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bstract

The purpose of this study was to develop quercetin-loaded nanoparticles (QUEN) by a nanoprecipitation technique with Eudragit® E (EE) and
olyvinyl alcohol (PVA) as carriers, and to evaluate the antioxidant effects of quercetin (QU) and of its nanoparticles. The novel QUEN systems
ere characterized by particle size and morphology, yield and encapsulation efficiency, differential scanning calorimetry (DSC), powder X-ray
iffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), 1H nuclear magnetic resonance (1H NMR), and dissolution study. It was
bserved that the weight ratio of QU:EE:PVA at 1:10:10 carried a particle size of <85 nm, a particle distribution with polydispersity index <0.3,

nd its yield and encapsulation efficiency were over 99%. The results from XRD and DSC of the QUEN showed that the crystal of the drug might
e converted to an amorphous state. The FT-IR and 1H NMR demonstrated that QU formed intermolecular hydrogen bonding with carriers. The
elease of the drug from the QUEN was 74-fold higher compared with the pure drug. In addition, the antioxidant activity of the QUEN was more
ffective than pure QU on DPPH scavenging, anti-superoxide formation, superoxide anion scavenging, and anti-lipid peroxidation.

2007 Elsevier B.V. All rights reserved.

ical-s

2
a
b
i
(
m

eywords: Quercetin; Nanoparticles; 1H nuclear magnetic resonance; Free rad

. Introduction

Reactive oxygen species (ROS), such as superoxide anion,
ydroxyl radical, and hydrogen peroxide, have a causal rela-
ionship with oxidative stress. Many studies have demonstrated
hat overproduction of ROS can further aggravate the oxida-
ive stress and the result is a unifying mechanism of injury in
any developments of clinical disease processes, such as heart
isease (Giordano, 2005), diabetes (Rolo and Palmeira, 2006),
iver injury (Jaeschke, 2000), cancer (Klaunig and Kamendulis,
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004), aging (Bokov et al., 2004), etc. The balance of ROS
nd antioxidant is a major mechanism in preventing damage
y oxidative stress. Therefore, the dietary supplement of antiox-
dants such as vitamins (Fairfield and Fletcher, 2002), flavonoids
Peluso, 2006), etc., has been used to prevent the occurrence of
any chronic diseases.
Quercetin (QU) (Fig. 1), is a well-known flavonoid dis-

ributed ubiquitously in fruits, vegetables, and herbs or related
roducts, e.g. apples, onions (Hertog et al., 1992), Ginkgo biloba
Watson and Oliveira, 1999), and red wine (Kerem et al., 2004),
espectively. QU has been extensively investigated for its phar-
acological effects that include anti-tumor (Kanadaswami et

l., 2005), anti-inflammatory (Comalada et al., 2005), antioxi-
ant (Inal and Kahraman, 2000), and hepatoprotective (Lee et
l., 2003) activities.
Clinical studies investigating different programs of admin-
stration of QU have been limited by its poor water solubility.

any researchers have attempted to improve its solubility by
dding dimethylsulfoxide (DMSO) (Ader et al., 2000). How-
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Fig. 1. Chemical structure of quercetin (3,3′,4′,5,7-pentahydroxylflavone).

ver, the safety of the higher DMSO is questionable due to risk of
asoconstrictor effect and neurological toxicity (Windrum et al.,
005). Additionally, a water-soluble derivative of QU has been
ynthesized but its bioavailability was only 20% (Mulholland et
l., 2001). Various techniques have also been used to increase the
olubility of QU including the complexation with cyclodextrin
nd liposome (Pralhad and Rajendrakumar, 2004; Yuan et al.,
006). Nevertheless, the use of cyclodextrin is associated with
risk of nephrotoxicity (Frijlink et al., 1991) and employing

iposome might incur stability problems during storage (Mu and
hong, 2006). It is therefore clear that a safe, stable, and efficient
elivery method in increasing the solubility of QU is warranted.

Nanoparticles are particularly useful in drug delivery for
ater-insoluble compounds such as cyclosporine A (Dai et al.,
004), ellagic acid (Bala et al., 2006) and coenzymeQ10 (Hsu
t al., 2003) because their size (less than 1000 nm) can increase
he absorption and the bioavailability of the delivered drug. A
ovel quercetin nanoparticles system (QUEN) was therefore pre-
ared by a simple nanoprecipitation technology with Eudragit®

(EE) and polyvinyl alcohol (PVA) as carriers. The physic-
chemical characterization of the QUEN was inspected by
ransmission electron microscopy (TEM), differential scanning
alorimetry (DSC), powder X-ray diffraction (XRD), Fourier
ransform infrared spectroscopy (FT-IR), 1H nuclear magnetic
esonance (1H NMR), and dissolution study. Furthermore, the
ntioxidant effects of pure QU and of its nanoparticles were also
etermined by free radical scavenging, anti-lipid peroxidation,
nti-superoxide formation, and scavenging superoxide studies.

. Materials and methods

.1. Materials

Quercetin (QU), polyvinyl alcohol (PVA), Tris–HCl, thio-
arbituric acid (TBA), ferrous chloride, ascorbate, xanthine,
anthine oxidase, cytochrome c, 2,2-diphenyl-1-picrylhydrazyl
DPPH), dimethyl sulfoxide (DMSO), and ethylenediaminete-
raacetic acid (EDTA) were purchased from Sigma–Aldrich
hemicals Co. (St. Louis, MO, USA). Aminoalkyl methacry-

ate copolymers (Eudragit® E; EE) were obtained from Röhm
harma (Dramstadt, Germany). All other chemical regents were
f analytical grade.
.2. HPLC analysis of quercetin

The chromatographic system was composed of a pump
-680, autosampler ASI-100, and UVD-170U detector. The ana-

f

y
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ytical column used was the LichroCART® Purospher® STAR
250 mm × 4.6 mm i.d., 5 �m) and the temperature must be
aintained at 37 ◦C. The mobile phase was composed of 25 mM

hosphate buffer and acetonitrile (50:50), and pH value was
djusted to 2.3 with hydrochloride acid. The flow rate was set at
.5 ml/min. The wavelength of UV detector was kept at 258 nm.
he calibration curve of quercetin was linear (r = 0.9999) within

ange 1–100 �g/ml. The relative standard deviations of the intra-
ay and interday were less than 5% (n = 5).

.3. Preparations of physical mixtures and nanoparticles
ystems

.3.1. Physical mixtures
The physical mixtures were pulverized and mixed with dif-

erent ratios of QU:EE:PVA (1:1:1, 1:5:5, and 1:10:10; w/w/w)
n a mortar.

.3.2. Nanoparticles systems
Nanoparticles systems were prepared with various ratios of

U:EE:PVA (1:1:1, 1:5:5, and 1:10:10; w/w/w) by the nano-
recipitation technique (Bilati et al., 2005; Zili et al., 2005).
n amount of 100 mg of quercetin and the appropriate amount
f EE were dissolved in 50 ml of ethanol. The internal organic
hase solutions were quickly injected into the 150 ml external
queous solution containing the appropriate amount of PVA, and
hen the solutions were homogenized at 22,000 rpm for 25 min.
he ethanol was completely removed by rotary vacuum evap-
ration at 40 ◦C water bath and then lyophilized with a freeze
ryer. The lyophilized powders were collected and stored in the
oisture-proof instrument until use.

.4. Particle size analysis

The mean particle size and polydispersity index (PI) of
he QUEN were determined by a N5 submicron particles size
nalyzer (Beckman Coulter, USA). The samples were diluted
0-times with distilled water for analysis. Each value was mea-
ured in triplicate determination. The results are showed as
ean ± standard distribution.

.5. Yield and encapsulation efficiency

Regarding the yield of the QUEN, the appropriate volume of
ach sample was dissolved in methanol and the drug concen-
ration was measured by the above-mentioned HPLC method.
dditionally, the encapsulation efficiency of the QUEN was

onducted according to the modified procedures described previ-
usly (Venkateswarlu and Manjunath, 2004). The encapsulated
nd unencapsulated portions of QU from the QUEN were sep-
rated using the centrifugal filter devices (Microcon YM-10,
illipore®) with centrifuged at 10,000 rpm for 30 min. The yield

nd encapsulation efficiency of QU can be calculated by the

ollowing equations (1) and (2):

ield (%) = CQ × VQ

WQ
× 100 (1)
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ncapsulation efficiency (%) = (CQVQ) − (FQVQ)

CQVQ
× 100

(2)

here CQ was the concentration of QU from the QUEN; WQ
as the theoretical amount of QU added; VQ was the volume
f QU from the QUEN; FQ was the concentration of QU in
nencapsulated portion.

.6. Partition coefficient analysis

The logarithm of partition coefficients of QU and EE in n-
ctanol/water (1:1) was conducted according to the modified
ethod as described by Liao and Yin (2000). A concentration

f 100 �g of QU and 750 �g of EE were added to 10 ml n-
ctanol/water (phosphate buffer, pH 7.4) (1:1) and then mixed
min by vortex, respectively. The concentrations of QU and EE

n octanol layer were determined by UV spectrometer (Hitachi
-2001). The log Koct/water value can be calculated by the fol-

owing formula: (its concentration in n-octanol/its concentration
n water). A partition coefficient value > 1 indicated a more
ydrophobic property.

.7. Transmission electron microscopy (TEM)

The morphology of the QUEN was examined by a transmis-
ion electron microscope (JEOL JEM-2000 EXII TEM, Tokyo,
apan). Before analyzing, the samples were stained with 0.5%
w/v) phosphotungstic acid and fixed on copper grids for obser-
ation.

.8. Differential scanning calorimetry (DSC)

The thermograms of pure materials and lyophilized QUEN
ere determined using a differential scanning calorimetry

DSC-7, Perkin-Elmer, Norwalk, CT). Approximately 3 mg of
ach sample was heated in aluminum pans from 50–350 ◦C and
he scanning rate was conducted at 10 ◦C min−1.

.9. X-ray diffractometry (XRD)

The patterns of pure materials, their physical mixtures, and
yophilized QUEN were obtained using the X-ray diffractometer
Siemens D5000, Germany) with Ni-filtered Cu K� radiation.

easurements were performed at a voltage of 40 kV and 25 mA.
he scanned angle was set from 2◦ ≤ 2θ ≥ 50◦, and the scanned

ate was 1◦ min−1. Measurements were made in triplicate.

.10. Fourier transform infrared (FT-IR) spectroscopy
The FT-IR spectra of the samples were obtained on a Perkin-
lmer 2000 spectrophotometer (Perkin-Elmer, Norwalk, CT,
SA). Each sample and potassium bromide were mixed by an

gate mortar and compressed into thin tablets. The scanning
ange was 370–4000 cm−1 and the resolution was 1 cm−1. Each
ample was measured and recorded in triplicate.

a
i
t
s
e
s
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.11. 1H nuclear magnetic resonance (1H NMR)
pectroscopy

The 1H NMR spectra of QU and QUEN were recorded using
JEOL Alpha 400 spectrometer (Nihon Denshi Co., Tokyo,

apan). An amount of 50 mg of each sample was dissolved in
.8 ml of DMSO-d6 and each sample was measured and recorded
n triplicate.

.12. Dissolution study

Dissolution studies of QU, its physical mixtures, and of the
UEN were performed in the simulated gastric fluid (USP
XIV). Samples equivalent to 5 mg of QU were placed in the
00 ml simulated gastric fluid which was stirred with rotating
addle at 100 rpm. Then, 0.5 ml of each sample was withdrawn
t time intervals of 5, 10, 20, 40, 60, 90 and 120 min, and filtrated
y a 0.02 �m filter (Anodisc 25, Whatman®). The concentra-
ions of drug were determined by HPLC analysis as mentioned
bove.

.13. Antioxidant activities assays

.13.1. DPPH scavenging
DPPH, a stable free radical, has been evaluated in many

tudies to determine the free radical-scavenging activity of com-
ounds or plant extractions (Bao et al., 2005; Castro et al.,
006). A concentration of 200 �M of DPPH ethanol solution
as prepared. A series of concentrations of pure QU dissolved

n distilled water or DMSO and its nanoparticles dissolved in
istilled water were prepared. One hundred and twenty-five
icroliters of different samples were mixed with 125 �l DPPH

olution and incubated at room temperature. After 30 min, the
bsorbance of the reaction solution was measured by an ELISA
eader at 517 nm. The percentage of scavenging of free radi-
al by the sample was calculated according to the following
quation: % scavenging effect = [(Ab517 control − Ab517 sam-
le)/Ab517 control] × 100. The scavenging concentration of
ach sample at 50% (SC50) was used to compare the free radical-
cavenging activity, and all determinations were performed in
riplicate.

.13.2. Anti-superoxide formation assay
Xanthine oxidase inhibition activity was measured by the

ormation of uric acid (Chang et al., 1994). To assess super-
xide anion formation, 50 �l of test samples solution, 400 �l
f KH2PO4 (0.1 mM), 530 �l of de-ionized water, and 20 �l
f xanthine oxidase (1 unit/ml) were added into a cuvette and
hen shaken for 2 min. The superoxide anion formation was
hen determined by spectrophotometric measurement of uric
cid production at 295 nm. All determinations were performed

n triplicate. The percentage of inhibition was calculated using
he following equation: % inhibition = [(Ab295 control − Ab295
ample)/Ab295 control] × 100. The inhibition concentration of
ach sample at 50% (IC50) was used to compare the anti-
uperoxide formation.
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.13.3. Superoxide anion-scavenging activity assay
Enzyme formation of superoxide anion was estimated by

he reduction of cytochrome c method (McCord and Fridovich,
969; Yu et al., 2001). First, the reagent solution was prepared
y adding 50 mM of KH2PO4, 0.1 mM of EDTA, 0.1 mM of
ytochrome c and 0.1 mM of xanthine. Subsequently, 50 �l
f test samples, 400 �l of the reagent solution, 530 �l of dis-
illed water, and 20 �l of xanthine oxidase were added into a
uvette. All samples were incubated for 2 min at room temper-
ture and then determined spectrophotometrically at 550 nm.
ll determinations were performed in triplicate. The percentage
f scavenging of superoxide radical by the sample was calcu-
ated according to the equation: % scavenging effect = [(Ab550
ontrol − Ab550 sample)/Ab550 control] × 100. The scaveng-
ng concentration of each sample at 50% (SC50) was used to
ompare the superoxide anion-scavenging activity.

.13.4. Anti-lipid peroxidation assay
The anti-lipid peroxidation effect of QU and the QUEN

n FeCl2–ascorbic acid-induced lipid peroxidation in rat
iver homogenate was performed according to the previously
escribed method (Ohkawa et al., 1979; Wong et al., 1987).
he 20% liver homogenate (w/v) was prepared with 150 mM
ris–HCl buffered saline (pH 7.2) by a polytron homogenizer
nd further centrifuged at 500 × g for 10 min. Briefly, the 50 �l
omogenate was mixed with 30 �l of test sample, 10 �l of 4 mM
eCl2 and 10 �l of 0.2 mM ascorbic acid. The mixture was incu-
ated at 37 ◦C for 1 h in a eppendorf tube, then 100 �l of 0.1N
Cl, 40 �l of 9.8% SDS, 180 �l of de-ionized water, and 400 �l
f 0.6% TBA were added to each tube and vigorously shaken.
he tubes were placed in 95 ◦C for 30 min. After cooling, tubes
ere added 1000 �l n-butanol and centrifuged at 1000 × g for
5 min, and the supernatants were subsequently measured with
spectrophotometer (Hitachi U-2001) at 532 nm. All determi-
ations were performed in triplicate. The percentage of lipid
eroxidation inhibition was calculated following the equation:

inhibition = [1 − (Ab532 induced − Ab532 sample)/(Ab532
nduced − Ab532 control)] × 100. The inhibitory concentration
f the production of 50% lipid peroxide was expressed as IC50
nd was used to compare the anti-lipid peroxidation activity.
.14. Statistical analysis

All data were expressed as means ± standard deviations,
nd analyzed with one-way analysis of variance (ANOVA).

w
t
t
a

able 1
ean particle size, polydispersity, yield and encapsulation efficiency of the QUEN sy

ormulations Mean particle size (nm) Polydispers

U 4946.0 ± 61.67 1.59 ± 0.28
UEN 1:1:1 472.9 ± 107.73# 0.74 ± 0.11
UEN 1:5:5 93.7 ± 8.16#,* 0.50 ± 0.10
UEN 1:10:10 81.9 ± 0.26#,* 0.22 ± 0.01

ll determinations were performed in triplicate and values were expressed as mean ±
# Significantly different from the QU (P < 0.001).
* Significantly different compared with the QUEN 1:1:1 (P < 0.01).
† Significantly different compared with the QUEN 1:5:5 (P < 0.05).
harmaceutics 346 (2008) 160–168 163

cheffe’s test was used to calculate statistical significance by
PSS software. P < 0.05 and 0.001 were considered statistically
ignificant.

. Results and discussion

.1. Characterization of quercetin nanoparticles (QUEN)

As Table 1 shows, the mean particle size and PI of the
UEN were less than 100 nm and 0.5, respectively, except

or QU:PVA:EE at 1:1:1 (472.9 ± 107.73 nm and 0.74 ± 0.01).
hese results indicated that the small mean size and pI value
an depend on the proportion of PVA. The possible explanation
as that a high proportion of PVA could provide sufficient sta-
ilization to the nanoparticles system, and reduce their particle
ize and size distribution (Sahoo et al., 2002; Galindo-Rodriguez
t al., 2004). The morphological property of the QUEN is also
hown in Fig. 2. The QUEN prepared with the QU:PVA:EE
t 1:10:10 and 1:5:5 ratios presented smaller spherical shape
nd uniform size distributions (Fig. 2A and B). In contrast, the
U:PVA:EE at 1:1:1 was insufficient to stabilize the nanopar-

icles system and would lead to mutual coalescence between
articles forming a larger size (Fig. 2C).

The encapsulation efficiency of QU was 94.8 ± 1.75 to
9.9 ± 0.59% and the yields were 0.17 ± 0.01 to 99.3 ± 0.57%
s obtained from different ratios of QU:PVA:EE, respec-
ively (Table 1). As the content of EE increased, the
ield and encapsulation efficiency of the drug were
nhanced. The most likely reason was that the lipophilic
haracter of QU (log Koct/water = 1.81 ± 0.17) and EE
log Koct/water = 2.07 ± 0.34) can be miscible in the internal
rganic phase, leading to a stronger affinity between them.
onsequently, a higher ratio of EE with QU was preferentially
ispersed in the internal organic phase, and a slight amount
f drug was lost in the aqueous phase during the process of
anoparticles preparation (Ubrich et al., 2005). Furthermore, the
ncapsulation efficiencies of the drug could also be influenced
y adjusting the proportion of PVA. Table 1 showed that encap-
ulation efficiencies of QU increased with enhancing content of
VA. This finding is consistent with the reports from Sehra and
hake (2005) and Mu and Zhong (2006). The possible reason

as that the hydrophobic portion of PVA interpenetrated into

he EE chains during nanoprecipitation and remained trapped
o the polymeric matrix of the nanoparticles. Accordingly, the
ddition of PVA easily formed an interconnected network with

stems with various weight ratios of QU:EE:PVA

ity Yield (%) Encapsulation efficiency (%)

– –
#,* 0.17 ± 0.01 94.8 ± 1.75
#,* 81.9 ± 1.97* 99.4 ± 0.02
#,*,† 99.3 ± 0.57* 99.9 ± 0.59

S.D., n = 3.
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lyophilized QUEN are shown in Fig. 4. The characteristic peaks
of QU exhibited at a diffraction angle of 2θ, 10.73◦, 12.33◦,
15.87◦, 24.41◦, 26.50◦, and 27.40◦, can be inferred to traits of
a high crystalline structure. In the case of all physical mixtures,
Fig. 2. TEM photographs of the QUEN systems with variou

E–QU and thus elevated the encapsulation efficiencies of the
rug.

.2. Differential scanning calorimetry

Differential scanning calorimetry curves of the pure compo-
ents and of the QUEN are displayed in Fig. 3. The endothermic
eak of QU was obtained at 326.7 ◦C corresponding to its melt-
ng point. The PVA also showed a broad endothermic peak
round at 330 ◦C. However, no peak melting point was exhib-
ted in the curve of EE and a similar observation has been
eported by Jung et al. (1999). In all lyophilized QUEN, we

ound that the endothermic peak of QU completely disappeared.
hese results suggested that the drug was dispersed throughout

he polymers forming a high-energy amorphous state. Further-
ore, the endothermic peaks of all physical mixtures were also

ig. 3. DSC curves of QU, the carriers, and the QUEN systems with various
eight ratios of QU:EE:PVA. (A) QU, (B) PVA, (C) EE, (D) QUEN 1:1:1, (E)
UEN 1:5:5, (F) QUEN 1:10:10.

F
a
E
(

ght ratios of QU:EE:PVA. (A) 1:10:10, (B) 1:5:5, (C) 1:1:1.

bsent (data not shown). We suggest that the drug could be fused
ith the polymers during the heating procedure. Similar findings
ere also observed by other studies (Tantishaiyakul et al., 1999).

.3. Powder X-ray diffraction

The XRD patterns for QU, its physical mixtures, and
ig. 4. X-ray diffraction patterns of QU, the carriers, the physical mixtures (PM),
nd the QUEN systems with various weight ratios of QU:EE:PVA. (A) QU; (B)
E; (C) PVA; (D) PM 1:1:1; (E) PM 1:5:5; (F) PM 1:10:10; (G) QUEN 1:1:1;

H) QUEN 1:5:5; (I) QUEN 1:10:10.
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Fig. 5. FT-IR spectra of QU, the carriers, the physical mixtures (PM), and the
Q
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UEN systems with various weight ratios of QU:EE:PVA. (A) QU; (B) EE;
C) PVA; (D) PM 1:1:1; (E) PM 1:5:5; (F) PM 1:10:10; (G) QUEN 1:1:1; (H)
UEN 1:5:5; (I) QUEN 1:10:10.

haracteristic peaks of QU diminished with an increase in mix-
ng ratios of PVA and EE, however, the crystalline structure of
he drug still persisted. Moreover, there were no characteristic
eaks appearing on the patterns of all lyophilized QUEN. One
xplanation for this is that the molecule of QU has been encap-
ulated or dispersed into EE-PVA polymers when undergoing
he nanoprecipitation technique, thus forming an amorphous
omplex with intermolecular interaction occurring within the
atrix. A similar phenomenon has been observed for oridonin

ispersed in poly(d,l-lactic acid) (PLA) in which the XRD pat-
ern of oridonin-loaded PLA nanoparticles showed that the drug
as in its amorphous state (Xing et al., 2007). Our findings were

lso in accordance with the above results from the DSC analysis,
roviding evidence that the crystal structure of QU was indeed
onverted to an amorphous state.

.4. Fourier transform infrared

The intermolecular interaction of nanoparticles system
as established by FT-IR. Fig. 5 shows QU presenting the

haracteristic intensities of C O absorption band at 1662 cm−1

nd the OH stretch at 3403 cm−1. The spectra of all physical
ixtures seemed to be only a summation of QU, PVA, and
E spectra. This observation indicated that no intermolecular

nteraction occurred in the physical mixtures. However, the
pectra from the QUEN showed that the C O absorption band
f QU was shifted toward lower wavenumber and the OH stretch
f QU completely disappeared. These results suggested that
ntermolecular hydrogen bonding occurred in the QUEN and

ight be stronger than in the physical mixtures. Furthermore,
his also indicated that the formation of hydrogen bonding in
he QUEN system correlated with the crystalline conversion of
U, and there are several studies that have demonstrated that
ydrogen bonding can affect the transformation of drug crystal
Tantishaiyakul et al., 1996, 1999).
.5. 1H NMR spectroscopic analysis

In 1H NMR analysis, the formation of hydrogen bond-
ng can be also accounted by the change in chemical shifts

s
c
(
d

Fig. 6. 1H NMR spectra of QU (A) and the QUEN 1:10:10 (B).

�δ = δcomplex − δpure) (Yamamura et al., 2000; Horisawa et
l., 2000). The comparative presentation of pure QU and of
he QUEN is shown in Fig. 6. The spectrum of QU showed
rotons on aromatic groups ranging from 6 to 8 ppm, and a
trong intramolecular hydrogen bonding at 12.49 ppm, which
s a typical shift for intramolecular six-membered ring hydro-
en bonding of the C5–OH and C4 O moiety (Exarchou et
l., 2002). In the case of the QUEN, the result indicated that
he aromatic protons (H6 and H8) of QU were obviously
hifted to upfield and the intramolecular hydrogen bonding
isappeared. As Table 2 shows, the QU:PVA:EE of 1:10:10
ight possess stronger hydrogen bonding than other formu-

ations because its H6 and H8 on the aromatic ring of QU
ere shifted to about 0.1 ppm. Along with the above find-

ngs, these data further demonstrated that the A-ring of QU
ormed intermolecular hydrogen bonding with the PVA–EE
arriers.

.6. Release rate of quercetin

The dissolution profiles of QU, its physical mixtures, and
f the different ratios of QUEN in simulated gastric medium
re shown in Fig. 7. The dissolution of pure QU was less than
%, and the highest ratio of QU:PVA:EE (1:10:10) of the phys-
cal mixture dissolved only 8% within 120 min. However, the
issolution profiles of the drug from the QUEN showed faster
issolution than those from the QU and its physical mixtures.
articularly, the drug-release of QU:PVA:EE (1:10:10) of the
UEN was more than 95% within 20 min. In addition, the

elease rates of QU, its physical mixtures, and of the QUEN
onformed to the Higuchi equation and correlation coefficient
hat ranged from 0.97 to 0.99, as shown in Table 3. The release
ates of QU from the physical mixtures and from the QUEN were

trongly dependent on the proportion of PVA and EE. Specifi-
ally, the release rate of the drug from the QUEN of QU:PVA:EE
1:10:10) was increased 74-fold as compared with pure
rug.
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Table 2
1H chemical shifts (400 MHz) for QU and the QUEN systems with various weight ratios of QU:EE:PVA

Position δ (ppm) quercetin m, J (Hz) �δ (ppm)a

QUEN 1:1:1 QUEN 1:5:5 QUEN 1:10:10

H6 6.183 d, 2.0 −0.020 −0.067 −0.092
H8 6.404 d, 2.0 −0.021 −0.073 −0.099
H5′ 6.880 d, 8.4 −0.006 −0.022 −0.031
H6′ 7.536 dd, 2, 2.4
H2′ 7.674 d, 2.4

a �δ = δ(QUEN) − δ(QU).

Fig. 7. Dissolution profiles of QU, the physical mixtures (PM), and the QUEN
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UEN 1:10:10(�). Values were expressed as mean ± S.D., n = 6.

.7. Antioxidant activity

The QU from the QUEN has been improved in its physico-
hemical properties especially in that observed for QU:PVA:EE
t 1:10:10. Thus, we chose this formulation to assay its antiox-
dant activity and compared with pure QU dissolved in DMSO
QU–DMSO, positive control) or distilled water (QU–DW).

.7.1. The DPPH free radical-scavenging assay

The free radical-scavenging effect of QU is attributed to

ts hydrogen-donating ability. Because the phenolic hydroxyl
roup of QU molecule could donate the hydrogen to stabi-
ize the free radical and prevent the oxidation of lipid, protein,

able 3
elease rate constants (K) of QU, the physical mixtures (PM), and the QUEN

ystems with various weight ratios of QU:EE:PVA in the simulated gastric fluid

ormulations Higuchi equation Correlation
coefficient, r

K (min−1/2)

U y = 0.1196x − 0.1999 0.9970 0.120
M 1:1:1 y = 0.2087x − 0.4128 0.9652 0.209
M 1:5:5 y = 0.6543x − 1.3104 0.9724 0.654
M 1:10:10 y = 1.3735x − 0.0441 0.9785 1.374
UEN 1:1:1 y = 3.343x − 3.5154 0.9704 3.343
UEN 1:5:5 y = 6.9106x + 28.694 0.9856 6.911
UEN 1:10:10 y = 8.9003x + 60.794 0.9956 8.900

Q
d
s
t
t
Q

3

p
a
C
w
d
e
Q
t

−0.003 −0.006 −0.014
−0.010 −0.021 −0.035

nd DNA, it could therefore further reduce the injuries caused
y oxidative stress (Heim et al., 2002). The results on the
ree radical-scavenging ability of the QUEN, QU–DMSO, and
U–DW are shown in Fig. 8A. The SC50 values of QUEN

nd QU–DMSO were 4.24 ± 0.48 and 7.04 ± 0.85 �g/ml, indi-
ating excellent DDPH radical scavenger activity. The SC50
alue of QU–DW on the other hand was considerably higher
3746.99 ± 611.68 �g/ml) when compared with QUEN and
U–DMSO (P < 0.001). QUEN significantly increased 883-fold
n DPPH radical scavenging. The observed radical-scavenging
ffect of QU from the QUEN at very low concentration suggested
hat it could be promising against DPPH radicals.

.7.2. Anti-superoxide formation and superoxide
nion-scavenging activity assay

In xanthine–xanthine oxidase system, xanthine oxidase con-
erts hypoxanthine to xanthine and finally metabolizes it to
ric acid. Superoxide anion and hydrogen peroxide are gen-
rated in the reaction, and superoxide anion can directly
educe ferri-cytochrome c to ferro-cytochrome c (Gohil et
l., 2000). Fig. 8B shows the IC50 values of the QUEN
nd QU–DMSO on anti-superoxide formation, and they were
.31 ± 0.12 and 5.59 ± 0.15 �g/ml, respectively. QUEN was
93-fold more active than QU–DW (2620.88 ± 107.67 �g/ml)
P < 0.001). Moreover, the result of Fig. 8C also shows that the
C50 values of the QUEN and QU–DMSO on superoxide anion-
cavenging activity were 1.59 ± 0.6 and 1.89 ± 0.11 �g/ml,
espectively, and the QUEN was 1377-fold stronger than
U–DW (2189.94 ± 40.31 �g/ml) (P < 0.001). These findings
emonstrated that the QUEN and QU–DMSO not only pos-
essed strong anti-superoxide formation but also scavenged
he superoxide anion. In contrast, the QU–DW was observed
o exhibit weak activity when compared with QUEN and
U–DMSO.

.7.3. Anti-lipid peroxidation assay
Overproduction of free radicals causes a chain reaction of

eroxidation on the cell membrane lipid that could lead to cell
nd tissue death. The inhibitory effect on ferrous ion–vitamin

system-induced lipid peroxidation in rat liver homogenate
as used to assess the anti-lipid peroxidation activity of the

ifferent QU systems. The anti-lipid peroxidation activity of
ach sample is shown in Fig. 8D. The IC50 value of QUEN and
U–DMSO were 77.17 ± 9.98 and 62.72 ± 7.68 �g/ml, respec-

ively, which indicated that the anti-lipid peroxidation of QUEN
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Fig. 8. The antioxidant activities of QUEN, QU–DMSO, and QU–DW in dif-
ferent studies: (A) DPPH radical-scavenging activity; (B) anti-superoxide anion
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as 59-fold greater than QU–DW (4575.72 ± 525.46 �g/ml)
P < 0.001). Previous studies have also demonstrated that the
anoparticles systems of idebenone (Palumbo et al., 2002) and
elatonin (Schaffazick et al., 2005) have improved antioxidant

nd anti-lipid peroxidation activity in vitro.

. Conclusion
The present study demonstrated that the quercetin nanopar-
icles system (QUEN) was successfully developed by a
anoprecipitation technique. Our studies also established that
he release mechanisms of QU from the QUEN were attributed to

G

G
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he reduction of drug particle size, the formation of high-energy
morphous state, and the intermolecular hydrogen bonding.
dditionally, the increases of antioxidant activities of QU from

he QUEN were correlated with the improvements in physic-
chemical characterization and dissolution property. Thus, we
uggest that the QUEN may be applied in clinical setting and
arrant further studies.
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