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Cartilage lesions, especially osteoarthritis (OA), are a common health problem, causing pain and
disability in various age groups, principally in older adults and athletes. One of the main challenges to
be considered in cartilage tissue repair is the regeneration of cartilage tissue in an active inflammatory
environment. Fisetin has various biological effects including anti-inflammatory, antioxidant,
apoptotic, and antiproliferative activities. The only disadvantages of fisetin in the pharmaceutical

field are its instability and low solubility in aqueous media. This study is aimed at preparing chitosan
(CS)-based nanoparticles to yield fisetin with improved bioavailability features. Then, the effect of
fisetin-loaded nanoparticles (FNPs) on inflammatory responses in interleukin-1f (IL-1B) pretreated
human chondrocytes has also been investigated. FNPs presented an average size of 363.1+17.2 nm
and a zeta potential of +17.7 + 0.1 mV with encapsulation efficiency (EE) and loading capacity (LC) of
78.79+7.7% and 37.46 + 6.6%, respectively. The viability of human chondrocytes was not affected by
blank nanoparticles (BNPs) up to a concentration of 2000 pg/mL. In addition, the hemolysis results
clearly showed that FNPs did not damage the red blood cells (RBCs) and had good hemocompatibility
within the range investigated. FNPs, similar to fisetin, were able to inhibit the inflammatory responses
induced by IL-1f such as the expression of interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a)
while increasing the production of an anti-inflammatory cytokine such as interleukin-10 (IL-10).
Overall, the in vitro evaluation results of the anti-inflammatory activity showed that FNPs can serve as
delivery systems to transfer fisetin to treat inflammation in OA.

Osteoarthritis (OA), in which the entire joint is involved, is a degenerative disease, and inflammation makes a
vital contribution to its onset and progression'. Due to the presence of inflammation at the damaged site, the
regeneration of articular cartilage is clinically challenging?. The inflammatory cytokines with crucial shares in the
development of OA include TNF-a, IL-1pB, and IL-6°. The level of IL-1f, an important inflammatory mediator,
increases in the synovial fluid and cartilaginous tissue of patients with OA®. IL-1p induces the expression of the
degrading enzymes, such as matrix metalloproteinases (MMP-13) and a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS-5), and releases inflammatory mediators, such as cyclooxygenase-2 (COX-2)
and inducible nitric oxide synthase (iNOS)*. The macrophages activated by TNF-a and IL-6 produce pro-inflam-
matory chemokines to maintain inflammation in many inflammatory diseases, such as OA”. Therefore, inhibiting
these pro-inflammatory cytokines can be an effective curative target to treat OA. Fisetin (3,7,3',4'-tetrahydroxy-
flavone), a plant flavonol found in several fruits and vegetables, such as strawberries, peaches, cucumbers, onions,
mangoes, grapes, etc., has many biological activities including antioxidant, anti-inflammatory, anti-angiogenic,
and anticancer®. One of the remarkable features of fisetin is the reduction of the IL-18-induced inflammatory
effects through activating silent information regulator 1 (SirT1) in OA chondrocytes®. Therefore, fisetin can serve
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as a potential anti-inflammatory agent to treat OA®. However, the low solubility of fisetin in aqueous media and its
limited half-life in the body limit the application of this valuable compound as a dietary supplement or medicinal
compound’. In the treatment of OA, the curative effects mainly depend on the retention time of the drug in the
joint®. Various studies have demonstrated that nanoparticles (NPs) increase the stability of a drug and control
drug release in addition to reducing its side effects by delivering the drug to the target site®. In this study, CS
was chosen for the synthesis of NPs due to its biocompatibility, biodegradability, non-antigenicity, non-toxicity,
and polycationic properties®. Furthermore, the ionic gelation method using tripolyphosphate (TPP) anion was
chosen to produce CS NPs because it is a simple and mild technique to prepare reproducible and monodisperse
NPs’. Having synthesized FNPs, the particle size, zeta potential, polydispersity index (PDI), EE, LC, morphol-
ogy, the release profile of fisetin from FNPs, cytocompatibility, and hemolysis assay were investigated. Finally,
the inflammatory effects of FNPs on IL-1p-stimulated chondrocyte cells in vitro were investigated. This work is
aimed at preparing CS NPs loaded with fisetin to improve its solubility to administer intra-articular, increase its
retention time in the joint, improve its therapeutic effects, and minimize the corresponding side effects.

Experimental

Materials. TPP, CS (75-85% deacetylation degree, Mw 50-190 kDa), dimethyl sulfoxide (DMSO), acetic
acid, Thiazolyl Blue Tetrazolium Bromide (MTT), and recombinant human IL-1p were obtained from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA). Fisetin (purity >98%) was obtained from NanoChemia Co. (Teh-
ran, Iran). The human chondrocyte cell line (C28/12) was purchased from the National Cell Bank of Iran (Pas-
teur Institute of Iran, Tehran, Iran). Penicillin/streptomycin, Fetal Bovine Serum (FBS), Dulbecco’s modified
Eagle’s medium (DMEM)/Ham’s F12 medium, and 0.25% trypsin/EDTA were obtained from Gibco (UK).

Synthesis of BNPs and FNPs. BNPs and FNPs were synthesized based on the method reported by Zhang
et al.'® with minor modifications (Fig. 1). A solution of CS (0.2%, w/v) was prepared in 1% acetic acid (v/v) under
magnetic stirring (800 rpm) at ambient temperature overnight. The pH of the CS solution was adjusted to 5
using NaOH (2 M). Afterward, the CS solution was filtered through a 0.45 um filter to separate any insoluble CS.
TPP solution (4 mL) with a concentration of 1 mg/mL was added dropwise into the CS solution under stirring.
The mixture obtained was then stirred for 20 min, followed by centrifugation at 12,000 rpm for 15 min (4 °C).
The obtained NPs were freeze-dried and stored.

To form FNPs, the fisetin solution (1 mL) at a concentration of 3 mg/mL was prepared in a mixture of water
and DMSO (2:1) and added dropwise to the CS solution (10 mL) under stirring (1 h). Next, the TPP solution
(4 mL) was added dropwise to the CS solution containing fisetin. The elapsed time after adding the TPP solution
was 15 min. To separate NPs, the resulting suspension was centrifuged at 12,000 rpm for 15 min (4 °C), washed
twice with distilled water, and centrifuged again. The supernatant liquid was collected to determine LC and EE,
while the precipitate was resuspended in distilled water and lyophilized to obtain FNPs.

Determination of EE and LC. FNPs were isolated by centrifugation at 12,000 rpm, and the super-
natant liquid was collected to determine LC and EE. The free fisetin in the supernatant was evaluated by
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Figure 1. Chemical structures of CS, fisetin, and TPP and synthesis steps of FNPs.
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spectrophotometry at 364 nm, which is the absorption maximum of fisetin. A standard curve was generated by
a series of known concentrations of fisetin (Fig. S1). The amount of entrapped fisetin in FNPs was calculated by
subtracting the amount of free fisetin (A;) in the supernatant from the total amount (Ay) of fisetin used during
the synthesis of FNPs. The percentages of EE and LC were found using Eqs. (1) and (2), respectively. In Eq. (2),
A, is the dry weight of FNPs.

EE(%) = [(Ar — Ap)/AT] x 100 (1)

LC(%) = [(Ar — Ap)/Ay] x 100 ®)

Characterization of NPs.  Particle size, PDI, and zeta potential of NPs have been determined by Dynamic
light scattering (DLS) (Malvern Instruments, UK) at 25 °C. The experiments were carried out in triplicate, and all
the data were reported as the means * standard deviation (SD). The morphology of NPs was investigated using
atomic force microscopy (AFM) and scanning electron microscopy (SEM, TESCAN MIRA III, Czech Republic).
For SEM, the suspensions of NPs were laid out on a glass plate and dried at room temperature. The samples were
then coated with gold metal and examined. FTIR spectroscopy (model FTIR-8400s, Shimadzu Corp, Kyoto,
Japan) was used to examine the formation of NPs. The freeze-dried NPs were blended with KBr and compressed

into a pellet using a hydraulic press. All the spectra were recorded in the range of 400-4000 cm™.

Drug release. The release study of fisetin from FNPs was performed in PBS solution (pH 7.4 and pH 6) at
37 °C. A given amount of lyophilized FNPs containing 1 mg of fisetin was transferred to a clean tube with 2 mL
of PBS buffer and shaken at 100 rpm at 37 °C. Next, 1 mL of the release media was collected at definite time
intervals and replaced with the same volume of fresh PBS buffer (37 °C)®. Measurements were performed in
triplicate to minimize the error variations. The drug concentration in the release media was found by quantify-
ing the absorbance at 364 nm by UV-visible spectrophotometry and calculated using the standard calibration
curve, as shown in Fig. S1.

Biocompatibility study of NPs. MTT assay was used to investigate the potential cytotoxicity of BNP
and FNPs on human chondrocytes. In short, the chondrocytes were cultured with a density of 6000 cells/well in
100 uL of DMEM/F12 media complemented with 10% FBS into 96-well plates. After 24 h, the media was com-
pletely withdrawn and substituted with 100 pL of fresh medium containing various concentrations of BNPs and
FNPs. After incubation for 48 h, the medium was withdrawn, and PBS solution (pH 7.4) was used to wash the
wells. Afterward, 100 pl of MTT solution (0.5 mg/mL, in PBS buffer) were added to each well and the cells were
incubated for 3 h at 37 °C and 5% CO,. The MTT solution was substituted with 0.1 mL of DMSO to dissolve the
formazan crystal. The absorbance at 570 nm was then recorded using a multi-mode microplate reader (BioTek
Instruments, USA) and normalized to the value obtained for the control (non-treated cells). The cell toxicity was
computed using Eq. (3).

mean OD of sample >) 100 3)

Toxicity% = (1 —
Xty < <mean OD of control

Hemolysis assay. A hemolytic assay was carried out based on the ISO 10993-4:2002 international standard
method to evaluate the hemocompatibility of NPs. Fresh blood was obtained from a healthy human volunteer
after institutional ethical approval and informed consent. The collected sample was centrifuged for 10 min at
3600 rpm. The RBCs were isolated from the plasma and rinsed with PBS (three times, pH 7.4). Certain amounts
of lyophilized FNPs and BNPs were incubated with RBC suspension in a 96-well plate with three repetitions at
37 °C for 1 h. In addition, 1% Triton X-100 solution and 0.9% saline solution were considered as the positive
(lysis _100%) and negative (lysis 0%) controls, respectively®. After incubation, the samples were centrifuged
again at 3600 rpm (10 min) and the absorbance of the supernatant was quantified by photometric analysis at
414 nm, the maximum absorption of hemoglobin, using a microplate reader'!. The hemolysis percentage was
obtained using Eq. (4).

Hemolysis% =

oD le — mean OD tive control
( mean of sample — mean of negative contro > « 100 @)

mean OD of positive control — mean OD of negative control

Human chondrocyte treated with IL-1B. The human chondrocyte cell line (C28/12) was seeded in
DMEM/F12 medium complemented with 10% FBS and 1% penicillin/streptomycin solution. IL-1f is the most
common cytokine used in OA modeling'?. Therefore, the human chondrocytes were pretreated with IL-1p
(10 ng/mL) for 5 h to mimic OA chondrocytes". Afterward, chondrocytes were treated with FNPs for 48 h to
investigate their effect on the expression of cartilage-related and inflammatory genes in OA chondrocytes.

Gene expression analysis. The mRNA expression of inflammatory and cartilage-related genes was meas-
ured to survey the effect of FNPs on IL-1 pre-treated chondrocytes. RNA extraction from the treated human
chondrocytes was conducted using the TRIzol reagent. RNA concentration was quantified using Thermo Scien-
tific NanoDrop spectrophotometers. A cDNA synthesis kit (TaKaRa, Bio, Japan) was utilized to reverse-transcribe
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the total RNA to cDNA. Afterward, qRT-PCR was used to quantify the mRNA expression of SOX-9, COL2A1,
SirT1, IL-10, TNF-q, and IL-6. The process of qPCR was comprised of the subsequent steps: 10 min at 94 °C fol-
lowed by 35 cycles of 15 s at 95 °C, 20 s at 60 °C, and 30 s at 68 °C. The final reaction volume of 10 pL contained
0.5 pL of forward and reverse primers, 5 uL of SYBR Green Master Mix, and 4.5 puL of diluted cDNA. The level
of target mRNA was computed by the 2722 method, and GAPDH, a housekeeping gene, was utilized as an
internal control. Table 1 includes all the specific sequences used in the reaction.

Statistical analysis. All the data obtained in this study were analyzed by one-way analysis of variance
(ANOVA) in GraphPad Prism version 8.0.2.263. All the data were obtained in triplicate (n=3) and expressed as
mean +SD. A p-value of less than 0.05 (*) was considered statistically significant. Meanwhile, all methods were
performed according to the guidelines and regulations of the ethics committee of Semnan University of Medical
Sciences.

Ethics approval. The ethical committee of Semnan University of Medical Sciences, Faculty of Medicine,
approved all experiments.

Results and discussion

Synthesis of NPs. Inflammation has a critical contribution to the progression of OA and is a limiting factor
in its treatment’. Although fisetin has shown favorable anti-inflammatory activity, its low solubility in aqueous
media limits its application in the pharmaceutical field. Various studies have demonstrated that NPs protect the
drug from physiological degradation, improve drug bioavailability, and minimize the side effects on off-target
tissues by delivering the drug to the target site>. CS is a biocompatible, biodegradable, and non-toxic compound
used to synthesize NPs. In this study, FNPs were synthesized by a moderate technique, referred to as the ionic
gelation method. CS was dissolved in 1% acetic acid (pH 5) under magnetic stirring to provide the -NH," site on
the polymer. TPP dissolved in deionized water produces both OH™ and P;0,,°" ions, which are simultaneously
present in TPP solution'. The ions (OH™ and P;0,,°") could compete to react ionically with -NH;* present in
CS by deprotonation or ionic crosslinking, respectively. Given their smaller size, OH ions easily penetrate CS.
However, by acidifying the pH, only P;0,,°" ions exist in the solution'*. Therefore, CS easily crosslinks with TPP.
In this study, the pH of TPP solution (0.1%, w/v) was adjusted to 4 using acetic acid solution (1%, v/v). TPP was
then added dropwise to the CS solution under stirring in a ratio of 2.5:1 (v/v, CS: TPP). For long-term storage
and characterization of various parameters, NPs were freeze-dried and stored at 4 °C.

Computation of EE and LC. Several factors affect EE, including the drug loading method, the concen-
tration of CS and drug, the nature of the drug, the contact time of CS and drug, etc.’. There are two methods
for drug loading: (a) drug incorporation during the preparation of NPs (incorporation method) and (b) drug
absorption after the formation of NPs (absorption method)®. In this study, FNPs were prepared using the incor-
poration method. The fisetin solution was added dropwise to the CS solution under stirring before adding the
TPP solution. After centrifugation, the supernatant of FNPs was used to calculate the amount of free fisetin using
a spectrophotometer at 364 nm. The presence of phenolic hydroxyl groups on fisetin can affect EE by forming
extensive hydrogen bonds with CS’. EE and LC, the key features to maintain the effective drug ratios in the
intra-articular microenvironment, were 78.79 +7.7% and 37.46 + 6.6%, respectively (Table 2). The EE percentage
of FNPs in this study was parallel with the efficiency values described by Chuah et al. for curcumin encapsulated
in CS nanoparticles (77.44+0.2%)".

Gene Forward primer Reverse primer

SIRT1 5'-TAGACACGCTGGAACAGGTTGC-3' 5'-CTCCTCGTACAGCTTCACAGTC-3’
SOX-9 5'-GAGACTTCTGAACGAGAGCGA-3' 5'-CCGTTCTTCACCGACTTCCTC-3'
COL2A1 | 5-GGAGCAGCAAGAGCAAGGAGAAG-3' | 5-TGGACAGCAGGCGTAGGAAGG-3'
TNF-a 5'-CTCTTCTGCCTGCTGCACTTTG-3’ 5'-ATGGGCTACAGGCTTGTCACTC-3’
IL-10 5'-AGAATGCCTTTAATAAGCTCCA-3' 5'-GTCTATAGAGTCGCCACCC-3'

IL-6 5'-GAAAGCAGCAAAGAGGCACT-3' 5'-TTTCACCAGGCAAGTCTCCT-3'
GAPDH 5'-ACAACTTTGGTATCGTGGAAGG-3' 5'-GCCATCACGCCACAGTTTC-3'

Table 1. Specific primers used in qQRT-PCR reaction.

Size (nm) PDI Zeta potential (mV) | EE (%) LC (%)
BNPs 214.3+4.6 0.202+£0.001 | 35.7+0.8 - -
FNPs 363.1+17.2 | 0.32+0.01 17.7+0.1 78.79+7.7 | 37.46+6.6

Table 2. Nanoparticle size, PDI, zeta potential, EE, and LC of BNPs and FNPs.
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Characterization of NPs.  Size and morphology analysis of BNPs and FNPs. In NP systems, morphology,
particle size, and size distribution are important factors affecting the stability of drug-loaded NPs, drug loading,
and drug release®. The morphology of NPs was examined using AFM and SEM microscopes. The images clearly
illustrate the sphericity of the NPs (Fig. 2), which is consistent with previous reports®¢-'8. DLS was utilized to
investigate the particle size, zeta potential, and PDI of NPs. Most studies'®'®-2° using a ratio of 5:1 or 4:1 (w/w,
CS: TPP) to prepare NPs have reported a positive zeta potential ranging from + 30 to + 39 mV, which is consistent
with our results. BNPs had an average size and zeta potential of 214.3 £4.6 nm and + 35.7 £ 0.8 mV, respectively,
while the corresponding values for FNPs were 363.1+17.2 nm and +17.7+0.1 mV, respectively (Fig. 3 and Ta-
ble 2). The loading of fisetin led to an increase in particle size and a decrease in zeta potential. The zeta potentials
of both BNPs and FNPs were positive due to the cationic nature of CS (Table 2). However, the zeta potential of
FNPs decreased compared with BNPs because of the neutralization of the amino groups of CS by interacting
with the phenolic hydroxyl groups of fisetin®.. NPs with a mean diameter in the 1-500 nm range are acceptable
for injection?*?2. Meanwhile, there is no limit on the average diameter of NPs used in intra-articular administra-
tion. Nowadays, NPs, microparticles, and hydrogels are used to improve the intra-articular delivery of specific
drugs?. Hence, an average diameter of 363.1+17.2 nm for FNPs is suitable for intra-articular injection. On the
other hand, Kang et al’s study showed that larger particles remained in the joint cavity longer®. Therefore, the
increase in the retention time can very likely enhance the curative efficacy of a drug. A typical polydispersity of
the suspension is between 0.1 and 0.5, In our study, the PDI values of BNPs and FNPs were 0.202 +0.001 and
0.32+0.01, respectively, which indicates that NPs are in monodisperse distribution mode?. The results of PDI
were in agreement with those of previous studies?*2,

FTIR analysis. FTIR spectroscopy was used to confirm the formation of NPs and examine the entrapment of
fisetin in FNPs because this method can show the various peaks associated with the vibrations of chemical bonds
and is sensitive to the conformational changes caused by breaking or forming intermolecular interactions. In the
FTIR spectrum of CS (Fig. 4), the peak at 3425 cm™ is ascribed to the stretching vibrations of -NH, and ~-OH
groups. The peak at 2852 cm™ is related to the C-H stretching vibrations. In addition, the adsorption peak at
1581 cm™ is due to the N-H bending of amine and amide II. Moreover, the peak at 1087 cm™ corresponds to the
C-O stretching vibration and the asymmetric stretch of C-O-C is confirmed by the peak at around 1145 cm™'%.
The FTIR spectrum of TPP (Fig. 4) shows the characteristic bands at about 1213 and 898 cm™ which are asso-
ciated with the stretching vibrations of the P=O and P-O-P bridge, respectively®’. The peak at 1091 cm™ is
attributed to the symmetric and anti-symmetric stretching vibrations of PO;, and the band at 1147 cm™ is
related to the PO, stretching®. Although the FTIR spectrum of BNPs is similar to that of pure CS, there are some

Blank nanoparticles (BNPs) Fisetin-loaded nanoparticles (FNPs)

Sy -

SEM MAG: 100 kx Det: InBeam |
WD: 4.88 mm BI: 7.00 500 nm
View field: 2.08 um | Date(m/dly): 04/19/22

SEM MAG: 100.0 kx

WD: 4.99 mm BI: 7.00 500 nm
View field: 2.08 ym  Date(m/dly): 04/19/22

Figure 2. AFM and SEM images of BNPs and FNPs.
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differences. The peak at 3425 cm™ is broadened because of the interaction of the TPP phosphate group with the
NH, group of pure CS and the increase of hydrogen bonding. The N-H bending from amide II at 1581 cm™ has
been enhanced and shifted to 1531 cm™'%. For fisetin, the absorption peak at 3517 cm™ corresponds to the -OH
stretching mode, and the absorption bands at 1606 and 1525 cm™ correspond to the C=C stretching vibrations®.
Furthermore, the peaks at 1116 and 1018 cm™ are related to the C-O-C group®. The differences between the
FTIR spectra of BNPs and FNPs confirm that fisetin is encapsulated in FNPs. The bands at 1606 and 1525 cm ™,
which correspond to the C=C stretching vibrations of the fisetin structure, are also present in FNPs.

Drug release. To study the in vitro release of fisetin from NPs, the lyophilized FNPs were dispersed in PBS
solution at different pHs (pH 7.4 and pH 6). pH 7.4, the optimal pH for the growth of most mammalian cells,
was selected because the pH of the culture medium is about 7.4. pH 6 was chosen owing to the slightly acidic
environment of the inflamed joint*. The study performed for 48 h represents a biphasic pattern (burst release
and plateau) in both pHs (Fig. 5A,B). The initial burst release is most probably because of the adsorption of
fisetin on the surface of NPs. The plateau step shows slow and sustained release assigned to the diffusion of
fisetin entrapped within the polymer matrix. Of course, at this stage, the release due to erosion and degradation
of NPs is also expected’. The release profile in PBS with pH 6 showed that the highest dissolution rate of 41%
was detected within 48 h. However, the in vitro release data of fisetin from FNPs in PBS solution with pH 7.4
showed that only 8% of total fisetin was detected within 48 h. Since flavonoids contain sensitive chemical groups
(hydroxyl) and structural elements (pyrone)¥, a greater amount of fisetin has been presumably released and
degraded in the PBS buffer. Therefore, a certain concentration of fisetin was prepared to investigate its degrada-
tion rate in PBS buffer (pH 7.4 and 6). After incubation time (1, 2, 4, 6, and16 h), the absorbance of fisetin at
364 nm was measured on a UV-Vis spectrophotometer (Shimadzu Co. Kyoto, Japan) using PBS buffer as the
blank. The degradation study of fisetin in PBS with pH 7.4 showed that the absorbance of fisetin decreased in
a time-dependent manner at 37 °C for 16 h (Fig. 5C). Nevertheless, the degradation rate was very slow at pH
6 compared to pH 7.4, as shown in Fig. 5C. The result was in agreement with the findings of Wang et al., who
investigated the effects of pH, temperature, and the presence of protein in solutions on the degradation kinetics
of fisetin in PBS buffer®. Their investigation demonstrated that the concentrations of fisetin at pH 7.4 decreased
in a time-dependent manner. Indeed, increasing the pH from 6 to 7.4 enhanced the rate of fisetin degradation®.
In addition, other studies reported that free flavonoids were unstable in aqueous solutions and sensitive to pH
due to their chemical structure®*-*”. However, the presence of protein in the solution increases the stability*>*. In
this regard, Wang et al. added some proteins into the PBS solution to investigate their effects on the degradation
of fisetin®2. Their results showed that the presence of proteins in the solution could effectively prevent fisetin deg-
radation. Therefore, in our study, the higher toxicity of FNPs at low concentrations compared to BNPs indicates
that more drug has been released into the environment than that shown by the release graph at pH 7.4 and the
drug has been protected from degradation by the interaction with the proteins in the culture medium. Finally,
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Figure 5. In vitro release study of fisetin from FNPs for 48 h in (A) pH 7.4 and (B) pH 6. (C) UV-vis
absorbance of fisetin in PBS solutions with different pHs for different times at 37 °C.
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many studies have demonstrated that drug incorporation inside the nanoparticle matrix can protect it from the
external environment®%,

In vitro cytotoxicity assay. Cytotoxicity analysis of CS NPs as a drug delivery system is essential to confirm
safety. Therefore, MTT assay was carried out to survey the cytotoxicity of BNPs on chondrocyte cells. Concen-
trations of BNPs ranging from 50 to 2000 pg/mL were designed to estimate their potential biocompatibility. The
chondrocyte cell viabilities at concentrations of BNPs up to 2 mg/mL after 48 h of incubation were above 95%.
The statistical comparison of the cell viability assay for BNPs did not show any significant differences between
the groups and compared to the control group (0 concentration). This result was in line with those of previous
reports®*® and confirmed that this delivery system was safe for chondrocyte cells. The results of EE and LC %
showed that a large amount of drug had been loaded into FNPs in this study. Although the percentage of EE
and LC should be high to maintain an effective drug ratio in the intra-articular microenvironment and reduce
the frequency of injections, it can cause toxicity in monolayer cultures. Therefore, the potential cytotoxicity of
various concentrations of FNPs on chondrocytes was surveyed by MTT assay to find a concentration of FNPs,
which was not toxic. The viability of chondrocytes was not affected by FNPs at the concentrations of up to 50 pg/
mL, as shown in Fig. 6. As a result, the concentration of 0.05 mg/mL of FNPs was used in subsequent studies.
Meanwhile, the study of the toxicity of free fisetin on chondrocytes by MTT assay showed its dose dependence
(Fig. S2). The result was consistent with those reported in other studies**~*. Therefore, the difference in toxicity
observed between BNPs and FNPs is due to the presence of fisetin in FNPs.

Hemolytic assay. NPs may change the membrane integrity of RBCs, leading to the leakage of hemoglobin (Hb)
into the blood plasma. Nanoparticle characteristics such as size, surface charge, shape, and chemical composi-
tion can affect its hemolytic property**. Therefore, hemolytic assay was carried out to study the interaction of
CS NPs with RBCs (Fig. 7). Hence, in this study, a fresh blood sample was treated with different concentrations
(15.625-1000 ug/mL) of BNPs and FNPs. The results indicated that the hemolytic effects of BNPs and FNPs
were lower than 0.65 and 2.5%, respectively, within the range of 15.625-1000 pg/mL. A hemolytic percentage
above 5% is considered hemolytic®. Therefore, the hemolysis results clearly showed that both BNPs and FNPs
did not damage RBCs and had good hemocompatibility within the range investigated. Our results were consist-
ent with those reported by Dinesh et al., who investigated the hemocompatibility of CS/TPP NPs dispersed in
different solutions (saline, acetic acid, and lactic acid)*. In general, the results of their investigation showed that
CS/TPP NPs had acceptable blood compatibility upon dispersion in a biocompatible solvent such as saline and
PBS buffer’®.

Effect of FNPs on gene expression in chondrocytes pretreated with IL-1B. The effect of FNPs on the mRNA
expression of inflammatory and cartilage-related genes in IL-1f pretreated human chondrocytes was surveyed.
Cells were pretreated with IL-1p (10 ng/mL) for 5 h to mimic OA chondrocytes', then treated with FNPs (50 pg/
mL) or fisetin (7.5 pug/mL) for 48 h, followed by quantitative real-time PCR analysis. Many studies demonstrated
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Figure 6. Cell viability of chondrocyte cells after 48 h incubation with (A) BNPs and (B) FNPs at various
concentrations. Data were expressed as mean + standard deviation (SD) (n=4). Untreated chondrocyte cell
morphology (C) and chondrocyte cell morphology after treatment with BNPs (2000 pg/mL) (D). The effect of
cytotoxicity of FNPs on chondrocytes in monolayer culture (E). ****p <0.0001. NS: not significant.
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Figure 7. Evaluation of the hemolytic potential of various concentrations (15.625-1000 pg/mL) of BNPs and
FNPs. 1% Triton X-100 solution (100% lysis) and 0.9% saline solution (0% lysis) were used as positive and
negative controls, respectively.

that IL-1P remarkably down-regulated the mRNA expression of cartilage-related genes, such as Sox-9, COL2,
and aggrecan®’. Sox-9, a transcription factor, positively regulates the differentiation of chondrocytes by inducing
the production of COL2 and aggrecan, the main components of cartilage extracellular matrix (ECM)> Human
chondrocyte cells pretreated with IL-1f showed a significant down-regulation in SOX-9 and COL2 mRNA
expression compared to the untreated group (control group). However, ENPs significantly prevented the reduc-
tion of Sox-9 and COL2 mRNA expression in IL-1p stimulated chondrocyte cells (Fig. 8A,B). SirTT affects the
differentiation and proliferation of chondrocytes and enhances their survival by up-regulating the cartilage-
related genes such as COL2, Sox-9, and aggrecan and inhibiting apoptosis ***’. Our results were in line with
those of previous studies showing that the mRNA expression of SirT1 decreased in IL-1p pretreated human cells
compared to the control group’. Nevertheless, the treatment with FNPs increased its levels in IL-1p stimulated
human chondrocytes (Fig. 8C). TNF-a and IL-6, which activate macrophages to synthesize pro-inflammatory
chemokines, make a critical contribution to maintaining the inflammation in the development of OA’. As shown
in Fig. 8D,E, the stimulation of human chondrocytes with IL-1p for 5 h resulted in the up-regulation of TNF-a
and IL-6 mRNA expression compared to the control group (non-treated cells). However, similar to fisetin, FNPs
reduced TNF-a and IL-6 mRNA expression in IL-1p stimulated cells. Next, the effect of FNPs on the mRNA
expression of IL-10, a well-known anti-inflammatory cytokine**’, was investigated in IL-1p stimulated human
chondrocytes (Fig. 8F). The results indicated that although the IL-10 level was decreased in chondrocytes stimu-
lated with IL-1p compared with the untreated group (control group), the treatment with FNPs, like fisetin*®*,
increased its level in IL-1p pretreated human chondrocytes. In general, these results showed that FNPs can
inhibit the inflammatory responses induced by IL-1p, including the expression of TNF-q, and IL-6, and reduce
the degradation of Sox-9, COL2, and SirT1 in OA chondrocyte cells.

Conclusions

In this study, FNPs with homogeneous particle size, distribution, and suitable drug LC were successfully pre-
pared for fisetin delivery. Since there are no limits on the average diameter of NPs used in the intra-articular
injection, an average diameter of 363.1+17.2 nm for FNPs can be appropriate for the intra-articular injection.
The results showed that FNPs, like fisetin, can increase the secretion of IL-10, an anti-inflammatory cytokine,
while repressing the synthesis of pro-inflammatory cytokines such as TNF-a and IL-6. To our knowledge, this
is the first report regarding the loading of fisetin into NPs to treat the inflammation in OA. The intra-articular
injection of new drug formulations can maintain the drug in synovial fluid at clinically relevant concentrations
and reduce its uptake into the systemic circulation. Therefore, further evaluations with an animal model of OA
are needed to prove whether FNPs can improve drug bioavailability and increase its retention time in the joint
cavity. Since fisetin has several biological properties including anticancer, antioxidant, anti-angiogenic, and
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Figure 8. Effect of FNPs on the mRNA expression of inflammatory and cartilage-related genes in IL-1§3
pretreated human chondrocytes. Cells were stimulated for 5 h with IL-1f (10 ng/mL) and then treated with
FNPs (50 ug/mL) or fisetin (7.5 pg/mL) for 48 h. The IL-1p group was stimulated with IL-1p (10 ng/mL) for 5h
only and the control group received no treatment. The mRNA expression levels of SOX9 (A), Collagen II (B),
SirT1 (C), TNF-a (D), IL-6 (E), and IL-10 (F) were assayed by qRT-PCR. The values are shown as mean + SD
(n=3).*p<0.05, ¥*p<0.01, ***p<0.001, ¥***p <0.0001. NS: not significant.

anti-inflammatory activities®, FNPs can also be used to investigate their therapeutic effects on the in vitro and
in vivo models of other diseases such as cancer.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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