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ABSTRACT

Developing dedicated nanomedicines to improve delivery efficacy of anti-inflammatory drugs is still a formidable challenge. In this
study, we present an extremely simple yet efficient approach to obtain hybrid nanodrugs through metal-drug coordination-driven
self-assembly for carrier-free drug delivery. The resulting metallo-nanodrugs exhibit well-defined morphology and high drug
encapsulation capability, allowing for the combination of magnetic resonance imaging and anti-inflammatory therapy. In the case
of osteoarthritis (OA), the metallo-nanodrugs remarkably alleviate synovial inflammation, preventing cartilage destruction and
extracellular matrix loss. In addition, it led to significantly improved therapeutic efficacy compared with intra-articular
administration of the same dose of free drugs in OA mouse model. This work provides a very simple approach for the

development of anti-inflammatory nanoformulations by exploiting coordination-driven self-assembly.
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1 Introduction

Local inflammation is associated with a myriad of diseases,
including atherosclerosis, neurodegenerative disease, and tumor
[1]. Osteoarthritis (OA) is a chronic joint disorder accompanied
by inflammation, which is typically characterized by progressive
loss of cartilage, leading to impeding mobility, pain, and even
disability in the elderly [2, 3]. Cartilage fragments or extracellular
matrix (ECM) factors released during OA serve as damage-
associated molecular patterns to induce inflammatory responses in
synovial cells, which increase ECM degradation and perpetuate
cartilage damage [3, 4]. Current treatment involves intra-articular
administration of corticosteroids to palliate the pain symptoms
and ameliorate inflammation [5,6]. However, rapid clearance
from the joint space poses formidable challenges for local delivery
of anti-inflammatory agents [6,7]. The short half-life of these
agents and the requirement for repeated injections limited the
therapeutic applications. Therefore, there is an unmet need for the
development of strategies that enables efficient delivery and
improved therapeutic efficacy.

The advancement in the field of nanotechnology affords
myriads of approaches that can significantly improve the efficacy
and safety of small molecule drugs [8, 9]. Coordination-driven self-
assembly has emerged as a promising strategy for the construction
of nanoscale delivery vehicles [10,11]. An elegant example is
coordination polymers (CPs) which are built via metal-ligand

coordination bonds [11]. CPs have several advantages as
nanocarriers such as structure tunability, high loading efficiency,
and biocompatibility [12,13]. The past decades have witnessed
significant advancement in the development of cargo-
incorporating CPs for biosensing, imaging, and therapy [12-19].
In particular, numerous CPs loaded with small molecule drugs
during particle synthesis or through postsynthetic encapsulation
have been reported for tumor treatment [20-29], which could
improve the distribution specificity and pharmacokinetics
properties of these therapeutics for enhanced therapeutic efficacy.
Recently, our group has reported the synthesis of multifunctional
nanostructures through coordination-driven assembly of Fe" ions
and DNA molecules, allowing for efficient transport of antitumor
nucleic acids [30-32]. Most recently, the approach has been
extended to the synthesis of metal-RNA hybrid nanostructures for
therapeutic RNA delivery [33].

Inspired by these achievements, here we present a simple
strategy for the synthesis of hybrid metallo-nanodrugs through
coordination-mediated ~ self-assembly of Fe' ions and
dexamethasone ~ sodium  phosphate  (DexP)  (Fig. 1(a)).
Dexamethasone, a powerful corticosteroid, is widely used for anti-
inflammatory therapy [34]. The obtained metallo-nanodrugs,
referred to as Fe-DexP nanoparticles (NPs), are achieved via a one-
step assembly of DexP and Fe' ions to generate hybrid
nanoparticles in high yield. In inflamed joints, Fe-DexP NPs could
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Figure1 Schematic showing coordination-driven assembly of metallo-
nanodrugs for OA alleviation. (a) One-pot synthesis of Fe-DexP NPs. (b) Use of
Fe-DexP NPs for OA treatment.

be degraded gradually for sustained cargo release, enabling
magnetic resonance imaging (MRI) and mitigating synovial
inflammation to inhibit cartilage destruction (Fig. 1(b)). This
strategy avoids the use of extra synthetic materials as drug vehicles,
thereby allowing anti-inflammatory drugs to be delivered in a
carrier-free manner with high efficiency.

2 Results and discussion

2.1 Preparation and characterization of Fe-DexP

As shown in Figs. 2(a)-2(c), the Fe-DexP NPs exhibited a
spherical morphology with coarse surface. Dynamic light
scattering (DLS) measurement showed that Fe-DexP NPs were
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negatively charged (-23.7 mV) with a hydrodynamic diameter of
107.9 + 38.9 nm (Fig. 2(d)). P, O (from DexP), and Fe elements
were evenly distributed in the NPs, as indicated by high-angle
annular dark-field scanning transmission electron microscopy-
energy-dispersive  X-ray spectroscopy (HAADF-STEM-EDS)
elemental mappings (Fig. 2(e)). The composition of the NPs was
also confirmed by X-ray photoelectron spectroscopy (XPS) (Fig.
2(f)). As indicated in the high-resolution spectrum of Fe 2p, two
peaks at 710.7 and 724.4 eV were assigned to Fe 2p,, and Fe 2p,,,
peaks, respectively (Fig. 2(g)) [35]. The molar ratio of Fe*/Fe* is
estimated to be 1.7:1. Magnetic property test revealed that the
value of inverse relaxation time (1/T,) of Fe-DexP NPs was
positively correlated with the concentration of Fe, with the
transverse relativity (r,) calculated to be 41.2 mM™s™ (Fig. 2(h)).
In addition, concentration-dependent signal increase was observed
in T,weighted phantom images (inset in Fig. 2(h)),
demonstrating the potential of Fe-DexP NPs as a MRI contrast
agent. It's noteworthy that the synthesis of the NPs could be
precisely controlled by adjusting reaction conditions. When
Fe:DexP molar ratio was fixed at 2:1, the NPs exhibited gradually
increased average diameter from 113.3 + 31.1 to 184.7 + 27.1 nm
with the increase in the concentrations of reactants, while
remaining spherical in morphology and uniform in size (Fig. S1 in
the Electronic Supplementary Material (ESM)). The absence of
DexP led to aggregated particles (Fig. S2 in the ESM), suggesting
the critical role of DexP in NPs synthesis. The self-assembly
strategy allows effective encapsulation of DexP with loading
content and efficiency of 49.3% and 38.6%, respectively. Of note,
many nanocarriers have been developed for the delivery of
dexamethasone [36,37], while the Fe-DexP NPs possessed a
higher drug loading content in comparison with these systems.
Next, the stability of Fe-DexP NPs was investigated in phosphate
buffered solution (PBS) (pH 6.5) at 37 °C. TEM images showed
that the NPs disassembled gradually and complete degradation
was observed after 4 days (Fig. S3 in the ESM). The disassembly of

5
0
01 10 100 1000 10,000
Size (nm)
® o CT (® (h) 5015 562040608 1.0
~ [ - 00 00000
S Fe 2p 3
s s 730
2
g g <20
g P/Zp E T
0

rn=41.2mM"s™

/
1200 800 400
Binding energy (eV)

740 730 720 710

Binding energy (eV)

0.0 02 04 06 08 10
Fe concentration (mM)

Figure 2 Characterization of Fe-DexP. ((a)-(c)) SEM (a) and TEM images ((b) and (c)) of Fe-DexP NPs. (d) Hydrodynamic size distribution of Fe-DexP NPs. (e)
HAADEF-STEM image of Fe-DexP NPs, along with the corresponding element maps for P, O, and Fe. ((f) and (g)) XPS survey spectrum (f) and high-resolution Fe 2p
XPS spectrum (g) of Fe-DexP NPs. (h) Transverse relaxation rate (1/T,) as a function of Fe concentration (inset: T,-weighted MR images of Fe-DexP NPs at indicated

Fe concentrations).
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the Fe-DexP NPs was due to the weakened metal-DexP
coordination interaction caused by the competitive interactions of
metal ions with other molecules (e.g., phosphate ions), which is
consistent with the previously reported mechanism for the drug
release from the metal-organic nanostructures [38]. Furthermore,
DexP could assemble with other metal ions (e.g., Mn" ions) to
form spherical nanostructures (Fig. $4 in the ESM), suggesting the
universality of the approach.

2.2 In vitro anti-inflammatory activity of Fe-DexP

The biological activity of the system was assessed using
lipopolysaccharide (LPS)-treated macrophages (RAW264.7),
which showed elevated levels of pro-inflammatory cytokines [39,
40]. LPS-treated RAW264.7 cells were incubated with Fe-DexP
NPs, followed by collection of the supernatant for the detection of
IL-6 and TNF-a via enzyme-linked immunosorbent assay
(ELISA). It showed that the elevated levels of the pro-
inflammatory cytokines (IL-6 and TNF-a) by LPS treatment were
effectively suppressed by Fe-DexP NPs (Figs. 3(a) and 3(b)). In
addition, the inhibition capability of Fe-DexP NPs on cytokine
secretion was concentration dependent (Fig. S5 in the ESM). This
indicated that the anti-inflammatory activity of DexP was retained
after assembly in NPs. Furthermore, ignorable cytotoxicity of the
NPs to RAW264.7 cells was observed (Fig. 3(c)), suggesting the
good biocompatibility of the system.

Since cyclooxygenase (COX)-2 is critically involved in
inflammation progression [41,42], regulation of COX-2
expression by Fe-DexP was examined by western blot. As
expected, treatment with Fe-DexP NPs dramatically decreased
COX-2 level for the LPS-treated macrophages (Fig.3(d)). It is
known that reactive oxygen specie (ROS) plays a vital role in
inducing inflammatory-associated pathways [43], intracellular
ROS production was thus interrogated with 2,7-
dichlorofluorescein-diacetate (DCFH-DA). LPS induced the
overproduction of ROS in RAW264.7 cells, as evidenced by
obviously stronger intracellular fluorescence compared with the

13261

pristine ones (Fig. 3(e)). Treatment with Fe-DexP NPs led to
dramatic reduction of the fluorescence signal in RAW264.7 cells
(pre-induced by LPS) (Fig.3(e)), manifesting its effect in ROS
scavenging. Moreover, the ROS attenuation ability of Fe-DexP
NPs was dose-dependent (Fig. S6 in the ESM). Quantitative results
from flow cytometry analysis further verified the ability of Fe-
DexP NPs to reduce excess ROS generation (Fig. 3(f)).

2.3 Fe-DexP
chondrocyte death

repolarizes macrophages to inhibit

Macrophages have been reported to play an important role in OA,
with M1 macrophages secreting pro-inflammatory mediators and
M2 macrophages producing anti-inflammatory cytokines [44, 45].
Thus, classic M1 and M2 markers were analyzed by quantitative
real-time polymerase chain reaction (q-PCR) after Fe-DexP
treatment. As depicted in Fig.4(a), Fe-DexP NPs treatment
significantly down-regulated the expression of iNOS and IL-12
(M1 markers) in RAW264.7 cells activated by LPS, demonstrating
that Fe-DexP NPs could suppress M1 macrophage polarization. In
contrast, expressions of Arg-1 and IL-10 (M2 markers) were up-
regulated in the LPS + Fe-DexP NPs group compared with the
LPS group (Fig. 4(b)), manifesting that Fe-DexP NPs facilitated
anti-inflammatory M2 polarization. Considering that the
inflammatory mediators released by macrophage can trigger
apoptosis and necrosis of chondrocytes during OA progression
[46,47], we investigated the capability of Fe-DexP NPs to prohibit
inflammation-mediated =~ death of primary chondrocyte.
Chondrocytes were incubated with the conditioned medium
(CM) of RAW264.7 cells that underwent distinct treatments,
followed by Cell Counting Kit-8 (CCK-8) assay. LPS activation
resulted in strikingly enhanced cytotoxicity of CM, which was
significantly weakened by further treatment with Fe-DexP NPs
(Fig. 4(c)). Live/dead cell staining showed remarkable dead cells
(red) referred by Pl-positive cells in the LPS group, while an
increase in the percentage of live chondrocytes (Calcein AM-
positive cells, green) was observed in the LPS + Fe-DexP group
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Figure3 Anti-inflammatory effect of Fe-DexP. ((a) and (b)) Secretion of IL-6 (a) and TNF-a (b) by RAW264.7 cells with indicated treatments. (c) Cell viability of
RAW264.7 cells exposed to different concentrations of Fe-DexP. (d) Western blot analysis of COX-2 protein levels in RAW264.7 cells with different treatments. p-actin
serves as the loading control. ((e) and (f)) Representative fluorescence images (e) and flow cytometry analysis (f) of ROS levels in RAW264.7 cells after different
treatments (scale bars, 200 pm; data are means + SD, n = 4 (for (a)-(c)) and n = 3 (for (f)); ***P < 0.0001).
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Figure4 Fe-DexP facilitates macrophage polarization for chondrocyte death inhibition. ((a) and (b)) Expression of iNOS and IL-12 (M1 markers) (a) and Arg-1 and
IL-10 (M2 markers) (b) in RAW264.7 cells with different treatments. (c) Viability of chondrocytes upon incubation with CM of RAW264.7 cells that underwent
different treatments. ((d) and (e)) Calcein AM/PI co-staining (d) and apoptosis assay (e) of chondrocytes after exposing to CM of RAW264.7 cells with different
treatments (scale bars, 50 pm; data are means + SD, n = 3 (for (a) and (b)) and n = 6 (for (c)); **p < 0.01, **p < 0.001, and ***p < 0.0001).

(Fig. 4(d)), corroborating the result of CCK-8 test. As confirmed
by cell apoptosis analysis, the ratio of healthy chondrocytes in the
LPS group was 26.4%, which increased to 55.1% in the LPS + Fe-
DexP group (Fig. 4(e)).

24 Invivo performance of Fe-DexP

Encouraged by the in vitro results, the in vivo performance of Fe-
DexP NPs was evaluated. After local administration of Fe-DexP
NPs, significant increase in T,-weighted MR contrast was
observed in knee joint (Fig. 5(a)), demonstrating the feasibility of
Fe-DexP NPs for MRI. Next, OA mouse model established by
direct injection of papain at the right hind knee joint was used for
the investigation of the therapeutic efficacy of Fe-DexP NPs. OA
mice were randomly divided into three groups for intra-articular
administration of PBS, free DexP, or Fe-DexP NPs. We first
detected inflammation-associated ROS at the pathological site
with L-012, a bioluminescent probe. As shown in Fig. 5(b) and
Fig. S7 in the ESM, bioluminescent signal at knee joints of the PBS
group was significantly enhanced compared with that of healthy
mice, and was slightly reduced by free DexP. In contrast, Fe-DexP
NPs led to striking signal decrease, suggesting its efficacy in
amelioration of OA.

Collected knee joints were sectioned and subjected to safranin
Offast green and hematoxylin and eosin (H&E) staining for
cartilage histopathological analysis (Figs. 5(c) and 5(d)). Negative
safranin O staining, surface abrasion, and inflammatory cells
infiltration were observed in the PBS group, indicative of
proteoglycan degradation and cartilage destruction which are
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characteristics of OA. Free DexP ameliorated cartilage erosion and
proteoglycan loss partially, while Fe-DexP NPs treatment resulted
in restoration of cartilage surface, absence of inflammatory cells
infiltration, and prevention of proteoglycan loss comparable with
the healthy mice. Moreover, Osteoarthritis Research Society
International (OARSI) score of the Fe-DexP group was
significantly lower compared with the PBS group and the free
DexP group (Fig. S8 in the ESM) [48]. Taken together, the hybrid
NPs could significantly inhibit the OA progression in comparison
with DexP. The macrophage phenotypic switch activity of Fe-
DexP was further interrogated via immunohistochemical (IHC)
staining of M1 and M2 markers in joint sections. As shown in
Figs. 5(e) and 5(f), a large amount of pro-inflammatory
macrophages (iNOS positive) was observed in the synovial tissue
of the PBS group. Free DexP group had the modest impact on the
phenotype of macrophages. By comparison, Fe-DexP significantly
converted M1-phenotyped macrophages into M2-phenotyped
ones, as evidenced by markedly decreased iNOS expression and
increased Arg-1 expression. ELISA analysis revealed a significant
reduction in the level of intra-articular TNF-a in the Fe-DexP
group compared with that in the PBS group (Fig. S9 in the ESM),
validating the anti-inflammatory activity of Fe-DexP NPs in vivo.

3 Conclusions

In summary, we developed an extremely simple self-assembly
approach based on metal-drug coordination to rationally engineer
nanohybrids for vehicle-free delivery of anti-inflammatory drugs.

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure5 In vivo performance of Fe-DexP. (a) In vivo T,-weighted MR images obtained before and after local Fe-DexP injection. Knee articular cavities were indicated
by white arrow. (b) Representative in vivo luminescence images indicating the inflammatory degree in each group with indicated treatments. ((c) and (d))
Representative Safranin O-fast green (c) and H&E (d) staining images of knee joints from different groups. Scale bars, 100 um. ((e) and (f)) Representative IHC
staining images of iNOS (e) and Arg-1 () of the synovial tissue from different groups. Scale bars, 50 pm.

In this manner, potential toxicity of extra synthetic delivery
carriers is bypassed. Meanwhile, the resulting metallo-nanodrugs
(Fe-DexP) exhibited high drug loading ability as well as stability,
which could circumvent the safety issues derived from frequent
drug administration. As a result, Fe-DexP renders enhanced anti-
inflammatory capacity via re-education of pro-inflammatory M1
macrophages into anti-inflammatory M2  macrophages,
suppressing cartilage destruction and ECM degradation in
osteoarthritis model. Our work highlights the advantages of
leveraging coordination-driven self-assembly strategy to enhance
the delivery efficiency and therefore therapeutic efficacy of anti-
inflammatory agents.

4 Methods

4.1 Synthesis of Fe-DexP NPs

Fe-DexP NPs were synthesized based on one-pot self-assembly.
Typically, 30 pL of an aqueous solution of DexP (20 mM) was
added to FeCl,4H,0 aqueous solution (1.05 mM) and mixed
thoroughly. Then hexamethylenetetramine (HMTA) (20 mM,
30 pL) was added into the mixture, followed by 10 s vortex. The
solution was incubated at 95 °C for 3 h. After natural cooling, the
as-prepared Fe-DexP NPs were centrifuged, washed, and re-
dispersed into water for further use.

4.2 In vitro and in vivo MRI

For in vitro MRI, samples of Fe-DexP NPs were prepared in tubes
with different concentrations of 0, 0.2, 0.4, 0.6, 0.8, and 1 mM with
respect to iron mass. The MR images were collected using spin
echo sequence with parameters as follows: repetition time =
3000 ms, echo time = 40 ms, field of view = 35 mm x 35 mm, and

slice thickness = 6/16 mm. The T, relaxation times were calculated
by fitting these multiple spin echo images. For in vivo MRI, mice
bearing OA were intra-articularly injected with Fe-DexP NPs (the
dose of Fe equivalent to 3.5 mgkg™). MR images were taken using
a TurboRARE-T, sequence with the following parameters:
repetition time (TR) = 2500 ms, echo time (TE) = 34.45 ms,
matrix = 300 x 300, field of view = 30 mm x 30 mm, slice
thickness = 1 mm, and slice number = 20.

4.3 Primary chondrocytes isolation and cell culture

Primary articular chondrocytes were isolated from knee joints and
ribs according to previous literature [49]. Briefly, the knee joints
and ribs were dislocated with all the soft tissues eliminated.
Retrieved cartilage pieces were washed with PBS buffer, then
placed in digestion solution containing trypsin (2.5%) for 4 h at
37 °C. Next, the digested samples were treated with type II
collagenase (2 mgmL™) in 37 °C incubator overnight. The
chondrocytes were centrifuged, resuspended in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with L-Gln
(2 mM), Penicillin G (100 unitsmL™), streptomycin (100 ug-mL™),
and 10% Fetal bovine serum (FBS), and cultured in 37 °C
humidified incubator supplement with 5% CO,. RAW264.7 cells
were purchased from Cell Bank of Shanghai Institute of
Biochemistry and Cell Biology and cultured in DMEM
supplemented with 10% FBS, Penicillin G (100 unitsmL™),
streptomycin (100 pg-mL™), and 1% Glutamine.

4.4 Biosafety assay

RAW264.7 cells were seeded in 96-well plate at a density of 2 x
10* cellswell and incubated overnight. Afterwards, cells were
washed twice with PBS and supplemented with FBS-free DMEM
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containing different concentrations of Fe-DexP NPs. After 24 h
incubation at 37 °C, cells were washed twice with PBS and
supplemented with 100 pL of FBS-free fresh DMEM containing
10% CCK-8 for another 4 h incubation. Absorbance at 450 nm
was measured.

4.5 Quantitative analysis of pro-inflammatory cytokines

RAW264.7 cells were cultured in 6-well plates (2 x 10° cells-well ')
beforehand. Then cells were washed twice with PBS and treated
with FBS-free DMEM containing LPS (1 pgmL™"), or LPS
(1 pgmL™) + Fe-DexP (with the concentration of DexP equivalent
to 0, 5, 10, or 20 ug-mL™), for 24 h. Then the cells were washed
twice with PBS and supplemented with fresh FBS-free DMEM.
After another 24 h incubation, the supernatant was collected and
centrifuged. All samples were stored at —80 °C for ELISA assay of
IL-6 and TNF-a under manufacturer’s instructions.

4.6 Intracellular ROS measurement

Intracellular ROS was measured by both confocal laser scanning
microscopy (CLSM) imaging and flow cytometry analysis.
RAW264.7 seeded beforehand were washed and incubated in FBS-
free DMEM containing LPS (1 pg-mL™) and Fe-DexP (with the
concentration of DexP equivalent to 0, 5, 10, or 20 pg-mL™). After
further incubation for 6 h, cells were washed twice and
supplemented with FBS-free DMEM containing 10 uM DCFH-
DA for another 20 min incubation. Then treated cells were
washed for CLSM imaging or flow cytometry analysis.

4.7 Western blot assay

RAW264.7 cells were grown in 6-well plates overnight. After
treatment with LPS (1 pgmL") and Fe-DexP (with the
concentration of DexP equivalent to 20 pg-mL™), total protein was
extracted by RIPA lysis buffer containing 1 mM
phenylmethylsulfonyl fluoride (PMSF; Beyotime, ST506). After
centrifuging at 12,000 g at 4 °C for 15 min, the supernatant was
collected. The protein concentration was determined by using a
bicinchoninic acid (BCA) Protein Assay Kit (Nanjing Jiancheng
Bioengineering Institute, A045-4). The protein samples were
separated by 10% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis ~ (SDS-PAGE)  before  transferred  onto
polyvinylidene fluoride (PVDF) membrane (Millipore, 0.22 um).
After blocking in 5% nonfat dried milk diluted by Tris-buffered
saline with 0.05% Tween (TBST, 25 mM Tris, 0.15 M NaCl, and
0.05% Tween-20) for 1.5 h, membranes were incubated with anti-
COX-2 antibody (HuaBio, ET1610-23, dilution 1:1000) and -
actin monoclonal antibody (Transgen, HC201-01, dilution 1:1000)
followed by peroxidase-conjugated anti-rabbit IgG (Transgen,
dilution 1:1000) and anti-mouse IgG (Transgen, dilution 1:1000).
Images were obtained on a chemiluminescence system.

4.8 q-PCR assay

RAW?264.7 cells were grown in 6-well plate beforehand. Then cells
were treated same as in western blot assay. Next, total RNA was
extracted with TRIzol reagent (Invitrogen, Ambion) in RNase-free
condition and reverse transcribed into cDNA with a reverse
transcription kit (Transgen, China) under the instructions of the
manufacturer. g-PCR was performed with SYBR Green PCR kit
(TransStart® Green qPCR SuperMix, China) on the Applied
Biosystems (USA) to determine gene expression level. The g-PCR
running conditions were as follows: 94 °C for 3 min; and 40 cycles
of 94 °C for 10's, 60 °C for 20 s, and 72 °C for 20 s. Expression was
normalized to the B-actin housekeeping gene and calculated with
the comparative method (2*“). All the primer sequences used in
the study are listed in Table S1 in the ESM.

Nano Res. 2023, 16(12): 1325913266

4.9 Cell viability and apoptosis test of chondrocytes

Chondrocytes were cultured in 96-well plate or 6-well plate at 2 x
10* cells-well" and incubated overnight to allow the confluence to
reach 70%-80%. Then the chondrocytes were washed and
supplemented with CM of RAW24.7 cells treated with LPS
(1 pgmL") or LPS (1 pgmL™) + Fe-DexP NPs (with the
concentration of DexP equivalent to 20 pg-mL™), followed by 24 h
incubation. For cell viability assay, fresh FBS-frre DMEM
containing 10% CCK-8 was added for another 4 h incubation,
with the absorbance at 450 nm measured. For apoptosis assay, the
chondrocytes were collected and stained with Annexin V and PI
using Annexin V-APC/PI apoptosis detection kit, followed by
flow cytometry analysis.

410 Live/dead cell co-staining

Chondrocytes cultured beforehand were incubated with CM of
RAW?24.7 cells treated with LPS (1 pg-mL™) or LPS (1 ug-mL™) +
Fe-DexP NPs (with the concentration of DexP equivalent to
20 pgmL™). After 24 h incubation, chondrocytes were stained
with Calcein-AM/PI double staining kit according to the
instructions of manufacturer and trypsinized for CLSM imaging.

411 Animal model

The animal study protocol was approved by the Institutional
Animal Care and Use Committee of National Center for
Nanoscience and Technology (Ethics No. NCNST21-22060403).
Male C57BL/6] mice (8 weeks old, 18-20 g) were supplied by
Beijing Vital River Laboratory Animal Technology Co., Ltd. To
establish OA model, 20 pL aqueous solution of papain (0.8%) and
L-cysteine (0.03 M) were intra-articularly injected into right knee
joint of mice every 3 days for three times.

412 Osteoarthritis therapy

OA mice were treated with free DexP (1.5 mgkg™) or Fe-DexP
(3.0 mgkg™) intra-articularly every 4 days for a total of four times.
Healthy mice without OA model establishment were set as
control. At end of the study, all mice were euthanized with the
knee joints collected, fixed with 4% paraformaldehyde, and
decalcified with ethylenediaminetetraacetate (EDTA) for 2 weeks.
The specimens were dehydrated for paraffin-embedded and
sectioned to 4 pum for H&E, Safranin O/Fast Green, and
immunohistochemical staining. The osteoarthritis severity degree
was evaluated according to the OARSI scoring system [48]. For
measurement of TNF-q, knee joint tissue was homogenized and
centrifuged, with the supernatant collected for ELISA assay.

4.13 In vivoluminescence imaging

At the end of treatment, L-012 probe (75 mgkg"') was
subcutaneously delivered to inflamed joint, and the luminescence
images of the inflamed knees were then obtained using an in vivo
imaging system (IVIS) imaging system.

414 Statistical analysis

Statistical evaluation was carried out using GraphPad Prism 8
software. The difference between two groups was compared using
the Student’s ¢ test, “P” values < 0.05 were considered statistically
different (*p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001).
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