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ABSTRACT: Quercetin is an abundant flavonoid in food
plants with numerous biological activities and widely
used as a potent antioxidant. Being sparingly soluble in
water and subject to degradation in aqueous intestinal flu-
ids, the absorption of quercetin is limited upon oral ad-
ministration. In the present study, chitosan nanoparticles
and quercetin-loaded nanoparticles were prepared based
on the ionic gelation of chitosan with tripolyphosphate
anions. The encapsulation of quercetin in the chitosan
nanoparticles were confirmed by differential scanning cal-
orimetry, X-ray powder diffractometry, Fourier trans-
formed infrared spectroscopy, ultraviolet-visible spectrum,

and fluorescence spectrum. The morphology of the nano-
particles was characterized by atomic force microscopy.
The antioxidant activity of the quercetin-nanoparticles was
also evaluated in vitro by two different methods (free radi-
cal scavenging activity test and reducing power test),
which indicates that inclusion of quercetin in chitosan
nanopaticles may be useful in improving the bioavailabilty
of quercetin. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci
107: 891-897, 2008
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INTRODUCTION

In recent years, flavonoids have attracted a great in-
terest as potential therapeutic agents against a large
variety of diseases, most of which involve radical
clamage.l’2 Quercetin [Fig. 1(A)], 3,3 ,4',5'-7-penta-
hydroxy flavone, is one of the most abundant flavo-
noids in the human diet.® Tt has been demonstrated
to possess a myriad of biological activities that are
considered beneficial to health, including antioxida-
tive, free radical scavenging, anticancer, and antiviral
activities.*® In spite of this wide spectrum of phar-
macological properties, the use of quercetin in
pharmaceutical field is limited by its low aqueous
solubility.” In addition, it is chemically unstable, es-
pecially in aqueous alkaline medium, which possibly
involves the attack of hydroxyl ions on the C-ring of
quercetin.®

While in pharmaceutical product development,
polymer nanoparticles have been widely investigated
as a carrier for drug delivery.”'? Chitosan, the second
abundant polysaccharide and a cationic polyelectro-
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lyte present in nature,'' is the deacetylated form of
chitin and composed of glucosamine, known as (1-
4)-2-amino-2-deoxy-B-p-glucose [Fig. 1(B)]. Properties
such as biodegradability, low toxicity, and good
biocompatibility make it suitable for use in biomedi-
cal and pharmaceutical formulations.'”>"* Particu-
larly, Chitosan has been used in improving the disso-
lution rate of the poorly soluble drugs,'® preparation
of mucoadhesive formulations,'” " drug targeting,*
and enhancement of peptide absorption.*! Tripoly-
phosphate (TPP) [Fig. 1(C)] is a polyanion, which
can interact with the cationic chitosan by electrostatic
forces.”>* The method of complexation between
oppositely charged molecules to prepare chitosan
microspheres has attracted much attention because
the process is very simple and mild.""** The bioad-
hesive polysaccharide chitosan nanoparticles are
used to provide controlled release of drugs and to
improve the bioavailability of degradable substances.

The present study was designed to investigate the
feasibility of encapsulating quercetin into chitosan
nanoparticles to enhance its applications in pharma-
ceutical field. The nanoparticles were prepared by
the method of ionic gelation and the structural char-
acteristics of the inclusion complexes have been
examined by differential scanning calorimetry, X-ray
powder diffractometry, absorption spectrum, and
fluorescence spectrum. The antioxidant activity of
the quercetin-loaded nanoparticles was afterwards
evaluated.
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Figure 1 Chemical structure of quercetin (A), chitosan
(B), and sodium tripolyphosphate (C).

EXPERIMENTAL
Materials

Quercetin, chitosan, TPP, and 1,1-diphenyl-2-picryl-
hydrazyl radical (DPPH) were purchased from
sigma (St. Louis, MO). The deacetylation degree of
chitosan was 79% and the average molecular weight
was 500,000, which obtained by using an Ubblelohde
capillary viscometer at (25 * 0.1)°C. All other
reagents used were of analytical regent grade. Solu-
tions were prepared using water filtered through a
MILLI-Q water system (Miliipore, Bedford, MA).

Methods

Preparation of chitosan nanoparticles and
quercetin-loaded nanoparticles

Chitosan nanoparticles were prepared according to
the literature based on the ionic gelation of chitosan
with TPP anions.”?® Chitosan was dissolved in
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acetic aqueous solution at 2 mg/mL and the concentra-
tion of acetic acid in aqueous solution was 3 vol %.
Under magnetic stirring at room temperature, 4 mL
TPP aqueous solution with concentration of 2 mg/mL
was added into 10 mL chitosan solution. Opalescent
suspension was formed spontaneously. The hydrody-
namic diameter and zeta potential of nanoparticles
were measured by a dynamic light scattering Zeta-
sizer (Malvern 3000HSa, UK) to be 40-100 nm and
+30.3 mV, respectively.

Quercetin-loaded nanoparticles were formed upon
incorporation of 4 mL TPP solution containing quer-
cetin into 10 mL chitosan solutions. The nanopaticles
were separated from the aqueous medium contain-
ing nonassociated quercetin by ultracentrifugation at
40,000, 4°C for 30 min and lyophilized.

Atomic force microscopy

A scanning probe Microscope SPM-9500 J3 instru-
ment (Shimadzu, Japan) was used for visualization of
both the chitosan nanoparticles and the quercetin-
loaded chitosan nanoparticles deposited on glass
substrate. The measurement was performed in tap-
ping mode using a silica carbide probe under normal
atmospheric conditions, at a temperature of 25°C.

Differential scanning calorimetry

Calorimetric measurements were carried out on a
Netzsch-DSC200 PC Differential scanning calori-
meter (Germany) at a heating rate of 10°C/min.
Samples (1.8 mg) were accurately weighed using a
Sartorius BS 110S electronic microbalance and heated
in closed aluminum crimped cells over the tempera-
ture range of 30-360°C under a nitrogen flow of
40 mL/min.

X-ray powder diffractometry

Powder X-ray diffraction patterns (XRPD) were
taken with a Bruker D8-Advance X-ray diffractome-
ter (Germany), by using a Ni-filtered Cu Ko radia-
tion over the 20 range of 2-50°. Samples were finely
ground in glass substrate and the experimental pa-
rameters were set as: voltage, 40 kV; current, 20 mA;
angular speed, 4°/min. The XRPD patterns of quer-
cetin, chitosan as well as the quercetin-loaded chito-
san nanoparticles were recorded.

Spectroscopy characterization

The Fourier transform infrared (FTIR) spectra of
quercetin, chitosan nanoparticles, and quercetin-
loaded nanoparticles were recorded on a Nicolet
5700 FTIR spectroscopy (Thermo, USA) using a
Smart OMNI-sampler Accessory. The scanning range

was 400-4000 cm ! and the resolution was 1 cm L.
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An Australian Varian Cary-5000 spectrophotome-
ter with a diffuse reflection integral sphere accessory
was used for obtaining the ultraviolet-visible (UV-
Vis) spectra. The scanning range was 190-800 nm
and data interval was 1.0 nm.

Intrinsic fluorescence emission spectra between
350 nm and 650 nm were recorded with an F-4500
fluorescence spectrophotometer (Hitachi, Japan)
equipped with a xenon lamp source using a 3-D
scanning mode. Excitation and emission bandwidths
were both set at 2.5 nm.

Measurement of free radical scavenging activity

The free radical scavenging activity of chitosan nano-
particles and quercetin-loaded nanoparticles was
measured by DPPH according to literature with
minor modifications.”” Briefly, varying concentra-
tions of chitosan nanoparticles or quercetin-loaded
nanoparticles were added into 500 pL of DPPH solu-
tion (0.2 mM, in 50% ethanol). The reaction mixture
was incubated in a shaker at room temperature for
30 min and the absorbance at 517 nm was read
against a blank. Decreased absorbance of DPPH indi-
cates increased antioxidant effect. The radical scav-
enging activity was calculated using the following
equation:

Scavenging effect (%)

= (1 - Asamples, 517 nm/Acontrol7 517 nm)
x 100

Measurement of reducing power

The reducing power of chitosan nanoparticles and
quercetin-loaded  nanoparticles was quantified
according to the method described earlier by Yen
and Chen with minor modifications.?® Briefly, 2 mL
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of reaction mixture, containing different concentra-
tion of nanoparticles in phosphate buffer (0.2M, pH
6.6), was incubated with 1 mL potassium ferricya-
nide (1% w/v) at 50°C for 20 min. By adding 1 mL
trichloroacetic acid solution (10%, w/v) the reaction
was terminated and the mixture was centrifuged at
5000 rpm for 5 min. The supernatant was mixed
with distilled water and ferric chloride (0.1%, w/v)
solution. The absorbance of the reaction mixture was
measured at 700 nm and increased absorbance indi-
cated increased reducing power.

RESULTS AND DISCUSSION
Atomic force microscopy

Atomic force microscopy (AFM) measurement is an
effective method to provide the surface morphol-
ogy.29 As presented in Figure 2, 2 pm x 2 pm scans
were captured. Image (a) is the morphology of chito-
san nanoparticles and image (b) is of quercetin-
loaded nanoparticles. It appears that the nano-
spheres were uniform and ellipsoidal in shape with
smooth surfaces in both the two images. However,
the size of the blank chitosan nanoparticles is
smaller compared to the quercetin-loaded nanopar-
ticles. Combining AFM image with SPM-9500 analy-
sis, we may get an insight into the average particle
size, which is about 68.08 nm for the blank and
76.58 nm for the quercetin-loaded chitosan nanopar-
ticles, respectively. The results indicated that the
loading of quercetin leads to an increase of the parti-
cle size.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was employed
to check any variation of crystalline properties of
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Figure 2 Atomic force micrographs of chitosan nanoparticles (a) and quercetin-loaded nanoparticles (b). [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 3 DSC curves of quercetin (a), chitosan nanopar-
ticles (b), and quercetin-loaded nanoparticles (c).

quercetin because of the encapsulation into the chito-
san nanoparticles." The thermal curves of quercetin,
chitosan nanoparticles, and quercetin-loaded nano-
particles are presented in Figure 3. It can be seen in
the DSC curve quercetin showed a broad endother-
mic peak (Tonset = 116.0°C, Tpeaw = 123.3°C) as it
becomes anhydrous and a melting endotherm (Tonget
= 324.1°C; Tpeax = 327.2°C). Broader endotherm was
associated with loss of bound water from chitosan
nanoparticles (Topset = 82.1°C; Tpeaw = 118.6°C) and
quercetin-loaded nanoparticles (Tonset = 98.3°C; Tpeak
= 121.5°C) while the characteristic, well recognizable
thermal profile of quercetin corresponding to its
melting point disappeared, which can be assumed
as proof of inclusion of quercetin into the chitosan
nanoparticles.

0 5 10 15 20 25 30 35 40 45
2000

Figure 4 XPRD spectra of quercetin (a), chitosan (b), and
quercetin-loaded nanoparticles (c).
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Figure 5 FTIR spectra of quercetin (a) and quercetin-
loaded nanoparticles (b).

XRPD

Figure 4 shows the XRPD of quercetin, chitosan raw
material, and quercetin-loaded nanoparticles. In the
X-ray diffractogram of quercetin powder, sharp
peaks at a diffraction angle of 20 = 10.78°, 12.48°,
15.88°, 23.92°, 24.50°, 27.46° are present which suggest
that the drug is present as a crystalline material.”
There are also two strong peaks in the diffractogram
of chitosan at 20 = 10.30°, 20.12°, indicating the
crystallinity of chitosan. However, the diffraction
peaks relevant to crystalline quercetin and chitosan
were no longer detectable in the quercetin-loaded
nanoparticles, thus meaning a greater amorphous-
ness of the inclusion compounds, compared to the
free molecules. These results, confirmed that querce-
tin is no longer present as a crystalline material after
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Figure 6 UV-Vis spectra of quercetin (a), chitosan nano-
paticles (b), and quercetin-loaded nanoparticles (c).
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Figure 7 Fluorescence spectrum of (a) contour and (b) 3-D view of quercetin; (c) contour and (d) 3-D view of quercetin-

loaded nanoparticles.

encapsulation and quercetin-loaded nanoparticles
exist in the amorphous state.

Spectroscopy properties

Diffuse reflectance is a very effective technique in
the analysis of powders, or whenever the roughness
of the analyte surface is not negligible for the inci-
dent radiation wavelength.! During this experiment,
a Smart OMNI-sampler Accessory was adopted to
detect the absorption features on the surfaces of the
powder. As shown in Figure 5, for the FTIR spectra
of the quercetin-loaded nanoparticles, the character-
istic bands of free quercetin, associated with aromatic
bending and stretching (around 1100 and 1600 cm ),
—OH phenolic bending (1200-1400 cm ') disappe-
ared, while the absorption peaks assigned to C=0O
(1641 cm™ '), —NH bending vibration (1545 cm ™) in
amide group, and —C—O—C (1040-1150 cm ') in
glycosidic linkage of chitosan appeared. It can be
concluded that quercetin was not present on the
surface but included in the nanoparticles.

The UV-Vis spectra of free quercetin, chitosan,
and quercetin-loaded nanoparticles are presented in
Figure 6. The spectrum of quercetin is quite different
after inclusion in chitosan nanoparticles. Free querce-
tin powder showed an absorption band at 430 nm,
of which the intensity decreased significantly and
the position exhibited appreciable Einstein shift in
the spectra of quercetin-loaded nanoparticles. The
characteristic band of free powder at 245 nm disap-
peared and another band at 309 nm moved to
297 nm after encapsulation by chitosan. This result

definitely proves an interaction between quercetin
and chitosan, since in the case of a physical mixture
only a superimposition of the signals would have
been observed.

Quercetin is weakly fluorescent and extremely
sensitive to the surrounding medium such as polar-
ity and hydrogen bonding effects.> Figure 7 shows
the contour and 3-D view of quercetin powder and
quercetin-loaded nanoparticles. It can be seen the
encapsulation of quercetin into the chitosan nanopar-
ticles causes a dramatic enhancement in the fluores-
cence emission intensity (Apxitation, max = 481 nm,
AEmission, max = 9530 nm), which indicates the varia-
tion of microenvironment. This is most because
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Figure 8 Scavenging effect of chitosan nanoparticles and
quercetin-loaded nanoparticles on 1,1-diphenyl-2-picryl-
hydrazyl radical. Each value is expressed as mean *= SD
(n = 3).
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Figure 9 Reducing power of chitosan nanoparticles and
quercetin-loaded nanoparticles. Each value is expressed as
mean * SD (n = 3).

upon inclusion of fluorophores, chitosan nanopar-
ticles offer a less polar and more rigid protective
microenvironment shielding the excited species from
the quenching and nonradiative decay processes,
similar phenomenon had been observed by Zhu
et al. who found that inclusion of fluorophoric
reagents into B-cyclodextrins resulted in a range of
fluorescent enhancement.?

Scavenging of DPPH radical

Free radicals are generated by normal metabolic pro-
cess or from exogenous factors and agents, and they
can easily initiate the peroxidation of membrane lip-
ids, leading to the accumulation of lipid peroxides.*
DPPH has a hydrogen free radical and shows a char-
acteristic absorption at 517 nm.**** While encounter-
ing the proton-radical scavengers, the purple color
of the DPPH solution fades rapidly.** In the present
study, DPPH was used to determine the proton-
scavenging activity of the chitosan nanoparticles and
quercetin-loaded nanoparticles.

Total DPPH scavenging potential of chitosan nano-
particles and quercetin-loaded nanoparticles at vary-
ing concentrations was measured and the results
were depicted in Figure 8. In the DPPH test, querce-
tin-loaded nanoparticles were able to reduce the
stable radical DPPH to the yellow colored diphenyl-
picrylhydrazine and the scavenging ability relied on
the concentration of nanoparticles. It can be therefore
concluded that the complexes formed maintained
the quercetin antioxidant activity.

Reducing power of nanoparticles

It was reported there is a direct correlation between
antioxidant activities and reducing power of some
plant extracts.®® Early research®”® found that the
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reducing power are generally associated with the
presence of reductones, which have been shown to
exert antioxidant action by breaking the free radical
chain through donating a hydrogen atom.

Figure 9. showed the reducing power of chitosan
nanoparticles and quercetin-loaded nanoparticles.
The reducing power of quercetin-loaded nano-
particles correlated well with increasing concentra-
tion. The results indicated that quercetin was effec-
tively encapsulated in the chitosan nanoparticles and
the reducing power of the inclusion complex was
pronounced.

CONCLUSIONS

Chitosan nanoparticles and quercetin-loaded nano-
particles were prepared based on the ionic gelation
of chitosan with TPP anions. Different analytical
techniques, including AFM, DSC, XRPD, FTIR, UV-
Vis, and fluorescence spectrum were adopted to
characterize the inclusion compounds. These results
showed that quercetin existing in an amorphous
state was encapsulated in chitosan nanoparticles.
The antioxidant activity of the quercetin-nanopar-
ticles was also evaluated in vitro by two different
methods, which indicated that encapsulation of
quercetin in chitosan nanopaticles may be useful in
improving the bioavailabilty of quercetin in pharma-
ceutical formulation.

The authors gratefully acknowledge the Research Fund for
the Doctoral Program of Higher Education for financial
support.
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