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Recent advance of nanotechnology enables us to develop drug delivery system using nanocarriers. Here
| focused on the treatment of inflammatory diseases using nanotechnology, although the most of the pipelines
have been developed for cancer treatment so far. First, | described the basic characteristics of nanocarries
including liposomes, polymeric micelles, and nanoparticles. Then | showed the therapeutic activity of
betamethasone phosphate and FK506 encapsulated in biocompatible and biodegradable blended
nanoparticles of PLGA/PLA homopolymers and PEG-block-PLGA/PLA copolymers (stealth nanosteroid or
nano-FK) in experimental arthritis models. Various stealth nanosteroids with a size of 45-115 nm were pre-
pared, and then intravenously administered to rats with adjuvant arthritis (AA rats) and/or mice with Type ||
collagen induced arthritis (CIA mice). The accumulation of stealth nanopatrticles with Cy7 in inflamed joints
was determined using an in vivo imaging system. The observed strong therapeutic benefit obtained with the
stealth nanosteroid/nanoFK in experimental arthritis may have been due to prolonged blood circulation and
targeting to the inflamed joint in addition to its sustained release in situ.
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Introduction

Nanotechnology carried out on the nanoscale-carriers has been
developed for this two decades. The delivery of pharmaceuticals
can be improved by drug delivery systems (DDS) using thera-
peutic colloidal nanocarriers, including polymeric nanoparticles,
micelles and liposomes (Fig.1). In addition to being safe, these
drug delivery systems must possess high loading capacity, ex-
tended circulation time and accumulation in the required patho-

logical sites'?. The initial application is just to form nanoparticles

to improve the solubility and enhance the bioavailability of poorly
soluble drugs. But recently they are recognized as drug carriers
for passive targeting. In certain pathological conditions, the per-
meability of the tissue vasculatutre increases and particulate
nanocarrier less than 200 nm can extravasate and localize in the
tissues interstitial space of inflamed tissues and solid tumors in a
size-dependent manner. Since these tissues have impaired lym-
phatic drainage, the carriers concentrate in the lesion and increase

the concentration of the drugs. Those passive targeting is also



Inflammation and Regeneration Vol.29 No.2

Immunao-toxin/drug

Palymer-conjugate
fuslon protein c"]llll_'-';urj viﬁ

wi
Fullerenes Gold nanoshells
Nanomaterials
Dendrimers
< Drug delivery %
In vivo Imaging

%

-4

& ¥R

Liposomes Micelles Polymeric nanoparticles

Fig.1 Nanocarriers for drug deliver and in vivo im-
aging

called EPR (Enhanced Permeability and Retention) effect.

Furthermore, drug release might be triggered at the desired
site using biodegradable materials or environmental responsive
polymers or hydrogels by pH, temperature or magnetic fields
etc.

Pharmacological properties of drugs can be improved by us-
ing DDS, with particulate nanocarriers, composed of lipids and
polymers, by alterning the pharmacokinetics and biodistribution
of associated drugs®. Properties of nanoparticles such as potency
in addition to stability, solubility, size and charge are important,
although carrier toxicity, metabolism and elimination or biode-

gradability are problems to be solved.

Nanocarriers
1) Liposome?

The attractive property of liposome is its biocompatibility and
entrapping hydrophilic pharmaceutical agents in their internal
compartment and hydrophobic pharmaceuticals into the mem-
brane, then the incorporated drugs are protected from the inacti-
vation and deliver drug into cells.

Furthermore, size, charge and surface properties can be easily
changed and surface-modification with antibody, folate, trans-
ferring was carried out®. Liposomes are more suitable than poly-
meric nanoparticles for the encapsulation of hydrophilic small
drugs.

Poly (ethylene glycol) (PEG)-grafted liposomes with extended
circulation half-lives are in the size range of 70 to 200 nm.
MethoxyPEG-2000 grafted to DSPE or DPPE in addition to vari-
ous amounts of phospholipids and cholesterol. The circulation

half-lives is 15 to 24 h and these are the best engineered long-
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circulating particles. The clinical application of liposomes is well
known. The anticancer agent doxorubicin in PEG liposomes
(Doxil®/Caelyx®) for the treatment of refractory Kaposi's sar-
coma, ovarian cancer, and recurrent breast cancer and liposomal
formulation of Amphotericin B (AmBisome®) are employed for
the treatment of visceral leishmaniasis. Liposomal photosensi-
tizer verteporin (Visudyne®) that is activated by targeting laser
light to blood flowing through the eye causes its site-specific

activity in the treatment of wet macular degeneration.

2) Polymeric Micelles®
Micelles represent colloidal dispersions (with particle size
normally 5-100 nm range) and polymeric micelles are more stable
compare to micelles prepared from conventional detergents.
Micelles possess an excellent ability to solubilize poorly water-
soluble drug within the cores, while polar molecules could be
adsorbed on the micelle surface and the substances within inter-
mediated polarity distributed along surfactants molecules in in-
termediate position. High loading capacity, controlled release
profile, and good compatibility between drug and core block,
reduction of toxicity and other adverse effects are characteris-
tics. They enhance permeability across barrier due to their small
size to pathological areas with compromised leaky vasculature.
Poly (aspartic acid)-b-PEG with doxorubicin and poly (D,L-
lactide)b-methoxy-PEG with Paclitaxel®is in a clinical study.
Spherical polymeric micelles with diameters in the size range
of 15 to 80 nm structures have been suggested as promising long-
circulating carriers of poorly water soluble and amphiphilic drugs.
The stability of micellar systems in vasculature and their ex-
tent of interaction with blood and cellular components and the

control of drug liberation become a subject of interest.

3) Polymer blended nanoparticles®” (Fig.2)

Polymeric nanoparticles have some advantages over liposomes.
It is possible for the drug release profile of polymeric nanopar-
ticles to be modulated, and these nanoparticles are more stable
in biological fluids. Additionally, the starting polymers are less
expensive than phospholipids, and the manufacturing processes
are simple and suitable for industrial scale up, although the use
of organic solvents may lead to toxicity issues. Among the poly-
meric nanoparticles for controlled drug delivery, biodegradable
and biocompatible poly (D, L-lactic acid)/poly (D, L-lactic/gly-
colic acid)/ (PLA/PLGA)-based nanoparticles have been inves-
tigated as carriers for therapeutic bioactive molecules, since PLA/
PLGA have been studied for many years and are approved by
the US Food and Drug Administration for human therapy. The
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Fig.3 Targeting of stealth nanoparticles to
inflamed joints in CIA mice

Fig.2 Characteristics of nanoparticles

main advantages of PEG nanoparticles compared to other long-
circulating systems are their shell stability and their ability to
control the release of the encapsulated compound, since PEG-
PLA helps to stabilize the inner core, reduce droplet size, and
encapsulate drugs. Since a major limitation of polymeric micelles
is not only their relatively low loading capacity for water-soluble
drugs, but also their inability to engineer PEG content, the mix-
tures of PLA/PLGA homopolymers and PEG-PLA/PLGA block
copolymers allow for the easy adjustment of PEG content of the
nanoparticles by simply mixing the appropriate amounts of poly-
mers. Compared to liposomes, polymeric naoparticles (stealth
or non-stealth) exhibit the advantage to modulate drug release
profile and are more stable after contact with the biological fluids,

although the attachment of ligands like antibody is less satisfac-

tory.

Characteristics of nanocarriers
1) Passive Targeting
(1) Targeting to the Lesion

These long-circulating nanoparticles preferentially accumu-
late in tumors and sites of inflammation with leaky vasculature
due to EPR effect (Fig.3). The size of fenestrae in certain inflam-
matory vessels as well as tumor capillaries can be up to 700 nm.
Currently, there is evidence in support of liposome extravasa-
tion when the integrity of the endothelial barrier is perturbed by
inflammatory processes.
(2) Liver

The smaller the liposomes (usually those of below 100 nm in

diameter), the larger is the contribution of hepatocytes in total

A; Free Cy7, B; non-stealth nanoparticles, C; stealth
nanoparticles

hepatic uptake. This is probably a reflection of the size of the
fenestrations in the hepatic sinusoidal endothelium, which are
-100 to 150 nm in diameter Therefore, the size of long-circulat-
ing particles, providing that they are rigid structures, should be
in the range of 120 to 200 nm in diameter to substantially avoid
particle trapping in space of Disse and hepatic parenchyma.
(3) Spleen

The size and the deformability of particles play a critical role
in their clearance by the sinusoidal spleens of humans and rats.
Particles must be either small or deformable enough to avoid the
splenic filtration process at the walls of venous sinuses, then the
long-circulating rigid particles of greater than 200 nm may act
as splenotropic agents.
(4) LN

Nanoarticles of less than 10 nm can also leave the systemic
circulation through the permeable vascular endothelium in lymph
nodes. The sinus endothelium of bone marrow is also capable of

removing small-sized particles from the systemic circulation.

2) Stealthiness (PEGylation)

The rapid recognition of intravenously injected colloidal carri-
ers, such as liposomes and polymeric nanospheres from the blood
by Kupfter cells, Alternatively, PEG with uncharged, hydrophilic
and non-immunogenic properties is an attractive material for
surface modification of the nanoparticles to reduce opsonization
and prevent interactions with the momonuclear phagocytic sys-
tem (MPS). PLA/PLGA nanoparticles with PEG grafting escape
renal exclusion and the MPS; thus, they have enhanced half-

lives in plasma. Surface modification of nanoparticles with PEG
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Fig.4 Blood clearance of nanoparticles
O ; Stealth nanoparticles, @; Non-stealth
nanoparticles, V ; Free Betamethasone

and its derivatives can be performed by adsorption, incorpora-
tion during the production of nanoparticles or by covalent attach-
ment to the surface of particles and this stealth capacity of PEG
depends on parameters, such as the molecular weight, density,
conformation and flexibility of the PEG chains.

The blood clearance of stealth naoparticles are shown in Fig.4.

3) Slow Release (Biodegradibility)

Since the drug might be released in a timely manner, biode-
gradable polymer, PLGA polymers have been used widely as
biomaterials for medical applications over the last 30 years and
are regarded as "biocompatible" and "nontoxic". This has been
due to the wide variety of materials achievable by varying the
molar ratios of the lactic acid and glycolic acid moieties. For
example, high molecular weight crystalline PLGA has been used
effectively as surgical sutures and bone fixation nails and screws.
An example of a successful pharmaceutical product for the con-
trolled delivery of luteinizing hormone in the form of injectable

depot is Zoladex®.

4) Cellular uptake (Fig.5)

The propensity of macrophages for endocytosis/phagocytosis
of foreign particles has provided an opportunity for the efficient
delivery of therapeutic agents to these cells with the aid of col-
loidal drug delivery systems, following parenteral administra-
tion. For other cells, nanoparticles less than 100 nm can enter
into cells by pinocytosis, those with diameter below 40 nm can
enter the cell nucleus. At sites of inflammation or infection,

activated phagocytes may phagocytose extravasated PEG-coated

Fig.5 Cellular uptake of nanoparticles
Size and inhibitors

vesicles. The phagocytic process is probably enhanced as a re-
sult of the combined effect of an elevated concentration of phos-

pholipase A2 at these sites, and an increased opsonization.

Nanosteroid®*?

Glucocorticoids can be highly effective in treating joint in-
flammation, but their systemic application is limited because of
a high incidence of serious adverse effects, particularly in long-
term treatment. As intravenously administered glucocorticoids
are distributed throughout the whole body and rapidly cleared,
high and frequent dosing is necessary to achieve an effective
concentration at inflamed target sites. Moreover, the profound
physiological activity of glucocorticoids in many different tissues
increases the risk of adverse effects in patients. Thus we need to
develop a drug delivery system in particular nanocarriers, with
enhanced localization to the target site and sustained drug re-
lease. We have engineered nanoparticles with various sustained
profiles of drug release and prolonged circulation by blending
PLA/PLGA homopolymers and PEG-block-PLA/PLGA copoly-
mers encapsulating betamethasone phosphate. Nanoparticles of
different sizes, drug encapsulation/release profiles, and cellular
uptake levels were obtained by mixing homopolymers and block
copolymers with different compositions/molecular weights at
various blend ratios by an oil-in-water solvent diffusion method.
Then we examined the therapeutic activity of stealth nanosteroid
in experimental arthritis models. Various stealth nanosteroids
with a size of 45-115 nm were prepared, and then intravenously
administered to rats with adjuvant arthritis (AA rats) and mice

with type II collagen induced arthritis (CIA mice). The accumu-
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lation of stealth nanoparticles with Cy7 in inflamed joints was
determined using an in vivo imaging system (Fig.4). The stealth
nanosteroid composed of PLA (2.6 kD) and PEG (5kd)-PLA(3kd),
with a PEG content of 10%, a diameter of 115 nm, exhibited the
highest anti-inflammatory activity. In AA rats, a 35% decrease
in paw inflammation was obtained in 1 day and maintained for 9
days with a single injection of the stealth nanosteroid (40 g of
BP), while the same does of non-stealth nanosteroid and 3 times
higher free BP showed a significantly weaker response (Fig.6).
In CIA mice, a single injection of the Type A stealth nanosteroid
(3 g of BP) resulted in complete remission of the inflammatory
response after 1 week. Furthermore, in CIA mice, the accumula-
tion of stealth nanoparticles in inflamed joints was shown to par-
allel the severity of inflammation. The observed strong thera-
peutic benefit obtained with the stealth nanosteroid in experi-
mental arthritis may have been due to prolonged blood circula-
tion and targeting to the inflamed joint in addition to its sustained
release in situ.

And these drug carriers could be further targeted by conjugat-
ing them with specific ligands. Additionally, these results might
apply to other inflammatory or immune diseases for which a

steroid is effective.
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Fig.7 Anti-inflammatoy activity of FK506 containing

nanoparticles on CIA mice

Although PEG-liposomes containing prednisolone phosphate
for the treatment of experimental arthritis and encephalitis have
been reported'*'”, allergic reactions to liposome preparations,
even in the PEGylated form, in addition to unstable incorpora-

tion, are problematic.

Nano-FK

For the treatment of GVHD and autoimmune diseases, FK506
inaddition to Mycophenolic acid, Cyclosporin A is widely em-
ployed.

We have shown the effectiveness of PEG-PLA/PLA nano-
particles containing FK506 for the treatment of CIA and MRL/
Ipr mice (Fig.7).

The delivery of cyclosporine A to the eye has been supported
by the fact that the local bioavailability of this compound im-
proved when it is associated with colloidal carrier such as lipo-
some or chitosan nanoparticles to deliver periocular tisuue. De-
sign nanotechnology able to target different regions, intraocular
compartment for the treatment of the ocular uveitis or to the ex-

ternal tissues for the treatment of keratoconjunctivitis sicca.

Summary

As a side effect of naocarrieres, palmer. plantar erythodysesthesia
(hand foot syndrome) can appear in patients with pegylated li-
posomal doxorubicin, because of hypersensitivity by comple-
memt activation. Accumulation in liver, spleen, and bone mar-
row is another problem of nanocarriers to overcome. Acceler-
ated blood clearance is also recognized, since a single intrave-
nous injection of PEG-grafted long-circulating liposomes into

rats or monkeys significantly alters the pharmacokinetic profile
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of subsequently injected PEG liposomes. Future considerations
must be given toward the immunogenetic and pharmacogenetic
differences of nanocarriers.
Nanoparticles across the blood brain barrier for the treatment
of Alzheimer and other CNS diseases is another important issue.
Nanocarriers are also promising for synthetic vaccine, deliv-
ery of siRNA and oligonucleotide, antibiotic, and small mol-

ecule drugs.
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