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ABSTRACT

The purpose of this study was to engineer nanoparticles with various sustained profiles of drug release
and prolonged circulation by blending poly(p,L-lactic acid)/poly(b,L-lactic/glycolic acid) (PLA/PLGA)
homopolymers and poly(ethylene glycol) (PEG)-block-PLA/PLGA copolymers encapsulating betametha-
sone disodium 21-phosphate (BP). Nanoparticles of different sizes, drug encapsulation/release profiles,
and cellular uptake levels were obtained by mixing homopolymers and block copolymers with dif-
ferent compositions/molecular weights at various blend ratios by an oil-in-water solvent diffusion
method. The in vitro release of BP increased with nanoparticles of smaller size or of PLGA homopoly-
mers instead of PLA homopolymers. Furthermore, the uptake of nanoparticles by macrophage-like cells
decreased with nanoparticles of higher PEG content, and nanoparticles of PEG-PLGA block copolymers
were taken up earlier than those of PEG-PLA block copolymers after incubation with serum. In addition,
prolonged blood circulation was observed with nanoparticles of smaller size with higher PEG content,
and nanoparticles of PEG-PLA block copolymers remained longer in circulation than those of PEG-PLGA
block copolymers. Analysis of BP concentration in organs revealed reduced liver distribution of blended
nanoparticles compared with PLA nanoparticles. This is the first study to systematically design and
characterize biodegradable PLA/PLGA and PEG-PLA/PLGA-blended nanoparticles encapsulating BP with

different release profiles and stealthiness.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The delivery of pharmaceuticals can be improved by drug
delivery systems using therapeutic colloidal nanocarriers, includ-
ing polymeric nanoparticles, micelles and liposomes (Torchilin,
2005; Yih and Al-Fandi, 2006; Peer et al., 2007). In addition to
being safe, these drug delivery systems must possess high load-
ing capacity, extended circulation time and accumulation in the
required pathological sites (Moghimi et al., 2001; Feng, 2004).
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
polymeric nanoparticles for controlled drug delivery, biodegrad-
able and biocompatible poly(b,L-lactic acid)/poly(p,L-lactic/glycolic
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acid)/(PLA/PLGA)-based nanoparticles have been investigated as
carriers for therapeutic bioactive molecules (Peracchia, 2003;
Avgoustakis, 2004; Beletsi et al., 2005), since PLA/PLGA have been
studied for many years and are approved by the US Food and
Drug Administration for human therapy (Okada and Toguchi, 1995;
Anderson and Shive, 1997; Astete and Sabliov, 2006).

On the other hand, glucocorticoids can be highly effective in
treating immunological and inflammatory diseases, but their sys-
temic application is limited because of a high incidence of serious
adverse effects. Thus, we need to develop a drug delivery system
with enhanced localization to the target site and sustained drug
release. We previously studied PLA/PLGA nanoparticles encapsu-
lating hydrophilic betamethasone disodium 21-phosphate (BP) at
high efficiency prepared in the presence of zinc by an oil-in-water
solvent diffusion method (Ishihara et al., 2005). Although these
nanoparticles encapsulating BP had a strong anti-inflammatory
activity (Higaki et al., 2005; Sakai et al., 2006), they were rapidly
removed from circulation by the mononuclear phagocyte system
(MPS), resulting in accumulation in the liver and spleen.

Alternatively, poly(ethylene glycol) (PEG) with uncharged,
hydrophilic and non-immunogenic properties is an attractive
material for surface modification of the nanoparticles to reduce
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opsonization and prevent interactions with the MPS. PLA/PLGA
nanoparticles with PEG grafting escape renal exclusion and the
MPS; thus, they have enhanced half-lives in plasma (Gref et al.,
1994; Stolnik et al., 1994; Bazile et al., 1995; Avgoustakis, 2004;
Torchilin, 2007). Furthermore, these long-circulating nanoparti-
cles preferentially accumulate in tumors and sites of inflammation
with leaky vasculature due to enhanced permeability and reten-
tion (EPR) effects (Maeda et al., 2000). This stealth capacity of PEG
depends on parameters, such as the molecular weight, density,
conformation and flexibility of the PEG chains (Gref et al., 1999;
Mosqueira et al., 2001). In addition, the biodistribution properties
of the PLA/PLGA-based stealth nanoparticles are influenced by the
size of the nanoparticles and the rate of PEG loss from the nanopar-
ticles (Gref et al., 2001; Avgoustakis et al., 2002; Vonarbourg et
al.,, 2006). The 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 mixtures
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 polymers. This tech-
nique provides an easy means to control the colloidal properties
of the nanoparticles (Quellec et al., 1999; Zambaux et al., 1999;
Avgoustakis et al., 2003; Sasatsu et al., 2006; Ishihara et al., 2008).
In addition, we have already developed a method by which water-
soluble BP can be efficiently encapsulated in PLA/PLGA and PEG-PLA
blended nanoparticles (Ishihara et al., 2009). In that study, we sug-
gested that the PLA/PLGA homopolymers act as a reservoir of BP and
the PEG-PLA block copolymers as a surfactant of the nanoparticles.

Various types of nanoparticles with different properties, such
as drug encapsulation efficiency, diameter and PEG length/density
on the surface can be easily prepared by controlling the blend
ratio and compositions/molecular weights of polymers as previ-
ously suggested (Gref et al., 2000; Beletsi et al., 2005). Moreover,
desirable nanoparticles should maintain stability and stealthiness
in the blood circulation to exhibit an EPR effect, and encapsulated
drugs should be able to be released at the target site at the appro-
priate time, regardless of whether the nanoparticles are degraded
or incorporated into the target cells.

In the present study, we prepared various PLA/PLGA-based
blended PEG nanoparticles containing BP for the treatment of
immunological/inflammatory diseases and evaluated the drug
encapsulation/release and cellular uptake of these compounds. We
also examined the blood clearance and biodistribution of nanopar-
ticles with different release profiles and stealthiness.

2. Materials and methods
2.1. Materials

Poly(p,L-lactic acid) (PLA) and poly(b,L-lactic/glycolic acid)
(PLGA) with a lactic/glycolic acid ratio of 50/50 were purchased
from Wako Pure Chemicals Industries, Ltd. (Osaka, Japan). The
molecular weights of the polymers were determined using gel
permeation chromatography. The composition was shown to
be PLGA (Mw kD) or PLA (Mw kD). The carboxyl group con-
tent of the polymers was determined fluorometrically using
9-anthryldiazomethane (Ishihara et al., 2009).

Poly(ethylene glycol)-block-poly(p,L-lactide) (PEG-PLA) and
poly(ethylene glycol)-block-poly(p,L-lactide-co-glycolide) (PEG-
PLGA) were synthesized by a ring-opening polymerization of
D,L-lactide and glycolide (Purac America, IL, USA), which had been
purified by recrystallization in ethyl acetate, in the presence of

monomethoxy-PEG (5580 kDa, Mn5390; NOF Co., Tokyo, Japan)
according to a previously reported method (Riley et al., 2001; Yoo
and Park, 2001). The composition and molecular weight of the block
copolymers were evaluated by 'H-NMR and gel permeation chro-
matography. The composition was shown to be PEG (Mw kD)-PLA
(Mw kD) and PEG (Mw kD)-PLGA (Mw kD). Molar ratios of lactic
acid (LA), glycolic acid (GA), and ethylene oxide (EO) in the block
copolymers were determined by 'H-NMR analysis. BP, Pluronic
F68, diethanolamine (DEA), and acetonitrile were obtained from
Sigma Chemical Co. (MO, USA). Zinc chloride, Tween 80, rhodamine
B isothiocyanate (rhodamine), 4% paraformaldehyde phosphate
buffer solution, and triethylamine were purchased from Wako Pure
Chemicals. Hoechst 33258 was purchased from Invitrogen (Carls-
bad, CA, USA).

All reagents were dissolved in distilled water (DW), unless oth-
erwise noted. A time-resolved fluoroimmunoassay (TR-FIA) kit for
betamethasone was supplied by Shionogi & Co., Ltd. (Osaka, Japan)
and the concentration of BP was calculated from that of betametha-
sone.

2.2. Preparation of nanoparticles

Nanoparticles were prepared by the oil-in-water solvent diffu-
sion method as reported previously (Ishihara et al.,2009). A mixture
(50 mg) of homopolymers and block copolymers was dissolved in
1 ml of acetone. The blending ratio of homopolymers and copoly-
mers is shown as the relative % of PEG-copolymers in the blend.
To this mixture, 500 pl of 7.5 mg/ml DEA in acetone, 68 il of 1M
zinc chloride (pH 1.9), and 28 .l of 350 mg/ml BP was added in
order and allowed to stand for 30 min at room temperature. A 26-
G needle was used to add the mixture dropwise to 25 ml of DW
stirred at 1000rpm at a rate of 48 ml/h. During diffusion of the
organic solvent into the water, nanoparticles formed rapidly along
with the solidification of polymers. A combination of 1 ml of 0.5 M
citrate (pH 7.0) and 125 .l of 200 mg/ml Tween 80 were immedi-
ately added to chelate BP-zinc complexes and enhance the stable
dispersion of the nanoparticles, respectively. Finally, the nanopar-
ticles were purified and concentrated by ultrafiltration (Centriprep
YM-50, Amicon, Millipore, Bedford, MA, USA). Conventional PLA
nanoparticles formed from homopolymers alone were also pre-
pared by the addition of 50mg PLA (16 kD) in 4.5 ml of acetone,
7.5mg DEA in 500wl of acetone, 68 il of 1M zinc chloride and
28 il of 350 mg/ml BP to 0.5% Pluronic F68, as previously reported
(Ishihara et al., 2005).

PLA-rhodamine conjugate was synthesized as described
previously (Ishihara et al, 2009). In brief, synthesized PLA-
ethylenediamine was mixed with rhodamine in DMSO and the
resulting PLA-rhodamine was then purified by precipitation in iso-
propanol. The conjugate contained 7.2 nmol of rhodamine in 1 mg,
as determined by UV-vis spectrometry. Furthermore, nanoparti-
cles with rhodamine were formed using 1 mg of PLA-rhodamine in
addition to 25 mg of PLA.

2.3. Size and encapsulation efficiency of nanoparticles

The particle size and distribution were determined by the
dynamic light scattering method (FPAR-1000, Otsuka Electronics,
Ltd., Osaka, Japan), and the weighted average diameter was calcu-
lated by Marquadt’s method.

To determine the total BP content, a 50-.1 aliquot of sample was
dissolved in 450 pl of acetonitrile, and 1 ml of EDTA (50 mM, pH
7.0) was added to chelate zinc and dissolve BP. On the other hand,
another aliquot of sample diluted with the same volume of EDTA
(50 mM, pH 7.0) was centrifuged with an Ultrafree-MC centrifugal
filter unit with PL-30 (Millipore) at 5000 x g for 30 min to obtain the
filtrate. The BP content was determined by HPLC with a ZORBAX
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Eclipse XDB-C18 column (2.1 mm x 150 mm, Agilent) using 0.1 M
triethylamine/acetic acid (pH 7.0)-acetonitrile (90:10) as an eluent.
The flow rate was 0.2 ml/min at 20°C and detected at 240 nm. The
drug loading of BP in the nanoparticles was defined as the ratio of
the calculated (total - filtrate) content of BP to the total weight of
freeze-dried nanoparticles.

The content of encapsulated dyes was also determined by HPLC
with a Cymmetry 300™ (4 column (2.1 mm x 150 mm, Waters,
Milford, MA, USA) for rhodamine detection using using 0.1 M tri-
ethylamine/acetic acid (pH 7.0)-acetonitrile (90:10) as an eluent.
The flow rate was 0.2 ml/min at 20 °C and detected at 560 nm.

2.4. Invitro drug release

The nanoparticle solution was dissolved in a mixture of fetal
bovine serum (FBS) and phosphate-buffered saline (PBS) (v/v; 1/1)
at 50 pg/ml of BP. After incubation at 37 °C for the indicated time,
an aliquot (100 wl) was treated with 1wl of alkaline phosphatase
(2.7 units/ml, from calf intestine, Toyobo, Tokyo, Japan) at 37°C
for 30 min to dephosphorylate BP released from the nanoparticles.
Then, 300wl of acetonitrile was added to dissolve nanoparticles
and the mixture was incubated at 65 °C for another 30 min. Finally,
600 w1 of 50mM EDTA (pH 7.0, including 8.3 pg/ml anilium chlo-
ride as an internal standard for HPLC analysis) was added and the
mixture was incubated for 30 min at 65°C. After centrifugation
at 12,000 x g for 5 min, the BP and betamethasone content in the
supernatant was determined by HPLC. The release rate of BP was
then defined as the ratio of released BP (measured betamethasone
in supernatant) to encapsulated BP (measured BP in supernatant).

2.5. Cellular uptake of nanoparticles

RAW264.7 cells (a murine macrophage-like cell line) seeded at
1.0 x 10° cells per well (6-well cell culture plate, Costar, France)
were cultured overnight in modified Eagle’s medium (MEM) con-
taining 10% heat-inactivated FBS and 100 units of penicillin,
100 pg/ml streptomycin, and 2 mM glutamine (Invitrogen) at 37 °C
in a humidified atmosphere of 5% CO-. The cells were washed with
PBS and incubated with nanoparticles labeled with 5 ng/ml of rho-
damine in fresh medium for 3 hat 37 °C. Then, the cells were washed
4 times with PBS and nuclei were stained with Hoechst 33258. Fol-
lowing fixation in 4% paraformaldehyde, intracellular localization
of nanoparticles was visualized using a fluorescence microscope
(Keyence BZ-9000, Keyence Co., Osaka, Japan).

The cellular uptake of nanoparticles was also determined to
quantify the internalized BP in RAW264.7 cells. Nanoparticles con-
taining 50 g/ml BP were preincubated with 50% FBS in PBS for
the indicated time at 37°C, and then 50 pl of the preincubated
nanoparticles was added to each well, which contained 1.5 x 10°
RAW cells in 450 pl of fresh medium. After 3 h at 37°C, the cells
were washed 4 times with PBS and lysed with 150 ul of culture
lysis reagent (Promega Co., WI, USA). Then, 300 pl of acetonitrile
and 600 1 of DW were added. This solution was centrifuged at
1500 x g for 30 min, and the supernatant was then dried with a
centrifugal evaporator. The dried pellet was treated with alkaline
phosphatase, and the concentration of BP was determined by TR-
FIA. The number of viable cells was determined using a cell counting
kit (Dojindo Co., Kumamoto, Japan).

2.6. Animal experiments

2.6.1. Invivo blood clearance

Female 7- to 8-week-old ddY mice were purchased from
Japan SLC, Inc. (Shizuoka, Japan). The experimental protocols were
approved by the Jikei University Animal Care Committee in accor-
dance with the Guide for the Care and Use of Laboratory Animals.

The mice (n=5 in each group) were injected in the tail vein
with nanoparticles (50 g of BP/200 pl saline), and blood was
collected at the indicated time from the retro-orbital plexus of
ether-anesthetized mice. Then 180 .l of acetonitrile and 360 wl of
DW were added to 60 .1 of blood. After centrifugation at 5000 x g
for 10 min, 200 .l of supernatant was dried with a centrifugal evap-
orator for 70 min at 50 °C. The concentration of BP was determined
by TR-FIA. The detection limit was 0.010 p.g/ml of blood.

2.6.2. Biodistribution

After nanoparticles encapsulating BP were intravenously
administered to 7-week-old female ddY mice, the tissue distribu-
tion was determined. Mice (n=4 in each group) were injected in
the tail vein with nanoparticles (50 j.g of BP/200 wl saline). The
mice were anesthetized and sacrificed by cervical dislocation after
24 h. The main tissues (liver, spleen, kidney, lung, and muscle) were
excised and washed quickly with cold water to remove surface
blood; then the BP contents were assayed by TR-FIA.

2.7. Statistical analysis

The Student’s t-test and Dunnett test were used for the sta-
tistical analysis of the experimental data. Values of p<0.01 were
considered to indicate statistical significance.

3. Results and discussion
3.1. Characteristics of nanoparticles

The basic properties of the polymers used are shown in Table 1.
Since PLA/PLGA homopolymers were obtained by condensation
polymerization of lactic acid/glycolic acid, the carboxyl group con-
tent in the polymers decreased with a increase of molecular weight
of homopolymers, which indicated the presence of carboxyl groups
at the end of the PLA/PLGA homopolymers. On the other hand,
block polymers possessed few carboxyl groups, as they were syn-
thesized by ring-opening polymerization of b,L-lactide/glycolide in
the presence of monomethoxy-PEG.

Furthermore, various types of nanoparticles encapsulating BP
were prepared from different mixtures of PLA/PLGA homopoly-
mers and PEG-PLA/PLGA block copolymers by the solvent diffusion
method. The physicochemical characteristics of the nanoparti-
cles are shown in Table 2. The diameter of the nanoparticles
increased with lower PEG content in the mixtures and the diam-
eters were similar (97-125nm) at a same blend ratio (10%), since
PEG-copolymers act as surfactants.

The composition of the mixtures influenced the drug loading
of the nanoparticles, by affecting the molecular weight of poly-
mers and the size of the nanoparticles. In nanoparticles of the same
PEG content, the drug loading of BP decreased with the increased
molecular weight (6 kD to 16 kD) of the PLA/PLGA homopolymers,
although little difference in drug loading was observed with differ-
ent molecular weights (15-28 kD) of PLA/PLGA in block polymers.
Furthermore, the drug loading decreased as the PEG content of the
nanoparticles increased, when nanoparticles were prepared from
mixtures of PLA (6kD) and PEG (6 kD)-PLA (9kD) with various
PEG content (5-40%). In general, large-sized particles encapsu-
lated drugs at high efficiency because of a decrease in surface
area. However, the drug loading of nanoparticles prepared from
block copolymers alone (PEG-PLA micelles) was very low (0.15%
in PEG(6)-PLA(30) nanoparticles with a diameter of 68 nm).

We already reported that zinc can create an ionic bridge between
a carboxyl group located at the end of PLA/PLGA homopolymers
and a phosphate group of BP, as BP is efficiently encapsulated in
blended nanoparticles in the presence of zinc and carboxyl groups
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Table 1
Polymer properties.

Polymers? MwP MnP Mw/Mn COOH¢ (pmol/g) LA/GA/EO? (molar ratio)
PLA(6) 6,170 3,300 1.87 394 -
PLA(10) 10,050 4,610 2.18 298 -
PLA(16) 16,440 6,120 2.69 201 -
PLGA(6) 5,820 3,290 1.77 410 -
PLGA(9) 8,870 4,640 191 288 -
PLGA(16) 15,590 6,590 2.37 209 -
PEG(6)-PLA(9) 15,010 12,300 122 13 31/0/69
PEG(6)-PLA(16) 22,370 15,550 144 15 50/0/50
PEG(6)-PLA(22) 27,610 18,730 1.47 11 61/0/39
PEG(6)-PLA(30) 36,040 19,640 1.84 21 79/0/21
PEG(6)-PLGA(10) 15,550 9,820 1.58 46 22/21/57
PEG(6)-PLGA(16) 22,410 11,050 2.03 38 31/27/42
PEG(6)-PLGA(19) 25,090 12,280 2.04 33 34/32/34

3 PLGA with a lactic/glycolic acid ratio of 50/50. PEG-PLA/PLGA block copolymers were synthesized by ring-opening polymerization of p,L-lactide and glycolide in the

presence of monomethoxy-PEG (Mw, 5580; Mn, 5390).
b Molecular weights were determined by gel permeation chromatography.

¢ The carboxyl group content of the polymers was determined fluorometrically using 9-anthryldiazomethane.
d Molar ratios of lactic acid (LA), glycolic acid (GA), and ethylene oxide (EO) in the block copolymers were determined by 'H-NMR analysis.

(Ishihara et al., 2009). The carboxyl groups of PLA/PLGA homopoly-
mers may determine encapsulation of BP as a reservoir, since the
drug loading of BP parallels the content of carboxyl groups in the
blended polymers. In summary, good drug loading of BP in blended
nanoparticles was obtained with PLA/PLGA homopolymers of lower
molecular weight and with PEG-PLA/PLGA block polymers of lower
blend ratio.

3.2. Invitro drug release

Since the release behavior of drugs from biodegradable parti-
cles is influenced by factors such as temperature, ionic strength,
pH and the presence of biological components, we evaluated
both BP release behavior and cellular uptake of nanoparticles in
diluted serum (FBS/PBS, 50%, v/v, pH 7.2) at 37°C in this study.
As released BP was readily dephosphorylated by phosphatase, we
could distinguish released BP from remaining BP in nanoparticles
without purification. When nanoparticles were prepared by alter-
ing the blend ratio of PLA (6 kD) and PEG(6 kD)-PLA(9 kD), smaller
nanoparticles with higher PEG (40% compared to 5%) exhibited

Table 2
Nanoparticle characteristics.

gradually increased leakage, as shown in Fig. 1A, whereas con-
ventional non-stealth PLA(16 kD) nanoparticles (type NS) hardly
released BP over the 60-days observation period. The introduction
of PEG into the matrix might have caused increased water uptake,
leading to increased degradation compared to native PLA nanopar-
ticles. Blended nanoparticles of similar size with 10% PEG formed
from PLGA or PLA homopolymers of a low molecular weight (6 kD)
tended to release BP faster than those formed from homopolymers
of a high molecular weight (16 kD), as shown in Fig. 1B. Since the
glass-transition temperature (Tg) depends on the molecular weight
of polymers, nanoparticles of lower molecular weight homopoly-
mers showed faster release. On the other hand, the molecular
weight of PLA (9-30kD) and the composition of PLA or PLGA in
the block copolymers did not significantly affect the BP release
profile (data not shown). Furthermore, blended nanoparticles
formed from PLA homopolymers had a slower drug release than
those from PLGA homopolymers of the same molecular weight, as
shown in Fig. 1B. Since the Tg of PLA is higher than that of PLGA,
nanoparticles of PLA showed lower hydrolysis than nanoparticles
of PLGA in this study. Moreover, the gradual release of BP without

Type PLA/PLGA (Mw)/PEG-PLA/PLGA (Mw) Relative PEG in the blend (%) BP loading (wt%) Diameter (nm)
PLA(6)/PEG(6)-PLA(9) 5 12.7 £ 11 137 £+ 11
& PLA(6)/PEG(6)-PLA(9) 10 10.7 £ 1.0 116 £ 10
PLA(6)/PEG(6)-PLA(9) 20 9.9+ 0.8 85+ 8
PLA(6)/PEG(6)-PLA(9) 30 78+ 04 62+ 6
B PLA(6)/PEG(6)-PLA(9) 40 49+ 05 51 +7
PLA(6)/PEG(6)-PLA(16) 10 103 £ 1.5 97 +£8
PLA(6)/PEG(6)-PLA(22) 10 83+ 0.8 103 +9
PLA(10)/PEG(6)-PLA(9) 10 83+ 0.7 107 £ 11
PLA(16)/PEG(6)-PLA(9) 10 47 + 0.6 122 + 15
PLA(6)/PEG(6)-PLGA(10) 5 11.7 £ 0.8 140 + 12
C PLA(6)/PEG(6)-PLGA(10) 10 11.2 + 0.9 115 + 7
PLA(6)/PEG(6)-PLGA(10) 20 9.0+ 04 96 +9
PLA(6)/PEG(6)-PLGA(10) 30 58 £ 0.6 66 + 5
PLA(6)/PEG(6)-PLGA(10) 10 10.1 £ 0.8 112 £ 14
PLA(6)/PEG(6)-PLGA(19) 10 7.9 + 0.6 107 +£ 9
D PLGA(6)/PEG(6)-PLA(9) 10 114 £ 1.0 101 £ 9
PLGA(9)/PEG(6)-PLA(9) 10 8.4 + 04 113 + 12
PLGA(16)/PEG(6)-PLA(9) 10 53+ .0.6 125 + 13
NS PLA(16)/ - 0 48 £1.0 178 £ 18
— |PEG(6)-PLA(9) 58 0.03 + 0.01 29+ 4
- |PEG(6)-PLA(16) 38 0.05 + 0.02 35+4
- [PEG(6)-PLA(22) 28 0.11 £+ 0.03 45 £ 6
- |PEG(6)-PLA(30) 14 0.15 + 0.05 68 +9
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Fig. 1. Release profiles of BP from nanoparticles in 50% FBS at 37°C. Each data
point and bar represents the mean and S.D. of triplicate values. (A) PLA(6)/PEG(6)-
PLA(9) and PLA(16) nanoparticles of different PEG content. (B) PEG(6)-PLA(9)-based
nanoparticles with 10% PEG content.

an initial burst suggested complete incorporation of BP into the
nanoparticles rather than adsorption to the particle surface.

These results indicate that the release rate of BP from nanoparti-
cles could be controllable by changing the compositions/molecular
weight of the PLA/PLGA homopolymers and the blend ratio of
homopolymers and block copolymers.

3.3. Cellular uptake

The internalization of rhodamine-labeled nanoparticles into
RAW cells after 3h is shown in Fig. 2A. PLA (6)/PEG(6)-PLA(9)
blended nanoparticles with 10% PEG (type A) did not internalize
into cells at 3 h, whereas type NS nanoparticles internalized into
cells even without serum. The Z-potential values of type A nanopar-
ticles were close to neutral, whereas type NS nanoparticles had a
highly negative Z-potential (data not shown). Meanwhile, type A
nanoparticles could internalize into cells after preincubated with
50% serum for 3 days. The internalization of type NS nanoparticles
was partly inhibited with chlorpromazine (data not shown), which
might suggest the involvement of clathrin-mediated endocytosis,
as previously reported (Panyam et al., 2002).

The amount of BP internalized into RAW cells is shown in Fig. 2B
and C. Since blended nanoparticles of PLGA homopolymers (such
as type D) quickly released BP in vitro, the uptake of blended
nanoparticles formed from PLA homopolymers, but not PLGA

homopolymers, are shown. The type NS nanoparticles internalized
into cells in a short period and were not affected by the preincuba-
tion period with 50% serum, although both PLA(6)/PEG(6)-PLA(9)
and PLA(6)/PEG(6)-PLGA(10) nanoparticles internalized into the
cells in a preincubation-time dependent manner (Fig. 2B and C).
In addition, the internalization of both PLA(6)/PEG(6)-PLA(9) and
PLA(6)/PEG(6)-PLGA(10) nanoparticles decreased with increased
PEG content (5-40% and 5-30%, respectively) (Fig. 2B and C). PEG
was supposed to be time-dependently released from the surfaces of
the nanoparticles with serum. Control free BP was not detectable
inside the cells in this assay (Fig. 2C). The more rapid change of
endocytic properties following preincubation was seen in nanopar-
ticles formed with PEG-PLGA block copolymers (Fig. 2C) than those
formed from PEG-PLA block copolymers (Fig. 2B). As they had
the same diameter and initial PEG surface density, it appears that
the PLGA-PEG block copolymers might lose their PEG chains more
rapidly than PLA-PEG block copolymers. On the other hand, the dif-
ferent molecular weights of PLGA or PLA in the block copolymers
did not affect cellular uptake (data not shown). This result implies
that the length of PLA/PLGA segments in block copolymers does not
affect PEG retention, as PEG release may occur by hydrolysis of the
PLA/PLGA segment in block polymers. The cellular uptake in vitro
can be controlled by PEG density depending on the blend ratios of
homopolymers and block polymers, and by PEG loss depending on
block polymer composition.

Although it appears that the blended nanoparticles in the serum
initially released PEG from their surfaces, resulting in increased
cellular internalization, the involvement of opsonin in serum has
not yet been completely ruled out in this study (Gref et al., 2000;
Nguyen et al., 2003; Vonarbourg et al., 2006).

3.4. Blood clearance and biodistribution

The size of long-circulating particles, providing that they are
rigid structures, should be in the range of 120-200 nm in diame-
ter to substantially avoid particle trapping in the space of Disse and
hepatic parenchyma and splenic filtration (Moghimi et al., 2001).

The blood clearance of representative nanoparticles is shown
in Fig. 3. All blended nanoparticles exhibited prolonged residence
in the blood circulation compared to conventional non-stealth
nanoparticles. Nanoparticles with smaller size and higher PEG con-
tent (type B) remained in the blood for an extended amount of time
(half-life, t1,: 25.2h). Increased PEG density resulted in a more
effective steric barrier on the nanoparticle surface, inhibiting the
opsonization and phagocytosis of the nanoparticle. The types A and
D nanoparticles had a similar profile (t;,: 7.8 h and 5.8 h, respec-
tively), indicating that the different compositions of homopolymers
(PLGA or PLA) did not affect blood clearance. Type C PEG-PLGA
nanoparticles with a half-life of 3.2 h might have detached PEG ear-
lier than type B PEG-PLA nanoparticles. Type NS nanoparticles and
free BP had very fast clearance (t,: <10 min).

Markedly increased blood circulation time and reduced liver
uptake of PEGylated PLA/PLGA nanoparticles compared to non-
PEGylated nanoparticles after intravenous administration to mice
has previously been demonstrated (Gref et al., 1994; Bazile et al.,
1995; Stolnik et al., 2001). It has also been reported that a long PEG
chain and high PEG surface density are necessary to produce an
increased half-life of nanoparticles of PLA and PLA-PEG mixtures in
vivo (Mosqueira et al., 2001).

In the present study, the biodistribution properties of the
nanoparticles were influenced by surface PEG content, the size of
the nanoparticles and the rate of PEG loss from the nanoparticles.
As shown in Fig. 4, conventional type NS nanoparticles accumu-
lated in the liver 24 h after intravenous administration. However,
the accumulation of blended nanoparticles (types A-D) in the
liver decreased significantly as compared to type NS nanoparti-
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Fig. 2. Internalizaiton of nanoparticles into RAW 264.7 cells. (A) Fluorescence images of RAW264.7 cells incubated with rhodamine-labeled nanoparticles. (A) Type A
nanoparticles in 10% serum for 3 h. (B) Type A nanoparticles (preincubated in 50% serum for 3 d) in 10% serum for 3 h. (C) Type NS nanoparticles in 10% serum for 3 h. (D) Type
NS nanoparticles without serum for 3 h. Blue shows nuclei stained by Hoechst 33258, and red shows rhodamine-labeled nanoparticles. Scale bars indicate 20 wm. (B and C)
Determination of internalized BP into RAW264.7 cells. Nanoparticles were preincubated in FBPBS solution (50%, v/v) at 37 °C for 1, 3, or 6 d prior to the assay. Each data point
and bar represents the mean and S.D. of 6 wells. (B) PLA(6)/PEG(6)-PLA(9)-based nanoparticles. (C) PLA(6)/PEG(6)-PLGA(10)-based nanoparticles.

cles (p<0.01). Extended residence in the blood might indicate low
liver uptake, and vice versa. Nanoparticles did not accumulate in
the muscles, kidneys, or lungs (data not shown).

Interestingly, only the type A nanoparticles had a tendency to
accumulate in the spleen, although previous reports have described
the accumulation of some nanoparticles in the bone marrow and
lymph nodes (Manolova et al., 2008). The mechanism of splenic
accumulation is not yet known, although it has been suggested
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0.100
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Time (h)

Fig. 3. Blood clearance profiles of nanoparticles in ddY mice. The concentration of
betamethasone (BP) in the blood is shown. Each data point represents the mean
(n=5).S.D.is within 5% of the mean. Half-life of each nanoparticle is as follows: type
A, 7.8 h; type B, 25.2 h; type C, 3.2 h; type D, 5.8 h; type NS, <10 min.
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Fig. 4. Biodistribution of BP 24 h after i.v. administration to mice. The % injection
dose/g tissue is shown. Columns and bars represent the mean and S.D. (n=4). Type
A, open bars; type B, forward slash; type C, back slash; type D, cross-hatched; type
NS, closed bars. *p<0.01.
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that reduced liver uptake might lead to increased spleen capture
of PEGylated PLA and PLGA particles. It has been reported that
nanoparticles with a diameter of less than 70 nm reach tissues more
efficiently than larger nanoparticles and therefore have a reduced
half-life in the blood (Stolnik et al., 2001). Those nanoparticles
might also pass through the sinusoidal fenestrations in the liver,
resulting in hepatic accumulation, whereas blended nanoparticles
with a 51-nm diameter (type B) did not show such tendency in this
study. Further study is also necessary to define the distribution of
type C nanoparticles, since it was cleared from the blood relatively
early but did not accumulate in the liver or spleen. They might have
been quickly degraded and excreted.

4. Conclusion

In this study various types of nanoparticles encapsulating BP
were prepared from mixtures of PLA/PLGA homopolymers and PEG-
PLA/PLGA block copolymers at various blend ratios. Our results
indicate that the properties of blended nanoparticles can be con-
trolled by changing the compositions/molecular weight of the
PLA/PLGA homopolymers and the blend ratio of block copoly-
mers and homopolymers. From the systematic evaluation of BP
release behavior and interactions with macrophage-like cells, it
appears that the nanoparticles initially release PEG from their
surfaces, resulting in increased internalization by cells and a sub-
sequent gradual release of BP. These studies will be useful in
the design and optimization of long-circulating, intravenously
injectable, biodegradable nanoparticles that encapsulate drugs. The
therapeutic activity of various nanoparticles encapsulating BP is
now under investigation on experimental arthritic animal mod-
els.
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