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Osteoarthritis (OA) is a degenerative arthritis disease marked by inflammation, pain, and cartilage deterio-
ration. Elevated nitric oxide (NO) levels play a pivotal role in mediating OA-related inflammation and are
found in abundance within OA joints. This study introduces a NO-scavenging hyaluronic acid conjugate
(HA=NSc) bearing both lubrication and anti-inflammatory properties for the treatment of osteoarthritis.
For this, a derivative of o-phenylenediamine (o-PD) with good NO-scavenging capability (NSc) is
designed, synthesized and chemically conjugated to HA. Owing to the amphiphilicity, this as-synthesized
HA-NSc conjugate formed self-assembled nanoparticles (HA-NSc NPs) under aqueous conditions. When
treated with activated murine macrophage RAW 264.7 cells that produce high levels of NO, these nano-
particles effectively reduced intracellular NO concentrations and inflammatory cytokines. In an OA animal
model, the HA-NSc NPs significantly alleviated pain and diminished the cartilage damage due to the
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combined lubricating property of HA and NO-scavenging ability of NSc. Overall, the results from the
study suggest HA—NSc NPs as a dual-action therapeutic agent for the treatment of OA by alleviating pain,
inflammation, and joint damage, and also positioning the HA-NSc NPs as a promising candidate for inno-
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1. Introduction

Osteoarthritis (OA) is a debilitating disease characterized by
degenerative changes in joint cartilage, leading to chronic
inflammation, and pain.' While the exact pathophysiological
mechanisms of OA are not fully understood, multiple biologi-
cal factors disrupt cartilage homeostasis, resulting in the
impaired ability of joints to withstand mechanical forces.*™®
Consequently, this leads to reduced mobility and a subsequent
decrease in the quality of life, and a substantial economic
burden due to ongoing costs of treatment.” OA, a prevalent
age-related degenerative disease, affected over 595 million
individuals globally in 2020. Generally, it exhibits a higher
prevalence among women as compared to men.® Current
therapeutic approaches primarily focus on managing pain and
controlling inflammation.”" Common medications include
non-steroidal anti-inflammatory drugs (NSAIDs) and selective

“Department of Chemistry, POSTECH-CATHOLIC Biomedical Engineering Institute,
POSTECH, Pohang 37673, South Korea. E-mail: wikim@postech.ac.kr

bOmniaMed Co., Ltd, Pohang 37666, Republic of Korea

School of Interdisciplinary Bioscience and Bioengineering,

Pohang University of Science and Technology (POSTECH), Pohang 37673,

South Korea

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3bmo01918g

This journal is © The Royal Society of Chemistry 2024

cyclo-oxygenase-2 (COX-2) inhibitors. Alternative options, such
as biological agents,® intra-articular steroid injections, and
injections of lubricants like hyaluronic acid (HA),'* are avail-
able. In severe cases, joint replacement surgery may be necess-
ary.”> However, these treatments have limitations. Prolonged
pharmaceutical treatments can lead to adverse side effects and
provide only temporary relief."* " Joint replacement surgeries,
while often effective, sometimes require revisions,"” and
involve risks such as dislocation and infection at the surgical
site."® Therefore, there is a pressing need for innovative, low-
risk therapeutic strategies that address the underlying funda-
mental aspects of OA.

Our study focuses on nitric oxide (NO), a gaseous radical
molecule synthesized by nitric oxide synthases (NOSs). NO
serves a multitude of crucial functions, including acting as a
vasodilator, signaling molecule, and defense mechanisms."**°
However, in inflammatory diseases such as OA,>** rheuma-
toid arthritis (RA),>* and inflammatory bowel disease (IBD),>®
NO becomes overexpressed and plays a pivotal role in mediat-
ing inflammation.”® In OA, overexpressed NO levels in phys-
ically stressed joints®” and inflammation contributes to the
disease’s progression through several key mechanisms.”®*°
First, elevated levels of NO induce apoptosis in joint cells,
including osteoblasts, osteoclasts, and chondrocytes.*®**
Second, it sustains signaling pathways such as nuclear factor
kappa B (NF«B), leading to a rise in inflammatory cytokines,
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such as TNF-a, IL-6, and IL-1f.3*** Third, NO influences carti-
lage degradation by upregulating matrix metalloproteinases
(MMPs), like MMP-1, 9, and 13.%>*?° Additionally, NO has been
reported to diminish the synthesis of proteoglycan and col-
lagen, contributing to structural changes in cartilage, such as
osteophyte growth and meniscal injuries driven by inflamma-
tory factors associated with NO.?® Therefore, the scavenging of
overexpressed NO in OA-affected joints presents a novel and
promising approach to the treatment of OA.

Based on previous studies conducted in our laboratory,
o-phenylenediamine (0-PD) derivatives have demonstrated
their great promise as effective NO scavengers.>*° These 0-PD
derivatives can irreversibly scavenge NO, with their reactivity
being enhanced by different functional group substitutions.
Moreover, they can be conjugated to polymers without losing
their scavenging abilities through specific chemical modifi-
cations.*® In this study, we introduce N'-(4-aminobutyl)-5-
methylbenzene-1,2-diamine (NSc) as a novel NO scavenger
with an aminobutyl group for facile polymer conjugation.
Hyaluronic acid (HA), an essential component in healthy
joints, was selected as the polymer for the NSc conjugation.
HA plays vital roles in joints such as hydration and
lubrication,*"** and is clinically prescribed for OA patients
due to its ability to reduce joint friction, protect joint surfaces,
and provide pain relief.">*® Its biocompatibility and potential
for chemical modification have made HA the focus of extensive
research in drug delivery systems.’*™*® The objective of this
study was to develop HA-NSc conjugate for intra-articular (i.a.)
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injection into OA joints, with the vision of integrating the fol-
lowing dual functionality for the OA treatment: the lubricating
property of HA to alleviate pain and NO-scavenging ability of
NSc to reduce the inflammation and cartilage degradation.
The as-synthesized NSc was conjugated to HA via EDC/HOBt
amide coupling reaction, resulting in the synthesis of the HA-
NSc conjugate. Notably, this HA-NSc conjugate enable them to
self-assemble into nanoparticles (HA-NSc NPs) due to their
amphiphilic properties (Scheme 1A). We anticipate that these
nanoparticles could extend their retention time within the OA
joints by mitigating the HA degradation through scavenging
NO via NSc moieties, compared to the free HA polymer.'®*”*8
Further, this NO-scavenging ability of the nanoparticles can
effectively reduce the levels of pro-inflammatory cytokines at
the cellular level. The therapeutic potential of HA-NSc NPs for
the treatment of OA was demonstrated by i.a. injection into
OA-induced rat as an in vivo model (Scheme 1B).

2. Materials and methods
2.1. Materials

Anhydrous dimethyl sulfoxide (DMSO, 99.8%), 4-chloro-3-
nitrotoluene (98%), anhydrous tetrahydrofuran (THF > 99.9%),
1-hydroxybenzotriazole hydrate (HOBt > 97.0%), N-(3-
dimethyaminopropyl)-N'"-ethylcarbodiimide hydrochloride
(EDC > 99.0%), hydrogen chloride solution 4.0 M in dioxane,
palladium on carbon (Pd/C, 10 wt%), Amberlyst® A21 free
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Scheme 1 (A) Self-assembled HA-NSc NPs for OA treatment. (B) Schematic illustration of therapeutic effects of HA—NSc NPs for OA treatment.
HA-NSc NPs have dual therapeutic functions; an anti-inflammatory effect through NO scavenging a lubricant derived from HA.
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base, Griess reagent (modified), S-nitroso-N-acetyl-pL-penicilla-
mine (SNAP), 4,5-diaminofluorescein (DAF-2), Thiazolyl Blue
Tetrazolium Bromide (MTT), lipopolysaccharides from
Escherichia coli 0111:B4 (LPS), monosodium iodoacetate
(MIA), and celecoxib were purchased from Sigma Aldrich
(St Louis, MO, USA). N-Boc-1,4-butanediamine(>98.0%) was
obtained from TCI chemicals (Tokyo, Japan). Hyaluronic acid
(HA, MW = 100 kDa) was purchased from Lifecore Biomedical
(Mn, USA). Anhydrous sodium sulfate (Na,SO,, 99.0%), 1,4-
dioxane (99.5%), methanol (>99.8%), and Celite® 545 were
purchased from Samchun Chemicals Co., (Korea). Fetal bovine
serum (FBS), penicillin-streptomycin (P/S), and Dulbecco’s
Modified Eagles’ Medium (DMEM) were purchased from
Capricorn Scientific (Germany). DAF-FM diacetate was pur-
chased from Thermo Fisher Scientific.

2.2. Instrumentation

The spectra of "H nuclear magnetic resonance ("H NMR) were
recorded using a Bruker Avance 500 FT-NMR (Avance III 500,
Bruker, Germany) with dimethyl sulfoxide (DMSO-ds) or deu-
terium oxide (D,0) as a solvent. Electrospray ionization (ESI)
mass analysis was performed using a Thermo Scientific LTQ
Velos dual ion trap mass spectrometer equipped with normal
ESI source in the positive ion model. Gel permeation chrom-
atography (GPC) measurements were carried out at 40 °C on a
hydrophilic GPC LC-20AD system (Shimadzu, Kyoto, Japan)
equipped with Shodex OHpack SB-804 HQ and OHpack
SB-806M HQ columns. 0.1 M NaCl water was used as an eluent
at a flow rate of 1.0 mL min~". All samples were dissolved in
the same eluent solution, and samples were injected after fil-
tration (pore size: 0.2 um). The ultraviolet-visible (UV-Vis)
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absorption spectra were recorded by UV-1900i UV-Vis spectro-
photometer (Shimadzu, Kyoto, Japan). Sonication was per-
formed using a Sonifier SFX550 equipped with a 1/8" tapered
microtip (Branson, Danbury, USA). The TEM images of nano-
particles were obtained using a BIO TEM JEM-1011 (JEIL Ltd,
Tokyo, Japan). The hydrodynamic size distributions of the
nanoparticles were measured by a Zetasizer Nano S90 system
(Malvern Instruments, Worcestershire, UK). The Griess assay,
DAF-2 assay, MTT assay, and ELISA analyses were made on a
SpectraMax® i3 microplate reader (Molecular Devices, CA,
USA). The fluorescence images were obtained using a Nikon
Eclipse Ti-E microscope (Nikon, Tokyo, Japan).

2.3. Synthesis of N'-(4-aminobutyl)-5-methyl benzene-1,2-
diamine (NSc)

The synthesis of NSc was performed in three steps, as shown
in Fig. 1A. The products at each step were confirmed by 'H
NMR and ESI-MS analysis.

2.3.1. tert-Butyl (4-((5-methyl-2-nitrophenyl)amino)butyl)
carbamate (compound 2). To a solution of 4-chloro-3-nitrotolu-
ene (6.000 g, 35.086 mmol) in anhydrous DMSO (20 mL),
N-Boc-1,4-butanediamine (9.908 g, 52.629 mmol) was added.
The mixture was stirred at 60 °C overnight. After confirming
the completion of the reaction by TLC, the reaction mixture
was diluted with distilled water and extracted with dichloro-
methane. The organic layer was dried with Na,SO, and con-
centrated via rotary evaporation. The final compound 2 was
obtained through column chromatography (CH,Cl,/MeOH)
purification (yield: 4.86 g, 42.9%). "H NMR (500 MHz, DMSO-
dg) 5 8.04 (s, 1H), 7.87 (d, J = 1.0 Hz, 1H), 7.39 (dd, J = 8.8, 1.9
Hz, 1H), 7.00 (d, J = 8.8 Hz, 1H), 6.85 (s, 1H), 3.34 (s, 4H), 2.95
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Fig. 1 (A) Synthesis of N'-(4-aminobutyl)-5-methylbenzene-1,2-diamine (NSc). (B) Synthesis of HA—NSc conjugate.
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(d, J = 6.2 Hz, 2H), 2.23 (s, 3H), 1.59 (s, 2H), 1.46 (s, 2H), 1.37
(s, 9H). MS (ESI) m/z (M + H)": 324.08.

2.3.2. tert-Butyl (4-((2-amino-5-methylphenyl)amino)butyl)
carbamate (compound 3). To a solution of compound 2 (2.8 g,
8.658 mmol) in anhydrous THF (20 mL), Pd/C (0.280 g) was
added. After purging with N,, the reaction was conducted
under a hydrogen atmosphere (assisted by a hydrogen balloon)
at room temperature for 24 h. Upon confirmation of the reac-
tion’s completion by TLC, the reaction mixture was filtered
through a Celite filter. The solvent was removed using the
rotary evaporation, and the crude product was purified by
column chromatography (CH,Cl,/MeOH) to afford the com-
pound 3 (yield: 2.388 g, 94%). 'H NMR (500 MHz, DMSO-d,)
5 6.82 (s, 2H), 6.29 (s, 3H), 4.42 (s, 4H), 4.12 (t, ] = 5.5 Hz, 1H),
3.34 (s, 3H), 2.95 (d, J = 6.1 Hz, 8H), 2.08 (s, 3H), 1.51 (dd, J =
26.6, 6.9 Hz, 4H), 1.38 (s, 9H). MS (ESI) m/z (M + H)": 294.25.

2.3.3. NO scavenger (NSc). Compound 3 (1.058 g,
3.606 mmol) was dissolved in dioxane (10 mL), followed by the
addition of 9 mL of 4 M HCI in dioxane. The reaction mixture
was stirred at room temperature, and the reaction completion
was verified by TLC. After the reaction, the solvent was
removed under reduced pressure to obtain NSc HCI salt. The
Nsc HCI salt was desalted by treatment with Amberlyst A21
free base. '"H NMR (500 MHz, DMSO) § 7.88 (brs, 2H), 6.37 (d,
J = 1.1 Hz, 1H), 6.31 (m, 3H), 4.48 (s, 2H), 2.99 (t, J = 6.4 Hz,
2H), 2.81 (t, J = 7.2 Hz, 2H), 2.08 (s, 3H), 1.77-1.50 (m, 4H).
MS (ESI) m/z (M + H)': 194.16.

2.4. Synthesis of HA-NSc conjugate

HA (600 mg) was dissolved in distilled water at a concentration
of 5 mg mL™". Then, EDC (323 mg) and HOBt (228 mg), dis-
solved in a 1:1 mixture of distilled water and DMSO (5 mL),
were added to the HA solution under stirring. After adding
NSc (325 mg) dissolved in 10 mL of DMSO, the pH of the reac-
tion mixture was adjusted to 6.8. Then the reaction was carried
out at room temperature under dark condition for 24 h. The
resulting mixture was dialyzed against distilled water for 3
days using a dialysis membrane tube (MW cutoff 3.5 kDa) and
lyophilized. The chemical structure of the HA-NSc conjugate
was confirmed using 'H NMR (DMSO-ds/D,0). The degree of
substitution (DS) of NSc, defined as the number of NS¢ mole-
cules chemically conjugated to 100 repeating units of HA, was
calculated from the "H NMR spectrum was found to be 43. The
purification and synthesis of HA-NSc was also confirmed by
hydrophilic GPC. The UV-Vis absorption was measured to
confirm whether NSc was conjugated to HA.

2.5. Preparation of HA-NSc nanoparticles (HA-NSc NPs)

HA-NSc has the capability to form nanoparticles in aqueous
conditions due to its amphiphilic nature. To prepare HA-NSc
NPs, the HA-NSc conjugate was suspended in DPBS (pH 7.4)
and briefly sonicated for 1 min. After filtration (pore size:
0.45 pm), the hydrodynamic size of HA-NSc NPs was measured
using DLS. The morphology of the nanoparticles was observed
by TEM using a carbon-coated grid where the nanoparticles
were stained with 1% uranyl acetate.
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2.6. Stability of HA and HA-NSc conjugate after incubation
with NO

The stability of HA polymer and HA-NSc polymer conjugate
under high concentrations of NO was analyzed using GPC. In
this experiment, SNAP was chosen as the source of NO due to
its extended NO release profile resulting from its prolonged
half-life.*® Both HA and HA-NSc conjugate in distilled water at
a concentration of 3 mg mL™" were incubated with an equi-
valent volume of SNAP solution (0, 2, 20, 200 pM) for 24 h at
room temperature. Subsequently, the samples were freeze-
dried and analyzed using hydrophilic GPC to confirm the poss-
ible fragmentation of the polymers.

2.7. Confirmation of NO responsiveness of NSc and HA-NSc

To investigate the effect of NO on the size and morphology of
HA-NSc NPs, the nanoparticles were dispersed in distilled
water and incubated with NO for 24 h at room temperature.
Thereafter, changes in the size and morphology of the nano-
particles were assessed through DLS and TEM imaging,
respectively.

The chemical changes of NSc and HA-NSc conjugate after
reaction with NO were studied by UV-Vis spectroscopy and 'H
NMR spectroscopy. For this, each NSc and HA-NSc conjugate
in distilled water at a concentration of 3 mg mL™" was incu-
bated with an equivalent volume of a saturated 100 pM NO
solution for 24 h at room temperature. Then, a portion of the
samples was taken and the increase in peak intensity within
the 280-300 nm range was assessed using UV-Vis spectroscopy.
The remaining samples were lyophilized and analyzed using
'H NMR.

2.8. Evaluation of NO scavenging ability of NSc and HA-NSc
NPs

The NO scavenging abilities of NSc and HA-NSc NPs were eval-
uated through Griess assay and DAF-2 assay, following the
methods described in previous reports.*®*° For theses assays,
N-diazeniumdiolates-incorporated pyrrolidine (PyNO) was
employed as the source of NO, and its synthesis was guided by
a previous publication.?® Briefly, pyrrolidine (1.64 mL) was dis-
solved in a mixture of MeOH (15 mL) and diethyl ether (5 mL).
A 30 wt% NaOMe solution (3.9 mL) was added to this mixture,
and the reaction was conducted in a high-pressure NO reactor
chamber. Following multiple argon purges, the chamber was
pressurized with NO gas at 90 psi for 2 days. The PyNO was
precipitated by adding cold diethyl ether, filtered, dried in a
vacuum oven, and stored at —20 °C and protected from light.
2.8.1. Griess assay. Stock solutions of the samples NSc
(4 mM), HA-NSc NPs (37.2 mM, 4 mM of NSc residue), HA
(37.2 mM) and physical mixture of HA (37.2 mM) and NSc
(4 mM) were prepared in DPBS. After serial dilution of each
sample stock solution in a 96-well plate (n = 5), 50 pL of
100 pM PyNO solution was added in each well, and incubated
at room temperature for 1 h. Subsequently, 100 pL of Griess
reagent was treated in each well, followed by a 15 min incu-
bation in dark conditions. Absorbance was measured at

This journal is © The Royal Society of Chemistry 2024
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546 nm, and data was processed by subtracting the back-
ground value.

2.8.2. DAF-2 assay. Various stock solutions, including NSc
(5 mM), HA-NSc NPs (46.5 mM, 5 mM NSc residue), HA
(46.5 mM) and physical mixture of HA (46.5 mM) and NSc
(5 mM) were prepared. Additionally, 0.5 mM PyNO stock and
5 mM DAF-2 stock were prepared. In a clean ep-tube, 1 pL of
sample stock, 10 pL of DAF-2 stock, and 479 pL of DPBS was
added. A control group with only DAF-2 was prepared by using
1 pL DMSO, 10 pL of DAF-2 stock, and 479 pL of DPBS. The
background sample was composed of 10 pL of DAF-2 stock
and 490 pL of DPBS. Finally, after adding 10 pL of PyNO stock
to the sample group, incubation was carried out in the dark
for 30 min. Subsequently, 100 pL of each sample was trans-
ferred to a 96-well plate (n = 5), and fluorescence was measured
(Ex = 495 nm, Em = 520 nm). The relative fluorescence of
(DAF-2 only group - background) was set to 100%, and the
relative fluorescence of sample was calculated using the
formula: (FL value of sample group - FL value of background)/
(FL value of DAF-2 only group — FL value of background).

2.9. Cells

The RAW 264.7 cell line was acquired from the Korean Cell
Line Bank. These cells were cultured using DMEM medium
supplemented with 10% FBS and 1% P/S. The cells were cul-
tured and maintained in a humidified atmosphere with CO, at
a temperature of 37 °C.

2.10. Cell cytotoxicity test

RAW 264.7 cells were seeded into a 96-well plate with a density
of 1 x 10* cells per well. Following an overnight incubation,
the culture medium was replaced with fresh medium contain-
ing varying concentrations of samples (ranging from 0 to
2 mM of NSc or 0 to 18.6 pM HA and HS-NSc) including HA,
NSc, HA + NSc mixture, and HA-NSc (n = 5), with or without
the presence of LPS (5 pg mL™'). At this point, the concen-
tration of each sample was determined based on the NSc con-
centration, where HA-NSc was prepared at the same concen-
tration as the NSc residue, and HA was prepared at the same
concentration of HA-NSc. After 48 h incubation, the medium
containing the samples was removed. Subsequently, 0.5 mg
mL™" of MTT in fresh medium was added to each well. After
an additional 4 h incubation, the supernatant was carefully
removed, and the purple formazan crystals were dissolved by
adding 200 pL of DMSO. The absorbance was measured at a
wavelength of 570 nm.

2.11. Confirmation of in vitro anti-inflammatory effect

A density of 2 x 10° RAW 264.7 cells were seeded into a 12-well
plate, and incubated overnight. Then the culture medium was
removed, and LPS (5 pg mL™") and the samples (PBS, 50 pM of
NSc, 0.465 pM of HA-NSc NP and HA, HA + NSc mixture, n = 4)
containing medium were added to each well. After 24 h incu-
bation, the supernatant was transferred to ep-tube and centri-
fuged at 2000 rpm for 15 min to get rid of cellular debris. To
evaluate the extracellular NO levels, Griess assay was

This journal is © The Royal Society of Chemistry 2024
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employed. In brief, 100 pL of supernatant was transferred to a
96-well plate, and then 100 pL of Griess reagent was added to
each well. After 15 min incubation, the absorbance was
measured at 546 nm. Inflammatory cytokines, including TNF-a
and IL-6, were quantified using specific ELISA kits (Koma,
Korea). The cell supernatants were stored in deep freezer.

2.12. Intracellular imaging of NO by fluorescence microscopy

For the imaging of intracellular NO, a density of 2 x 10> RAW
264.7 cells were seeded into a 6-well plate and allowed to incu-
bate overnight. The medium was exchanged with either fresh
medium or medium containing LPS (5 pug mL™') and the
samples (PBS, HA, NSc, HA + NSc mixture HA-NSc NP). The
final concentrations of samples were as follows: 100 pM of
NSc, 0.93 uM of HA-NSc NP (equivalent to 100 pM of NSc
residue) and HA. After 24 h incubation, the cells were washed
with cold DPBS. Then the cells were treated with DAF-FM DA
(5 pM) and Hoechst 33342 (10 uM), and stained for 30 min in
the dark. Following two additional washed with cold DPBS, the
cells were incubated with 10% neutral buffered formalin (NBF)
for 10 min in the dark. After a final wash with cold DPBS, fluo-
rescence images were recorded.

2.13. Animal

Our study has been authorized by the IACUC (Institutional
Animal Care and Use Committee) to ensure the ethical and
scientific treatment of laboratory animals. The research has
received approval in accordance with the guidelines estab-
lished by the Animal Experiment Ethics Committee of the
Catholic University of Korea and was conducted within the
framework of the approved research protocol (CUMC-2022-
0024-01).

2.14. Invivo therapeutic effect of HA-NSc in OA model

Prior to inducing the diseases (Day 0), baseline measurements
of nociceptive threshold and weight bearing were taken.
WISTAR rats (male) were randomly divided into 5 groups
(Sham, OA, HA, HA-NSc NPs, and celecoxib; n = 5 for each
group) to ensure uniform baseline values for pain threshold
and weight bearing. On Day 1, OA was induced by i.a. injection
of 50 uL of MIA (30 mg mL™", dissolved in saline) into the
right hind limb, excluding the Sham group. Three days after
the MIA injection, 100 pL of saline, HA (10 mg kg~ '), HA-NSc
(10 mg ke™') was directly injected into the joint once a week
(Day 3, Day 10, and Day 17). Celecoxib (30 mg kg ™), a commer-
cial OA drug, was administered orally at 1 mL per day starting
from Day 3. Body weight was measured once a week, and
nociceptive threshold and weight bearing capacity were
assessed twice a week. Monitoring was conducted for a total of
3 weeks, and the animals were sacrificed on Day 21.
Nociceptive threshold and weight bearing measurements®”
were performed as follows:

2.14.1. Measurement of nociceptive threshold (mechanical
withdrawal responses). The pain threshold was measured
using a dynamic plantar aesthesiometer (Ugo Basile, 37400,
Comerio, Italy), which gradually increases the force applied to
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the animal’s paw over time. The measurements were carried
out in an acrylic box with a lower section made of a wire mesh
bench. A metal filament was installed in the center of the right
hind paw of the rat, and the experiment was conducted after
acclimatizing the rat to the acrylic box for 5 min. A force
ranging from 0 to 50 g was gradually applied for 10 s, and the
measurement recorded the paw withdrawal latency (s) (PWL)
and paw withdrawal threshold (g) (PWT) representing the rat’s
paw withdrawal behavior.

2.14.2. Measurement of weight bearing performance. This
experiment measured the change in weight bearing between
a normal hindlimb (left) and an OA hindlimb (right) due to
knee pain in the OA hindlimb. The weight of each hind paw
was measured using an incapacitance tester (Model 600,
IITC, USA). Before measurement, rats were allowed to accli-
mate to the acrylic box for 5 min. Once accurately posi-
tioned in the holder within the acrylic box, the machine was
operated. The measurement lasted 5 s, and after two
measurements were taken, the average value was used as the
weight bearing (g) value for each foot. The weight bearing
results were analyzed by converting them to a weight
bearing ratio.

Weight bearing ratio =
weightof right hind limb

100
(weight of right hind limb) + (weight of left hind limb) x

2.15. Histological assay

After the conclusion of monitoring on Day 21, knee joint
tissues were obtained through sacrifice. These knee joint
tissues were fixed in formalin, deoxidized, and paraffin blocks
were produced. The sections obtained from paraffin blocks
were stained of Safranin O or subjected to immunohisto-
chemical staining using the following antibodies: MMP-1 anti-
body (Abcam, ab137332, 1:250), MMP-13 antibody (Abcam,
ab39012, 1:300), and IL-1p antibody (NOVIS, NB600-633,
1:500) (n = 3). Safranin O-stained tissues were evaluated using
the OARSI®> (Osteoarthritis Research Society International)
and Mankin scoring® according to the evaluation indices.
Additionally, tissues stained with MMP-1, MMP-13, IL-1§ anti-
bodies were examined through microscopy, and the positive
area was analyzed and quantified.

2.16. Statistical analysis

All statistical analyses were conducted using GraphPad
Prism 7 software. The results of the Griess assay and DAF-2
assay were analyzed using Student’s ¢-test. The data of
in vitro nitrite levels and cytokine levels were presented as
mean + SD and analyzed using one-way ANOVA. The results
of in vivo PWL, PWT, and weight bearing were presented as
mean + SEM. Data for OARSI score, total Mankin score, and
MMP-1, MMP-13, IL-1p positive areas were presented as
mean + SD. All in vivo data were analyzed using one-way
ANOVA.
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3. Results and discussion
3.1. Synthesis of HA-NSc conjugate

The NO scavenger NSc, equipped with an aminobutly group
for polymer conjugation, was successfully synthesized through
a three-step process (Fig. 1A). The synthesis began with a reac-
tion between 4-chloro-3-nitrotoluene and N-Boc-1,4-butanedia-
mine, followed by the hydrogenation of the nitro group to an
amine group using H, in the presence of Pd/C. Then, the boc
group was deprotected under acidic conditions to yield NSc.
Each step of the synthesis was confirmed by '"H NMR and
ESI-MS (Fig. S1-31). Finally, the HA-NSc conjugate was syn-
thesized by conjugation of the synthesized NSc to the HA back-
bone via carbodiimide coupling agent EDC/HOBt (Fig. 1B).

The successful synthesis of HA-NSc conjugate was verified
through "H NMR (Fig. 2A and S4f), UV-Vis spectra (Fig. 2B),
and GPC (Fig. S51). The "H spectrum of the HA-NSc conjugate
clearly demonstrated the conjugation of NSc to HA, showing
the presence of specific aromatic peaks of NSc. The distinct
absorbance peaks of NSc at 290 nm and 378 nm were slightly
shift to 288 nm and 374 nm when NSc was conjugated to HA
in the HA-NSc conjugate. The GPC chromatogram showed a
monomodal distribution with a peak shifted toward higher
molecular weight, corroborating the successful synthesis of
the purified HA-NSc conjugate. Moreover, the DS of NSc in the
HA-NSc conjugate was calculated by comparing the peak inte-
grals of the N-acetyl (-(NHCOCH;) peak of HA and the methyl
(-CH3) peak of NSc, revealing approximately 107.5 NSc mole-
cules per one HA polymer chain. The molecular weights
derived from 'H NMR and GPC, along with the polydispersity
index (PDI) values, were summarized in Table 1.

3.2. Characterization of self-assembled HA-NSc NPs

Importantly, the amphiphilic nature of the HA-NSc conjugate
facilitated the formation of self-assembled spherical nano-
particles in an aqueous condition with an average size of 406.9
+ 9.4 nm as determined by DLS (Fig. 2C), while HA alone did
not form any nanoparticles (Fig. S61). In OA pathology, NO is
known to be overexpressed in the joints, and high concen-
trations of NO can lead to the oxidative degradation of HA
which affects its therapeutic efficiency.>® Furthermore, the
degradation or removal of HA in response to NO might com-
promise the lubricant properties of HA.'>>* The introduction
of HA-NSc NPs offers a promising solution to this issue, as
these NPs can scavenge NO, thereby reducing its concentration
and preserving the integrity of HA polymer. To investigate
integrity of the polymer under NO conditions, GPC traces of
the HA and HA-NSc conjugate were recorded before and after
incubation with NO (Fig. S7f). In the absence of NO, HA
showed a single peak with a retention of 13.6 min. However,
after incubation with 100 pM (ref. 22 and 23) concentration, a
level typical in OA joints, an additional new peak was observed
with a retention time of 18.2 min, indicating the fragmenta-
tion of HA polymer chain. Remarkably, HA-NSc maintained a
single peak with a retention time of 13.4 min even after
exposed to high NO concentrations. These results clearly indi-
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Table 1 Properties of HA and HA—NSc conjugate

M, NMR M, GPC M,,, GPC M, /M,
Polymer (kDa) (kDa) (kDa) GPC
HA 100 136.415 182.66 1.339
HA-NSc 120.779 156.223 245.427 1.571

cate that the NO-scavenging ability of HA-NSc can prevent its
chain fragmentation even under high NO conditions, which is
one of the important properties required for its therapeutic
potential.

Subsequently, the stability of the HA-NSc NPs under NO
condition was analyzed using DLS and TEM (Fig. 3A and B).
After exposure to NO, the hydrodynamic size of the HA-NSc
NPs slightly decreased to 271.2 + 9.1 nm, but their morphology
remained spherical. The reduction in size of these nano-
particles may be due to the formation of a dense hydrophobic

This journal is © The Royal Society of Chemistry 2024

benzotriazole core as a result of the reaction of NO with NSc.
Despite exposure to NO, these HA-NSc NPs exhibited high
stability without any polymer chain degradation, indicating
their suitability for use in NO-rich pathological environments
such as OA.

3.3. NO scavenging ability of HA-NSc NPs

After confirming the stability of HA-NSc NPs, their NO scaven-
ging capability was studied in detail. In general, o-PD and its
derivatives are known to react with NO in the presence of O, to
form a benzotriazole derivatives.*®* First, the ability of NSc
and HA-NSc conjugate to scavenge NO and the formation of
benzotriazole was determined using 'H NMR spectroscopy and
UV-Vis spectroscopy (Fig. S8t).>®*” Upon reaction with NO,
both NSc and the HA-NSc conjugate showed distinct spectral
changes in the '"H NMR, in which the peak corresponding to
the primary amine of the 0-PD moiety disappeared and the
characteristics aromatic peaks shifted. Additionally, the absor-
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bance at the wavelength of 280-300 nm, which corresponds to
benzotriazole derivatives, exhibited a noticeable increase for
both the samples after reaction with NO.

Having established the capability of NSc and HA-NSc to
react with NO, we aimed to quantify their NO scavenging
efficiency. The Griess assay, a standard method for quantifying
nitrite concentration, was employed to assess the NO scaven-
ging efficiency of, NSc, HA-NSc NPs, HA, and HA + NSc physi-
cal mixture. The typical NO donor, PyNO was used as the
source of NO.?® As the sample concentration increased, the NO
scavenging ability generally enhanced, except in the HA group
(Fig. S97). In particular, HA-NSc NPs demonstrated similar NO
scavenging efficiency to NSc alone while HA by itself showed
no efficacy in scavenging NO (Fig. 3C). To further confirm
these results, an additional NO scavenging assay, the DAF-2
assay, was performed (Fig. 3D). DAF-2 is a specific fluorescent
probe for NO. It reacts with NO in the presence of O, to yield
the highly fluorescence DAF-2 triazole (DAF-2T). While HA
showed no NO scavenging capacity, the group containing NSc
effectively eliminated NO. Taken together, these experiments
revealed that the NO scavenging efficiency of NSc remained
robust even when conjugated to the HA backbone. Thus, HA-
NSc NPs were confirmed to be effective NO scavengers.

1484 | Biomater. Sci, 2024,12,1477-1489

3.4. Invitro cytotoxicity analysis and anti-inflammatory
effects of HA-NSc NPs

The cytotoxicity of NSc and HA-NSc conjugate was evaluated
using MTT assay. For this purpose, RAW 264.7 cell, a murine
macrophage cell line known for their ability to produce high
levels of NO and pro-inflammatory cytokines upon lipopolysac-
charide (LPS) stimulation,®>® was utilized. As depicted in
Fig. 4A and B, HA alone exhibited no toxicity. In contrast,
samples with NSc demonstrated significant cytotoxicity against
RAW 264.7 cells, both in the presence and absence of LPS.
Notably, the HA-NSc conjugate exhibited less cytotoxicity than
NSc or physical mixture of HA + Nsc, suggesting that chemical
conjugation of NSc to the HA backbone significantly reduced
the toxicity of NSc. The ICs, value of the HA-NSc was 3-fold
higher than that of NSc or the HA + NSc mixture (Fig. S97).
These results suggest that the HA-NSc conjugate is a more
suitable candidate for bioapplications compared to NSc alone
or a mixture of HA and NSc.

To further ascertain the NO scavenging ability of HA-NSc
NPs, a Griess assay was conducted in LPS-stimulated RAW
264.7 cell model (Fig. 4C). As expected, HA exhibited negligible
NO scavenging capability. In contrast, groups with NSc (NSc,

This journal is © The Royal Society of Chemistry 2024
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HA-NSc NP, and HA + NSc mixture) demonstrated effective NO
scavenging activities. Remarkably, there was no significant
difference in the residual NO levels between the NSc and HA-
NSc treatment groups, again indicating that the NO scavenging
activity of NSc remains effective even when conjugated to HA.

To visualize the remained intracellular NO levels, the NO-
specific cell-permeable fluorescent probe DAF-FM DA was
employed (Fig. 4D). Upon LPS stimulation, RAW 264.7 cells
exhibited an increase in intracellular NO levels, which signifi-
cantly enhance the endogenous fluorescence intensity of
DAF-FM DA. When the activated RAW 264.7 cells were treated
with NSc, HA-NSc NP or HA + NSc mixture, a substantial
reduction in fluorescence intensity was observed, whereas the
fluorescence was not reduced for the HA-treated group. This
further reinforces that HA does not influence the reduction of
NO levels, only the NSc can effectively scavenge NO whether it
is simply mixed with or chemically conjugated to HA.

Several reports suggest that elevated NO levels are associ-
ated with the production of pro-inflammatory cytokines, such
as TNF-a, IL-6, and IL-1f.>>°® These cytokine levels were quan-
tified in LPS-stimulated macrophages following treatment with
the samples (Fig. 4E and F). When RAW 264.7 cells were stimu-
lated with LPS, the levels of pro-inflammatory cytokines (TNF-
a, IL-6) were significantly increased. The treatment of activated
cells with HA-NSc NPs having NO scavenging capabilities led
to a significant reduction in these levels of pro-inflammatory
cytokines, while HA treatment alone had no such effect. These
results indicate the potential of HA-NSc NPs for the anti-
inflammatory treatment by scavenging NO. Overall, the HA-
NSc NPs demonstrated an excellent NO-scavenging ability, low
cytotoxicity and ability to reduce the pro-inflammatory cyto-
kines in in vitro conditions, suggesting as a promising candi-
date for anti-inflammatory in vivo applications.

3.5. Therapeutic effects of HA-NSc NPs in OA animal model

Finally, we evaluated the therapeutic effects of HA-NSc NPs in
a monosodium iodoacetate (MIA)-induced rat as an OA animal
model. Intra-articular (i.a.) injection of MIA triggers the acti-
vation of MMPs, leading to cartilage degradation and OA
development.”’° The therapeutic experiment followed the
schedule shown in Fig. 5A. Three days post-OA induction in
the right hindlimb via MIA injection, samples (saline, HA, and
HA-NSc NPs) were administered i.a. once a week. Celecoxib, a
COX-2 inhibitor, was employed as a positive control and was
given by mouth once a day during the observation period.

Pain threshold was assessed using an Electronic Von Frey
system, with outcomes expressed as the paw withdrawal
threshold (PWT) and paw withdrawal latency (PWL). The
weight-bearing activities were measured using an incapaci-
tance tester, allowing separate hind limb weigh bearing
measurements, expressed as a weight bearing ratio. While
there was no improvement in weight-bearing measurements
across all groups, the HA-NSc NPs, HA, and celecoxib treat-
ment groups demonstrated significant improvement in paw
withdrawal behavior compared to the sham group (Fig. 5B and
S10t). Furthermore, no decrease in body weight was observed,
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indicating that there was no critical toxicity of HA-NSc NPs
(Fig. S117). These results suggest that HA, acting as a lubri-
cant, is somewhat effective in alleviating pain, and this lubri-
cant effect is maintained even when the NSc is conjugated to
HA (HA-NSc NPs).

Post-monitoring, knee joints were isolated, and Safranin O
staining was performed (Fig. 5E). Subsequently, cartilage
degradation was evaluated using the OARSI and Mankin scores
(Fig. 5C and D).>>>* These scores provide numerical standards
for the degree of joint destruction and severity of OA. While
the HA treatment group showed no effect in preventing carti-
lage destruction in the Safranin O staining and scorings, HA-
NSc NPs significantly reduced cartilage damage and preserved
the intact tidemark. Additionally, immunohistochemical stain-
ing for MMP-1 (Fig. 5F and H) and MMP-13 (Fig. 5G and I)
were conducted on isolated knee joints, and the quantification
of their expression area were analyzed. Overexpressed MMPs
(MMP-1, 3, 13, etc.) are directly linked to cartilage destruction
and are associated with abnormal NO levels in OA.***° The
expression of MMP-1 and MMP-13 was significantly decreased
following i.a. injection of HA-NSc NPs, suggesting that a strat-
egy aimed at reducing NO levels in the joints can prevent over-
expression of MMPs. Furthermore, immunohistochemical
staining of IL-1p and its quantification were conducted
(Fig. S12t). Although expression of IL-1p was slightly reduced
in the HA-NSc NPs-treated group compared with the OA
disease group, it did not reach statistical significance.

Taken together, the HA-NSc NPs that combine the dual
functionality lubricating ability of HA and NO scavenging
ability of NSc offer a promising strategy to prevent cartilage
destruction and severe inflammation. As a lubricant, the HA-
NSc NPs alleviate pain, and by scavenging NO, HA-NSc NPs
help prevent joint destruction and overexpression of MMP-1
and MMP-13. These results from this study suggest HA-NSc
NPs as a promising anti-inflammatory agent and provide a
potent therapeutic avenue for the effective management of OA.

4. Conclusions

In this study, we have successfully synthesized self-assembled
HA-NSc NP that exhibits dual functionality, as a lubricant and
anti-inflammatory agent, using the HA-NSc conjugate. This
novel conjugate was synthesized through facile conjugation of
the NSc, a NO-scavenging o-PD derivative, to the HA backbone.
The HA-NSc NPs maintained its structural stability even under
high NO conditions because of the NO-scavenging capacity of
the NSc moieties, thereby preserving the lubricant properties
of HA. This NO-scavenging ability of the HA-NSc NPs also
effectively reduced the levels of pro-inflammatory cytokines,
alleviated pain, and mitigated joint damage in an OA model.
Remarkably, our findings underscore that reducing the con-
centration of NO, a pivotal inflammatory factor in OA, not only
exerts potent anti-inflammatory effects but also prevents joint
deterioration by reducing the expression of MMP-1 and
MMP-13. While comprehensive investigations are still required
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to fully harness the potential of HA-NSc NPs, the results indi-
cate their superior efficacy compared to both HA alone and the
therapeutic drug, celecoxib. As mentioned earlier, this
enhanced effectiveness can be attributed to their ability to
protect HA from degradation through NO scavenging and to
prolong intra-articular retention time by forming nano-
particles. In summary, this study highlights the potential of
HA-NSc NPs as a promising therapeutic agent for the treat-
ment OA, showing a novel approach that combines lubrication
with targeted anti-inflammatory action.
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