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The purpose of the present study was to determine whether Pluronic F127 polymeric micelles 
could improve the oral bioavailability of a poor water-soluble drug, such as genistein. Genistein 
is a phytoestrogen that has estrogenic activity. F127 triblock copolymer consists of PEOlo0- 
PPO6~-PEOlo0. Genistein was incorporated in the Pluronic F127 polymeric micelles by a solid 
dispersion method. The genistein release of genistein-loaded polymeric micelles was studied 
in vitro (in pH 1.2 and pH 6.8). And the oral bioavailabilities of genistein powder and genistein- 
loaded micelles were estimated at a dose of 4.0 mg/kg as genistein in rats. Drug loading 
amount and drug loading efficiency were 11.18% and 97.41%, respectively. The average size 
of the genistein-loaded polymeric micelles was 27.76 nm. And genistein release of the 
genistein-loaded polymeric micelles in vitro was 58% (pH 1.2) and 82% (pH 6.8). The bioavail- 
ability of genistein-loaded polymeric micelles was better than genistein powder. Consequently, 
Pluronic F127 polymeric micelles are an effective delivery system for the oral administration of 
genistein. 
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INTRODUCTION 

Genistein (4',5,7-trihydroxyisoflavone, Fig. 1) is a phyto- 
estrogen that is found abundantly in soy products. Exten- 
sive epidemiological animal studies and in vitro experi- 
ments with genistein have indicated beneficial effects of 
this compound on a multitude of disorders, including cancer 

O H  

Fig. 1. Structure of 4',5,7-trihydroxyisoflavone (Genistein) 
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(Anderson et al., 1998; Barnes, 1998), cardiovascular dis- 
eases (Honore et al., 1997), osteoporosis and postmeno- 
pausal symptoms (Potter et al., 1998). 

Polymeric micelles have been used in the pharmaceu- 
tics field as drug and gene delivery systems. Polymeric 
micelles can be used as efficient carriers for compounds 
having poor solubility, undesired pharmacokinetic character- 
istics and low stability in a physiological environment. 

Pluronic F127 is one member of a family of tri-block 
copolymers composed of poly(ethylene oxide) (PEO)- 
poly(propylene oxide) (PPO)-poly(ethylene oxide) (PEO), 
generically called poloxamers (Schmolka, 1972). Prepara- 
tion of polymeric micelles using Pluronics is simple, as 
they show good aqueous solubility and form micelles 
spontaneously with a diameter of typically 10-50 nm. The 
PPO segment of Pluronics is relatively hydrophobic com- 
pared to the PEO segments attached to it. Therefore, when 
several chains are placed into an aqueous solvent such 
as water, they aggregate to form self-assembled micellar 
structures above a given CMC (Lange, 1999). The hydro- 
phobic core of such aggregates serves as a microen- 
vironment for the incorporation of lipophilic compounds, 
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while the hydrophilic corona maintains the dispersion 
stability of the triblock copolymer aggregates. Thus, the 
noncovalent incorporation of drugs into the hydrophobic 
PPO core of the micelles results in an increased solubility, 
increased metabolic stability and increased systemic 
circulation time (Alakhov and Kabanov, 1998; Kataokaand 
Kabanov, 1999; Kwon and Okano, 1999; Kabanov and 
Alakhov, 2002). 

Genistein has low aqueous solubility of approximately 
0.81 #g/mL (Stancanelli et al., 2007) so that genistein has 
demonstrated low oral bioavailability. The aim of the 
present study was therefore to develop and evaluate the 
genistein-loaded polymeric micellar formulations using 
Pluronic F127 to improve oral bioavailability. Pluronic F127 
is biocompatible and after oral administration, the polymeric 
micelles containing genistein are expected to get through 
the intestinal barrier (Mathot et al., 2006). In vitro charac- 
teristics of genistein-loaded Pluronic F127 micelles such 
as size, drug loading amount, drug loading efficiency and 
genistein release profiles were evaluated. In vivo bioavai- 
lability study was also carried out in rats after oral admini- 
stration of genistein-loaded Pluronic micelles. 

METERIALS AND METHODS 

Materials 
Genistein (purity > 94%) was obtained from Rex Gen 

Biotech Co., Ltd. (Korea). Pluronic F127 was supplied by 
BASF (Korea). Ammonium formate, sulfatase and 4-hy- 
droxybenzophenone were purchased from Sigma Chemical 
Co. (U.S.A.). Acetonitrile, ethanol and methanol were of 
HPLC grade and purchased from Merck Co. (Germany). 
Potassium dihydrogen phosphate, sodium hydroxide, 
sodium chloride and hydrochloric acid were purchased 
from Wako Purechemical Co. (Japan). All other chemicals 
were of reagent grade and used as received. Deionized 
water was prepared by the NANOpure Infinity TM from 
Barnstead International (U.S.A.). 

Preparation of genistein-loaded polymeric micelles 
using Pluronic F127 

Genistein was incorporated into Pluronic micelles by a 
solid dispersion method (Burt et al., 1999). Pluronic F127 
(135 mg) and genistein (10-20 mg) were dissolved in 3 
mL of ethanol. After 30 min of stirring at 37~ ethanol 
was evaporated under reduced pressure at 45~ until a 
clear gel-like matrix was formed. Then, 50 mL of water at 
60~ was added and the mixture was stirred until poly- 
meric micelles containing genistein were formed. The 
resulting solutions was filtered with a 0.45 #m pore size 
membrane filter (Millex | Millipore Co., U.S.A.) to remove 
undissolved genistein. A clear solution of polymeric 
micelles containing genistein was obtained. The resulting 

solutions were frozen at -80~ and lyophilized by a freeze 
dry system (Labconco Co., U.S.A.) for 2 days to give a 
solid freeze-dried product. 

Measurement of drug loading amount and drug 
loading efficiency 

Drug loading amount and drug loading efficiency were 
measured by reverse-phase HPLC after dissolving the 
genistein-loaded Pluronic micelles with ethanol (Liu et al., 
2005; Huh et al., 2005). HPLC analysis was performed in 
Alliance 2690 chromatographic instruments (Waters Co., 
U.S.A.). Genistein was analyzed with XTerra C18 column 
(4.6x250 mm, 5 ~m, Waters Co., U.S.A.) at 40~ and 
isocratic elution with the mobile phase of a mixture of 
acetonitrile:50 mM ammonium formate buffer (5:5, v/v) 
delivered at a flow rate of 1.0 mL/min. Samples (30 I~L) 
were injected onto the HPLC system. The eluent was 
monitored at 260 nm with a UV/VIS detector. The drug 
loading amount of genistein in polymeric micelles was 
calculated from the amount of genistein incorporated into 
the polymeric micelles and the weight of the genistein- 
loaded polymeric micelles. The drug loading efficiency was 
calculated based on the amount of the genistein encapsu- 
lated into the polymeric micelles versus the amount of the 
genistein initially added to the polymeric micelles using 
the following equations: 

Drug loading amount (%) = 

amount of genistein in polymeric micelles "~ x 100 
amount of polymeric micelles containing genisteinY 

Drug loading efficiency (%) = 

amount of genistein in polymeric micelles "~ ~,,,, 
amount of genistein initially added to the formulation.)x ~ uu 

Measurement of micellar size 
Size distribution of the micelles was obtained by photon 

correlation spectroscopy (PCS) using a Zetasizer Nano- 
ZS (Malvern Co., UK). The scattering angle was fixed at 
173 and temperature was maintained at 25~ For particle 
size analysis, each of the samples was taken and diluted 
with deionized water and filtered through a Millipore 0.45 
#m pore size membrane (Millex | Millipore Co., U.S.A.) 
before measurement (Liu et al., 2005). 

In vitro genistein release from Pluronic F127 mi- 
celles 

The freeze-dried genistein-loaded polymeric micelles (2 
mg as genistein) and 2 mL of water were introduced into 
dialysis tube (MWCO=12000-14000 Da, Spectra/Por, Spec- 
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trum Laboratories Ins., U.S.A.), immersed totally into one 
liter of hydrochloric acid-sodium chloride buffer (pH 1.2) or 
phosphate buffer (pH 6.8). The system was stirred at 100 
rpm at 37~ At predetermined time intervals, 3 mL of 
samples were withdrawn and replaced with an equal 
volume of fresh pH 1.2 or pH 6.8 buffer. Released amount 
of genistein was measured by HPLC as described above. 
For comparison, genistein release from bulk powder (dis- 
persed in 2 mL of water by vortexing) placed in a dialysis 
tube was performed under the same conditions (Huh et 
al., 2005; Cho et al., 2004). All results from in vitro release 
studies were reported as means with standard deviations 
(n=3). 

Pharmacokinetic evaluation 
Male Sprague-Dawley rats, 8 weeks old and weighed 

about 250-310 g, were obtained from Orient Co. (Korea). 
Rats were fed an isoflavone-free diet from Orient Co. The 
animals had free access to food and water until 12 h 
before the experiments. Genistein aqueous suspension 
and genistein-loaded polymeric micelles were prepared 
for oral administration to rats. Six rats for each group were 
initially anesthetized with chloroform and the femoral artery 
was cannulated for blood sampling. The body tempera- 
ture of the rats was maintained at 37~ with a heating pad. 15 
The oral dose of genistein in aqueous suspension and 
genistein-loaded polymeric micelles, dispersed in 2 mL of 

o~ 
water, respectively was 4 mg/kg. Plasma samples were v 
collected at predetermined time intervals after oral admini- 10 

E 
stration. Then, each blood sample was centrifuged at == 
12,000 rpm for 10 min. The plasma samples (about 200 
t~L) were stored at -20~ until analyzed by HPLC. (Supko _o 5 

== 
and Phillips, 1995). c3 

The plasma sample (50 ~L) was incubated with 500 IU 
sulfatase and then 4-hydroxybenzophenone (20 pg/mL), 0 
an internal standard, and 5 mL ethyl acetate, extraction 
solvent, were added to the plasma samples. Extraction 
was processed by stirring vigorously for 50 min and 

120 
centrifuged at 3000 rpm for 15 min at 4~ The organic 
phase was transferred to a glass tube and evaporated ~ 100 
under a stream of nitrogen at 40~ until dryness. Then, ~ 80 
the residue was dissolved in 200 pL of 50% methanol for .~ 
HPLC assay. ~= 60 

Genistein and 4-hydroxybenzophenone were analyzed .~ 
with Capcell Pak column C18 (4.6• mm, Shiseido, _~ 40 
Japan) at 40~ and gradient elution. The mobile phase 
used was acetonitrile: 50 mM ammonium formate (pH o 20 
3.5) buffer (6:4, v/v, A line) and acetonitrile: 50 mM ammo- o 
nium formate (pH 3.5) buffer (2:8, v/v, B line). The elution 
conditions were as follow: 0-4 min 65% to 51% A line, 4-8 
min 51% to 65% A line, 8-10 min 65% A line. Flow rate 
was 1.0 mL/min. Samples (50 pL) were injected onto the 
HPLC. The eluent was monitored at 268 nm with a 

UVdetector. The HPLC system used was Hitachi L-2400 
chromatographic instruments (Hitachi, Japan). 

The pharmacokinetic parameters were determined such 
as AUC[o_term,nal], AUC[0_~o], Cmax, Tma x and tl/2 using BA-Calc 
2002 (ver. 1.1.1, KFDA, Korea). The significance of differ- 
ence was analyzed by ANOVA, and a significance level of 
less than 5% was considered significant. 

RESULTS AND DISCUSSION 

Evaluation of drug loading amount and drug 
loading efficiency 

Genistein-loaded polymeric micelles were prepared by 
a solid dispersion method with various genistein/triblock 
copolymer weight ratios at three times. The incorporation 
profiles of genistein were examined for different genistein/ 
triblock copolymer weight ratios (Fig. 2). The drug loading 
amount reflects the capability of the polymeric micelles to 
incorporate genistein into the core part of the micelles. As 
genistein weight ratio against Pluronic F127 was increased 
from 10/135 mg to 17.5/135 mg, drug loading amount was 
also increased from 6.51 to 11.18%. Genistein/Pluronic 
F127 copolymer below 17.5/135 mg produced clear or 
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12.5/135 15/135 17.5/135 

Genistein/triblock copolymer weigh ratios 
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(B) 
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Fig. 2. The drug loading amount (A) and the drug loading efficiency (B) 
of Pluronic F127 micelles having various genistein/triblock copolymer 
weight ratios (Mean + S.D., n=3) 
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Fig, 3. Particle size distribution of genistein-loaded polymeric micelles (A) and drug free polymeric micelles (B) 

light yellow solution but precipitation of genistein was 
observed with a weight ratio of 20.01135 mg after 24 h of 
storage at room temperature. Therefore, the genistein/ 
Pluronic F127 copolymer ratio of 17.5/135 mg offered the 
best genistein encapsulation capability. At this ratio, the 
drug loading efficiency was measured to be 97.41%. 

Measurement of micellar size 
The particle size and particle size distribution of genistein- 

loaded polymeric micelles were measured by photon 
correlation spectroscopy (PCS) using a Zetasizer Nano- 
ZS. Fig. 3 shows the typical size distribution of genistein- 
loaded polymeric micelles prepared with genistein/Pluronic 
F127 copolymer weight ratio of 17.5/135 rag. For compar- 
ison, particle size of drug free polymeric micelles in water 
was also measured. The average sizes of the genistein- 
loaded polymeric micelles and drug free polymeric micelles 
were 27.76 + 0.46 nm (polydispersity index = 0.26) and 
24.89 + 1.00 nm (polydispersity index = 0.21 ), respectively 
(n=3). The size distributions showed a narrow and mono- =~ 
disperse unimodal pattern. 

In vitro drug release 
The release rate of genistein from Pluronic F127 poly- 

meric micelles in hydrochloric acid-sodium chloride buffer 
(pH 1.2) and phosphate buffer (pH 6.8) was faster than 
that from bulk powder (Fig. 4). The amount of genistein 
released from genistein-loaded polymeric micelles for 12 
h was approximately 58% in pH 1.2 medium and 82% in 
pH 6.8 medium. On the other hand, genistein release from 
bulk powder was slower and resulted in released amounts 
of 48% in pH 1.2 medium and 44% in pH 6.8 medium for 
12 h. Consequently, the increased genistein release from 
the polymeric micelles can be attributed to the solubilizing 
ability exhibited by the polymeric micelles. Additionally, 
genistein-loaded polymeric micelle is expected to release 
genistein more rapidly in the small intestine, compared to 
gastric environment. 
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Fig. 4. Release profile of genistein from Pluronic F127 polymeric 
micelles and bulk powder in pH 1.2 buffer (A) and pH 6.8 buffer (B) 
(Mean • S.D., n=3) 

In vivo pharmacokinetic characteristics 
In vivo study in rats was performed to evaluate the oral 

genistein bioavailability from genistein-loaded polymeric 
micelles in comparison with aqueous suspension of 
genistein after oral administration (Fig. 5). 
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Plasma concentration-time curve of genistein after oral 
administration at a dose of 4 mg/kg as genistein in rats (Mean + S.E., 
n=5) 

loading efficiency were 11.18% and 97.41%, respectively. 
And, the average size of the genistein-loaded polymeric 
micelles was 27.76 nm. The amount of genistein released 
for 12 h from genistein-loaded polymeric micelles in vitro 
was 58% (pH 1.2) and 82% (pH 6.8). The in vivo oral 
bioavailability of genistein loaded in polymeric micelles 
using rats was greater than genistein powder. Therefore, 
Pluronic F127 polymeric micelles are an effective solubi- 
lizing and delivering system for oral administration of poorly 
soluble genistein. 
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After oral administration of genistein-loaded in polymeric 
micelles (4 mg/kg as genistein), maximum plasma concen- 
tration (Cmax) was observed at 5.68 #g/mL after 0.20 h 
(Tmax, time to reach maximum plasma concentration) (Table 
I). On the other hand, Cm~x obtained with genistein powder 
was 1.22 ~.g/mL at 0.55 h (Tmax). Thereafter plasma 
concentration declined gradually and the half life (T1/2) 
was measured to be 3.63 h for genistein-loaded polymeric 
micelles and 4.54 h for genistein powder, respectively. Also 
AUC of genistein-loaded polymeric micelles was approxi- 
mately 3-times greater than that of genistein powder. 

As a result, genistein-loaded polymeric micelles were 
found to cause better bioavailability than genistein powder 
after oral administration. This increased bioavailability ex- 
hibited by the polymer micelles may be attributed to en- 
hanced genistein solubility and release in the gastroin- 
testinal tract (Sant et aL, 2005). 

CONCLUSIONS 

The oral delivery of poorly water-soluble drugs is a 
growing issue for the pharmaceutical industry as many 
drug candidates resulting from high throughput screening 
possess these physicochemical limitations. Polymeric mi- 
celles are promising drug carriers for these poorly soluble 
drugs but their potential use as oral drug delivery systems 
has not been widely demonstrated in vivo. 

In this study, genistein-loaded Pluronic F127 polymeric 
micelles showed high solubilization capacity and nanoscopic 
particle size. The best drug loading amount and drug 
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