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ARTICLE INFO ABSTRACT

Keywords: Loading drugs in drug delivery systems can increase their retention time and control their release

Drug deliivel’y within the knee cavity. Hence, we aimed to improve the therapeutic efficacy of celecoxib and

gartogen]‘:n. . kartogenin (KGN) through their loading in chitosan nanoparticles (CS NPs). Celecoxib-loaded
steoarthritis . nanoparticles (CNPs) and KGN-loaded nanoparticles (K-CS NPs) were prepared using the ab-

Chitosan nanoparticles . . P .

Celecoxib sorption method and covalent attachment, respectively, through an ionic gelation process. The

morphology, particle size, zeta potential, polydispersity index (PDI), conjugation efficiency (CE),
encapsulation efficiency (EE), the in vitro release of the drug from NPs, as well as MTT and he-
molysis assays, were evaluated. Then, the IL-1p-stimulated chondrocytes were treated with CNPs
and K-CS NPs, individually or in combination, to explore their potential chondroprotective and
anti-inflammatory effects. CNPs and K-CS NPs showed sizes of 352.6 + 22.5 and 232.7 + 4.5 nm,
respectively, suitable for intra-articular (IA) injection. Based on the hemolysis results, both NPs
exhibited good hemocompatibility within the studied range. Results showed that treating IL-1f-
pretreated chondrocytes with CNPs or K-CS NPs remarkably limited the negative effects of IL-1p,
especially when both types of NPs were used together. Therefore, injecting these two NPs into the
knee cavity may improve drug bioavailability, rapidly suppress inflammation and pain, and
promote cartilage regeneration. Meanwhile, for the first time, the study investigated the effect of
the simultaneous use of celecoxib and KGN to treat osteoarthritis (OA).

1. Introduction

Osteoarthritis (OA) is a disabling degenerative disease in which joint inflammation has a critical share in its onset and progression
[1]. The presence of inflammatory cytokines such as tumor necrosis factor-o (TNF-a) and interleukin-1f (IL-1f) in the OA joint, along
with cartilage features like avascularity, slow down the regeneration rate [2]. Although there are different therapeutic strategies for
OA, none of them can fully restore normal joint function or reverse the disease progression because of the active inflammatory
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environment [3]. One of the most common treatments is drug therapy, which focuses on relieving the symptoms associated with OA
[4]. Oral administration of non-steroidal anti-inflammatory drugs has disadvantages such as low drug concentration in knee joints and
gastrointestinal side effects [5]. Hence, the intra-articular (IA) injection has attracted much attention due to several advantages, such
as its ability to improve drug bioavailability, localize the drugs at the target site, relieve pain rapidly, and avoid systemic side effects
[6].

Celecoxib, a nonsteroidal anti-inflammatory drug (NSAID), is a selective COX-2 inhibitor with poor aqueous solubility. It is
commonly used for the treatment of rheumatoid arthritis, OA, and pain management [7]. Although IA injection of celecoxib is a
practical approach to alleviate symptoms and prevent disease progression, the drug does not significantly promote cartilage regen-
eration in the damaged areas [8]. Therefore, the simultaneous use of an anti-inflammatory drug with an agent that induces cartilage
regeneration is crucial to obtaining acceptable long-term results in OA treatment [8].

KGN, a small non-protein compound, promotes the proliferation, migration, and differentiation of chondrocytes and endogenous
mesenchymal stem cells (MSCs) [9]. Therefore, it has both protective and regenerative effects on cartilage. KGN binds to filamin A
(FLNA) and disrupts its interaction with core binding factor p (CBFf) [9,10]. In the nucleus, CBFp binds to a DNA-binding transcription
factor (RUNX1), and this complex upregulates chondrocyte gene expression, leading to the increased synthesis of hyaline cartilage
markers such as collagen-II and aggrecan [10]. Although direct injection of the drug into the knee joint offers more advantages than
oral administration, the rapid clearance of the drug from the joint limits its advantages [5,11]. Therefore, many studies have combined
drugs with different materials to enhance their retention time and regulate drug release in the knee cavity [6,12-14].

Chitosan (CS), a polymeric material obtained from the N-deacetylation of chitin, is utilized in various industries, such as cosmetics,
food, pharmaceuticals, agriculture, and medicine due to its valuable biological properties [15,16]. These properties include a poly-
cationic structure (-NH3 sites), biocompatibility, non-toxicity, and biodegradability [15]. CS is also widely used in drug delivery
systems because it can be covalently coupled to the carboxyl groups of pharmaceutical agents through its amino groups [6].

This study used the ionic gelation method [17], a simple and mild technique, to prepare NPs. Considering that inflammation
hinders the effective treatment of OA [3], celecoxib was physically loaded onto the surface of formed NPs to enable faster release. Also,
considering that conjugating hydrophobic drugs to CS can improve their aqueous solubility and biocompatibility [6,18,19], KGN was
covalently linked to the CS polymer (K-CS) to enhance its solubility and regulate its release. Finally, the potential chondroprotective
and anti-inflammatory effects of K-CS NPs and CNPs were investigated, individually or in combination, in an in vitro model of OA. This
study aimed to enhance drug solubility, prolong their retention time in the joint cavity, and merge the anti-inflammatory charac-
teristics of celecoxib with the chondroprotective and regenerative effects of KGN for OA treatment. Meanwhile, for the first time, the
study investigated the combined effect of celecoxib and KGN on OA chondrocytes to treat OA.

2. Materials and methods
2.1. Materials

Tripolyphosphate (TPP), KGN, CS (75-85% deacetylation degree, Mw 50-190 kDa), acetic acid, N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS), dialysis tube (MWCO 12000-14000 Da), Thiazolyl Blue

Tetrazolium Bromide (MTT) and recombinant human IL-1f were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA). Celecoxib
was a gift from Arasto Pharmaceutical Chemicals Inc. (Tehran, Iran). The human chondrocyte cell line (C28/12) was obtained from the
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Fig. 1. Chemical structures of CS, TPP, and celecoxib, as well as the synthesis steps of CNPs.
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National Cell Bank of Iran (Pasteur Institute of Iran, Tehran, Iran). Fetal Bovine Serum (FBS), Dulbecco’s modified Eagle’s medium
(DMEM)/Ham’s F12 medium, and penicillin/streptomycin were obtained from Gibco (UK).

2.2. Preparation of celecoxib-loaded nanoparticles (CNPs)

CNPs were synthesized based on the ionic gelation of CS with TPP according to the method previously reported [17,20], with some
modifications (Fig. 1). Under magnetic stirring (800 rpm) at room temperature overnight, 20 mg of CS was dissolved in 1% acetic acid
(v/v, 10 mL), and the pH was adjusted to 5 using NaOH (2 M, <100 pL). Then, the solution was filtered using a 0.45 pm filter
(Millipore, PES Membrane) to remove any possible insoluble CS. A 0.1% (w/v) solution of TPP was prepared by dissolving it in distilled
water, and the pH was adjusted to 4 using a 1% (v/v) aqueous solution of acetic acid. This solution was subsequently passed through a
0.22 pm filter (Millipore). The TPP solution was added drop by drop to the CS solution under stirring. After 20 min, a celecoxib solution
(1 mL) at a concentration of 3 mg/mL, prepared in ethanol, was added drop by drop to the milky suspension of NPs under stirring [17].
After 1 h, the mixture was centrifuged at 12,000 rpm (15 min, 4 °C), and the sediment was washed twice with distilled water and
centrifuged again. Finally, the sediment was resuspended in distilled water and lyophilized to obtain CNPs, while the supernatant was
collected to evaluate EE. Free celecoxib in the supernatant was determined by measuring the absorbance at 354 nm using an
ultraviolet-visible (UV-vis) spectrophotometer and calculated using a standard calibration curve. The percentage of EE was then
calculated using equation (1) [14]. Meanwhile, blank nanoparticles (BNPs) were synthesized using the same method but without
adding the drug.

EE (%) = ( Total dTr:fl; dri;ee dmg) x 100

(€Y

2.3. Synthesis of KGN conjugated chitosan (K-CS)

CS (40 mg) was dissolved in 10 mL of a 1% (v/v) acetic acid solution overnight. After dissolution, the pH of the solution was
adjusted to 5.7 using 2 M NaOH and then filtered. The EDC/NHS mixture solution (EDC, 3 mg, 0.0157 mmol, and NHS, 2 mg, 0.018
mmol) was prepared in a 0.05 M buffer of 2-morpholinoethane sulfonic acid (MES buffer, pH 5.7). KGN (2 mg, 0.006 mmol in 2 mL of
ethanol) was immersed in a mixture of EDC and NHS for 12 min at room temperature. The CS solution was then reacted with the NHS-
esterified KGN for 24 h under low-speed stirring. The amount of KGN utilized for the cross-link formation was 5% of the weight ratio to
CS. The K-CS was then dialyzed against deionized water using a dialysis bag (Cut-off = 12-14 kDa) for one day (Fig. 2A). The con-
jugates were then lyophilized for future use. The amount of free KGN in deionized water after dialysis was also determined to calculate
CE [6] using UV-vis spectrophotometry at 289 nm. The percentage of CE was then calculated using equation (2) [6].
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Fig. 2. The chemistry involved in the conjugation of CS and KGN (K-CS) (A) and the synthesis steps of K-CS NPs (B).
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2

CE (%)= < Total KGN — Unconjugated KGN) « 100

Total KGN
2.4. Preparation of NPs with K-CS (K-CS NPs)

K-CS NPs were synthesized based on the manufacturing method of BNPs, except that a K-CS solution was used instead of a CS
solution (Fig. 2B). Briefly, KGN conjugated chitosan (K-CS) (0.2%, w/v) was dissolved in 10 mL of 1% acetic acid, and the pH was
adjusted to 5 using NaOH (2 M, <100 pL). Then, TPP solution (0.1%, w/v, 4 mL) was added to the K-CS solution. After 20 min, the
resulting milky suspension was centrifuged at 12000 rpm for 15 min and washed twice with deionized water. Finally, K-CS NPs were
resuspended in distilled water and lyophilized for future use. The physical conditions used to produce K-CS NPs are shown in Table S1.

2.5. Characterization of CNPs, K-CS, and K-CS NPs

FT-IR (Fourier-Transform Infrared Spectroscopy) analysis was utilized to determine the surface chemistry of the synthesized K-CS
conjugate and confirm the formation of CNPs and K-CS NPs (model FT-IR-8400s, Shimadzu Corp, Kyoto, Japan). The lyophilized
powders of K-CS conjugate, K-CS NPs, and CNPs were mixed with KBr and compressed into a pellet using a hydraulic press. The FT-IR
spectra were recorded between 4000 and 400 cm ™.

2.6. Determination of particle size, PDI, and zeta potential

The physicochemical properties of NPs, including particle size, PDI, and zeta potential, were analyzed using a Zetasizer Nano ZS
from Malvern Instruments (Malvern, UK) at 25 °C after dilution with deionized water. The experiments were carried out in triplicate,
and all the data were reported as the means + standard deviation (SD).

2.7. Morphology determination

The surface morphology of CNPs and K-CS NPs was examined using atomic force microscopy (AFM, Shimadzu, Japan) and scanning
electron microscopy (SEM, TESCAN MIRA III, Czech Republic). The image measurement of AFM was performed using a silica carbide
probe. A drop of the diluted suspension of the NPs was placed on the surface of the freshly cleaved clean glass, spread out, and dried at
25 °C. For SEM, the suspensions of NPs were spread out on a glass plate and allowed to dry at room temperature. The samples were then
coated with gold metal and examined.

2.8. Invitro release study

For the in vitro release study, the lyophilized powders of CNPs (10 mg) and K-CS NPS (20 mg) containing a specified quantity of drug
were separately transferred to a dialysis bag (Cut-off = 12-14 kDa) with PBS solution [21]. Then, dialysis bags were placed in a flask
containing 40 mL of PBS solution with pH 6 (pH of the inflamed joint) [22] to create sink conditions and shaken at 100 rpm at 37 °C. At
different intervals, 1 mL of the release media was withdrawn for analysis and replaced with the same volume of fresh buffer (37 °C).
The absorbance of the withdrawn samples was determined using a UV-vis spectrophotometer at 254 and 289 nm for celecoxib and
KGN, respectively. Then, the drug concentrations were determined using the standard calibration curves for KGN (y = 0.0487x +
0.005, R? = 0.9997) and celecoxib (y = 0.0542x - 0.0016, R? = 0.9995). Equations (3) and (4) were used to calculate the amount of
released drug and cumulative release (%), respectively [23]. In equation (4), Pt represents the percentage of released drug at time t and
P (t-1) is the percentage of the released drug before "t". The experiments were performed in triplicate to ensure accuracy.

Amount of released drug = Concentration x dissolution bath volume x dilution factor (3)

Volume of sample withdrawn (mL)
Bath volume (ml)

Cumulative release (%) = < xP(t-1) ) + Pt “4)

2.9. Cytocompatibility assay

The cytocompatibility of CNPs and K-CS NPs on human chondrocyte cells was assessed using the MTT assay [14]. Briefly, 6000
cells/well were seeded into 96-well plates in 100 pL of DMEM/F12 media supplemented with 10% FBS. After 24 h, the media were
completely withdrawn and replaced with fresh medium containing various concentrations of CNPs or K-CS NPs. After 48 h, the me-
dium was removed, and the wells were rinsed with PBS buffer (pH 7.4). Then, 10 pL of MTT solution (5 mg/mL, in PBS) was added to
each well containing 90 pL of culture medium without FBS. The mixture was then incubated for 3 h at 37 °C with 5% COj. The MTT
solution was removed, and 100 pL of DMSO was added to dissolve the formazan crystals. Then, the optical density of the formazan
product was measured at 570 nm using a microplate reader (Synergy HIMFD, BioTek Instruments, USA). Cell viability was calculated
using equation (5) [14].

Mean OD of sample) 100

- <4 5
Mean OD of control ®

Viability% = <



Z. Nabizadeh et al. Heliyon 10 (2024) 31058

2.10. Blood compatibility assay

A hemolytic test was performed to assess the hemocompatibility of NPs by measuring the percentage of hemolysis [14]. After
obtaining institutional ethical approval and informed consent, fresh blood from a healthy volunteer was centrifuged at 3600 rpm (10
min). After being separated from plasma, red blood cells (RBCs) were rinsed three times with PBS (pH 7.4). Then, the determined
concentrations of freeze-dried NPs were incubated with RBC suspension in a 96-well plate (three repetitions) at 37 °C for 1 h. RBC
suspensions incubated with a 0.9% saline solution (lysis ~0%) and 1% Triton X-100 solution (lysis ~100%) were considered as the
negative control and positive control, respectively [24]. After incubation, the mixtures were centrifuged at 3600 rpm (10 min) and the
absorbance of the supernatant at 414 nm, the maximum absorbance of hemoglobin, was determined by photometric analysis. The
hemolysis ratio was calculated using the following formula [14,24].

(6)

M D — M D [
Hemolysis% — ( ean OD of sample ean OD of negative control > 100

Mean OD of positive control — Mean OD of negative control

2.11. The IL-1p-stimulated human chondrocytes

IL-1B, a crucial inflammatory cytokine, was incubated with seeded chondrocyte cells to simulate a pro-inflammatory environment
as an in vitro model of OA [8,25]. After a 5 h incubation with IL-1f (10 ng/mL) [8,26], cells were treated with CNPs and K-CS NPs, alone
or in combination, for 48 h to investigate their impact on the mRNA expression of inflammatory and cartilage-related genes in OA cells.

2.12. RNA isolation and qRT-PCR

Real-time PCR was used to monitor changes in the expression level of the target genes. RNA was extracted from the treated cells
using the TRIzol reagent. The extracted RNA was quantitatively evaluated using a Thermo Scientific NanoDrop device. A cDNA
synthesis kit (Thermo Scientific RevertAid First Strand cDNA Synthesis Kit) was utilized to reverse-transcribe the total RNA. Finally,
real-time RT-PCR was utilized to assess the effects of CNPs and K-CS NPs on inflammatory and cartilage marker gene expressions, such
as TNF-a, COX-2, collagen-II (COL2A1), and SOX-9. The reaction contained 10 pL of SYBR Green Master Mix, 9 pL of diluted cDNA, 0.5
pL of forward primer, and 0.5 pL of reverse primer. The reaction mix was incubated for 10 min at 95 °C, followed by 40 cycles of 15 s at
95 °C, 30 s at 60 °C and 30 s at 72 °C. The target mRNA expression level was calculated using the 22D method and GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) was utilized as the reference gene. The specific primers used to amplify the desired genes
are listed in Table S2.

2.13. Statistics

All experiments were performed three times and analyzed using one-way analysis of variance (ANOVA) with GraphPad Prism
(version 8.0.2.263). The results were expressed as the means + SD. A p-value <0.05 (*) was considered statistically significant.

3. Results and discussion

We had initially attempted to load celecoxib on K-CS NPs. The EE% of celecoxib on K-CS NPs was low (17 + 1.3). Consequently, we
opted to load KGN and celecoxib separately into different CS NPs. Celecoxib was loaded onto the surface of formed NPs (CNPs) to
enable immediate release. Meanwhile, KGN was covalently attached to the CS polymer (K-CS) to improve its solubility and prolong its
release. Then, K-CS NPs were synthesized using K-CS. In the next step, we investigated the potential chondroprotective and anti-
inflammatory effects of these compounds, individually or in combination, in an in vitro model of OA.

3.1. Synthesis of K-CS, K-CS NPs and CNPs

Entrapment of drugs inside NPs can prevent their degradation in harsh conditions, increase the solubility of hydrophobic drugs,
improve the bioavailability of the drug, facilitate drug delivery to the target site, and control their release [27]. There are several ways
to integrate drugs into NPs, including (A) the covalent linkage between the polymer matrix and drugs [6], (B) drug adsorption on the
surface of NPs (adsorption method) [17], and (C) the physical entrapment of drugs during nanoparticle synthesis (incorporation
method) [14,20,27,28]. Glutaraldehyde, a chemical cross-linking agent, has toxic effects, while TPP is a non-toxic ionic cross-linking
agent popular for preparing reproducible CS NPs. Carbodiimide chemistry, a common technique to covalently link ligands, is typically
employed to form an amide bond between an amine and carboxylic group [6]. Covalent attachment of a drug to a hydrophilic polymer
can increase the aqueous solubility of hydrophobic drugs, thereby altering the pharmacokinetics and biodistribution of the drug in the
body [6,29]. Therefore, in this study, the carboxyl group of KGN was covalently attached to the amine group of CS using EDC/NHS as a
catalytic system to increase its solubility and control its release. The chemistry involved in the conjugation of CS and KGN is shown in
Fig. 2A. The K-CS NPs were synthesized by the interaction between the remaining amine groups in K-CS and anion groups in a pol-
yanion molecule (TPP). In this study, CNPs were prepared using the adsorption method to expedite release, where celecoxib was
adsorbed on the surface of the formed NPs. To create the -NH{ site, the pH of the CS solution was adjusted to 5 [30]. When TPP is
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dissolved in deionized water, the OH™ and P303g ions, which can compete to react with -NH{ in the CS polymer, are simultaneously
produced in the TPP solution [30]. In this research, to facilitate the crosslinking of the -NH7 sites on CS with P30%5 ions, the pH of the
TPP solution was adjusted to 4 to ensure that only PsO3y ions were present in the solution. The NPs formed after adding TPP were
freeze-dried and stored at 4 °C to perform the subsequent tests.

3.2. Analysis of size and morphology of K-CS NPs and CNPs

Some characteristics of nanoparticle systems, such as drug release and the stability of drug-loaded NPs, are affected by the
morphology, size, and distribution of NPs [28]. The images obtained from AFM and SEM microscopes clearly show that both CNPs and
K-CS NPs are spherical (Fig. S1), which is consistent with other reports [6,31-34]. Since the size of NPs in a dry form differs from that in
a form dispersed in water, it was evaluated only by DLS, which has a liquid environment similar to the body. The surface charge and
PDI of the K-CS NPs and CNPs in the aqueous medium were determined using DLS. The CNPs and K-CS NPs had an average size of 352.6
+ 22.5 nm and 232.7 + 4.5 nm, respectively, while BNPs had an average size of 214.3 + 4.6 nm (Table 1). Also, while the BNPs had a
zeta potential of +35.7 + 0.8 mV (Fig. 3A), the zeta potential of the CNPs (Fig. 3B) and K-CS NPs (Fig. 3C) was +50.4 + 1.5 mV and
+17.5 £ 1.6, respectively. Due to the cationic nature of CS, the zeta potential of NPs was positive. However, the covalent attachment of
the carboxyl group of KGN to the amine group of CS decreased the number of amine groups on the CS polymer. As a result, the zeta
potential of K-CS NPs decreased compared to BNPs (Table 1). Loading celecoxib onto the formed NPs resulted in increased particle size
and zeta potential compared to BNPs. The increase in zeta potential can be attributed to -NH; groups present in celecoxib. Considering
that there is no limit on the average diameter of the particles delivered to the knee joint, nowadays hydrogels, microparticles, and NPs
are used to improve the delivery of drugs into the knee joint [3]. Therefore, the size of NPs synthesized in this study may be suitable for
IA injection. However, there is still no consensus on the most appropriate size of drug formulations for IA injection [6]. While
Eswaramoorthy et al. recommended a size of about 51-85 pm for IA injection [35], another study suggested NPs smaller than 60 nm for
injection [36]. In this regard, Kang et al. injected two particles with different sizes (NPs and microparticles) into the joint cavity of the
rat OA model to investigate the optimal size for IA drug delivery [6]. The results did not show a significant difference between the two
different sizes [6]. The PDI of BNPs, K-CS NPs, and CNPs were 0.202 + 0.001, 0.24 + 0.01, and 0.37 + 0.02, respectively. The results
were in line with other reports [37,38]. A PDI below 0.5 indicates that NPs have a monodisperse distribution [37-39].

3.3. Calculation of EE and CE

The drug loading method, the physical and chemical properties of the drug, the concentration of the polymer and the drug, and the
contact time of the drug with the polymer affect the percentage of EE and CE of the formulation [27]. To minimize the amount of
injected formulation, the percentage of EE and CE should be high [27]. The quantity of celecoxib loaded on CNPs was determined by
analyzing the free celecoxib in the supernatant of CNPs using a spectrophotometer at 254 nm. The CNPs prepared using the adsorption
method resulted in NPs with a high percentage of EE. The EE percentage of CNPs was consistent with the efficiency values reported by
other researchers for encapsulating hydrophobic molecules in CS NPs [32,33,40]. The binding efficiency of KGN to CS (CE%) in K-CS
was 70.5 + 2.2%, indicating that more than 50% of KGN was conjugated to CS (Table 1).

3.4. FT-IR analysis of K-CS, K-CS NPs and CNPs

The formation of NPs was confirmed by analyzing the functional groups in their FT-IR spectra (Fig. 4). The peaks at 1591 and 1087
em ™! are attributed to the N-H bending (amine and amide II) and C-O stretching vibration, respectively, in the CS spectrum [31]. The
interaction of CS with TPP translocated these peaks to 1531 and 1074 cm ™! in the BNPs spectrum, respectively [31]. The peak related
to the stretching vibration of ~OH and -NH,, groups (3425 cm ™) was broadened in the BNPs spectrum due to the interaction of the NH,
group of CS with the phosphate groups of TPP and the increase in hydrogen bonding. Moreover, a more pronounced variation in the
peak was observed following loading with celecoxib. This peak was flattened in CNPs compared to BNPs, likely due to the interactions
of celecoxib with the non-cross-linked amino groups in CS. In the celecoxib spectrum, the peaks displayed as a double at 3344 and
3224 cm™! are related to the N-H stretching vibration of the ~-SO,NH, group [41]. The bands at 1164 and 1348 cm™! are related to
S=O symmetric and asymmetric stretching, respectively [41], which are also observed in the CNPs spectrum. Therefore, it was
confirmed that celecoxib was adsorbed on CNPs. The FT-IR spectrum also confirmed the formation of an amide linkage between KGN
and CS (Fig. 4B). In the KGN spectrum, the peaks at 3031 and 1718 cm ™! are attributed to aromatic G-H and C=0 stretching,
respectively [29]. The absorption peak at 3031 cm ™! corresponding to the aromatic G-H bond in pure KGN shifted to 3028 cm ™! in the
FT-IR pattern of K-CS. The adsorption peaks at 1650 and 1591 cm ™! in the CS spectrum are related to the C=0 stretching in the amide
group and the N-H bending from amine and amide II, respectively [31]. The intensity of peaks at 1650 and 1591 cm! (CS) increased

Table 1

DLS measurements of NPs, including size, zeta potential, and PDI, as well as the percent of EE and CE.
NP name Size (nm) PDI Zeta potential (mV) EE (%) CE (%)
BNPs 214.3 + 0.46 0.202 + 0.001 35.7+0.8 - -
K-CS NPs 232.7 £ 4.5 0.24 £+ 0.01 175+ 1.6 - 70.5 £ 2.2
CNPs 352.6 + 22.5 0.37 = 0.02 50.4 + 1.5 95.8 £ 0.9 -
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and shifted to 1635 and 1558 cm ™! in the spectrum of K-CS, confirming the formation of the amide bond between the carboxyl groups
of KGN and the amine groups of CS [6]. Although there are similarities between the spectra of K-CS and K-CS NPs, there are also
differences (Fig. 4B). Owing to the interaction of the phosphate groups of TPP with the -NHjy groups of K-CS and the increase in
hydrogen bonding, the peak at 3382 cm ™!, which was related to the stretching vibration of -NH, and —OH groups in the K-CS spectrum,
was broadened in the K-CS NPs spectrum. The intensity of the peak at 1635 cm ! (K-CS) was enhanced and remained the same (1635
em V) in the spectrum of K-CS NPs, but the peak at 1558 cm ! shifted to 1539 cm . In conclusion, the results indicate that BNPs, K-CS
NPs, and CNPs have been successfully prepared using an ionic gelation method.

3.5. In vitro release study

Fig. 5A and B show the release of KGN and celecoxib from K-CS NPs and CNPs in vitro, respectively. Factors such as particle size,
hydrophilicity or hydrophobicity of the polymer and drug, functional groups of the drug, the molecular weight of the drug and
polymer, and the type of linkage between them can affect the drug release rate from NPs [29,42]. The release of KGN from K-CS NPs
continued for more than two weeks because the covalent bonds between the drug and CS were stronger than ionic bonds. Meanwhile,
the entanglement of CS chains with KGN protected the covalent linkage [6] between CS and KGN in K-CS NPs, resulting in sustained
release. Although the release profile of KGN from K-CS NPs was continuous, a small amount of the drug was detected after two weeks.
This result was consistent with the release profile described by Kang et al. [6]. They reported that the cumulative release of KGN after 7
weeks was about 35% [6]. Due to shaking conditions and warm temperatures, more KGN was likely released and degraded in the PBS
solution [6]. The release of celecoxib from CNPs exhibited a biphasic pattern, characterized by a rapid burst release followed by a slow
and sustained release (plateau step). Electrostatic bonds, such as hydrogen bonds and van der Waals forces, are weaker than covalent
bonds. The initial burst release is probably caused by the release of drugs that were weakly attached to the surface of CNPs. The rapid
release of a significant amount of celecoxib from CNPs can enable the drug to rapidly reach curative levels to manage pain and suppress
the symptoms of inflammatory diseases such as OA [39]. In general, around 34% of celecoxib loaded in CNPs was released in the first
hour, and then it provided a continuous release of celecoxib for up to 48 h. The slow release may be due to drug diffusion from the CNPs
matrix. The release pattern of celecoxib from CS NPs was similar to the results of other studies [29,34,43,44].
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Fig. 5. The in vitro release of KGN from K-CS NPs (A) and celecoxib from CNPs (B) in PBS solution.
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3.6. Effect of CNPs and K-CS NPs on human chondrocyte viability

To confirm whether this drug delivery system is safe for chondrocytes, it is necessary first to investigate the toxicity of BNPs.
Therefore, the cytotoxicity of BNPs on human chondrocytes was analyzed using the MTT assay. A certain concentration of BNPs (40
pg/mL to 1.6 mg/mL) was used to study their potential cytotoxicity. The results showed that the cell viability of chondrocytes was not
affected up to 1.6 mg/mL after 48 h of incubation. No significant difference was observed between the groups and compared to
0 concentration (control group) for BNPs (Fig. 6A). This result confirmed the safety of this system. It aligned with other reports [14,27,
45,46]. Based on the results of EE and CE% of CNPs and K-CS NPs, respectively, a large amount of drug was loaded on NPs. The higher
the amount of drug loading in NPs, it can decrease the frequency of injections [14]. However, high drug loading can be toxic in
monolayer cultures. Therefore, the different concentrations of K-CS NPs and CNPs were prepared, and their potential cytotoxicity on
chondrocytes were investigated by MTT test to find a concentration that is not toxic in monolayer culture. The results showed that cell
viability was not affected by K-CS NPs and CNPs at concentrations up to 50 and 25 pg/mL, respectively, after 48 h of incubation
(Fig. 6B and C). As a result, the concentrations of 0.025 and 0.05 mg/mL were selected for CNPs and K-CS NPs, respectively, to use in
subsequent studies.

3.7. Hemocompatibility assay

The characteristics of NPs, such as size, shape, surface charge, and chemical composition, can affect the membrane integrity of
RBCs [24]. NPS shouldn’t interact with components in the blood. Therefore, the blood compatibility of BNPs, K-CS NPs, and CNPs was
evaluated using the hemolytic test at a given concentration range (15.625-1000 pg/mL). The results (Fig. 7) indicated that the he-
molysis rate of NPs was lower than 5%, a safety crucial value [28,47,48]. In the 15.625-1000 pg/mL range, the highest amount of
hemolysis for BNPs, K-CS NPs, and CNPs was 0.64, 1.22, and 2.85%, respectively. The higher hemolysis percentage of CNPs in the 1
mg/mL concentration compared to BNPs and K-CS NPs is probably due to SO;NH;, groups of celecoxib [49]. Ultimately, the results
showed minimal damage caused by BNPs, K-CS NPs, and CNPs to RBCs, and they have good hemocompatibility. Investigation of blood
compatibility of CS NPs synthesized using the ionic gelation method by Nadesh et al. showed that the solvent type used to disperse CS
NPs affects their hemocompatibility [50]. CS NPs dispersed in solvents such as saline, lactic acid, and PBS buffer have satisfactory
hemocompatibility compared to acetic acid solution [14,27,50]. Our result was in line with this study [50].
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Fig. 6. Cytotoxicity assay of NPs using chondrocytes after incubation (48 h) with BNPs (A), K-CS NPs (B), and CNPs (C) at various concentrations.
**p < 0.01, ***p < 0.001, ****p < 0.0001 versus control group (0 concentration). ns: not significant.
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Fig. 7. Evaluation of hemolysis assay of BNPs, K-CS NPs, and CNPs at a given concentration range (15.625-1000 pg/mL). 0.9% saline solution (0%
lysis) and 1% Triton X-100 (100% lysis) were used as negative and positive controls, respectively.
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3.8. Effect of CNPs and K-CS NPs on gene expression

The cells were cultured in DMEM/F12 media and pre-treated for 5 h with IL-1p to mimic an in vitro model of OA [8], and then
treated for 48 h with CNPs and K-CS NPs, at the concentration of 25 and 50 pM, respectively, alone or in combination with each other.
Then, the analysis of gene expression of some genes such as TNF-a, COX-2, COL2A1, and SOX9 was evaluated by qRT-PCR. Many
studies exhibited that stimulation of chondrocytes with IL-18 caused a remarkable up-regulation of inflammatory genes (TNF-a,
COX-2, and IL-6) and a considerable down-regulation of cartilage-related genes such as SOX9, aggrecan, and COL2A1 [2,8,51].
Cyclooxygenase-2 (COX-2) enzyme, one of the inflammatory mediators, regulates the expression of prostaglandin E2 (PGE2), which
causes pain and swelling during inflammation [7,52]. Selective blocking of this enzyme by celecoxib as a COX-2 inhibitor can slow the
progression of OA. Cells stimulated with IL-1p showed a remarkable increase in COX-2 mRNA expression compared to the control
group (Fig. 8A), consistent with other reports [2,8]. While treatment with CNPs or K-CS NPs decreased its expression in human
chondrocytes stimulated with IL-1f (Fig. 8A). CNPs inhibited COX-2 mRNA expression better than K-CS NPs due to having celecoxib, a
specific COX-2 inhibitor (Fig. 8A) [8]. One of the main inflammatory chemokines is TNF-a, which plays a key role in maintaining
inflammation by activating macrophages [2]. While TNF-a mRNA expression level was increased in chondrocytes stimulated with
IL-1B, treatment with CNPs or K-CS NPs decreased the effect of IL-1p on its expression (Fig. 8B). Also, the combination of both NPs
increasingly inhibited the impact of IL-1p on TNF-a mRNA expression in IL-1p-stimulated chondrocytes (Fig. 8B). COL2A1 is one of the
main components of cartilage ECM, whose expression is positively regulated by a transcription factor called SOX-9 [6]. Pretreatment of
cells with IL-1p significantly decreased COL2A1 and SOX-9 mRNA expression compared with the untreated group (Fig. 8C and D).
Treatment with CNPs alone showed no detectable change in COL2A1 mRNA expression, while SOX-9 mRNA expression was increased
(Fig. 8C and D). The incubation with K-CS NPs alone counteracted the negative effect of IL-1 on mRNA expression of COL2A1 and
SOX-9 in IL-1B-stimulated chondrocytes. However, the combination of CNPs and K-CS NPs increasingly inhibited the impact of IL-1f on
mRNA expression of COL2A1 and SOX-9 in IL-1f-stimulated chondrocytes compared to that observed by either treatment alone
(Fig. 8C and D). In general, our results showed that treatment of IL-1p-pretreated chondrocytes with CNPs or K-CS NPs remarkably
limited the negative effect of IL-1p, especially when both NPs were combined.

4. Conclusions

The conjugation of CS and KGN was carried out successfully by an EDC/NHS as a catalytic system and confirmed by FT-IR spec-
troscopy. Then, K-CS NPs and CNPs were successfully prepared by different methods using an ionic gelation method. Since there is no
limit to the average diameter of NPs injected into the knee cavity, the size of both NPs could be suitable for IA injection. Based on
hemolysis results, they also showed good hemocompatibility. Also, in vitro results showed that treatment of IL-1p-pretreated cells with
CNPs or K-CS NPs remarkably limited the negative effect of IL-1f, especially when both NPs were surveyed in combination. However,
further investigations using an animal model of OA are needed to prove whether the simultaneous application of CNPs and K-CS NPs
can rapidly suppress inflammation and pain and regenerate cartilage.
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