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The main aim of this study was to prepare quercetin nanocrystals using three fabrication methods, viz.
high-pressure homogenization, bead milling, and cavi-precipitation. The three fabrication methods were
compared in terms of particle size, saturation solubility, and dissolution of the products obtained. The
average particle size of the coarse quercetin was 50.1 um. The three methods produced quercetin parti-
cles in the nanometre range (276-787 nm) and the smallest nanocrystals of around 276.7 nm were fab-
ricated by bead milling. The particle size, polydispersity index, zeta potential, and saturation solubility
values for the products fabricated by both high-pressure homogenization and bead mill were similar
and thus both represented an efficient means to fabricate quercetin nanosuspensions. According to
X-ray diffraction analysis, all nanocrystals were still in the crystalline state after being fabricated by
the three methods. The cavi-precipitated product exhibited larger particle size and did not show an
optimum stability as suggested by the zeta potential values. However, cavi-precipitated quercetin nano-
suspension showed the higher saturation solubility due to the presence of ethanol. The bead milled prod-
ucts with the lowest particle size exhibited a saturation solubility of 25.59 + 1.11 pg/ml, approximately
nine times higher than coarse quercetin. Overall, the dissolution rates of the quercetin nanosuspensions
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fabricated by these three methods enhanced compared to the coarse quercetin.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nano-sized particles possess novel physiochemical properties
which have been exploited for numerous applications in a variety
of fields, especially in pharmaceutical and cosmetic industries. The
key characteristic of drug nanocrystals is their enhanced ability to
transport across a barrier such as cell membrane. This is why drug
nanocrystals have been used for various application routes includ-
ing parenteral [1], peroral [2], dermal [3,4], ocular [5], and pulmon-
ary [6]. Nanocrystals also exhibit other advantages like increased
saturation solubility and dissolution velocity attributed to their
higher surface area, and excellent adhesion to biological surfaces
[7]. This results in not only an improved bioavailability but also a
reduction in variation in bioavailability of poorly soluble drugs,
preferential class II drugs of the biopharmaceutical classification
system (BCS) [8]. Therefore, there arises the need to find a simple
yet efficient method to fabricate the drug nanocrystals that can
be scaled up for use in the pharmaceutical industry. There are
two key approaches to achieve the nano dimension namely, “top
down” and “bottom up”. The commonly used “top down” methods
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are high-pressure homogenization [9] and bead milling [10]. The
main “bottom up” technique is precipitation. This “bottom up”
precipitation method can be coupled with another “top down”
method like homogenization to prevent the crystal growth of the
precipitated nanocrystals into microcrystals. This precipitation—
homogenization size reduction process called cavi-precipitation
includes dissolving a drug in a good solvent, mixing the solvent
with an antisolvent, and carrying out the precipitation in a zone
of high energy to maintain the particle size achieved and to
prevent further growth of the nanosuspension [11].

In the present study, quercetin has been used and its nanocrys-
tals have been fabricated using the three methods viz., high-
pressure homogenization, bead milling, and cavi-precipitation
(H69, patent PCT/EP2006/009930). The three fabrication methods
have been compared for the efficiency of production, the size and
quality of the products obtained.

Quercetin has been used as a model drug. It is one of the most
prominent dietary antioxidants and is claimed to exert beneficial
health effects such as protection against osteoporosis, certain
forms of cancer, pulmonary and cardiovascular diseases and also
against aging [12]. However, quercetin presents a very low bio-
availability (less than 17% in rats and even 1% in human) [13,14].
Apart from the considerable metabolism and high plasma protein
binding in vivo (99.4%), its poor solubility leading to a very limited
and slow absorption is also an important factor limiting the
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bioavailability [15]. As a result, the clinical application of this drug
is greatly restricted. Therefore, fabricating quercetin nanocrystals
can greatly increase its saturation solubility and the dissolution
velocity.

2. Methods and materials
2.1. Materials

Quercetin was purchased from Sigma Aldrich (Berlin, Germany).
The stabilizer Tween 80 (polysorbate 80, Unigema, Everberg, Bel-
gium) was used for this study. Ultra purified water (Milli-Q, Milli-
pore GmbH, Schwalbach/Ts., Germany) was used as the dispersion
medium. All the reagents used were of technical grade.

2.2. Methods of preparation of nanosuspensions

2.2.1. High-pressure homogenization

Quercetin nanosuspensions of quercetin (5% and 10% w/w) in
Milli-Q water with Tween 80 as stabilizer (1% and 2% w/w) were
produced by high-pressure homogenization using LAB 40 (APV
Deutschland GmbH, Unna, Germany) with a batch size of 40 ml.
Firstly, the macrosuspensions were pre-milled at increasing
pressures (2 cycles at 300 bar, 2 cycles at 500 bar, 1 cycle at
1000 bar) followed by high-pressure homogenization at 1500 bar
for 20 homogenization cycles. For comparison, another set of sam-
ples was prepared at low homogenization pressure of 500 bar for
20 cycles. Samples for characterization were collected after pre-
milling, and after 1, 5, 10, 15, and 20 cycles of homogenization.

2.2.2. Bead milling

Aqueous nanosuspensions of quercetin were fabricated using
agitating bead mill Biihler PML-2 (Biihler AG, Uzwil, Switzerland)
in a continuous mode. Yttrium-stabilized =zirconia milling
beads of size 0.4-0.6 mm and 0.2 mm were used as milling
medium. The milling chamber (200 ml) was filled with 150 ml
of milling medium and remaining with the coarse suspension
of quercetin containing 5% and 10% (w/w) quercetin stabilized
with Tween 80 (1% and 2% w/w). The milling was performed at a
rotation speed of 2000 rpm for 90 min. The particle size of the
milled quercetin suspension was assayed after 5, 30, 60, 90 min,
and milling was stopped when an increase in particle size was
observed.

2.2.3. Cavi-precipitation

Quercetin nanosuspensions were also prepared by the cavi-
precipitation technique [16]. Quercetin solution was prepared in
a suitable solvent like DMSO (20 ml) and ethanol (50 ml) and
pumped at a fixed flow rate of 1 ml/min using an injection pump
into the inflow reservoir of the Lab-Scale Microfluidiser HC-2000
(Microfluidics Inc., USA) containing the antisolvent (100 ml
aqueous Tween 80 solution). Homogenization was performed at
500 bar. The nanosuspension was allowed to homogenize for
another 10 min under 500 bar in continuous mode. The final nano-
suspensions contained 5% and 0.5% (w/w) quercetin for the DMSO
and ethanol formulations, respectively.

2.3. Particle size analyses

Photon correlation spectroscopy (PCS, Zetasizer Nano ZS, Mal-
vern Instruments, UK) and laser diffractometry (LD, Coulter LS
230, Beckman-Coulter, Germany) were employed to determine
the particle size of the quercetin nanosuspensions. PCS yields the
mean particle size, and the polydispersity index (PDI) is a measure
of the width of the size distribution. The PDI is 0.0 for a monodis-

perse particle population. PDI values of around 0.10-0.20 indicate
a relatively narrow distribution, while PDI values of 0.5 and higher
represent very broad distributions. The measurable range of the
zetasizer is from approximately 0.6 nm to 6 pm. Thus, to observe
larger particles, laser diffraction (LD) with a measuring range of
up to 2000 um was applied.

2.4. Particle morphology

Field emission scanning electron microscopy (FESEM, JEOL JSM-
6700) was also used to analyze the morphology of the samples. The
nanosuspensions were dropped onto a copper mesh, followed by
drying under ambient conditions before measurement.

2.5. Zeta potential measurements

The zeta potential of the samples was measured by the Malvern
zetasizer Nano ZS (Malvern Instruments, UK) in distilled water
(conductivity = 50 uS/cm, pH 5.5-6) and in the original dispersion
medium (the Tween 80 solution, pH 6.8) at 25 °C. The conductivity
of distilled water was adjusted with 0.9% (w/v) sodium chloride
solution. The mean value of the zeta potential and the standard
deviation of three measurements were given.

2.6. X-ray diffraction (XRD)

In our XRD experiments, wide-angle X-ray scattering (WAXS)
was used to assess the degree of crystallinity of the samples.
XRD (or WAXS) patterns were generated using a Model PW 1830
Philips WAXS system (Philips Industrial & Electron-Acoustic
Systems Division, Amedo, The Netherlands) equipped with a cop-
per anode (Cu-Ka radiation, 40 kV, 25 mA 1= 0.15418 nm) coupled
with a Model PW18120 Goniometer detector. All measurements
were recorded using a step width of 0.04°, a count time of 60 s, a
20 scanning range, and speed set between 0.6-40° and 0.02° per
second, respectively.

2.7. Solubility test

Solubility studies were performed in Milli-Q water with a sha-
ker (InnovaTM 4230, New Brunswick Scientific Co., Inc., USA) at
25 °C, which allowed an accuracy of +0.01 °C. Excess quercetin
was added in 40 ml capped vials, which were sealed to avoid any
changes due to evaporation and placed in a thermostated storage
at 25 +0.01 °C for 1 week, shielded from light to prevent any deg-
radation of the drug molecules. After the equilibrium was reached,
suspensions were filtered through Sartorius® 0.1 um filters
(Sartorius AG, Germany). An aliquot from each vial was withdrawn
by a 1 ml glass syringe (Poulten & Graf GmbH, Germany) and ana-
lyzed using HPLC. Experiments were carried out in triplicate, and
solubility data were averaged.

2.8. Dissolution tests

The dissolution test was performed using a USP II rotating pad-
dle apparatus with a Pharmatest PTW SIII (Pharma Test, Germany)
at 37 °C and a rotating speed of 100 rpm in 900 ml of bidistilled
water. Quercetin suspensions containing an equivalent of 5 mg of
quercetin were dispersed in the dissolution medium. At certain
desired times, samples were withdrawn from the dissolution
chamber and filtered through Sartorius® 0.1 um filters (Sartorius
AG, Germany). An aliquot from each vial was withdrawn with a
1 ml glass syringe (Poulten & Graf GmbH, Germany) and analyzed
using high performance liquid chromatography (HPLC). The disso-
lution test for each sample was performed in triplicate, and the
dissolution data were averaged.
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2.9. HPLC analysis of quercetin

Drug concentrations were determined by high performance
liquid chromatography (HPLC). The chromatographic system
consisted of a KromaSystem 2000 (Kontron Instruments GmbH,
Germany), a solvent delivery pump equipped with a 20 pl loop
and a rheodyne sample injector. Eurospere C18 (5 pum, 250 x
4 mm) analytical column was used, and the temperature was
maintained at 37 °C. The mobile phase was composed of 25 mM
potassium dihydrogen phosphate buffer and acetonitrile (50:50),
and pH value was adjusted to 2.3 with hydrochloride acid. The flow
rate was set at 0.5 ml/min, and an UV detector wavelength of
258 nm was used. The calibration curve of quercetin was linear
(r* = 0.99) within the concentration range 1-50 pg/ml.

3. Results and discussion
3.1. Particle size study

3.1.1. High-pressure homogenization

The coarse quercetin microsuspension was subjected to
pre-milling first to diminute very large crystals prior to the high-
pressure homogenization in order to prevent blocking of the homog-
enization gap. The PCS diameter and polydispersity index (PDI) of
quercetin nanocrystals fabricated at 500 bar and 1500 bar, as a func-
tion of homogenization cycles are shown in Fig. 1a. It was observed
from Fig. 1a that the particle size decreased with increasing number
of cycles. The number of homogenization cycles required is mainly
influenced by the hardness of the drug, the finesse of the starting
material, and the requirements of the application route or the final
dosage form [9]. In case of quercetin nanocrystals, increasing the
number of homogenization cycles from 15 to 20 did not reduce
the particle size significantly. Therefore, 20 cycles were considered
to be optimum for fabrication of quercetin nanosuspensions. It
was also noted that increasing the homogenization pressure from
500 bar to 1500 bar reduced the crystal size to almost half. It has
been shown previously that increasing the homogenization pres-
sure does not promise a linear reduction in the crystal size [9]. Dur-
ing the homogenization process, the drug crystals mostly break at
weak points or so-called crystal imperfections, which become lesser
and lesser as the particle size decreases, meaning that the crystals
become more and more perfect. Thus, the force required to break
the crystals increases with decreasing particle size. If the force or
homogenization pressure is equal to the attraction forces in the crys-
tal, the crystal cannot be diminuted further, even when additional
cycles of homogenization are applied, indicating that the smallest
particle size at the given homogenization pressure is reached. From
Fig. 14, it was observed that the polydispersity index decreased ini-
tially and then fluctuated with the number of the homogenization
cycles. These fluctuations in the PDI indicated slightly reversible
aggregate formation during homogenization (increasing the PDI),
where some aggregates were de-aggregated in the next cycles. Input
of energy can also lead to aggregation as the energy, which is not uti-
lized to diminute the particle size further, enhances the kinetic en-
ergy of the crystals, accelerates them and causes aggregation.

At both 500 and 1500 bar, two formulations with 5 wt% and
10 wt% quercetin were used to fabricate drug particles. The small-
est average sizes obtained for the 5 wt% and 10 wt% formulations
were 787.3 and 760.2 nm, respectively, at 500 bar, and 338.3 nm
and 442 nm, respectively, at 1500 bar. The particle size distribution
from laser diffractometry (LD) showed the unprocessed quercetin
crystals with 50% and 95% of the particles smaller than 50.13 pm
[d(v)50%] and 184.88 um [d(v)95%], respectively. The d(v)95%
values (LD data) for the 5 wt% and 10 wt% formulations fabricated
at 1500 bar were 0.780 pum and 0.967 um, respectively, indicating

the absence of micron-sized particles. This is also confirmed by
the FESEM microphotograph in Fig. 2b showing the 5 wt% querce-
tin nanosuspension homogenized for 20 cycles at 1500 bar. At the
lower pressure (500 bar), a higher drug loading of quercetin
(10 wt%) exhibited a smaller particle size because at a higher con-
centration, more particles absorbed the disintegration energy to in-
crease collision of particles during the homogenization [17].
However, at a higher pressure (1500 bar), the trend was reversed
and the formulation with 5 wt% quercetin gave a lower particle
size. At 1500 bar, the power density applied was higher than that
in the case of 500 bar, leading to greater reduction in particle size.
Providing more energy led to aggregation of the particle in the case
of 10 wt% formulation, and hence, it showed a larger particle size at
1500 bar.

3.1.2. Bead milling

Fig. 1b shows the particle size and polydispersity index of the
drug nanocrystals prepared. For our study, yttrium-stabilized zir-
conia milling beads of two different size ranges, viz. 0.4-0.6 mm
and 0.2 mm, were used as the milling medium. According to the
theory, with a reduction in the size of milling media in a mill,
the number of contact points is increased exponentially, resulting
in improved grinding and dispersing action and hence leading to
smaller sized particles. However, in our study, no major difference
was observed in the particle size of the quercetin nanosuspensions
fabricated using 0.2 mm and 0.4-0.6 mm sized milling beads. In
fact, slightly higher particle size was obtained in the case of
0.2 mm sized milling beads. This indicates that decreasing the size
of milling beads below a certain range does not necessarily lead to
a decrease in the particle size. Moreover, it is easier to separate the
0.4-0.6 mm sized milling beads from the product than the 0.2 mm
ones. Therefore, the 0.4-0.6 mm size milling beads were found to
be efficient to obtain quercetin nanocrystals. Regarding the con-
centration of quercetin in the suspensions, no significant difference
was observed in the particle size of the nanosuspensions contain-
ing 5wt% and 10 wt% quercetin. When using 0.4-0.6 mm sized
milling beads, 60 min were found to be sufficient to obtain the
smallest average particle sizes of 253.2 nm and 270.7 nm for the
5 wt% and 10 wt% formulations, respectively. Bead milling for the
next 30 min led to an increase in particle size to 319.6 and
276.6 nm, respectively. This is due to the fact that the additional
input of energy does not lead to a further reduction in the particle
size, but enhances the kinetic energy of the crystals, causing aggre-
gation. The similar observation was made using 0.2 mm milling
beads, where milling was stopped after 60 min, and the average
particle sizes of 340.2 nm and 337.3 nm were obtained for the
5 wt% and 10 wt% formulations, respectively. The d(v)95% (LD data)
for both 5 wt% and 10 wt% formulations indicated that no particles
bigger than 0.801 um and 0.728 um were present in the corre-
sponding quercetin nanosuspensions. It can also be inferred from
the FESEM microphotograph of the 5 wt% bead milled quercetin
(0.4-0.6 mm beads) in Fig. 2c that there were no aggregations.

The bead milled (using 0.4-0.6 mm size beads) samples exhib-
iting the smallest particle size for both 5 wt% and 10 wt% formula-
tions were further treated with high-pressure homogenization at
1500 bar to investigate if the particle size could be reduced further.
For the 10 wt% formulation, after homogenizing for three cycles at
1500 bar, the average particle size decreased slightly to 249.5 nm
from 276.7 nm and PDI changed to 0.123 from 0.121. Homogeniz-
ing for more cycles did not decrease the particle size further.
Unfortunately, for the 5 wt% formulation, the particle size did not
decrease after homogenizing at 1500 bar, but the PDI decreased
from 0.129 to 0.122. We found that the smallest crystal size that
can be obtained for quercetin by “top down” techniques is approx-
imately 250 nm.
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Fig. 1. Particle diameter (PCS) and polydispersity index (PDI) as a function of (a) homogenization cycle for quercetin nanosuspensions produced by high-pressure
homogenization at 500 bar and 1500 bar, (b) milling time for quercetin nanosuspensions produced by bead milling using 0.2 mm and 0.4-0.6 mm sized milling beads, and (c)
time for quercetin nanosuspensions produced by cavi-precipitation using different solvents (DMSO and ethanol). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

3.1.3. Cavi-precipitation

The main challenge associated with precipitation is to stop the
growth of crystals. This can be done by carrying out precipitation
in a high energy zone, i.e., in a microfluidizer [11]. In cavi-
precipitation, precipitation is accompanied by homogenization at
500 bar. For the precipitation process, quercetin was dissolved in
DMSO and pumped at a rate of 1 ml/min. The smallest average
particle size obtained was 469.7 nm with a PDI of 0.111 as seen

from Fig. 1c and the FESEM microphotograph in Fig. 2d. However,
since the safety of DMSO in pharmaceuticals is questionable due to
its toxic side effect [18], an additional step has to been taken to
remove DMSO. Therefore, ethanol was used instead of DMSO, as
ethanol can be used in the final formulation as well. As the solubil-
ity of quercetin in ethanol is comparatively lower, a lower concen-
tration of quercetin was obtained. The lowest average particle size
of 559.4nm and PDI of 0.180 were obtained after 28 min as
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Fig. 2. FESEM microphotographs of (a) coarse quercetin; and the nanosuspensions of quercetin produced by (b) high-pressure homogenization (H51s00), (c) bead milling

(M50.4-06), and (d) cavi-precipitation (C5pmso)-

observed from Fig. 1c. However, the average particle size and PDI
were 694.9 nm and 0.191, respectively, after 60 min when the en-
tire quercetin solution in ethanol had been pumped. There were
fluctuations in the average particle size and PDI with time due to
two overlapping phenomena occurring simultaneously. One was
the breaking of drug crystals due to homogenization and the other
was the simultaneous precipitation of the new drug crystals along
with the growth of the existing ones. These two opposite processes
of reducing the particle size and increasing the particle size occur-
ring concurrently led to the fluctuations in the measured particle
size and PDI values. It is very difficult to predict which of the
two phenomena was dominant at a particular time. The d(v)95%
(LD data) for both formulations with DMSO and ethanol indicated
that no particles bigger than 0.843 pum and 1.112 pm were present
in the corresponding nanosuspensions. Another experiment was
conducted to test the influence of pumping rate of the quercetin
solution into the antisolvent. A flow rate of 0.25 ml/min was used
to pump the quercetin solution into ethanol. The lowest particle
size obtained was 484.1 and PDI was 0.146. Although the particle
size decreased after decreasing the pumping rate but the produc-
tion time increased 4 times. To conclude, the decrease in the par-
ticle size is not significant after increasing the production time
by fourfold.

3.2. Zeta potential

The zeta potential was measured in distilled water and the ori-
ginal media of the nanosuspensions. Zeta potentials above the

absolute value of 30 mV are required for a storage stability of a
charge-stabilized dispersion [19]. Table 2 gives the zeta potential
values of different samples in water and Tween 80 solution. The
zeta potential of all the formulations in distilled water was around
—30 mV or less. However, the zeta potential values in the original
dispersion media (Tween 80 solution) for all the nanosuspensions
were around —20 mV (lower for the cavi-precipitated nanosuspen-
sions). A thicker adsorption layer of Tween 80, led to a shift of the
plane of shear to a larger distance from the particle surface, and
thus, to a reduction in the measured potential. The employed sta-
bilizer (Tween 80) acts as a steric stabilizer due to its nonionic
structure, and nanosuspensions can be stable even without any
electrostatic contribution from Tween 80. It should be noted that
adsorption of a steric stabilizer layer led to a reduction in the mea-
sured zeta potential, but it is not an indication of a reduced stabil-
ity. In such cases, zeta potentials of about 20 mV are still sufficient
to stabilize the system in combination with steric stabilization
[20].

The zeta potential of the quercetin nanosuspensions in distilled
water was in the following order: milled > homogenized >
cavi-precipitated. The values of zeta potential of the quercetin
nanosuspensions in Tween 80 solution were quite low due to the
steric stabilization as explained above and exhibited the same
trend as the zeta potential values in the distilled water. From the
zeta potential values in Table 2, it was seen that the nanocrystals
fabricated by cavi-precipitation showed very low zeta potential
values, and hence, their stability was predicted to be low. This
might be attributed to the presence of the solvent residues in the
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Fig. 3. X-ray diffractogram of (a) coarse quercetin powder; dried quercetin
nanosuspension samples: (b) H51509, () M5p4-06, and (d) C5pmso; and (e)-(n)
quercetin nanosuspensions in the order as samples 1-10 listed in Table 2.

nanosuspensions. Approximately 16% (20 ml in 94 ml water) of
DMSO and 33.5 wt% (50 ml in 99.4 ml water) of ethanol were pres-
ent in the final product. The surfactant and the solvent competed
for water for hydration, which decreased the stability of the final
product.

3.3. Powder X-ray diffraction

The extent of crystallinity also influences the solubility and dis-
solution rate of a drug, and hence, the product performance and
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effectiveness. An amorphous or metastable form dissolves at a fas-
ter rate because of its higher internal energy and greater molecular
mobility compared to crystalline materials [21]. However, the
major challenge is the stability of the amorphous state during a
shelf life of the product. The amorphous state needs to be main-
tained during the shelf life of a product to avoid a decrease in oral
bioavailability [22]. In general, more crystalline substances are
physically more stable than the amorphous forms. The X-ray
diffraction (XRD) patterns for all the samples are presented in
Fig. 3. The X-ray patterns of the quercetin powder in Fig. 3a
displayed the presence of numerous distinct peaks at 20 of 5.54°,
10.22°, 11.82°, 14.18°, 17.24°, 22.16°and 27.48°, which suggests
that the drug was of a crystalline form. In the case of dried querce-
tin nanocrystals in Fig. 3b-d, some peaks shifted slightly to the
higher side but peak intensities were similar, suggesting the crys-
talline nature of the quercetin nanocrystals fabricated by different
methods. For the quercetin nanocrystals in the nanosuspensions
produced, the XRD patterns in Fig. 3e-n indicated that all nano-
crystals were still in the crystalline state after being fabricated
by the three methods. The quercetin nanocrystals showed the dif-
fraction peaks with lower intensities due to the presence of only
0.5 wt% or 5wt% or 10 wt% quercetin in the nanosuspensions as
described in Table 1. Applying energy by high-pressure homogeni-
zation, milling or cavi-precipitation did not transform quercetin
into an amorphous state. It has also been previously reported that
the crystalline state of the drug was same after high-pressure
homogenization [23].

3.4. Solubility study

Table 2 shows the saturation solubility measured for the coarse
quercetin and its nanocrystals fabricated by the three methods.
The saturation solubility of coarse quercetin was extremely low
being only 2.84 + 0.03 pg/ml. There was the significant enhance-
ment in the saturation solubility of the nanocrystals produced by

Table 1
Fabrication method, fabrication condition, sample composition, average particle size measured by PCS and polydispersity index (PDI) for various samples prepared.
Method Condition Sample name Composition (%, wjw) PCS (nm) PDI
Quercetin Tween 80 Water
HPH 500 bar H5500 5 1 94 787.3 0.116
H10500 10 2 88 760.2 0.111
1500 bar H51500 5 1 94 338.3 0.093
H101500 10 2 88 442.0 0.121
Bead milling 0.4-0.6 mm beads M50.4-06 5 1 94 319.6 0.129
M100.4-06 10 2 88 276.7 0.121
0.2 mm beads M50 5 1 94 340.2 0.207
M10,,, 10 2 88 337.3 0.238
Cavi-precipitation DMSO (20 ml) C5pmso 5 1 94 469.7 0.111
Ethanol (50 ml) C0.5Ethanol 0.5 0.1 99.4 694.9 0.191

Table 2

The d(v)50%, d(v)95%, and zeta potential values of all the samples in water and a Tween 80 solution, along with their saturation solubility.

Sample name d(v)50% (in pm) d(v)95% (in pm)

Zeta potential (mV) Saturation solubility (pg/ml)

Distilled water Tween 80 solution

1 H5500 0.798 1.556
2 H10500 0.765 1.367
3 H51500 0373 0.780
4 H104500 0.457 0.967
5 M50.4-06 0.325 0.801
6 M100.4-06 0.280 0.728
7 M5, 0.363 0.824
8 M10o> 0.346 0.816
9 C5pmso 0.470 0.843
10 C0.5E¢thanol 0.707 1.112
11 Coarse quercetin 174.39 184.88

—253+1.37 —19.91 £ 0.04 13.80£0.92
—24.8 +£0.64 —20.09 £0.12 13.27 £1.32
—-28.4+1.15 —19.7 £0.92 22.74£0.77
—273+0.11 -18.8 £1.67 20.26 +0.81
—30.5+0.02 —20.2+£0.90 24.06 +0.90
-31.7+1.61 -21.5+£0.09 25.59+1.11
—29.2+0.78 —20.24 £0.90 22.26 £0.69
—32.2+0.72 —22.93 £0.04 23.15+1.05
-19.3+0.51 -11.5+£0.53 18.26 £ 1.94
—18.3+£0.29 —10.1 £0.63 41.36+1.78
- - 2.84+0.03
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Fig. 4. Dissolution profiles of (a) coarse quercetin microsuspension, (b) H5sqq,
nanosuspension homogenized at 500bar, and (c) Mb5g4.06 bead milled
nanosuspension.

the three methods. This is because the saturation solubility in-
creases with decreasing particle size below 1000 nm [9]. Forming
nanocrystals enhanced the saturation solubility of quercetin
approximately nine times to 25.59 +1.11 ug/ml for the milled
(0.4-0.6 mm sized beads) nanosuspension containing 10 wt%
quercetin. However, it was surprising to note the exceptionally
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high saturation solubility values of 18.26+1.94 ug/ml and
41.36 + 1.78 pg/ml for the cavi-precipitated products using DMSO
and ethanol as a solvent, respectively, as their particle sizes were
larger. The higher saturation solubility values were due to the
presence of the solvents in the final product. From these results,
the cavi-precipitated nanosuspension using ethanol as the solvent
exhibited the highest solubility and can be suitable for use in the
final formulations.

The solubility studies were performed in Milli-Q water and
samples were taken every 24 h. The saturation solubility did not
decrease significantly and remained almost the same for seven
days. Usually, the presence of micrometer-sized crystals (acting
as nuclei for crystallization) causes the concentration to decrease
by re-crystallization (growth of microcrystals being present).
Therefore, it is important to have no or little microcrystals in a
nanosuspension. In the quercetin nanocrystal formulations pre-
pared, the microcrystals were absent or present in limited amount,
and hence, the saturation solubility remained unchanged. Besides
that, after saturation, the amorphous form may recrystallize into
the crystalline form. However, as there were no amorphous
fractions of quercetin in the formulations prepared as known by
DSC thermogram and X-ray diffractogram, the saturation solubility
did not decrease after seven days. This is favorable for oral
administration. Some nanocrystals show a low bioavailability be-
cause they dissolve in the gut, but immediately recrystallize into
large microcrystals. Thus, the real concentration of the drug and
subsequently its bioavailability decreases.
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Fig. 5. Comparison of (a) average PCS particle size and polydispersity index [# - nanosuspension containing 5 wt% quercetin and DMSO as solvent, * - nanosuspension
containing 0.5 wt% quercetin and ethanol as solvent], and (b) particle size distributions (LD data) of the nanosuspensions produced by all the three methods.
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3.5. Dissolution study

Dissolution test was performed for the coarse quercetin and the
milled nanosuspension (0.4-0.6 mm sized beads) containing
10 wt% quercetin, which showed the lowest particle size. One more
sample with intermediate particle size, the homogenized nanosus-
pension (500 bar) containing 10 wt% quercetin, was also chosen to
compare the dissolution rate. As seen from the dissolution profile
in Fig. 4, only about 10% of the coarse quercetin dissolved within
120 min as compared to 100% for the bead milled nanosuspension.
The nanosuspension homogenized at 500 bar exhibited 70% disso-
lution within 120 min. These results can be explained by the
Noyes-Whitney equation [24], according to which, the dissolution
rate of a drug can be increased by reducing the particle size to in-
crease the particles surface area. Besides that, nanosizing the drug
also leads to enhanced saturation solubility as described above,
which again contributes to a higher dissolution velocity. Therefore,
nanosizing quercetin tremendously increased enhanced its disso-
lution rate.

3.6. Comparison of fabrication methods

Looking at the average PCS particle size in Fig. 5, bead milling
produced the lowest particle size, followed by high-pressure
homogenization and then cavi-precipitation. Examining the corre-
sponding LD data, it was observed that there were no significant
differences among the various nanosuspensions except the one
fabricated by homogenization at 500 bar. Comparison of the three
methods of fabrication showed that each technique had its own
advantages and disadvantages. Bead milling with 0.4-0.6 mm
sized beads resulted in the smallest particle size. High-pressure
homogenization at 1500 bar produced slightly larger nanocrystals
but the polydispersity index was lower than that of the bead milled
product. The zeta potential of the two products was also compara-
ble as seen from Table 2. Therefore, considering the particle size,
the polydispersity index and the zeta potential, not much differ-
ence was noted between bead milling and high-pressure homoge-
nization. Bead milling has certain disadvantages like potential
erosion from the milling material leading to product contamina-
tion, potential growth of germs in the water phase when milling
for a long time, and time and costs associated with the separation
procedure of the milling material from the drug nanosuspensions
[25]. For producing quercetin nanosuspension, 60 min were found
to be sufficient and the short milling time is expected to minimize
the above-mentioned side effects and hence ensure good quality of
the product. However, the separation of the milling media from the
nanosuspension is still a problem. For high-pressure homogeniza-
tion, 20 cycles at 1500 bar were used to fabricate the drug nano-
suspension, but the application of such high pressures can affect
the large-scale pharmaceutical production. To sum up, bead mill-
ing and high-pressure homogenization both presented an efficient
means to fabricate stable quercetin nanosuspensions. It was also
observed that homogenizing the bead milled product led to a smal-
ler particle size and a lower polydispersity index. The zeta poten-
tial values of bead milled and homogenized nanosuspensions in
distilled water were ~—32 mV, and ~—27.47 mV Tween 80 solu-
tion, indicating good stability. Therefore, both methods are shown
to be suitable. Cavi-precipitation is comparatively a low energy
and simple process, and processing parameters can be altered to
achieve the desired product. Although the cavi-precipitated prod-
uct was not stable as indicated by the zeta potential values, but
the cavi-precipitated quercetin nanosuspension with ethanol
showed the highest solubility. The problem with solvent residue
can be overcome by using nontoxic solvents like ethanol, and fur-
ther dilution of the final product can eliminate the stability prob-
lem. With regard to a potential dermal application of quercetin

nanosuspensions, incorporation into a hydrogel would be a prom-
ising approach to increase the physical stability. Therefore, increas-
ing the viscosity of the aqueous phase of nanosuspensions can
improve physical stability by reducing particle mobility and hence
preventing agglomeration of quercetin nanocrystals.

4. Conclusions

Quercetin nanocrystals were successfully fabricated by means
of three methods, namely high-pressure homogenization, bead
milling and cavi-precipitation. The smallest particles of around
276.7 nm were obtained by bead milling product and they demon-
strated a saturation solubility of 25.59 + 1.11 pug/ml, about nine
times higher than coarse quercetin. Bead milling fabricated the
smallest particle size whereas high-pressure homogenization gave
the lowest polydispersity index. The cavi-precipitated product
exhibited the larger particle size but it showed a higher saturation
solubility due to the presence of ethanol. The zeta potential
indicated a good stability for all the products except for the cavi-
precipitated product. The quercetin nanocrystals dissolved much
faster than the coarse quercetin.
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