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Abstract

Background: A large number of new substances have insufficient biopharmaceutical properties for oral administration caused by
their slow dissolution rate and poor solubility.
Objective: The purpose of our experiment was to improve the physicochemical properties of a hydrophobic drug, quercetin, by the
nanomilling approach.
Methods: Quercetin nanosuspensions were prepared using a wet-milling method followed by lyophilization. Stabilizer type and
ratio, drug content, milling time, and bead size were identified as critical variables, and their impacts on quercetin particle size
were assessed. The optimized nanocrystal was characterized by its morphology, crystallinity, molecular interactions, saturation
solubility, and dissolution properties.
Results: At optimized process conditions of milling at 500 rpm for 18 cycles of grinding with 0.3 - 0.4 mm zirconium oxide beads,
minimum particle size, and PDI values were 281.21 nm and 0.22, respectively. Nanocrystals showed rod-like nanostructures, and XRD
scans confirmed a decrease in drug crystallinity. The optimized formulation showed increased solubility and dissolution rate, as
well as good physical stability.
Conclusions: Particle size reduction by media milling technique was an efficient method for the solubility enhancement of hy-
drophobic drugs.
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1. Background

A large number of new substances have insufficient
biopharmaceutical properties for oral administration
caused by their slow dissolution rate and poor solubility.
Different approaches have been made to improve the
water solubility of these cargoes (1-3). Particle size reduc-
tion is one of the promising formulation approaches to
improve the oral bioavailability of poorly soluble drugs
(4).

Nanosuspension is a promising drug delivery system
for poorly soluble drugs (5). Nanosuspensions are disper-
sions of nanoparticles in liquid media, which are stabi-
lized by surfactants, polymers, or a mixture of both (6).
The main advantages of nanosuspensions for oral admin-
istration are enhanced dissolution rate and saturation sol-
ubility, improved adhesion to biological surfaces, and in-

creased patient compliance (7, 8).

Nanosuspensions can be prepared by two basic meth-
ods: Fracturing drug crystals into nanoparticles (top-down
methods) or building up crystals from dissolved parti-
cles via precipitation techniques (bottom-up methods) (9).
The top-down methods comprise high-energy processes
such as media milling or high-pressure homogenization
(HPH), which are industrially more feasible than other ap-
proaches (10).

Quercetin is a promising flavonoid that exerts anti-
infective, anti-allergic, gastroprotective, anti-oxidant, anti-
tumor, anti-diabetic, and anti-inflammatory effects (11).
Quercetin has a typical flavonoid structure and contains
five hydroxyl groups (12). Quercetin molecules are tightly
packed, increasing intermolecular force (13). The aque-
ous solubility of quercetin varies from 1.5 to 12.5 mg/L de-
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pending upon the pH level, which limits its oral absorp-
tion. Moreover, the octanol-water partition coefficient of
quercetin was reported to be 1.8 ± 0.3 (14); all these factors
result in the low oral bioavailability of quercetin which is
about 17% in mice (15, 16).

This study aimed to develop quercetin nanosuspen-
sions to improve their solubility and oral bioavailability.
At present, several preparation techniques have been ap-
plied to fabricate quercetin nanosuspensions, such as HPH
(17, 18), solvent replacement (19), precipitation (20), and
wet media milling (21). Kakran et al. studied three differ-
ent fabrication methods for preparing quercetin nanocrys-
tals, including HPH, cavi-precipitation, and bead milling
(22). Considering the same formulation composition, bead
milling produced the smallest particle size (276 nm), fol-
lowed by HPH and precipitation. In another experiment,
Lai and colleagues developed quercetin nanocrystals in
the 326 - 474 nm range for dermal delivery using the wet
milling technique (21). The mentioned studies mainly fo-
cused on the influence of milling time, bead size, and drug
concentration. To the best of our knowledge, there has
been no research investigating the effect of critical for-
mulation parameters (the drug-to-stabilizer weight ratio
and the stabilizer type) on quercetin nanosuspensions pre-
pared by milling technology.

2. Objectives

In this study, quercetin nanosuspensions were fabri-
cated by wet media milling. Moreover, the influence of
formulation parameters (ratio of drug to the stabilizer,
drug content, and stabilizer type) and process variables
(milling time and bead size) on nanosuspension proper-
ties were evaluated during media milling. To enhance
long-term stability, the freshly prepared nanosuspensions
were lyophilized using various cryoprotectants. The for-
mulations were optimized and fully characterized.

3. Methods

3.1. Materials

Quercetin, fructose, lactose, mannitol, sucrose,
polysorbate 80 (Tween 80), Poloxamer 188 (F68), Polox-
amer 407 (F127), and D-α-Tocopherol polyethylene
glycol 1000 succinate (TPGS) were purchased from
Merck/Sigma–Aldrich (Germany). Labrasol was kindly
provided by Gattefossé (France).

3.2. Preparation of Nanosuspensions by Wet Media Milling
Method

Nanosuspensions were fabricated by wet media
milling technique using a planetary ball mill (NARYA-
MPM-2*250H, Iran). First, the stabilizer was dissolved in
5 mL of deionized water. Quercetin powder was then
dispersed in the aqueous solution of stabilizer and kept
under mechanical stirring to ensure sufficient wetting.
The suspensions were transferred to a milling chamber
containing milling pearls (30 g, zirconium oxide beads
with diameters of 0.6 - 0.8 mm or 0.3 - 0.4 mm). The
milling process was performed at 500 rpm for various
cycles, each consisting of 5 min of milling followed by a 5
min break. The sieving was used to separate the obtained
nanosuspensions.

3.3. Determination of Particle Size, Polydispersity, and Zeta Po-
tential

The particle size, zeta potential, and polydispersity in-
dex (PDI) were determined by a Zetasizer Nano ZS instru-
ment after appropriate dilution of samples with deionized
water.

3.4. Lyophilization of Nanosuspensions

Volumes of suspensions equivalent to 1 mg of drug sub-
stance were transferred into glass vials. Amounts of differ-
ent cryoprotectants (mannitol, sucrose, fructose, and lac-
tose) corresponding to 200% and 400% w/w relative to the
drug content were added to the nanosuspension. Samples
were frozen at -80°C for 24 h; then, the frozen samples were
dried using an LDplus (Germany) freeze-dryer.

3.5. Reconstitution of Freeze-dried Powder

Nanocrystals were suspended in distilled water, and
the dispersion was shaken. Then, the particle size and
PDI were determined, and the redispersibility index (RDI)
(Equation 1) was calculated by the following equation:

(1)RDI =

[
D

D0

]
× 100%

Where D0 and D were the mean particle size of fresh
nanosuspensions and redispersed nanocrystals, respec-
tively.

3.6. Morphology Observations

The morphology of the quercetin particles was exam-
ined by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The surface morphologies of un-
processed materials and freeze-dried particles were eval-
uated by SEM. Samples were placed on a brass stub and
coated with a gold sputtering coater before analysis. For
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AFM observation, particles were observed in contact mode.
The diluted samples were deposited onto the mica plate
and dried at ambient temperature.

3.7. FTIR Analysis

The molecular structures of unprocessed materials,
physical mixtures, and nanocrystals were studied using
FTIR spectroscopy. Samples were pressed into KBr discs,
and the compressed discs were scanned over the range of
400 - 4000 cm-1.

3.8. X-ray Diffraction Analysis

X-ray powder diffraction (XRD) spectra of coarse
quercetin powders, stabilizers, cryoprotectants, phys-
ical mixtures, and freeze-dried nanosuspensions were
recorded using an X-ray diffractometer with Cu Kα radi-
ation operating at a voltage of 40 kV and a current of 30
mA.

3.9. In Vitro Drug Dissolution Studies

Dissolution profiles were investigated using a paddle
(USP II) apparatus at 37 ± 0.5°C in 200 mL of simulated gas-
tric fluid (pH 1.2) and phosphate buffer (pH 6.8) contain-
ing 0.2% Tween 80 at 100 rpm. Accurately weighed sam-
ples equivalent to 5 mg of quercetin were directly added to
the dissolution medium. 10 mL aliquots were withdrawn
at certain time intervals, filtered by 0.22 µm filters, re-
placed with the same volume of fresh medium, and ana-
lyzed for the content of dissolved quercetin by UV-Visible
spectrophotometer. Sampling was performed for up to 120
min and 240 min at pH 1.2 and pH 6.8, respectively.

3.10. Solubility Measurements

The saturation solubility was determined by placing
samples (raw quercetin, physical mixture, and nanocrys-
tals) containing the same amount of drug (3 mg) in capped
vials containing 3 mL deionized water. Samples were
shaken at 300 rpm for 12 h at 25°C. When equilibrium was
reached, samples were centrifuged, and the UV absorbance
of the supernatant was determined at 370 nm after appro-
priate dilution with distilled water containing 10% (v/v)
methanol.

3.11. Stability Study

At the pre-determined time points, the freeze-dried
powders of quercetin nanosuspensions were resuspended.
The stability of the optimized formulations was studied
at -20°C for up to 4 months by the measurements of the
changes in particle size and distribution, zeta potential,
and quercetin content.

3.12. Statistical Analysis of Data

Statistical analyses were carried out using SPSS 22.0.
The unpaired t-test was used to compare the two mean val-
ues, while multiple mean values were compared using the
one-way analysis of variance (ANOVA). A P value of < 0.05
was considered statistically significant.

4. Results

4.1. Preparation of Quercetin Nanosuspensions by Wet Media
Milling Technology

In this study, quercetin nanosuspensions were pre-
pared by the wet milling technique using a planetary ball
mill. The impact of various formulation and process pa-
rameters on the mean particle size and PDI of quercetin
nanosuspensions is summarized in Table 1. Various stabi-
lizers, including F68, F127, Tween 80, TPGS, and Labrasol
were used to develop stable quercetin nanosuspensions.
As shown in Table 1, by changing the type of the stabilizer
and keeping other parameters constant, the mean parti-
cle size and PDI of the nanoformulations (F1-F5) were in the
range of 401.58-611.38 nm and 0.44 - 0.56, respectively. The
smallest average particle size and PDI were achieved by the
F68 stabilizer (F4) (P < 0.05).

Two different size ranges (0.6 - 0.8 mm and 0.3-0.4 mm)
of yttrium-stabilized zirconia milling beads were used as
the grinding media. After nanomilling for about 30 min,
a smaller particle size (334.82 nm vs. 401.58 nm) was ob-
tained by 0.3 - 0.4 mm beads (P < 0.05) as they provided
a greater surface area for milling. Thus, smaller beads (0.3
- 0.4 mm) were selected for further nanomilling studies.

To investigate the amount of stabilizer, two different
drugs to stabilizer ratios were tried on a weight basis (2:1
and 4:1). Although the particle size decreased at higher sta-
bilizer concentration (F6), no significant differences were
observed (P > 0.05); hence the 4: 1 ratio was selected for fur-
ther experiments as using smaller amounts of surfactant
was preferred.

Increasing the drug content from 2.5 to 5% at a con-
stant drug-to-stabilizer ratio (4: 1) improved the milling ef-
ficiency. The Z-average decreased from 360.74 nm to 344.65
nm, concurrent with decreasing the PDI from 0.41 to 0.39.
However, when the drug concentration was further in-
creased to 10%, the particle size was found to be slightly in-
creased (P > 0.05). Therefore, the drug content of 5% was
selected for further experiments due to lower quercetin
consumption during the experiments.

Milling duration significantly affected the mean par-
ticle size and PDI of quercetin nanosuspensions. Particle
size in the nanometer range was achieved within the first
30 min of milling (F1-F9). As the milling time increased to
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Table 1. Effect of Various Process and Formulation Parameters on the Mean Particle Size and PDI of Wet-milled Nanosuspensions (mean ± SEM, n = 3)

Formulation Stabilizer Type Bead Size (mm) Drug: Stabilizer Ratio Drug Load% Milling Time (min) Size (nm) PDI

F1 Tween 80 0.6 - 0.8 2 2.5 30 537.42 ± 37.06 0.52 ± 0.04

F2 Labrasol® 0.6 - 0.8 2 2.5 30 611.38 ± 33.17 0.56 ± 0.01

F3 F127 0.6 - 0.8 2 2.5 30 472.10 ± 22.29 0.49 ± 0.03

F4 F68 0.6 - 0.8 2 2.5 30 401.58 ± 9.77 0.44 ± 0.02

F5 TPGS 0.6 - 0.8 2 2.5 30 423.62 ± 32.59 0.46 ± 0.02

F6 F68 0.3 - 0.4 2 2.5 30 334.82 ± 9.08 0.41 ± 0.02

F7 F68 0.3 - 0.4 4 2.5 30 360.74 ± 14.63 0.41 ± 0.01

F8 F68 0.3 - 0.4 4 5 30 344.65 ± 8.50 0.39 ± 0.01

F9 F68 0.3 - 0.4 4 10 30 366.97 ± 1.98 0.36 ± 0.01

F10 F68 0.3 - 0.4 4 5 60 346.86 ± 18.43 0.36 ± 0.01

F11 F68 0.3 - 0.4 4 5 90 281.21 ± 4.26 0.22 ± 0.02

F12 F68 0.3 - 0.4 4 5 120 318.36 ± 11.89 0.25 ± 0.01

90 min, the mean particle size and PDI decreased to 281.21
nm and 0.22, respectively. Furthermore, a slight increase in
particle size and PDI (P > 0.05) occurred when the milling
time was prolonged to more than 90 min (F12). Thus, 90
min was found to be the optimum milling time for the
preparation of the smallest quercetin nanoparticles (F11).

4.2. Lyophilization of Quercetin Nanosuspensions

Lyophilization of the optimized nanosuspension (F11)
was performed to transform the aqueous nanosuspen-
sions into a stable state, keeping the initial particle size and
PDI after reconstitution. Table 2 depicts the effect of the
type and concentration of cryoprotectants on the mean
size and PDI of the quercetin particles immediately after
reconstituting the nanocrystals. Quercetin nanocrystals
in the presence of fructose were found to produce better
RDI than other cryoprotectants. Increasing the cryopro-
tectant concentration to 400% w/w slightly decreased the
mean particle size and PDI of the redispersed nanosuspen-
sions (P > 0.05). After the dispersion of bare nanocrystals,
a much higher increase in particle size and the RDI value of
147% were observed (Table 2).

4.3. Physicochemical Characterization of Quercetin Nanofor-
mulations

Figures 1A and 1B show the SEM micrographs of the
unprocessed quercetin powder and optimized nanocrys-
tals under different magnifications. The SEM photomi-
crographs reveal the irregular and rough morphology of
pure quercetin compared to the relatively rod-shaped and
smooth morphology of nanocrystals. AFM topographic
and 3D images of redispersed nanosuspensions were also

scanned in an area of 2µm× 2µm. From Figure 1C, it is ev-
ident that the morphology of the wet-milled nanoparticles
is non-spherical shaped and well distributed with a diam-
eter range of < 1 µm.

The FTIR spectrum (Figure 2A) of pure quercetin ex-
hibited characteristic peaks at 3406 cm-1 corresponding to
O–H phenolic stretching, two intense absorption bands at
1668 cm-1 and 1608 cm-1 representing the stretching vibra-
tion of carbonyl (C = O) group, 1558 cm-1 and 1520 cm-1 as-
signed to the aromatic ring, 1168 cm-1 and 1319 cm-1 due to
C–O–C stretching and 863 cm-1 corresponding to C–H bend-
ing vibrations. In the case of F68, the absorption bands
due to stretching of O–H, C–O, and C–H groups appeared at
3490 cm-1, 1109 cm-1, and 2885 cm-1, respectively. The spec-
trum of fructose displayed a characteristic peak at 3523
cm-1 attributed to O–H stretching. Stretching vibrations
of the methylene group were detected around 2900 cm-1,
and other absorption bands at 1095 cm-1, 1078 cm-1, and
1053 cm-1 were assigned to C–O stretching vibrations. FTIR
spectrum of both physical mixtures showed characteristic
peaks of pure quercetin, indicating that the interaction be-
tween the API and stabilizers was negligible.

Likewise, in the spectrum of the wet-milled nanocrys-
tal, the characteristic peaks of quercetin and F68 were
present at almost the same positions suggesting the ab-
sence of any chemical interaction within the milling pro-
cess.

The XRD pattern of quercetin displayed sharp and in-
tense peaks at 2θ scattering angles of 10.75°, 12.44°, and
27.38°, reflecting the crystalline nature of quercetin in na-
tive form (Figure 2B). Only two prominent peaks at 2θ of
19.16° and 23.39° were observed in the F68 spectrum. The
spectrum of the quercetin: F68 physical mixture was sim-
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Table 2. The Influence of Cryoprotectant Type and Concentration on the Mean Particle Size, PDI, and RDI of Reconstituted Samples of Lyophilized Quercetin Nanosuspensions
(Mean ± SEM, n = 3)

Variables
Fresh

Nanosuspension

Mannitol Fructose Lactose Sucrose
No Cryoprotectant

2 4 2 4 2 4 2 4

Size 280.50 ± 6.81 274.04 ± 34.28 260.47 ± 16.06 253.39 ± 10.04 265.20 ± 12.77 280.93 ± 11.75 272.16 ± 10.95 258.02 ± 18.13 254.88 ± 14.16 411.47 ± 23.83

PDI 0.24 ± 0.02 0.33 ± 0.02 0.29 ± 0.02 0.26 ± 0.01 0.24 ± 0.01 0.28 ± 0.02 0.26 ± 0.02 0.28 ± 0.02 0.28 ± 0.02 0.46 ± 0.06

RDI% - 97.7 92.9 90.3 94.5 100.2 97.0 92.0 90.9 146.7

Figure 1. SEM and AFM analyses of quercetin particles. SEM images of (A) unmilled quercetin and (B) freeze-dried nanosuspensions. (C) 2D and 3D AFM images of redispersed
nanocrystals.

ilar to pure quercetin; no diffraction peaks of F68 were
detected. The XRD results indicated that the crystalline
state of the cargo was present in the nanocrystal, as evident
by the presence of the predominant peaks of crystalline
quercetin (at 10.72°, 12.46°, and 27.40°) with a slight tran-
sition of peak intensities.

The in vitro dissolution of nanocrystals was carried out
in gastric juice (pH = 1.2) (Figure 3A) and intestinal fluid (pH
= 6.8) (Figure 3B) to simulate their performance in the di-

gestive tract. Freeze-dried quercetin nanosuspension pow-
ders showed distinctly superior dissolution velocity com-
pared to those of the coarse powder and physical mixture.
As seen in Figure 3A, 63.55% of the drug was dissolved from
quercetin nanocrystal in an acidic solution after 2 h. In
contrast to this, the crude quercetin powder and physical
mixture were dissolved up to 47.71% and 49.08%, respec-
tively. A similar dissolution behavior was also observed in
phosphate buffer pH 6.8 (Figure 3B). Quercetin powder and
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Figure 2. (A) FTIR and (B) XRD spectra for unprocessed quercetin, F68, fructose, physical mixtures, and wet-milled nanocrystals.

physical mixture showed poor dissolution characteristics.
Only 51.64% and 50.74% were released within 4 h, respec-
tively, while it was almost 65.20% in the case of nanocrys-
tals after the same period. The solubility values of pure
quercetin and the physical mixture were 1.58 ± 0.13 and 1.31
± 0.09 µg/mL, respectively. The freeze-dried nanosuspen-
sion showed maximum saturation solubility (15.96 ± 1.16
µg/mL). In general, milling for 90 min resulted in the for-
mation of nanoparticles with a 10-fold increase in satura-
tion solubility of the drug (Figure 3C).

The monitoring of particle size, PDI, zeta potential, and
drug content values was conducted upon storage for four
months at -20°C. Figure 4 indicates that the optimum for-
mulation retained similar particle size and PDI after four
months. Although the zeta potential fluctuated on a time
basis, the value varied between -16.7 to -23.2 mV, and the
quercetin content (%) maintained steadily at a range of 96.2
- 100.1%, demonstrating acceptable physical and chemical
stability.

5. Discussion

Nanosuspensions have received considerable atten-
tion in the drug delivery field for solubility and dissolution

rate enhancement of hydrophobic drugs (23). Nanosus-
pensions can be fabricated by top-down and bottom-up ap-
proaches. Wet media milling and HPH are top-down ap-
proaches for preparing nanocrystals (24). Nanomilling is
a process in which particle size reduction is obtained by
the impaction of the milling medium with the drug par-
ticles. The robustness and reproducibility of nanosuspen-
sion preparation are governed by different formulations
and operating factors (25).

In this work, the effect of different stabilizers was stud-
ied on the particle size and PDI of quercetin nanosuspen-
sions. The initial screening revealed that F68 was the most
appropriate one, followed by TPGS and F127 (Table 1). There
was no significant difference in the mean particle size of
F3, F4, and F5 formulations stabilized by the stabilizers
as mentioned above (P > 0.05). Comparing the chemical
structure of stabilizers, it can be noted that Pluronics are
tri-block co-polymers consisting of two hydrophilic poly
(ethylene oxide) (PEO) terminals with central hydrophobic
poly (propylene oxide) (PPO) block (26). F127 and F68 have
the same basic structure but differ in the length of PEO
and PPO groups. The slightly improved performance of F68
compared to F127 could be ascribed to its lower molecular
weight, leading to a less restricted adsorption process and
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Figure 3. In vitro release profile of quercetin from quercetin powder, physical mixture, and the optimized nanocrystal in gastric (pH = 1.2) (A) and intestinal fluids (pH = 6.8)
(B). (C)The saturation solubility of quercetin powder, physical mixture, and the optimized nanocrystal in distilled water. Data are presented as mean ± SEM; n = 3.
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Figure 4. (A) Mean particle size, (B) PDI, (C) zeta potential, and (D) quercetin content changes of reconstituted nanosuspensions during storage at -20ºC. Data are presented
as mean ± SEM; n = 3.

a faster diffusion (27). Additionally, TPGS is composed of
only one hydrophilic polar head and a hydrophobic alkyl
tail (28) and results in larger particle sizes than formula-
tions stabilized by the polymers.

The intensity of grinding energy affects the perfor-
mance of the wet media milling, and proper selection of
the bead size plays a major role in the breakage kinetics
(29). Smaller beads (0.3 - 0.4 mm) resulted in finer nanopar-
ticles at the same milling time (Table 1). The possible rea-
son is that the number of contact points is increased expo-
nentially with a reduction in the size of milling beads, re-
sulting in better grinding efficiency and, therefore, smaller
particles.

According to the theory, the concentration of stabiliz-
ers should be sufficient to cover the entire surface of drug
particles to provide a barrier against aggregation (30). The
particle size and PDI of nanosuspensions at two drugs: Sta-
bilizer ratios (4:1 and 2:1) were investigated (F6 vs. F7). Re-
sults indicated that by increasing the concentration of F68,
the particle size slightly decreased (P > 0.05). The higher
stabilizer concentration allows the adsorption of more sta-
bilizer molecules onto the surface of drug particles leading
to better steric hindrance between the nanoparticles and
particle size reduction (31).

Regarding the effect of different drug loading, an in-

crease in the drug loading from 2.5% to 5% led to a slight
decrease in particle size (P > 0.05). This result could be
attributed to additional attrition between the particles by
higher solid content (32). Moreover, with increasing drug
amounts, more particles are trapped in the active grind-
ing region between the milling beads, leading to improved
milling efficiency. The latter assumption is in line with the
findings of Cerdeira et al. working on miconazole nanosus-
pensions (33). However, as shown in Table 1, a further in-
crease in drug loading to 10%, yielded a negative impact
on the mean particle size. This was probably due to the in-
sufficient collision between the drug particles and milling
beads by increasing the drug content above an optimum
level.

The final studied process variable was milling time.
The mean size and PDI of nanoparticles decreased steadily
with an increase in milling time. As reported by Alshora et
al., this result could be attributed to the increased proba-
bility of collision between drug particles and milling beads
(34). Besides, increasing milling time provides sufficient
time for the adsorption of the stabilizers onto the drug par-
ticles (35). However, the particle size of quercetin was en-
larged by a further increase in milling time beyond an op-
timum level (90 min), possibly, due to increased collision
and aggregation between the newly generated particles. A
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similar trend has been reported by Yuan and coworkers,
who investigated the effect of milling time on the mean
particle size of nitrofurazone nanosuspensions (36).

Lyophilization is a common drying method applied
to stabilize nanosuspensions and increase their shelf life
(37). Cryoprotectants are used during the solidification
step to prevent the irreversible aggregation of nanoparti-
cles. Adding sugars or sugar alcohols as cryoprotectants
prevents nanocrystalline aggregation during the drying
processes (38). The mean particle sizes of the reconsti-
tuted powders with cryoprotective agents were smaller
than that of the control powders (Table 2). This is because
cryoprotectants protect the nanosuspensions from freez-
ing damage caused by ice formation (39). A concentration-
dependent cryoprotection and a slight decrease (P > 0.05)
in particle size at higher concentrations of cryoprotectants
were observed, which could be due to better protection ef-
fects.

FTIR analysis was performed to gain insight into pos-
sible molecular interactions between the drug and stabi-
lizer. As depicted in Figure 2A, the spectrum of quercetin
presented absorption peaks of hydroxyl, carbonyl, and aro-
matic groups, which are consistent with the values re-
ported in the literature (40, 41). The nanocrystal spectra ap-
peared as the summation of quercetin, F68, and fructose,
indicating that no chemical interaction occurred between
the drug and stabilizer. The peak broadening at 3300 - 3500
cm-1 may be attributed to the hydrogen bonding between
quercetin and fructose hydroxyl groups.

XRD analysis was carried out to elucidate the physical
structure of the drug in the nanocrystals. Based on the
diffractograms presented in Figure 2B, quercetin powder
revealed its crystalline nature as proved by well-defined
predominant diffraction peaks in the 2θ range of 10° - 30°
(42). Changes in the crystallinity of quercetin were quali-
tatively assessed based on the sharpness of the main char-
acteristic peaks. The pattern of the wet-milled nanocrys-
tal demonstrated differences in the intensity of peaks com-
pared to the pure quercetin, which probably represents a
slight reduction in crystallinity or partial amorphization
of quercetin by nanomilling. These observations can ex-
plain the higher solubility of nanocrystals as compared to
the unprocessed powder (43).

Dissolution velocities of the nanocrystals were dis-
tinctly superior compared to the quercetin coarse powders
and physical mixtures (Figures 3A and 3B). The rate of drug
dissolution could be described by the Noyes-Whitney equa-
tion (Equation 2), according to which the dissolution veloc-
ity (dc/dt) is proportional to the surface area (A) available
for dissolution (44).

(2)
dc

dt
=

DA (Cs − Ct)

h

In the equation, D is the diffusion coefficient, Cs is the
saturation solubility, Ct is the bulk concentration, and h is
the thickness of the diffusion layer. Particle size reduction
down to the nanometric level increases the effective sur-
face area.

Lai et al. reported a slight increase in the dissolution
rate of physical mixtures compared to the bulk diclofenac
powder due to the solubilization effect of stabilizers (45).
Contrary to expectations, we found that adding an equiv-
alent amount of F68 present in nanoformulations to the
quercetin powder could not improve the quercetin disso-
lution rate, probably due to insufficient quantity.

To improve long-term storage, we freeze-dried
nanosuspensions shortly after milling to prepare solid
formulations. The size of nanocrystals varied less than
10% during the stability test, suggesting desirable stor-
age stability of the lyophilized form (Figure 4). There
was a negligible change in the quercetin content of the
nanocrystals after four months of storage.

5.1. Conclusions

In the present study, quercetin nanosuspensions with
mean diameters of less than 300 nm and uniform size
distributions were prepared using the wet media milling
technique with a careful selection of formulation and pro-
cess parameters. Stabilizer type, drug: Stabilizer ratio,
drug content, bead size, and milling time were identified
as key factors throughout the experiment. Nanosuspen-
sions were subsequently solidified to ensure their long-
term stability. Based on these findings, wet media milling
is a promising strategy for improving the dissolution rate
and thus enhancing the oral bioavailability of quercetin
and other poorly water-soluble drugs.
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