legrand, and

Vol. 10, No. 3

12

Il Keun Kwon, Hatem Hegazy, and Kinam Park

P. Materne, “A comparison of balloon-expandable-stent implantation with balloon angioplasty in patients with coronary artery
disease. Benestent Study Group,” New Eng. J. med., 331, 489495 (1994).
94. D. L. Fischman, M. B. Leon, D. S. Baim, R. A. Schatz, M. P. Savage, I. Penn, K. Detre, L. Veltri, D. Ricci, and M. Nobuyoshi, “A
randomized comparison of coronary-stent placement and balloon angioplasty in the treatment of coronary artery disease.
Stent Restenosis Study Investigators,” New Eng. J. Med., 331,
496-501 (1994).
95. W. Liu, K. Kam, G. Eduard, and H. S. Park, eds., Nano Mechanics and Materials; Chichester, 2006.
96. B. Balram, K. Ganesan, A. S. Alexandre, and M. Roxana, “New
approaches to preventing restenosis,” BMJ (Clinical research
ed.), 327, 274-279 (2003).
97. M. L. Hans and A. M. Lowman, “Nanoparticles for drug delivery,” in Nanomaterials Handbook, Y. Gogotsi (ed.), Boca Raton,
2006, pp. 637-664.
98. R. B. Gupta, “Fundamentals of drug nanoparticles,” in Nanoparticle Technology for Drug Delivery, R. B. Gupta, Kompella, Uday
B. (ed.), New York, 2006, pp. 1-20.

Biomaterials Research 2006

99. U. Gaur, S. K. Sahoo, T. K. De, P. C. Ghosh, A. Maitra, and P. K.
Ghosh, “Biodistribution of fluoresceinated dextran using novel
nanoparticles evading reticuloendothelial system,” Internat. J.
Pharm., 202, 1-10 (2000).
100. M. P. Desai, V. Labhasetwar, G. L. Amidon, and R. J. Levy, “Gastrointestinal uptake of biodegradable microparticles: effect of
particle size,” Pharm. Res., 13, 1838-1845 (1996).
101. J. V. Aukunuru and U. B. Kompella, “In vitro delivery of nanoand micro-particles to human retinal pigment epithelial (ARPE19) cells,” Drug Deliv. Technol., 2, 50-52,54-57 (2002).
102. J.-H. Park, M. G. Allen, and M. R. Prausnitz, “Polymer microneedles for controlled-release drug delivery,” Pharm. Res., 23,
1008-1019 (2006).
103. S. Minko, eds., Responsive Polymer Materials: Design and Applications; Ames, Iowa, 2006.
104. M.-P. Pilen, eds., Nanocrystals Forming Mesoscopic Structures;
Germany, 2005.
105. M. Staples, K. Daniel, M. J. Cima, and R. Langer, “Application
of micro- and nano-electromechanical devices to drug delivery,” Pharm. Res., 23, 847-863 (2006).

