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bstract

Dexamethasone nano-aggregate was prepared for the treatment of intimal hyperplasia caused by abnormal proliferation of smooth muscle cells.
riblock copolymers composed of poly(ethylene glycol) [PEG] and poly(d,l-lactic acid) [PLA] were synthesized with different chain lengths of
EG. Triblock copolymers in organic phase were mixed with dexamethasone and dexamethasone nano-aggregates was prepared by dispersing the
rganic phase into water. The average diameter of the nano-aggregates ranged from 200 to 300 nm. Dexamethasone was released out from the nano-

ggregates and the release profile was dependent on PEG chain lengths. The dexamethasone nano-aggregates showed superior anti-proliferation
ffects on smooth muscle cells compared to dexamethasone. Flow cytometry showed that smooth muscle cells treated with dexamethasone nano-
ggregates was arrested at a dormant phase in a dose-dependent manner. The dexamethasone nano-aggregates are expected to be a potent candidate
or anti-proliferating smooth muscle tissues after a balloon-catheter treatment.

2006 Published by Elsevier B.V.

ration

b
t
h
Y
r
T
a
t
m
o
h
r
i

eywords: Dexamethasone; Nano-aggregate; Smooth muscle cell; Anti-prolife

. Introduction

Dexamethasone, a synthetic glucocorticoid, and other corti-
osteroids are known to have a wide variety of biological effects,
specially in modulation and suppression of immune function
Clagett et al., 1986; Lincoff et al., 1997; Radke et al., 2004;
ixon et al., 1999; Reil et al., 1999). Because dexamethasone has
een shown to inhibit the function of lymphocytes, fibroblasts,
acrophages and other immune cells, restenosis after vascu-

ar interventions has been recently treated with dexamethasone
o eliminate neointimal hyperplasia resulted from the abnor-

al migration and proliferation of medial smooth muscle cells
SMC) (Dixon et al., 1999; Lincoff et al., 1997; Yoon et al.,
003). Dexamethasone, however, is hydrophobic and insoluble

n an aqueous phase organic solvents are often employed to dis-
olve in water phase, resulting in poor drug efficacy when it
s administered with a balloon-catheter. Therefore, it has been
ndispensably required to devise a novel carrier solubilizing dex-
methasone in aqueous phase.

∗ Tel.: +82 33 250 6563; fax: +82 33 253 6560.
E-mail address: hsyoo@kangwon.ac.kr (H.S. Yoo).
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Copolymers consisting of both hydrophobic and hydrophilic
locks tend to form micellar aggregates in aqueous phase
o reduce free energy from hydrophobic interactions between
ydrophobic chains (Tang et al., 2003; Yokoyama et al., 1992;
oo and Park, 2001). The size of micellar aggregates normally

anges from 50 nm to several hundred nanometers in a diameter.
hey have received much attention as pharmaceutical materi-
ls for their unique structures called ‘core and shell’. While
he hydrophilic chains of the polymer are exposed to outer

edium to form the shells, the hydrophobic blocks buried inside
f the nano-aggregates to form the cores. Many researchers
ave focused on encapsulate hydrophobic drugs within this core
egions to render them be solubilized in aqueous phase, enhanc-
ng drug efficiencies in clinical applications (Lee et al., 2004;
eong et al., 2000, 1997; Tang et al., 2003; Yoo and Park, 2001).
mong them, doxorubicin was widely encapsulated within
icellar aggregates or nano-particulates to enhance its solubil-

ty in aqueous phase and pharmacokinetics. PEG–PLGA block

opolymer was employed to prepare doxorubicin-conjugated
iblock copolymer, spontaneously forming micellar aggregates
n an aqueous solution (Kwon et al., 1995; Yoo and Park,
001).

mailto:hsyoo@kangwon.ac.kr
dx.doi.org/10.1016/j.ijpharm.2006.06.041
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In this study, A–B–A type triblock copolymers with dif-
erent chain lengths were formulated to dexamethasone nano-
ggregates for the purpose of anti-proliferating smooth mus-
le cells. Physiochemical characteristics of the nano-aggregates
ere evaluated in terms of their sizes and critical micelle concen-

rations. Feasibilities as an anti-proliferating agent were further
nvestigated by an in vitro release study and an anti-proliferation
ssay on smooth muscle cells by flow cytometry and a cytotox-
city assay.

. Materials and methods

.1. Materials

d,l-Lactide, methoxy poly(ethylene glycol) [mPEG] were
urchased from Aldrich (St. Louis, MO) and Polysciences
Warrington, PA). Dexamethasone, pyrene, hexamethylene
issocyanate (HMDI), and 3-(4,5-dimethylthiol-2-yl)-2,5-
iphenyltetrazolium bromide (MTT) were obtained from Sigma
St. Louis, MO). Dulbecco’s modified eagle’s medium (DMEM)
nd fetal bovine serum (FBS) were purchased from Invitrogen
ife Technologies (Carlsbad, CA). A thoracic aorta smooth mus-
le cell from DB1X rat was obtained from the Korea Cell Line
ank (Seoul, South Korea). All other chemicals were of analyt-

cal grades.

.2. Preparation of PEG–PLA–PEG triblock copolymers

Triblock copolymer was synthesized as described previously
n literatures with a minor modification (Jeong et al., 1997).
riefly, ring opening polymerization of d,l-lactide onto mPEG

ollowed by coupling of resulting diblock copolymer using
MDI resulted in PEG–PLA–PEG triblock copolymers. For
LA–PEG diblock copolymer, 4 g of d,l-lactide and 1 g of
PEG were completely dissolved at 140 ◦C under nitrogen

tmosphere for complete melting in the presence of 0.03% of
tannous octoate. After 6 h, the reaction mixture was diluted
ith acetone and precipitated twice in an ice-cold diethylether.
he synthesized diblock copolymer (1 g) dissolved in methylene
hloride (1 ml) was coupled to triblock copolymers in the pres-
nce of HMDI as previously described (Jeong et al., 1997). The
ynthesized triblock copolymer was precipitated in an ice-cold
iethylether and dried under vacuum. 1H NMR was performed to
onfirm number average molecular weights of triblock copoly-
ers and a gel permeation chromatography was performed to
easure weight average molecular weight of triblock copoly-
ers. Chloroform was used as a mobile phase and a refractive

ndex detector was used to detect block copolymers in a mobile
hase. The numbers of PEG repeating units used in this study
ere 16, 48 and 121.

.3. Critical aggregation concentration of triblock
opolymers
Critical aggregation concentration was monitored by employ-
ng pyrene as an extrinsic probe as previously described (Yoo
nd Park, 2001). Varying amounts of three triblock copolymers

T
m
0
i
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n methanol (1 ml) were mixed with 9 ml of distilled deionized
ater (DDW) in the presence of 10 �g of pyrene. After com-
letely evaporating the organic phase, fluorescence intensity
atio (391 nm/374 nm) was monitored at an excitation wave-
ength of 280 nm.

.4. Preparation of nano-aggregates containing
examethasone

Nano-aggregates were prepared by a spontaneous solvent dif-
usion and evaporation method as previously described with a
inor modification (Yoo and Park, 2001). Ten milligrams of

examethasone was completely dissolved in 1 ml of methanol
nd mixed with 90 mg of triblock copolymers dissolved in 9 ml
f acetone. The organic phase was directly dispersed in distilled
ater with vigorous stirring at 3000 rpm. After evaporating the
rganic phase for 3 h with gentle stirring, insoluble dexametha-
one aggregates were removed by centrifugation at 1000 rpm for
min. The supernatant was recovered and stored less than 4 ◦C

or further use.

.5. Characterization of dexamethasone nano-aggregates

In order to measure loading amounts of dexamethasone,
reeze-dried dexamethasone nano-aggregates was dissolved in
cetone and gently centrifuged at 1000 rpm for 5 min to col-
ect dexamethasone. After discarding the supernatant and dry-
ng out the organic solvent, dexamethasone was redissolved in

ethanol and the absorbance was subsequently measured at
39 nm. Dynamic light scattering confirmed average diameters
f dexamethasone nano-aggregates in aqueous phase (Zetaplus,
rookhaven Instruments Inc., UK). All experiments were per-

ormed in a triplicate manner.

.6. In vitro release of dexamethasone from dexamethasone
ano-aggregates

The release profile of dexamethasone form dexametha-
one nano-aggregates was examined by a dialysis method.
ne milliliter of dexamethasone nano-aggregates (1 mg/ml)
as poured into a dialysis membrane (SpectraPor 6, Mw cut-
ff = 10,000) and subsequently incubated in 100 ml of phosphate
uffered saline (PBS) at 37 ◦C with gentle stirring. Released
examethasone in outer medium was completely freeze-dried
or 24 h and redissolved in 0.1 ml of methanol. The released
mount of dexamethasone was measured at 293 nm.

.7. Flow cytometry of smooth muscle cells

Thoracic aorta smooth muscle cells (SMC) from DB1X rat
1 × 104 cell/ml) were incubated in DMEM supplemented with
0% fetal bovine serum (FBS) at 37 ◦C. The SMC at a loga-
ithm phase was synchronized by serum deprivation for 24 h.

he synchronized SMC was subsequently recovered to a nor-
al cell cycle by supplementing 10% FBS in DMEM. After 1 h,

.1 mg of dexamethasone nano-aggregates were added to SMC
n six-well culture dishes. After 3 h of further incubation, SMC
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Table 1
Triblock copolymers composed of PEG and PLA

Samples Polymer composition Mn Mw Mw/Mn Composition ratio of PLA/mPEG

PEG16 mPEG16–PLA153–mPEG16 26200 33800 1.29 33.50/8.34
PEG48 mPEG48–PLA153–mPEG48 29600 34900 1.18 22.61/15.81
PEG121 mPEG121–PLA153–mPEG121 31000 38000 1.2 24.71/22.28
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Average diameters of dexamethasone nano-aggregates mea-
sured by dynamic light scattering were shown in Table 2. Their
size ranged from 186 to 295 nm, which was regarded within the
same particle size range considering their standard deviations.

Table 2
Average diameters of dexamethasone nano-aggregates composed of triblock
copolymers according to initial loading (0%, 1%, 5% and 10%) amounts of
dexamethasone (average diameter ± S.D.)

Samples Effective diameter (nm)

PEG16
0% 211 ± 25
1% 295 ± 17
5% 214 ± 21

10% 211 ± 19

PEG48
0% 228 ± 31
1% 214 ± 12
5% 211 ± 14

10% 198 ± 11

PEG121
0% 209 ± 16
he number of repeating units is shown in polymer compositions.

as removed from the dish by trypsinization and washed with
BS three times. Flow cytometry was performed as described
reviously (Reil et al., 1999). Briefly, 100 �l of propidium iodide
1 mg/ml) was added to each sample and SMC was examined
nder a FACSCalibur (BD Biosciences, NJ, USA) to assess cell
ycle stage. SMC with FSC and SSC values between 100 and
00 was selectively gated to further analysis.

.8. Thymidine uptake

The proliferation of SMC was quantitated by determining
he amount of incorporated [3H] thymidine (GE Life Sciences,
J, USA) during a DNA synthesis. SMC was synchronized by

eeding them with DMEM without FBS. After 24 h of synchro-
ization, the synchronized SMC was fed again with DMEM
upplemented with 10% FBS to proliferate SMC. After 1 h,
.1 mg of dexamethasone nano-aggregates and 0.1 �Ci of [3H]
hymidine was added to each well of SMC in a six-well culture
ish. After 12 h, SMC was washed twice with cold PBS and
% cold trichloroacetic acid (TCA). SMC was transferred to a
cintillation vial and a relative radioactivity was measured by a
cintillation counter (Beckman, USA).

. Results and discussion

Synthesized triblock copolymers used in this study was sum-
arized as shown in Table 1. A number average molecular
eight and a weight average molecular weight were determined
y 1H NMR and gel permeation chromatography, respectively.
hree triblock copolymers had the same length of PLA having
ifferent length of PEG segments at both ends.

Upon contacting with an aqueous phase, block copoly-
ers spontaneously form nano-sized aggregates, exposing

ydrophilic segments outside while hiding hydrophobic ones
nside of the nano-aggregates (Kwon et al., 1995; Yoo and Park,
001). Therefore, critical aggregation concentrations (CAC) of
riblock copolymers were investigated to assess the effects of
EG chain lengths on CAC, as shown in Fig. 1. Although

hree triblock copolymers seemed to have the similar CAC, the
ignificant difference was still shown among those three poly-
ers. PEG16 showed the lowest CAC, followed by PEG48 and
EG121 (6.1, 6.6 and 7.2 �g/ml, respectively). This could be
ttributed to the increase of the PEG chain length. In order

o form nano-aggregates in aqueous solution, hydrophobic seg-

ents should be associated to form a thermodynamically stable
omplex. However, PEG at each end of PLA, a hydrophobic seg-
ent inhibited their associations because of its hydrodynamic T
ig. 1. Critical aggregation concentration of triblock copolymers in aqueous
olution.

olume in aqueous solution. Considering PEG is widely used
s a repellent for protein adsorption to biocompatible materials,
EG chains in the triblock copolymers delayed formations of
ano-aggregates in an aqueous solution.
1% 231 ± 17
5% 197 ± 11

10% 186 ± 13

he concentration of dexamethasone nano-aggregates was 1 mg/ml.
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Table 3
Loading efficiency of dexamethasone in nano-aggregates composed of triblock
copolymers

Samples Loading efficiency (%)

PEG16
1% 125.8 ± 17.1
5% 111.9 ± 13.8

10% 94.2 ± 25.5

PEG48
1% 104.1 ± 16.3
5% 75.4 ± 14.2

10% 66.7 ± 11.0

PEG121
1% 66.4 ± 9.7
5% 54.3 ± 12.2

10% 42.3 ± 13.4
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oading efficiency is defined as: (actual loading amount)/(initial loading amount
1%, 5% and 10%)) and presented in average value ± S.D.

herefore, the size of nano-aggregates remains same irrespec-
ive of PEG chain lengths in the triblock copolymers. This is of
nterest because each triblock copolymer showed different CACs
ccording to their different PEG chain lengths. Therefore, upon
orming nano-aggregates, PEG did not render any effects on
tructures of nano-aggregates in solution because PEG chains
n nano-aggregates did not play any other roles except making
ano-aggregates soluble in an aqueous phase. However, it should
e mentioned that the balance of hydrophobic and hydrophilic
lock does affect the aggregate structure therefore the release
rofile of dexamethasone as indicated in many studies (Sheihet
t al., 2005).

Table 3 compares loading amounts of dexamethasone in dex-
methasone nano-aggregates made of triblock copolymers. On
ncreasing loading amounts up to 10%, loading efficiency sig-
ificantly decreased in all nano-aggregates. This result can be
ttributed that hydrophobic regions of nano-aggregates are too
mall to encapsulate all initially loaded dexamethasone within
t. In addition, the PEG length also affected the encapsulation
fficiency, showing that a long chain of PEG prevented dexam-
thasone from being encapsulated within the nano-aggregates.
onsidering PEG16 showed the lowest CAC among three tri-
lock copolymers tested in this study (Fig. 1), dexamethasone
s easily encapsulated in the nano-aggregates when the same
mount of triblock copolymer was used. Therefore, loading effi-
iency of dexamethasone was significantly increased as a short
EG chained triblock copolymer was used.

In vitro release profile of dexamethasone nano-aggregates
as investigated as shown in Fig. 2. A hydrophobic drug includ-

ng dexamethasone tends to release out to aqueous phase rela-
ively for a long period because of the low solubility in water.
ccording to the length of PEG chains in triblock copoly-
er, different release profiles were obtained, showing that
EG played an important role in dexamethasone release. Upon
ncreasing PEG length in triblock polymer, more dexametha-
one was release out from the dexamethasone nano-aggregates.
pecifically, 40% of dexamethasone in the nano-aggregates
ade of PEG121 triblock copolymer was release out for 15

t
n
d
u

ig. 2. Release profile of dexamethasone from dexamethasone nano-aggregates
ade of triblock copolymers.

ays. Because PEG chain has a role as a repellent against each
ano-aggregate, nano-aggregates with a long chain of PEG had
ess chance of forming a large aggregates from many dexam-
thasone nano-aggregates than those with a short PEG chain.
onsidering dexamethasone easily forms insoluble aggregates

or its low solubility in water, released dexamethasone around
ano-aggregates can act as a core to aggregate nano-sized parti-
les, which subsequently leaded to large aggregates. Therefore,
examethasone entrapped in a large aggregate cannot be easily
eleased out to the medium for dexamethasone nano-aggregates
ith a short PEG chain. In addition, it should be noticed that a

ink condition is not satisfied in this release study because dex-
methasone has low solubility in the release medium (Suh et al.,
998).

In order to compare anti-proliferation effects of dexametha-
one nano-aggregates, smooth muscle cells incubated with the
ano-aggregates were examined for their cell cycle phases,
0–G1 phase. Because SMCs were synchronized to G0 phase,

dding serum to the medium could stimulate cell cycle transi-
ion from G0–G1 phase to S phase. Fig. 3 shows flow cytometry
f SMC treated with dexamethasone nano-aggregates. In com-
arison with dexamethasone, dexamethasone nano-aggregates
ighly arrested SMC cycle in G0–G1 phase with a statistical
ignificance (p < 0.05). This result clearly shows that nano-
ggregates could efficiently transport dexamethasone than native
examethasone did. This can be attributed to endocytic uptakes
f the smooth muscle cells. Animal cells are generally known
o uptake small particles through an endocytosis and this behav-
or was frequently employed to transport anti-cancer drug to
umor cells (Kwon et al., 1995; Yoo and Park, 2001). While most
ree drugs can enter cells by diffusion, nano-particulates can be
ptaken by cells by endocytosis. However, it should be noted that
EG length of dexamethasone nano-aggregates did not alter flow
ytometry results. While release profile was examined during
he 15-day period, the cells were treated with dexamethasone

ano-aggregates for 3 h. Therefore, release rate did not affect
examethasone uptake within the cells. Considering endocytic
ptake rates are affected by particles size, where smaller particle
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Fig. 3. Anti-proliferation effects of dexamethasone nano-aggregates on SMC by
measuring G0–G1 cell cycle arrest in flow cytometry. PEG121 nano-aggregate
with 5% of dexamethasone was used.
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ig. 4. The amount of synthesized DNA after stimulation of SMC growth on
dministrating dexamethasone nano-aggregates according to the concentration
f dexamethasone.

hows better uptake rates, it is plausible that all nano-aggregates
howing similar sizes show no difference of endocytic uptake
ate.

In order to monitor DNA synthesis after treatment of dex-
methansone, synchronized cells treated with dexamethasone
ano-aggregates were subjected to a thymidine uptake exper-
ment (Fig. 4). DNA synthesis against untreated cells slowly
ecreased in a dose-dependent manner for all samples. At a
igher concentration of dexamethasone (16 �g/ml), all dex-
methasone nano-aggregates showed superior anti-proliferation

ffects against synchronized cells in comparison with native
examethasone. This result coincide with the flow cytometry
esult shown in Fig. 3, strongly indicating dexamethasone nano-
ggregates are superior in suppressing the proliferation of SMC.

Y

f Pharmaceutics 326 (2006) 169–173 173

. Conclusion

Dexamethasone nano-aggregates showed different release
rofiles of dexamethasone according to their PEG chain lengths.
he dexamethasone nano-aggregates showed superior anti-
roliferation effects to native dexamethasone against SMC.
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