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ABSTRACT: This study aims to assess the anti-inflammatory
potential of stearic acid nanoparticles of quercetin in an arthritic rat
model. This article describes the fabrication of solid lipid
nanoparticles (SLNs) using the hot melt encapsulation method,
followed by the anti-inflammatory study of SLNs and other
characterizations such as FTIR, XRD, and SEM. Thirty male
healthy albino rats were taken and treated with FCA to induce
rheumatoid arthritis. Quercetin loading of quercetin to stearic acid
was confirmed by FTIR. The efficacy of quercetin-loaded SLNs to
reduce inflammation was evaluated with the help of inflammatory
biomarker levels. Quercetin-loaded stearic acid nanoparticles were
successfully prepared by using a hot melt encapsulation method. Their average size and zeta potential were 100 nm and −25 mV,
respectively. Rheumatoid arthritis was significantly (p < 0.001) reduced in the quercetin-loaded SLN group, as indicated by finding
out the reduced levels of inflammatory mediators such as tumor necrosis factor (TNF-α) and rheumatoid factor. Quercetin-loaded
stearic acid nanoparticles were found to be potentially effective in treating RA.

■ INTRODUCTION
Rheumatoid arthritis (RA), an inflammatory disease, is the
most common type of arthritis, which results in the progressive
destruction of bones, synovial joints, and cartilages.1 It is an
autoimmune disorder that affects 1−3% of the adult
population. This low prevalence means that an average
physician has little interaction with RA patients and their
management.2 It exists almost two to three times more
frequently in women than in men. It can occur at any stage of
life; however, the peak incidence occurs between 40 and 60
years of age.3 The symptoms of RA vary from mild to severe. If
these symptoms are mild or come and go, they should not be
ignored because they become severe with the passage of time if
left untreated. The chronic inflammation due to RA leads to
deformity, disability, progressive joint destruction, and some-
times premature death. The criteria of the American College of
Rheumatology (ACR) and the European League against
Rheumatism (EULAR) focus on early disease. With the early
diagnosis of RA, it is possible to prevent disability and joint
damage by suppressing the inflammatory activity.4 The origin
of RA is unknown; however, genetic and environmental factors
such as smoke and dust exposure play an important role in the
emergence of RA. Autoantibodies such as rheumatoid factors
(RF) and antimodified protein antibodies (AMPA) are formed
as the result of abnormalities in the humoral and cellular
immune response. The formation of these antibodies leads to

the immigration of T- and B-lymphocytes into the synovium.
The innate immune system is also activated by the stimulation
of monocytes and macrophages in the tissue sites.5 Due to this,
inflammatory mediators like tumor necrosis factor (TNF-α)
and cytokines including interleukins (IL) start accumulating in
the synovial joints. The production of proteolytic enzymes that
degenerate the cartilages and bones increases due to the high
levels of the production of C-reactive proteins by the
hepatocytes as a result of the increased number of cytokines
in the synovial cavity.6 Cellular infiltration of kinins,
prostaglandins, and histamines into the endothelium is
increased by cytokines. These are the self-protective reactions
of the body, which result in deformity, disability, severe tissue
pain, and progressive joint damage and reduce the quality of
life.7

Currently, there is no treatment for RA; however, early
diagnosis and drugs can delay the progression of the disease.8

The first-line therapy for the treatment of RA is drugs that
suppress the inflammation such as nonsteroidal anti-inflam-
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matory drugs (NSAIDs) and glucocorticoids. Dexamethasone,
a glucocorticoid drug, is used to treat RA, and its antirheumatic
potency is higher than any other steroid, about five to six times
more than that of prednisolone.9 These drugs act rapidly to
treat swelling and pain. Disease-modifying antirheumatic drugs
(DMARDs) such as hydroxychloroquine, methotrexate, and
sulfasalazine are also used to treat RA. DMARDs not only
improve symptoms but also show clinical progression.
However, their onset of action is very low, so they are used
with NSAIDs.10 Gastrointestinal (GI) abnormalities like ulcers,
bleeding, and perforations occur with the chronic use of
NSAIDs.11 The efficacy of these medications is very limited
because the frequent use of NSAIDs and DMARDs results in
joint destruction, inability to work, disability, and increased
mortality.12 Therefore, it is important to find natural, easily
available, and biocompatible remedies that can slow down the
progression of disease with minimum or no possible side
effects.

Flavonoids are naturally available diphenylpropanoids that
commonly exist in plant foods. Flavonoids have potent
antioxidant and antiradical properties. They also possess anti-
inflammatory potential in both the exudative and inflammatory
phases by interfering with NF-κB and inhibiting the production
of nitric oxide (NO), eicosanoids, and pro-inflammatory
cytokines.

Quercetin is one of the most naturally occurring flavonoids
that is found in broccoli, apples, onions, green leafy vegetables,
and tea. Quercetin possesses a potent anti-inflammatory
effect.13 Quercetin, at low concentration, blocks the lip-
ooxygenase pathway while, at high concentration, it blocks
both the cyclooxygenase and lipooxygenase pathways.14

Quercetin is a poorly absorbed substance and has a very
poor oral bioavailability. Only 25% of the injectable dose of
quercetin is absorbed from the small intestine.15 The clinical
use of quercetin is limited due to its low solubility and
bioavailability. This problem can be solved with the help of
nanocarriers suitable enough to solubilize, deliver the drug to
the specific target sites, and provide maximum stability in the
body fluids.

In recent years, the use of nanoparticles such as nano-
emulsion, liposomes, polymeric nanoparticles, and lipid-based
nanocarriers has been increased due to their enhanced chance
of adhesion to the biological membranes. In recent reports, it is
suggested that liposomes can produce an inflammatory
response by stimulating the immune system with the release
of pro-inflammatory cytokines.16 There is a need for an
alternative approach. Recently, solid lipid nanoparticles have
been studied extensively because of their special attributes such
as nontoxicity, drug targeting, improved body tolerance, and
ability to entrap both hydrophilic and lipophilic drugs. The
drawbacks associated with the use of liposomes, emulsions, and
polymeric nanoparticles are minimized by SLNs.17 Different
routes of administration such as oral, intravenous, ocular, nasal,
and pulmonary routes are used for the delivery of nanocarriers.
The parenteral route is the most common route used for the
delivery of nanoparticles; however, it is associated with less
patient compliance. For clinical applications of nanocarriers,
the best route is the oral route as it provides maximum patient
compliance and comfort.18

Taking all of the above factors into account, this study was
designed to check the anti-inflammatory potential of stearic
acid nanoparticles of quercetin in an arthritic rat model. The

efficiency of quercetin-loaded SLNs to reduce inflammation
was evaluated with the help of inflammatory biomarker levels.

■ MATERIALS AND METHODS
Materials. Freund’s complete adjuvant (FCA) was

purchased from InvivoGen, France. Dexamethasone was
acquired from Sigma (USA) and was dissolved in 0.9% saline.
Quercetin was purchased from Santa Cruz, Germany. Ethyl
alcohol (ETOH) and dimethyl sulfoxide (DMSO) were
purchased from Merck, Germany. Stearic acid, ethanol, and
hydrochloric acid were bought from Across Organics (a
Thermo Fisher Scientific brand). The kits of ALP, AST, ALT,
creatinine, and bilirubin were purchased from Shanghai Eliza
Co., Ltd., China. The kits of tumor necrosis factor-α (TNF-α),
interleukin-6 (IL-6), cyclooxygenase-2 (COX-2), and ELISA
were purchased from QCA, Spain. Throughout this experi-
ment, deionized water was used. Brij-98 was purchased from
Sigma-Aldrich (St. Louis, Missouri).
Synthesis of Quercetin-Loaded Stearic Acid Nano-

particles. The solid lipid nanoparticles of quercetin were
prepared by a hot melt homogenization technique using a lipid
(stearic acid), ethanol (95%), and Brij-98 at different
proportions.19 First of all, 100 mg of stearic acid was melted
using a hot plate above its melting point, i.e., 69.3 °C.
Quercetin was mixed with stearic acid in a concentration of
2.72 mg/mL. Then, a 3% solution of Brij-98 was prepared in
20 mL of deionized water on a hot plate above 60 °C with
continuous stirring for 20 min. About 500 μL of ethanol (95%)
was added to the lipids to ease the phase transfer. After the
transfer of lipids, the temperature knob was turned off but the
high-pressure homogenization was continued until the solution
attained room temperature. Two different formulations were
prepared by changing the concentration of the quercetin and
centrifuging at ∼14,600 rpm for 15 min using a Thermo
Scientific Centrifuge machine for complete removal of
surfactant. The pellets were redispersed in water after removal
of the supernatant. The washing step was repeated several
times, and nanoparticles were lyophilized for removal of water.
Finally, the nanoparticle was obtained in form of powder and
was stored at room temperature in a glass bottle (Table 1).

Physiochemical Characterization of Solid Lipid Nano-
particles. The polydispersity index (PDI), zeta size, and zeta
potential of the solid lipid nanoparticles were measured by
dynamic light scattering through a Nano ZS machine (Malvern
Instruments, Worcestershire, UK). The zetasizer measuring
range is approximately 0.6 nm to 3 m. All of the samples were
sterilized by exposure to ultraviolet light. All the SLN samples
were diluted in distilled water, and the measurements were
performed at 25 °C temperature.20

Entrapment Efficiency. The entrapment efficiency of
quercetin is the amount of quercetin that is present in the
nanoparticles. The suspensions of the quercetin-loaded
nanoparticles were centrifuged at 17,000 rpm at 25 °C for

Table 1. Formulation of Quercetin SLNPs through a Hot
Homogenization Method Using Different Concentrations of
Quercetin

formulation
quercetin

(mg)
lipids
(mg)

Brij-98
(mg)

ethanol
(μL)

water
(ml)

QNP1 272 100 600 500 20
QNP2 544 100 600 500 20
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15−20 min. The difference between the total amount of drug
used and the drug present in the supernatant aqueous phase
was calculated. The UV/vis spectrophotometric (Elico SL 159,
India) at 373 nm was used to find the nonentrapped quercetin
from the supernatant obtained after centrifugation of nano-
particles. The calibration curve was obtained by plotting
absorbance values against concentration. The concentration of
quercetin in the supernatant is the amount of nonentrapped
drug in the nanoparticles.21 The encapsulation efficiency of
quercetin was determined by the following equation:

=

amount of loaded drugs

total amount of drugsadded amount of non

entrapped drugs

=

×

EE(%) (amount of drugs loaded in nanocarriers

/total amount of drugs) 100

In Vitro Drug Release Studies. In vitro release of
quercetin from the SLNs was measured by using a biological
shaker (LBS-030S-Lab Tech, Korea). Accurately weighed 10
mg of the quercetin was added into an equivalent 10 mL of 0.1
M phosphate buffer at pH 7.4 in a 50 mL volumetric flask. The
pH and concentration of PBS buffer were the same as those of
blood. This solution was incubated at 37 °C for 1 h with
continuous shaking in a biological shaker at 100 rpm. The well-
measured 0.5 mL aliquots were withdrawn from the dissolution
medium at preselected time intervals, i.e., 0, 1, 1.5, 3, 6, 12, and
24 h, and the samples taken were replaced by the fresh
phosphate buffer solution to maintain the sink conditions. The
samples were transferred to a 1.5 mL microtube and
centrifuged at 15,000 rpm. The supernatant was analyzed at
maximum absorbance of 373 nm22 by using a UV/vis
spectrophotometer (Elico SL 159, India) with suitable dilution.
All the measurements were taken in triplicate form (n = 3).
Fourier Transmission Infrared (FTIR) Spectroscopy

Analysis. The FTIR spectra of quercetin and quercetin-loaded
stearic acid nanoparticles were recorded on ATR-FTIR
spectrophotometry (PerkinElmer, Waltham, Massachusetts,
USA). All the samples were in powdered form and scanned
at 1 cm−1 resolution, within the range of 400−4000/cm.
Morphology of the Nanocarriers. Scanning electron

microscopy (SEM) was performed to study the morphology of
quercetin-loaded Stearic acid nanoparticles using a SEM
(JEOL Tokyo, Japan).
X-ray Diffractometry (XRD). To observe the crystallinity

of samples, XRD was studied using an X-ray diffractometer
(Siemens D5000, Germany) with Ni-filtered Cu K radiation at
a voltage of 40 kV and 25 mA. All the measurements were
made in the triplicate form for each sample.23

In Vivo Studies. Thirty healthy male albino rats, 8 weeks
old, weighing 170−200 g, were used in the in vivo studies. All
the animals were kept in the animal house facility of the
Department of Pharmacology and Physiology, University of
Animal Sciences, Lahore, under a controlled temperature of
20−25 °C, relative humidity of 40−60%, and light/dark cycle
of 12 h and having free access to diet and water. All of the
experiments on these animals were conducted according to the
ethical policies and guidelines approved by the Departmental
Ethical Review Committee for the Use of Laboratory Animals,
vide letter no. 3497. All of the animals were fed with
autoclaved commercial rat feed and UV-radiation-treated water

throughout the experiment. A single injection of FCA (0.1
mL) was injected in the subplanter region of the left hind paw
of all the rats to induce RA. All the animals were treated with
FCA except the normal control group. FCA contains 0.1 mg of
inactivated (dry-heat-dead) Mycobacterium tuberculosis in
sterile paraffin oil and mannide monooleate. A Vernier caliper
(Mitutoyo, Japan) was used to measure the ankle swelling
(mm) in the paw due to the FCA injection every 7 days.24

Experimental animals were divided into five groups with six
rats in each group as follows:

1. Normal control (N) group: These animals received 0.9%
NaCl solution as an oral vehicle and routine diet and
water.

2. Arthritic control (AC) group: The rats treated with the
FCA model received oral vehicle 0.9% NaCl solution
and normal feed and water for 28 days.

3. Arthritic treated (H) group: RA rats received the
quercetin suspension at a dosage of 15 mg/kg13,14 and
normal NaCl solution and a routine diet.

4. Arthritic treated (ST) group: All the rats in this group
after induction of rheumatoid arthritis received the
quercetin-loaded nanoparticles in suspension form at a
dose of 15 mg/kg.

5. Dexamethasone-treated (H) group: The rheumatoid
arthritis rats received the normal diet of water and
dexamethasone suspension (at a dose of 0.3 mg per
kilogram of rat weight).

On completion of the experiment, the rats were sedated with
isoflurane and euthanized using cervical dislocation.
Therapeutic Assessment. Therapeutic efficacy of the

prepared SLNs was assessed by testing ankle swelling,13

biochemical and inflammatory biomarker levels,5 and histo-
pathological analysis of the ankle joint.14

Statistics. The data for the blood parameters were
compared using one-way ANOVA using p < 0.05. The data
for ankle joint swelling were analyzed by repeated ANOVA
measures. A pairwise comparison was made using Tukey’s post
hoc test to check the difference between the mean values of
different groups. These analyses were performed using Minitab
(v. 18.0).

■ RESULTS
Zeta Size and Potential. The prepared nanoparticles of

stearic acid had a particle size of 100 nm (Figure 1).
Additionally, the SLNs were tested by NanoZeta to check the
stability of the nanoparticles. The prepared SLNs have a zeta
potential of −25 mV, which means that the nanoparticles are
stable (Figure 2). The higher the values on the positive or
negative side indicates that the nanoparticles are more stable.
SEM. The particles were spherical but not smooth, which

means the drug was present on the surface of the nanoparticles
(Figure 3).
FTIR Spectroscopy. FTIR spectroscopy was used to

identify the chemical structure by absorption peaks of various
functional groups. We observed peaks of quercetin and
quercetin-loaded NPs at 3223 cm−1 O−H stretching; 1613
cm−1 refers to the amide 1 band (N−H bending), and 1012
cm−1 C−O−C stretching (Figure 4), indicating the presence of
the methoxyl group. It reveals that quercetin is well
incorporated into the particles. Similarly, FTIR spectroscopy
tells us of the successful formulation of quercetin-loaded stearic
acid nanoparticles.
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XRD. XRD shows the patterns of pure quercetin and
quercetin-loaded stearic acid nanoparticles. The sharp peaks
were present in the quercetin at angles of 2θ 12.48, 15.86,
23.88, and 24.88°, hence representing that quercetin is present
in crystalline form. The diffraction patterns of quercetin were
only patterned by the large peaks, so there was no longer a
distinction between the characteristics of the quercetin.

In Vivo Findings. For the determination of ankle swelling,
30 healthy 8-week-old male albino rats were used in the
experimental research. Animals were randomly divided into
five groups (n = 5; Table 1) and kept in the animal facility of
the Department of Pharmacology, UVAS, Lahore, Pakistan. All
of the rats were fed with standard feed and UV-radiation-
treated water throughout the experiment.

Ankle swelling was measured in all the experimental rats on
day 1 before FCA administration and then on days 6, 9, 14, 18,
and 21 with the help of a Vernier caliper (Kern, Germany).
Ankle swelling was significantly (p < 0.001) decreased in the
treated groups, ST and H, when compared with arthritic
control groups on day 21, whereas there was a nonsignificant
(p > 0.001) difference in the treated groups (Figures 5 and 6).

For further biochemical and inflammatory biomarker
analysis, rats were euthanized at the end of the study period
on the 21st day. Blood was collected in gel clot activator tubes
for serum collection. Serum was separated by centrifugation at
10,000 rpm for 10 min and stored in a deep freezer for further
analysis.

The RA factor was significantly (p < 0.001) increased in the
AC group when compared with the normal control group (N),
while the RA factor was significantly (p < 0.001) decreased in
the quercetin-loaded stearic acid NP-treated group (ST) and
dexamethasone-treated (H) group, and it was nonsignificantly
(p > 0.05) reduced in the quercetin suspension-treated (M)
group (Figure 7).

Figure 1. Zeta size of quercetin-loaded SLNs

Figure 2. Zeta potential of quercetin-loaded SLNs.

Figure 3. SEM of nanoparticles without quercetin (A) and quercetin-
loaded nanoparticles (B).

Figure 4. FTIR spectra of quercetin (QUR) and quercetin-loaded
stearic acid nanoparticles (SA-coated QUR).

Figure 5. Data comparing ankle swelling concerning time intervals in
the normal control (N), arthritic control (AC), quercetin suspension-
treated (M), quercetin-loaded stearic acid NP-treated (ST), and
dexamethasone-treated (H) groups (n = 5 rats per group). Ankle
diameter is shown in millimeters (n = 3; mean ± SE). Bars with
similar alphabet letters represent statistically nonsignificant (p ≥ 0.05)
differences from each other.
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To test the therapeutic potential, inflammatory markers (IL-
6, TNF-α, Cox-2) were significantly (p < 0.001) increased in
the AC group throughout the study when compared with the
normal control group. These parameters were decreased in the
quercetin-loaded stearic acid NP-treated (ST) and dexametha-
sone-treated (H) groups (Figure 8).

For safety analysis, biochemical parameters (AST, ALT,
ALP, and bilirubin) were significantly (p < 0.001) increased in
the RA group due to the FCA injection while these parameters
tended to normal values after treatment (Figure 9).

For histopathological studies, all animals were dissected to
collect the ankle joint tissue. These tissues were placed in a
10% formalin solution for histopathological studies. The
samples were tested at the Department of Pathology, UVAS,
Lahore. Histopathological findings are presented in Figure 10
and Table 2. In histopathological analysis, it was seen that the
ankle joint was intact in the normal control group, whereas
there was the presence of granuloma, inflammatory cells, and
edema in the arthritic control group. In the treated group with
quercetin solution, there was the presence of granuloma and
mild inflammatory cells and edema, whereas in quercetin-
loaded SLNs, it was seen that there is neither granuloma nor
edema and very mild inflammatory cells; however, in the
dexamethasone-treated group, there is no granuloma seen,

while there was the presence of mild inflammatory cells and
edema.

■ DISCUSSION
RA is a progressive disease for which there is currently no
treatment strategy. Drugs are available only to slow down its
progression. Due to the anti-inflammatory effect of quercetin,
stearic acid nanoparticles of quercetin are prepared to check
their effect against inflammation. The SLNs were prepared by
the hot melt encapsulation technique by just physical mixing of
fatty acids, which is safe from other TDDS.25 The parameters
used in this technique were very similar to those required for
conventional semisolid dosage forms, and it may be feasible for
large-scale production. SLNs have many advantages from
liposomes, niosomes, emulsions, micelles, and polymeric
nanoparticles having high drug loading stability, biocompati-
bility, and ability to protect drugs from degradation.26

Quercetin is a hydrophobic drug that belongs to the
flavonoid family and has very low bioavailability; therefore, we
have chosen SLNs to nanoencapsulate quercetin. The zeta size
and zeta potential of the prepared SLNs are very important for
many reasons. First, these particles should be small enough to
cross biological barriers like fenestrated blood vessels with a
pore size of 50−150 nm. Second, nanoparticles should be

Figure 6. Data comparing ankle swelling for different treatments in the normal control (N), arthritic control (AC), quercetin suspension-treated
(M), quercetin-loaded stearic acid NP-treated (ST), and dexamethasone-treated (H) groups (n = 5 rats per group). Ankle diameter is shown in
mm (n = 3; mean ± SE). Bars with similar alphabet letters represent statistically nonsignificant (p ≥ 0.05) differences from each other.

Figure 7. Rheumatoid arthritis (RA) factor in different groups. RA factor (mean ± SE) in normal (N), arthritic control (AC), quercetin
suspension-treated (M), quercetin-loaded stearic acid NP-treated (ST), and dexamethasone-treated (H) groups (n = 5 rats per group). Bars with
similar alphabet letters indicate statistically nonsignificant (p ≥ 0.05) differences from each other.
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homogenized enough for better performance in vitro and in
vivo. The zeta potential of the nanoparticles is very important
to demonstrate the homogeneous dispersity in aqueous
dispersion. The zeta potential of all formulations was in the
acceptable range of −20 to −60 mV, which is a prerequisite for
the long-term stability of an SLN dispersion. We have prepared
nanoparticles with an average size of less than 200 nm and zeta
potential −25 mV, which is good according to a previous
study.27 The SLNs reported here have a spherical shape, as
confirmed by a SEM. According to these findings, the prepared
nanoparticles are stable and can permeate the biological
membranes.

FTIR studies demonstrated that the O−H stretching of
quercetin is present at 3223 cm−1, which indicates that
quercetin was present intact in SLNs. N−H bending stretching
at 1613 cm−1 and C−O−C stretching at 1012 cm−1 indicate
the presence of quercetin in the prepared solid lipid
nanoparticles. The low intensity of the quercetin peak was
due to the amount of quercetin in the SLNs. The same types of
peaks were reported for quercetin-loaded nanoparticles
previously,28 which is in agreement with our study. These
results indicate that quercetin is in an intact form after loading
to the nanoparticles.

There are many animal models for RA induction, but the
FCA-induced arthritis model has proven its efficiency.
Common RA symptoms can be observed including joint
swelling edema, joint deformation, and cartilage degeneration.
In this study, RA induction was carried out by FCA, which is
composed of heat-killed mycobacteria, emulsifying agents, and
mineral oil. Similar induction of RA by FCA has been reported
previously.29 There are many routes including the IV, oral,

topical, and intra-articular for the administration of SLNs, but
the oral route is considered the goal standard due to patient
compliance and cost-effectiveness. The oral route was chosen
in this study due to ease of dose administration and
compliance of the patient, while the intra-articular route has
several limitations that include injection techniques and rapid
clearance of drug via joint cavity.30 Induction of arthritis with
FCA injection under the left hind paw brings about swelling
and edema of ankle joints and paws in rats. Significant
progression of inflammation in the arthritic control group
throughout an inflammatory reaction mediates as a primary
lesion within 3 to 5 days after FCA injection followed by a
secondary lesion after 11−12 days. Swelling of ankle joints is
an indicator of arthritic activity. The ankle swelling was
significantly decreased in the SLN-treated group.31 Based on
the results, it can be claimed that quercetin-loaded SLNs have
promising efficacy against RA.

The RA factor is a key inflammatory biomarker in RA and is
more significantly decreased in the SLN-treated group. Also,
the reduction in RA factor with SLNs was reported, which is in
agreement with this study. TNF-α, interleukin-6, and COX-2
are key inflammatory biomarkers in RA. their role predom-
inates in the progression and invasiveness of RA because these
have an important role in the fine-tuning of other inflammatory
biomarkers. TNF-α, interleukin-6, and COX-2 levels are higher
in the RA group, and these levels are significantly decreased
treated with quercetin solution and quercetin SLNs and
dexamethasone but the superiority of reduction of RA was seen
with quercetin-loaded stearic acid nanoparticles when compar-
ing with the arthritic control group.32 Quercetin can inhibit the

Figure 8. Concentration of TNF-α. Inflammatory markers (IL-6, TNF-α, Cox-2) (mean ± SE) in normal (N), arthritic control (AC), quercetin
suspension-treated (M), quercetin-loaded stearic acid NP-treated (ST), and dexamethasone-treated (M) groups (n = 5 rats per group). Bars with
similar alphabet letters show statistically nonsignificant (p ≥ 0.05) differences from each other.
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production of T cells, pro-inflammatory cytokines, NF-κB, and
osteoclast function that result in reduced joint inflammation.

The superiority of quercetin-loaded nanoparticles over
quercetin suspension may be attributed to these reasons:
First, nanoencapsulation of quercetin may increase its
bioavailability that enhances its interstitial permeation up to
1.8 fold, proving that nanostructured lipid carriers retained
more than 66% of its initial content in the lipid matrix followed
by passage through GIT indicating that SLNs are a good
candidate for oral drug delivery.33 The second of the solid lipid
nanoparticles may be attributed to the anti-inflammatory goal
of the stearic acid that reduces the pro-inflammatory cytokine,
and eventually inflammation is alleviated.

The FCA model is also used to determine the biochemical
parameter differences. The elevated level of biochemical
parameters is due to stress induced by inflammation. Serum
ALT and AST are linked with enhanced bradykinin levels in
inflammation and depict hepatotoxicity, whereas the ALP level
in FC arthritis is linked with bone erosion and is an estimation
of lysosomal integrity. In this study, elevated levels were seen
in arthritic control rats; nevertheless, treatment of arthritic rats
with SLNs considerably reduced these levels to the normal
values due to the anti-inflammatory effect of quercetin.34

Bilirubin and creatinine levels also increased in the arthritic
control groups due to the inflammatory stress of FCA;
however, it was seen that these levels were significantly
decreased in the treated groups and superiority was seen with
the quercetin-loaded lipid nanoparticles. Thus, the results of
the biochemical analysis confirmed the hepatoprotective effect
of quercetin. Hence, these findings suggested its potent
antiarthritic potential. The same findings have been reported,
which justified our study.34

■ LIMITATIONS
As a limitation of this study, the safety and toxicity of the solid
lipid nanoparticles prepared in this experiment have not been
confirmed in vitro, which will be conducted in future
experiments.

■ CONCLUSIONS
In conclusion, SLNs were prepared with an average size <200
nm and a zeta potential of −25 mV with a spherical shape
prepared with the hot melt encapsulation technique. FTIR
spectra also showed the presence of quercetin in the SLNs.
Ankle swelling, RA factor, and key inflammatory biomarkers
were significantly reduced with treatments, whereas a better

Figure 9. Biochemical parameters AST, ALT, ALP, and bilirubin (mean ± SE) in normal (N), arthritic control (AC), quercetin suspension-treated
(M), quercetin-loaded stearic acid NP-treated (ST), and dexamethasone-treated (H) groups (n = 5 rats per group). Bars with similar alphabet
letters reflect statistically nonsignificant (p ≥ 0.05) differences from each other.
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efficacy was seen with SLNs due to the synergistic effect of
lipids with quercetin as an anti-inflammatory. Histopatho-
logical changes were also seen in the treated groups, compared
to intact ankle joints in the healthy group. Therefore, herein we
have proposed the administration of quercetin through solid
lipid nanoparticles for enhancing its therapeutic potential.
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Figure 10. Comprehensive histopathological analysis of the ankle joint. (A) Normal control, (B) arthritic control, (C) rats treated with quercetin
suspension, (D) rats treated with quercetin-loaded stearic acid NPs, and (E) rats treated with dexamethasone given orally in rats (n = 5/group)
(stained with hematoxylin and eosin, magnification = 40×).

Table 2. Histopathological Analysis of Ankle Jointa

groups edema

degree
of

erosion
infiltration
of cells

connective
tissue

proliferation

normal control 0 0 0 0
arthritic control ++++ ++++ ++++ ++++
arthritic rats treated with
quercetin suspension

+++ ++ +++ +++

rats treated with
quercetin-loaded NPs

+ + ++ +

rats treated with
dexamethasone

+ ++ ++ +

aNote: 0: no abnormality seen, +: damage changes up to 25%, ++:
damage changes up to 50%, +++: damage changes up to 75%, ++++:
damage changes more than 75%.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08870
ACS Omega 2024, 9, 7003−7011

7010

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Khurram+Waqas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:khurram.waqas@uvas.edu.pk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haya+Yasin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1262-2507
https://orcid.org/0000-0002-1262-2507
mailto:haya.yasin@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ghulam+Murtaza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5649-5768
mailto:gmdogar356@gmail.com
mailto:gmdogar356@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Badriyah+S+Alotaibi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sunabal+Saleem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zelal+Kharaba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08870?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08870?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08870?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08870?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08870?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ACKNOWLEDGMENTS
We acknowledge Princess Nourah bint Abdulrahman Uni-
vers i ty Researchers Support ing Project number
(PNURSP2024R73), Princess Nourah bint Abdulrahman
University, Riyadh, Saudi Arabia, for supporting this study.
We extend our appreciation to the Deanship of Graduate
Studies at Ajman University, Ajman, United Arab Emirates, for
their support for payment of publication charges.

■ REFERENCES
(1) Guo, Q.; et al. Rheumatoid arthritis: pathological mechanisms

and modern pharmacologic therapies. Bone Res. 2018, 6 (1), 1−14.
(2) Piantoni, S.; Ohrndorf, S. Editorial: Rheumatoid arthritis:

Pathogenesis and target-treatments. Front Med. (Lausanne). 2023, 10,
No. 1145163.
(3) Zhu, M.; Ding, Q.; Lin, Z.; Fu, R.; Zhang, F.; Li, Z.; Zhang, M.;

Zhu, Y. New Targets and Strategies for Rheumatoid Arthritis: From
Signal Transduction to Epigenetic Aspect. Biomolecules. 2023, 13 (5),
766.
(4) Zhao, X. S.; Zeng, Y. X.; Zhou, Y. K.; Li, R. T.; Yang, M. H. Gas

chromatography−mass spectrometry for quantitative and qualitative
analysis of essential oil from Curcuma wenyujin rhizomes. World J.
Tradit Chin Med. 2021, 7, 138−45.
(5) Scherer, H. U.; Häupl, T.; Burmester, G. R. The etiology of

rheumatoid arthritis. Journal of autoimmunity 2020, 110, No. 102400.
(6) Loeser, R. F.; et al. Osteoarthritis: a disease of the joint as an

organ. Arthritis and rheumatism 2012, 64 (6), 1697.
(7) Araki, Y.; Mimura, T. The mechanisms underlying chronic

inflammation in rheumatoid arthritis from the perspective of the
epigenetic landscape. J. Immunol. Res. 2016, 2016, No. 6290682.
(8) Koga, T.; Kawakami, A.; Tsokos, G. C. Current insights and

future prospects for the pathogenesis and treatment for rheumatoid
arthritis. Clinical Immunology 2021, 225, No. 108680.
(9) de Carvalho, J. F.; Skare, T. Oral pulsed high-dose dexametha-

sone therapy for rheumatic diseases: An alternative safe and effective
scheme. North Clin Istanb. 2023, 10 (3), 398−400.
(10) Klareskog, L.; Alfredsson, L. Prevention vs treatment of

rheumatoid arthritis. Immunother Adv. 2023, 3 (1), ltad016.
(11) Abbasi, M.; et al. Strategies toward rheumatoid arthritis

therapy; the old and the new. Journal of cellular physiology 2019, 234
(7), 10018−10031.
(12) Lin, Y.-J.; Anzaghe, M.; Schülke, S. Update on the

pathomechanism, diagnosis, and treatment options for rheumatoid
arthritis. Cells 2020, 9 (4), 880.
(13) Hughes, S. D.; Ketheesan, N.; Haleagrahara, N. The therapeutic

potential of plant flavonoids on rheumatoid arthritis. Critical reviews in
food science and nutrition 2017, 57 (17), 3601−3613.
(14) Ali, Y. A.; Soliman, H. A.; Abdel-Gabbar, M.; Ahmed, N. A.;

Attia, K. A. A.; Shalaby, F. M.; El-Nahass, E. S.; Ahmed, O. M.; El-
Magd, M. Rutin and Hesperidin Revoke the Hepatotoxicity Induced
by Paclitaxel in Male Wistar Rats via Their Antioxidant, Anti-
Inflammatory, and Antiapoptotic Activities. Evidence-Based Comple-
mentary Altern. Med. 2023, 2023, No. 2738351.
(15) Lakhanpal, P.; Rai, D. K. quercetin: a versatile flavonoid.
Internet J. Med. Update 2007, 2 (2), 22−37.
(16) La-Beck, N. M.; Liu, X.; Wood, L. M. Harnessing liposome

interactions with the immune system for the next breakthrough in
cancer drug delivery. Front. Pharmacol. 2019, 10, 220.
(17) Date, A. A.; Joshi, M. D.; Patravale, V. B. Parasitic diseases:

liposomes and polymeric nanoparticles versus lipid nanoparticles.
Advanced drug delivery reviews 2007, 59 (6), 505−521.
(18) Sadeghi, S.; et al. Oral administration of protein nanoparticles:

An emerging route to disease treatment. Pharmacological research
2020, 158, No. 104685.
(19) Mehnert, W.; Mäder, K. Solid lipid nanoparticles: production,

characterization and applications. Advanced drug delivery reviews 2012,
64, 83−101.

(20) Shegokar, R.; Singh, K.; Müller, R. Production & stability of
stavudine solid lipid nanoparticles�From lab to industrial scale.
International journal of pharmaceutics 2011, 416 (2), 461−470.
(21) Raj, V.; Prabha, G. Synthesis, characterization and in vitro drug

release of cisplatin loaded Cassava starch acetate−PEG/gelatin
nanocomposites. Journal of the Association of Arab Universities for
Basic and Applied Sciences 2016, 21, 10−16.
(22) Anwer, M. K.; et al. Development and evaluation of PLGA

polymer based nanoparticles of quercetin. Int. J. Biol. Macromol. 2016,
92, 213−219.
(23) Wu, T.-H.; et al. Preparation, physicochemical characterization,

and antioxidant effects of quercetin nanoparticles. International journal
of pharmaceutics 2008, 346 (1−2), 160−168.
(24) Tian, L. X.; Li, J. H.; Zhang, L.; Ahmad, B.; Huang, L. F.

Discrimination of five species of Panax Genus and their geographical
origin using electronic tongue combined with chemometrics. World J.
Tradit Chin Med. 2021, 7, 104−10.
(25) Rehman, M.; et al. Solid lipid nanoparticles for thermores-

ponsive targeting: evidence from spectrophotometry, electrochemical,
and cytotoxicity studies. International journal of nanomedicine 2017,
12, 8325.
(26) Riva, L.; Fiorati, A.; Punta, C. Synthesis and application of

cellulose-polyethyleneimine composites and nanocomposites: A
concise review. Materials 2021, 14 (3), 473.
(27) Vogel, R.; et al. High-resolution single particle zeta potential

characterisation of biological nanoparticles using tunable resistive
pulse sensing. Sci. Rep. 2017, 7 (1), 1−13.
(28) Milanezi, F. G.; et al. Antioxidant, antimicrobial and cytotoxic

activities of gold nanoparticles capped with quercetin. Saudi
pharmaceutical journal 2019, 27 (7), 968−974.
(29) Helmy, H. S.; et al. Therapeutic effects of lornoxicam-loaded

nanomicellar formula in experimental models of rheumatoid arthritis.
International journal of nanomedicine 2017, 12, 7015.
(30) Bello, A. E.; et al. Recommendations for optimizing

methotrexate treatment for patients with rheumatoid arthritis. Open
access rheumatology: research and reviews 2017, 9, 67.
(31) Zhang, F.; et al. β-Sitosterol-loaded solid lipid nanoparticles

ameliorate complete Freund’s adjuvant-induced arthritis in rats:
involvement of NF-κB and HO-1/Nrf-2 pathway. Drug delivery 2020,
27 (1), 1329−1341.
(32) Sherif, I. O. Uroprotective mechanism of quercetin against

cyclophosphamide-induced urotoxicity: Effect on oxidative stress and
inflammatory markers. Journal of cellular biochemistry 2018, 119 (9),
7441−7448.
(33) Chen, L. X.; Hu, D. J.; Xu, W. F.; Li, S. P.; Zhao, J.

Identification and determination of fructooligosaccharides in snow
chrysanthemum (Coreopsis tinctoria nutt.). World. J. Tradit Chin
Med. 2021, 7, 78−85.
(34) Hosseini, S. M.; Farmany, A.; Arabestani, M. R. Effect of

Doxycycline-Loaded Solid Lipid Nanoparticles on Serum Level of
Trace Elements, Biochemical and Hematological Parameters in Acute
and Chronic Brucellosis. Biological trace element research 2020, 194
(2), 463−471.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08870
ACS Omega 2024, 9, 7003−7011

7011

https://doi.org/10.1038/s41413-018-0016-9
https://doi.org/10.1038/s41413-018-0016-9
https://doi.org/10.3389/fmed.2023.1145163
https://doi.org/10.3389/fmed.2023.1145163
https://doi.org/10.3390/biom13050766
https://doi.org/10.3390/biom13050766
https://doi.org/10.4103/wjtcm.wjtcm_87_20
https://doi.org/10.4103/wjtcm.wjtcm_87_20
https://doi.org/10.4103/wjtcm.wjtcm_87_20
https://doi.org/10.1016/j.jaut.2019.102400
https://doi.org/10.1016/j.jaut.2019.102400
https://doi.org/10.1002/art.34453
https://doi.org/10.1002/art.34453
https://doi.org/10.1155/2016/6290682
https://doi.org/10.1155/2016/6290682
https://doi.org/10.1155/2016/6290682
https://doi.org/10.1016/j.clim.2021.108680
https://doi.org/10.1016/j.clim.2021.108680
https://doi.org/10.1016/j.clim.2021.108680
https://doi.org/10.14744/nci.2023.03704
https://doi.org/10.14744/nci.2023.03704
https://doi.org/10.14744/nci.2023.03704
https://doi.org/10.1093/immadv/ltad016
https://doi.org/10.1093/immadv/ltad016
https://doi.org/10.1002/jcp.27860
https://doi.org/10.1002/jcp.27860
https://doi.org/10.3390/cells9040880
https://doi.org/10.3390/cells9040880
https://doi.org/10.3390/cells9040880
https://doi.org/10.1080/10408398.2016.1246413
https://doi.org/10.1080/10408398.2016.1246413
https://doi.org/10.1155/2023/2738351
https://doi.org/10.1155/2023/2738351
https://doi.org/10.1155/2023/2738351
https://doi.org/10.4314/ijmu.v2i2.39851
https://doi.org/10.3389/fphar.2019.00220
https://doi.org/10.3389/fphar.2019.00220
https://doi.org/10.3389/fphar.2019.00220
https://doi.org/10.1016/j.addr.2007.04.009
https://doi.org/10.1016/j.addr.2007.04.009
https://doi.org/10.1016/j.phrs.2020.104685
https://doi.org/10.1016/j.phrs.2020.104685
https://doi.org/10.1016/j.addr.2012.09.021
https://doi.org/10.1016/j.addr.2012.09.021
https://doi.org/10.1016/j.ijpharm.2010.08.014
https://doi.org/10.1016/j.ijpharm.2010.08.014
https://doi.org/10.1016/j.jaubas.2015.08.001
https://doi.org/10.1016/j.jaubas.2015.08.001
https://doi.org/10.1016/j.jaubas.2015.08.001
https://doi.org/10.1016/j.ijbiomac.2016.07.002
https://doi.org/10.1016/j.ijbiomac.2016.07.002
https://doi.org/10.1016/j.ijpharm.2007.06.036
https://doi.org/10.1016/j.ijpharm.2007.06.036
https://doi.org/10.4103/wjtcm.wjtcm_80_20
https://doi.org/10.4103/wjtcm.wjtcm_80_20
https://doi.org/10.2147/IJN.S147506
https://doi.org/10.2147/IJN.S147506
https://doi.org/10.2147/IJN.S147506
https://doi.org/10.3390/ma14030473
https://doi.org/10.3390/ma14030473
https://doi.org/10.3390/ma14030473
https://doi.org/10.1038/s41598-017-14981-x
https://doi.org/10.1038/s41598-017-14981-x
https://doi.org/10.1038/s41598-017-14981-x
https://doi.org/10.1016/j.jsps.2019.07.005
https://doi.org/10.1016/j.jsps.2019.07.005
https://doi.org/10.2147/IJN.S147738
https://doi.org/10.2147/IJN.S147738
https://doi.org/10.2147/OARRR.S131668
https://doi.org/10.2147/OARRR.S131668
https://doi.org/10.1080/10717544.2020.1818883
https://doi.org/10.1080/10717544.2020.1818883
https://doi.org/10.1080/10717544.2020.1818883
https://doi.org/10.1002/jcb.27053
https://doi.org/10.1002/jcb.27053
https://doi.org/10.1002/jcb.27053
https://doi.org/10.4103/wjtcm.wjtcm_64_20
https://doi.org/10.4103/wjtcm.wjtcm_64_20
https://doi.org/10.1007/s12011-019-01798-0
https://doi.org/10.1007/s12011-019-01798-0
https://doi.org/10.1007/s12011-019-01798-0
https://doi.org/10.1007/s12011-019-01798-0
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

