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Naringenin (NAR) is recognized for its anti-inflammatory activity. However, the clinical
application of NAR is limited by low bioavailability, which is attributed to its poor aqueous
solubility. In this study, we aimed to improve the therapeutic efficacy of NAR by formulating
it into nanocrystals (NCs) via wet milling. The obtained NARNCs exhibited superior
dissolution behaviors, increased cellular uptake, and enhanced transcellular diffusion
relative to those of bulk NAR. Oral administration of NARNCs also significantly improved
bioavailability in rats. In addition, the NARNCs effectively improved rheumatoid arthritis
treatment in collagen-induced arthritic rats by reducing inflammatory cell infiltration and
synovial damage. These results indicate that NARNCs provides a promising strategy for
rheumatoid arthritis treatment.
© 2021 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

anti-inflammatories, glucocorticoids, and biological drugs.
However, these drugs also cause infections, cardiovascular

Rheumatoid arthritis (RA) is an autoimmune disease [1].
With RA, the joints progressively become unable to move,
inflicting significant suffering for patients. The World Health
Organization reports that 80% of individuals with RA have
severe disabilities. Moreover, RA not only affects livelihoods
but also increases the socioeconomic burden [2]. Several drugs
have been used for the treatment of RA, such as nonsteroidal
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side effects, delayed bone healing, and other adverse reactions
[3-5]. Therefore, new strategies for RA treatment need to be
developed.

Natural compounds have recently drawn widespread
attention because of their immunomodulatory properties
and potential to treat inflammatory diseases [2]. Naringenin
(NAR), which is mainly found in citrus fruits and tomatoes,
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is a group of compounds with antioxidative and anti-
inflammatory properties and other biological activities [6,7].
However, the poor water solubility and low dissolution rate of
NAR considerably limit its use [8]. To address these problems,
several systems have been developed, including liposomes [9],
emulsions [10], solid dispersions [11], nanoparticles [12], and
cosolvents [13]. However, the positive effects of these systems
are compromised by low drug loading, potential toxicity, high
cost, and other disadvantages [14].

Nanocrystals (NCs) are submicron colloidal dispersions
stabilized by macromolecular polymers [15]. Colloidal systems
are characterized by high loading, negligible side effects, and
low costs. They can also improve the saturated solubility and
dissolution rate for water-insoluble substances because of the
increased specific surface area [16]. Generally, NCs can be
prepared using two methods: the bottom-up method (building
up nanoprecipitation from dissolved molecules) and the top-
down method (breaking up large particles into nanosizes) [17].
Owing to the absence of an organic solvent, the top-down
technique is more widely used than the bottom-up approach.
Wet-media grinding is the most frequently applied technique
because of its ease of scaling up [18].

This study mainly aimed to prepare stable NARNCs by
wet milling and to explore their potential application in
the treatment of RA. The physiochemical characteristics,
physical stability, and dissolution performances of the
NARNCs were assessed. Cellular uptake and transport in
the NARNCs were subsequently evaluated based on Caco-2
cell models. Finally, the in vivo pharmacokinetic behaviors
and anti-inflammatory effects of NARNCs were studied.
The results of this study provide new insights into RA
treatment.

2. Materials and methods
2.1. Materials

NAR was obtained from Wuhan Yuancheng Gongchuang
Technology Co., Ltd. (Wuhan, China). Minimum Eagle’s
medium/Earle’s balanced salt solution (MEM/EBSS) was
purchased from Hyclone Laboratories, Inc. (Utah, USA).
Lutrol® poloxamer 407 (F127) and Cremophor® EL were
supplied by BASF Co., Ltd. (Shanghai, China). 3-(4,5-
Dimethylthiazol-2-yl)—2,5-diphenyltetrazolium bromide
(MTT), 2/,7’-dichlorodihydrofluorescein diacetate (DCFH-DA),
phosphate-buffered saline (PBS), penicillin, and streptomycin
sulfate were purchased from Dalian Meilun Biotechnology
Co., Ltd. (Dalian, China). Dulbecco’s modified Eagle’s medium
(DMEM), nonessential amino acid, sodium pyruvate, and
fetal bovine serum (FBS) were provided by Gibco (Carlsbad,
CA). BCA assay kits were supplied by Shenyang Dingguo
Biotechnology Co., Ltd. (Shenyang, China). g-glucuronidase
and SiO, were purchased from Sigma-Aldrich (Missouri,
USA). The Caco-2 cell line and RAW 264.7 cell line were
supplied by the American Type Culture Collection (Manassas,
USA). Bovine Type II Collagen and incomplete Freund’s
adjuvant were purchased from Chondrex (Washington DC,
USA). Enzyme-linked immunosorbent assay (ELISA) kits for
interleukin-18 (IL-18), interleukin-6 (IL-6), and tumor necrosis

factor-a (TNF-a) were purchased from ABclonal Technology
Co., Ltd. (Wuhan, China). All other reagents were of analytical
grade.

2.2.  Preparation of the NARNCs

The NARNCs were prepared using a planetary ball mill
(Nanjing Chishun Science and Technology Co., Ltd., Nanjing,
China). Under magnetic stirring, 2g of NAR and 0.2g of
F127 were dispersed in 20ml of water. The aforementioned
dispersion was transferred to a grinding bowl containing
zirconia beads (@ 0.5 mm). The samples were ultimately milled
at 30 Hz for 125 min, with intervals of 3 min after every milling
period of 5min.

The aqueous NARNCs were lyophilized using a DRC-
1000REC freeze dryer (Tokyo Rikakikai Co., Ltd., Japan) for
physicochemical characterization. For primary drying, the
shelf inlet temperature was initially set to —40°C, which
was maintained for 5h. It was then increased to —20°C,
maintained at the same temperature for 12h. Finally,
secondary drying was conducted at 30°C for 6 h.

The NAR solution (NAR Sol) was used as a control in cell
and animal studies. NAR Sol was prepared by adding 1g of
NAR to 20ml of the cosolvent Cremophor® EL-ethanol (1:1,
v/v).

2.3. Characterization of NARNCs

2.3.1. Particle sizes and zeta potentials of NARNCs

The particle sizes, polydispersity indexes (PDIs), and zeta
potentials of NARNCs were characterized using a Zetasizer
Nano ZS90 (Malvern Instruments Ltd., UK).

2.3.2. Transmission electron microscopy (TEM)

The morphology of the NARNCs was characterized using the
HT-7700 instrument (Hitachi, Japan). After dilution, NARNCs
were dropped onto copper grids (Beijing Zhongjingkeyi
Technology Co., Ltd., China) with 200-mesh carbon
membranes and then dried.

2.3.3. Differential scanning calorimetry (DSC)

To characterize the crystal form of NARNCs, DSC was
performed using the DSC1 instrument (Mettler-Toledo
International Inc., Switzerland). About 6 mg of the samples
were sealed in an alumina crucible and heated from 30 to
300°C at a linear heating rate of 10 °C/min.

2.3.4. Powder X-ray diffraction (PXRD)

To examine the crystallinity of NARNCs, PXRD analysis was
performed using the X'pert Pro-MPD X-ray diffractometer
(PANalytical B.V,, Netherlands) under the following conditions:
scanning speed, 5°%min; 26 range, 5°-55°, and scanning
increment, 0.02°

2.3.5.  Fourier transform infrared spectroscopy (FTIR)

The interaction between NAR and F127 was analyzed by
FTIR using the Bruker IFS 55 FTIR spectrometer (Bruker
Ltd., Switzerland) in the 4000-500 cm~! wavelength range
with a resolution of 2 cm~! scannings. The samples were
compressed into tablets with potassium bromide.
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2.3.6. Raman spectroscopy

The interaction between NAR and F127 was further analyzed
by Raman spectroscopy. The spectra of the samples were
obtained wusing a Renishaw inVia Raman microscope
(Renishaw, Gloucestershire, United Kingdom) under the
following conditions: wavelength range, 500-3500 cm~1; laser
power density, 100 Mw/pm?, and integration time, 5.

2.4. Physical stability evaluation

The physical stability of the NARNCs was evaluated at 4°C,
25°C, and 37 °C for 30 d The samples were collected at 0, 1, 3,
5, 10, 15, 20, and 30 d, and the particle sizes were determined
as described in Section 2.3.1.

2.5.  Invitro dissolution testing

Dissolution testing of NARNCs was performed in a ZRS-
8G dissolution apparatus (Tianda Tianfa Technology Co.,
Ltd., China) with a paddle speed of 50rpm and using
900ml of water as the medium. NAR, the physical mixture
(PM), NARNCs, and NAR Sol (equivalent to 30mg of NAR)
were dissolved in the medium, which was kept constant
at 37°C. Subsequently, 5ml of the sample was taken
out at 5, 10, 20, 30, 45 and 60min and immediately
replaced with fresh water. After filtering with a 0.22pum
microporous filter, NAR was quantitatively analyzed by high
performance liquid chromatography (HPLC) as described in

supply.
2.6. Cell studies

2.6.1. Cell culture

Caco-2 cells were grown in MEM/EBSS supplemented with
10% (v/v) FBS, 1% (w/v) penicillin, 1% (w/v) streptomycin, 1%
(w/v) sodium pyruvate, and 1% (w/v) nonessential amino acid.
RAW 264.7 cells were cultured in DMEM containing 10% (v/v)
FBS, 1% (w/v) penicillin, and 1% (w/v) streptomycin. Both cells
were cultured at 37 °C with 90% relative humidity and 5% CO,

supply.

2.6.2. Cytotoxicity analysis

Cytotoxicity evaluation was conducted by MTT assay. Caco-
2 cells were seeded in 96-well plates (NEST Biotechnology
Co. Ltd., China) at a density of 5x 10% cells/well and then
cultured for 72h. After the cells were exposed to NAR,
NARNCs, and NAR Sol for 12h, the medium was replaced
with 200 pl of the MTT solution (0.5mg/ml in PBS), and
the cells were incubated for 4h. The supernatant was then
discarded, and dimethyl sulfoxide (200 pl/well) was added to
dissolve the formazan crystals. The absorption was ultimately
measured at 570nm by using a Varioskan Flash multiplate
reader (ThermoFisher, Massachusetts, USA), and the relative
cell viability was calculated.

2.6.3. Cellular uptake

Caco-2 cells (5 x 103 cells per well) were seeded in 24-well
plates (NEST Biotechnology Co. Ltd., Wuxi, China) to evaluate
cellular uptake. In Week 1, the medium was changed every 2 d
The medium was refreshed daily until Day 14. The Caco-2 cells

were then pretreated with fresh PBS at 37 °C for 0.5 h. The cells
were cultured with 100 uM of the NAR suspension, NARNCs,
and NAR Sol for different durations (0.25, 0.50, 0.75, 1.00,
1.50, and 2.00h). The Caco-2 cells were subsequently washed
with PBS and collected with 300 pl of water. The samples
were disrupted in the SCIENTZ-IID Ultrasonic Homogenizer
(Ningbo Scientz Biotechnology Co., Ltd., Ningbo, Zhejiang).
Total protein was quantified using a BCA assay kit.

To analyze the amount of NAR, the samples were
hydrolyzed by pg-glucuronidase [19]. About 200 pl of the
cell sample was first deproteinized by vortexing with 600
pl of ethanol and then centrifuged 11 000g for 5min.
The supernatant was dried and resuspended with PBS.
The pH of the sample was subsequently adjusted to 4.5-
5.5 and incubated with 25 pl g-glucuronidase (sodium
acetate buffer, 30 mg/ml) and 12.5 pl of ascorbic acid (10%
w/v) in the dark at 37°C for 1h. The samples were then
incubated with ethyl acetate, followed by vortexing for 5 min.
After centrifugation at 11 000g for 5min, the supernatant
was collected, evaporated, redissolved in methanol, and
determined by HPLC in accordance with the method described
in Supplementary Material.

2.6.4. Caco-2 cell permeability

For transport studies, Caco-2 cells (2 x10* cells per well)
were cultured on Transwell® 3402 filters (Corning Costar,
USA). The medium was refreshed daily during the cultivation.
After differentiation for 21 d, the transepithelial electrical
resistance (TEER) was measured with the Millicell ERS cell
resistance meter (Merck Millipore, USA). TEER values higher
than 250 ©/cm? were used.

Caco-2 cells were first equilibrated with PBS at 37°C.
Subsequently, 100pM NAR crude suspension, NARNCs, and
NAR Sol were added to the apical side. During incubation,
300 pl of the sample was removed from the lower chambers
at different time points (15, 30, 45, 60, 90, and 120min),
and 300 pl of fresh PBS was added. The samples were
determined by HPLC as described in Supplementary Material.
The apparent permeability coefficient (Pqpp) was calculated
using the following formula:

p 4@ 1
PP Gt “ AxCo

where dQ/dt is the flux of NAR, A is the filter membrane area
(cm?), and Cy is the initial concentration of NAR.

2.6.5. Invitro anti-inflammatory activity

Caco-2 cells were cultured in Transwell® 3402 as described
in 2.6.4. On Day 21, RAW 264.7 cells (2 x 10° cells/well) were
cultured in the lower compartments with DMEM for 12 h. The
medium in the lower compartments was changed to 50 pg/ml
SiO, DMEM for 4h incubation and finally replaced with PBS
[20,21]. Subsequently, 100 pM NAR suspension, NARNCs, and
NAR Sol were added to the apical side for 2h incubation. The
samples were subsequently collected from the basolateral
chambers and the levels of TNF-«, IL-18, and IL-6 were
measured using ELISA kits. The RAW 264.7 cells were washed
and then treated with 10 uM DCFH-DA in a dark environment
for 30min to determine the intracellular reactive oxygen
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species (ROS) levels. The cells were then washed with PBS to
remove free DCFH-DA. Fluorescence signals were recorded
using a Varioskan Flash multiplate reader, and fluorescence
microscopy images were acquired using an IX71 inverted
fluorescence microscope (Olympus Corporation, Tokyo,
Japan).

2.7. Animal studies

All animal experiments were approved by the Animal
Ethics Committee of Shenyang Pharmaceutical University and
performed in accordance with the Guidelines for the Care
and Use of Laboratory Animals [22]. Male Sprague-Dawley
rats weighing 200-220g were purchased from Shenyang
Changsheng Animal centre (Shenyang, China).

2.7.1.  Pharmacokinetics

For pharmacokinetic studies, the rats were fasted for 12h
before the experiments, and food was reoffered 6h post-
dosing. The rats were randomly divided into three groups
(n=6), which were orally administered with NAR suspension,
NARNCs, and NAR Sol at a single dose of 50 mg/kg). Blood
samples were collected in heparinized tubes at 0.083, 0.25,
0.50, 0.75, 1, 2, 4, 6, 8, 10, 12 and 24h and centrifuged
immediately at 11 000 g for 3min. Plasma samples were then
stored at —20 °C until analysis.

All plasma samples (100 pl) were incubated with B-
glucuronidase (50 pl) at 37 °C for 2 h [23] and then subjected to
liquid-liquid extraction. About 50 pg/ml apigenin was used as
the internal standard solution. After the enzyme treatment,
the samples were vortexed with 20 pl internal standard
solution and extracted with 1 ml ethyl acetate. The mixtures
were vortexed for 3min and then centrifuged at 3000g for
S5min. The supernatants were collected and evaporated to
dryness under a gentle stream of nitrogen at 37°C. The
residues were reconstituted in 100 pl of methanol-water
(5:95, v/v) solution and analyzed by HPLC as described in
Supplementary Material.

2.7.2. Invivo anti-inflammatory activity

A rat collagen-induced arthritis (CIA) model was established
using the method published in a previous study [24]. About
2mg/ml of bovine type II collagen and Freund’s incomplete
adjuvant (1:1, v/v) were mixed and emulsified. The emulsified
reagents were injected subcutaneously into the tail base of
the rats on Day 1 (200 pl) and Day 7 (100 pl). On Day 21,
a total of 25 CIA rats were equally divided into five groups:
the control group (untreated with CIA), the CIA model group
(untreated), the NAR (suspension) group, the NARNC group,
and the NAR Sol group. The daily oral dose was 50 mg/kg, and
the first day the dose was administered was regarded as Day 0.
The thicknesses of the hind paws, arthritis index scores, and
body weights of the rats were recorded every 3 d On Day 30,
rats were sacrificed, and ankle joints were collected. Dissected
joints were fixed in 4% paraformaldehyde and decalcified
completely in a formalin-EDTA solution. Tissues were sliced
into 5pm sections cut and then stained with hematoxylin-
eosin. The stained sections were photographed using the Ni-U
fluorescence microscope (Nikon, Japan).

2.8.  Statistical analysis

The two-tailed unpaired Students’ t-test was used to
evaluate whether the difference between the two groups was
significant. *P < 0.05, **P < 0.01, #P < 0.001, and ##P < 0.0001.

3. Results and discussion
3.1.  Preparation of NARNCs

NARNCs were prepared using a planetary ball mill. The
grinding time and stabilizer concentrations were critical to
determining particle sizes and PDIs [14,25]. Thus, the milling
time and the amount of stabilizer were determined. The
effects of milling time on particle sizes are shown in Fig. 1A.In
the initial stages, the particle sizes and PDIs decreased rapidly
with an increase in time. The particle size was 282.5nm, and
PDI was 0.088 after the particles were milled for 125min.
Subsequently, the reduction in particle size gradually became
insignificant. The particles were milled again for another
period of 50 min, after which the particle size decreased to
259.5nm, whereas the PDIs increased significantly to 0.175.
To prevent agglomeration, different concentrations of F127
were investigated. The results (Fig. 1B) indicated that NARNCs
stabilized by 0.6% F127 (w/v) had the smallest particle size and
highest best dispersion state. Therefore, the optimal NARNCs
were stabilized using 0.6% (w/v) F127 and milled for 125 min.
The particle sizes, PDIs and zeta potential were 274.3 + 3.3 nm,
0.028 +£0.023 and —12.4+0.4mV, respectively. The physical
stability of the NARNCs was evaluated at 4 °C, 25 °C, and 37 °C.
The results are shown in Fig. 1D and S1. No significant change
in the particle size of the NARNCs (P > 0.05) was observed at
4°C and 25°C within 30 d However, the particle size slightly
increased to 304nm when the NARNCs were stored at 37°C
for 20 d because of Ostwald ripening.

In the initial stages of grinding (0 to 125 min), the particle
sizes and PDIs decreased rapidly with an increase in milling
time because the stabilizers could quickly cover the surface
of NAR and facilitate the breakage of crude particles into
nanoparticles [14]. However, in the late stages (125 to 175 min),
the excess energy due to over-grinding could also disrupt
repulsive forces, induce the aggregation of small particles,
and affect the physical stability of the system [26]. The
concentration of the stabilizers was also a critical factor for
particle-size distribution and the dispersed state because
stabilizers at a proper concentration (0.6% F127) could cover
the surface of the drug crystals and prevent aggregation. If the
stabilizers were insufficient (0.4% F127), nanoparticles with
high free energy would agglomerate. By contrast, an excessive
number of stabilizers would promote Ostwald ripening, and
smaller particles with higher solubility would dissolve and
recrystallize to form larger particles [27].

3.2 Characterization of NARNCs
3.2.1. Morphology

The shape of NCs may affect physical, chemical, and
biological properties [28]. Therefore, the surface morphology
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spectroscopy.

of the NARNCs was observed by TEM. As shown in Fig. S2,
untreated NAR is rod-shaped. After wet milling, the large NAR
crystals were broken into irregularly block-shaped NARNCs
(Fig. 1C).

3.2.2. Crystalline state

The conversion of a crystalline form during milling may
cause quality problems. Therefore, the crystalline structure
of NARNCs was examined using DSC and PXRD. In Fig. 2,
the DSC thermograms (Fig. 2A) show that crude NAR has an
endothermic peak at 255.70°C, whereas F127 does not. The
melting peak in the PM was slightly reduced and broadened,
which could be attributed to the presence of F127 [29].
However, no significant difference was found between the PM
and NARNCs, suggesting that the crystal form was unchanged
during grinding. PXRD analysis was also conducted to confirm
the crystalline state. The results are shown in Fig. 2B. NAR
showed sharp characteristic diffraction peaks at 20 values
of 10.83°, 15.85°, 17.24°, 18.15°, 20.46°, 22.40°, 23.80°, 24.50°,
25.50° and 27.81° NARNCs still had all the above peaks,
indicating that the crystal form of NAR was maintained after
milling.

3.2.3. Intermolecular interactions

The molecular interaction between NAR and F127 was
examined by FT-IR and Raman analysis. The FTIR spectra
(Fig. 2C) of bulk NAR exhibited characteristic peaks at
3294 cm~! (the OH stretching vibration), 3057 cm~! (the
aromatic stretching vibration of C-H), 1631 cm~! (the C=0
stretching vibrations), and 1014 cm~! (the C-O stretching).
These characteristic peaks showed no significant change
in the spectra of PM and NARNCs, demonstrating that no
hydrogen bond was formed between NAR and F127. This
result was confirmed by Raman spectroscopy. NAR showed

- NAR -
- PM

NARNCs
NAR Sol

20+

——

0 - T » ] - I » 1 . 1 » 1
0 10 20 30 40 50 60
Times (min)
Fig. 3 - Dissolution profiles of NAR, PM, NARNCs, and NAR
Sol in water (mean =+ SD, n=3).

characteristic peaks at 555, 636, 650, 711, 815, 890, 1016, 1315,
1591, and 1618 cm~! (Fig. 2D). These characteristic peaks
also existed in the PM and NARNCs. Together, these findings
indicate that no obvious interaction occurred between NAR
and F127.

3.3. In vitro dissolution

NAR is a poorly water-soluble drug, and its low dissolution
rate limits its oral bioavailability and therapeutic effects
[30]. Thus, dissolution testing was conducted to evaluate
whether the dissolution of NAR improved after nanonization.
As shown in Fig. 3, only 53.29% =+ 0.83% and 59.54% =
0.38% of NAR were dissolved from crude NAR and the
PM, respectively, after 60 min. However, after nanonization,
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the dissolution rate increased significantly, as verified by
the NARNC dissolution rate of 75.05% =+ 5.37% in water
after 60min. The improved dissolution rate of NARNCs
could be attributed to the decrease in particle size. In
accordance with the Noyes-Whitney equation and the Prandtl
equation, a smaller particle size contributes to a decrease
in the diffusion distance, an increase in the specific surface
area, and saturated solubility, significantly improving the
dissolution rate. Moreover, NAR Sol showed the highest
dissolution rate among the four groups. The reason was
that NAR already existed in a molecular state for NAR
Sol.

3.4. Cell studies

3.4.1. Cytotoxicity analysis

Cytotoxicity was evaluated using MTT assays. As shown
in Fig. 4A, NAR and NARNCs exert no significant effects
on the viability of the Caco-2 cells within the tested
concentration range of 50-5000uM, indicating their good
biocompatibility. However, cell viability in the NAR Sol
group gradually decreased with an increase in concentration.
Specifically, when the concentration exceeded 2000puM,
apparent cytotoxicity (P < 0.05) was exhibited, which could be
attributed to the high concentrations of Cremophor® EL and
ethanol.

3.4.2. Cellular uptake of NAR

The cellular uptake of NARNCs was further evaluated, with
NAR suspension and NAR Sol as controls. Within 2h, the
internalization of all formulations was time-dependent (Fig.
4B). The absorption of NAR Sol was higher than that of
NARNCs, which could be explained by the quick passive
diffusion of free NAR. In addition, bulk NAR exhibited the least
uptake. After nanonization, the internalization of NARNCs
was significantly improved.

3.4.3. Transport of NAR

The permeability of NAR was evaluated in an intestinal
epithelium model simulated by Caco-2 cell monolayers. As
shown in Fig. 4C and 4D, the transport rate of NARNCs is
significantly higher than that of bulk NAR (P < 0.01), indicating
that nanonization can improve the permeability of NAR. Pgyp
was also calculated to compare the permeability of the NAR
suspension, NARNCs, and NAR Sol. As described in Fig. 4D,

Table 1 - Pharmacokinetic parameters of NAR after oral

administration to rats (mean =+ SD, n=6).

Pharmacokinetic

Parameters NAR NARNCs NAR Sol
Cmax (pg/ml) 3.92+1.93 ** 7.63+0.44 16.31+7.81*
Tmax (h) 0.5 0.5 0.5

Ty (h) 10.86 4.76 7.58
AUCp-24h 25.94+10.19** 45.57 +7.36 58.92+6.84
(ng-h/ml)

* P < 0.05. * P < 0.01 versus NARNCs as the control.

the Pgpp value of the NARNCs (10.86 x 10-% cm/s) was 1.65-fold
that of the NAR suspension (6.58 x 10~® cm/s) but smaller than
that of NAR Sol (15.91 x 10~® cm/s). This result was similar
to the dissolution performance, indicating that the increased
dissolution rate could enhance transcellular diffusion.

3.4.4. Studies on the in vitro anti-inflammatory effects of NAR
The SiO;-induced RAW 264.7 inflammation model was
established to assess the anti-inflammatory effects of NAR.
As shown in Fig. 5A, after NAR treatment, the levels of THF-
a (P < 005), IL-18 (P < 0.001), IL-6 (P < 0.01), and ROS
(P < 0.01) are significantly reduced, indicating the superior
anti-inflammatory activity of NAR. All inflammatory cytokine
levels markedly decreased in the NARNC group relative to
those in the NAR suspension group. The enhanced anti-
inflammatory activity could be attributed to the increased
permeability. In addition, the NAR Sol exerted superior anti-
inflammatory effects to those of NARNCs, but the difference
was not apparent (P > 0.05).

3.5. Animal studies

3.5.1. Pharmacokinetic studies

To examine the in vivo behaviors of NARNCs, pharmacokinetic
studies in rats were conducted. The plasma concentration
of NAR was measured by HPLC, and the results are shown
in Fig. 6 and Table 1. Cmax and AUCp-24h of the NAR
crude suspension were 3.92+1.93pg/ml and 25.94+10.19
pgeh/ml, which were considerably lower than (P < 0.01)
those of NARNCs (7.63 + 0.44 ng/ml and 45.57 & 7.36 pgeh/ml),
demonstrating that the oral absorption of NAR was potentially
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Fig. 6 - Plasma drug concentration profiles of NAR after oral
administration.

improved after nanonization. Meanwhile, NAR Sol exhibited
the highest absorption because it was in the molecular state
and did not need to be dissolved.

3.5.2.  Therapeutic efficacy of NAR in vivo

To confirm the anti-inflammatory effects of NAR, a rat
CIA model was established. Fig. 7A presents the schematic
of CIA rat model establishment and treatment programs.
Paw thickness was smaller in the NAR group than in the
saline group; however, no significant difference was found
(Fig. 7B). Meanwhile, the NARNC group showed significantly

less swelling of the hind legs, compared with the saline
group (P < 0.05). The arthritis scores also indicated that
nanonization could improve the anti-arthritis efficacy of
NAR.

As shown in Fig. 7C, the rats treated with NAR suspension
have hind paws similar to those of untreated rats; however,
the rats treated with NARNCs have significantly reduced
swelling. Histological examination of the hind limbs was also
conducted (Fig. 7C). It showed that the joints of the rats
in the saline group were infiltrated by a large number of
inflammatory cells, and the synovium was severely damaged.
The rats treated with NAR showed relatively low inflammatory
cell infiltration and occasional synovial damage. By contrast,
the NARNC group exhibited the mildest inflammation. The
NARNC group showed the least inflammatory cell infiltration
and the most extensive synovial protection among the groups.
The Sol group showed similar anti-inflammatory effects with
those of the NARNC group but also had significant weight loss
(Fig. 7B) and liver toxicity (Fig. S3).

Aqueous solubility is a key parameter affecting the oral
absorption of a drug [31]. However, most existing drugs and
chemical entities have poor water solubility [28]. For the
formulation of these drugs, several formulation strategies
have been developed [32,33]. Among these, the solution is
the simplest and its cost is the lowest [34,35]. However, a
large number of surfactants and/or organic solvents have
to be added to improve its solubility. For drugs used for
acute diseases, short-term administration can alleviate the
symptoms and cure the disease. However, for chronic diseases
treatment, chronic patients need long-term medication,
organic solvents, and surfactants in the preparation will bring
a series of adverse reactions and side effects. Compared with
the ethanol/Cremophor solution formulation, although the
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preparation of NCs is slightly complex and the cost is a bit
high, almost negligible surfactants and/or polymers used in
the formulation will not bring safety concerns and can be
used for long-term administration [14,36]. Despite the oral
bioavailability of NARNCs is lower than the solution, it may be
critical sufficient to make a NAR, a poorly water-soluble drug,
clinically effective.

4, Conclusion

In this study, NARNCs stabilized by F127 were successfully
prepared by wet milling. During the milling process, the
crystal state of NAR was unchanged, and no obvious
interaction occurred between NAR and F127. NARNCs also
showed superior dissolution, favorable cellular uptake,
improved transcellular ability, and significantly enhanced
oral bioavailability and anti-inflammatory efficacy. Notably,
the improved therapeutic effects are not compromised
by apparent side effects because NARNCs contain no
organic solvents. Therefore, NARNCs prepared by wet

milling have broad application prospects in the treatment of
RA.
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