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A B S T R A C T

Mitochondrial dysfunction increases ROS production and is closely related to many degenerative cellular 
organelle diseases. The NOX4-p22phox axis is a major contributor to ROS production and its dysregulation is 
expected to disrupt mitochondrial function. However, the field lacks a competitive inhibitor of the NOX4- 
p22phox interaction. Here, we created a povidone micelle-based Prussian blue nanozyme that we named 
“Mitocelle” to target the NOX4-p22phox axis, and characterized its impact on the major degenerative cellular 
organelle disease, osteoarthritis (OA). Mitocelle is composed of FDA-approved and biocompatible materials, has 
a regular spherical shape, and is approximately 88 nm in diameter. Mitocelle competitively inhibits the NOX4- 
p22phox interaction, and its uptake by chondrocytes can protect against mitochondrial malfunction. Upon intra- 
articular injection to an OA mouse model, Mitocelle shows long-term stability, effective uptake into the cartilage 
matrix, and the ability to attenuate joint degradation. Collectively, our findings suggest that Mitocelle, which 
functions as a competitive inhibitor of NOX4-p22phox, may be suitable for translational research as a therapeutic 
for OA and cellular organelle diseases related to dysfunctional mitochondria.

1. Introduction

Mitochondrial activity is increasingly being acknowledged as 
contributing to both good health and various diseases [1]. Mitochondria 
are intracellular organelles that generate ATP and act as a critical hub 

for multiple pathology-related processes, including intracellular meta
bolism, calcium signaling, cell proliferation, and aging [2]. Of the 
reactive oxygen species (ROS) within cells, nearly 90 % is generated by 
mitochondria. Hence, mitochondrial malfunction leading to an imbal
ance between the creation and elimination of mitochondrial (mt) ROS 
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can lead to ROS overproduction [3]. This triggers oxidative stress [4] 
and subsequent mitochondrial failure, in a sequence of events that has 
been associated with aging, diabetes, cardiovascular disease, metabolic 
syndrome, cancer, Alzheimer’s disease, degenerative joint disease, etc. 
[5–8]. Clearly, therefore, the enhancement of mitochondrial function 
could benefit a range of ailments.

Osteoarthritis (OA) is the predominant type of degenerative cellular 
organelle disorder [9]. In OA, mitochondrial dysfunction leading to 
increased ROS levels and decreased energy generation may contribute to 
inflammation, degradation of cartilage, and alterations in bone struc
ture, such as the formation of osteophytes and changes in subchondral 
bone thickness [10]. Therefore, the pathological increase of ROS levels 
is a key factor in the initiation of OA pathology, and targeted in
terventions aimed at regulating mitochondrial dysfunction could 
potentially be used to treat OA. However, the existing therapeutic agents 
focus mainly on inhibiting cartilage inflammation and improving joint 
movement, such as through the use of cyclooxygenase-2 (COX2) in
hibitors or hyaluronic acid (HA) injections [11,12].

NADPH oxidase (NOX), which is a primary generator of ROS, is 
located within the inner mitochondrial membrane [13]. Its primary 
variant, NOX4, contributes to producing ROS in several cell types by 
forming a complex with p22phox; in many degenerative cellular 
organelle disorders, NOX4 is over-expressed, leading to ROS imbalance 
and eventual mitochondrial malfunction [14–17]. In the development of 
OA, regulation of the NOX4-p22phox axis leads to ROS overproduction, 
which up-regulates various catabolic factors, such as matrix metal
loproteinases (MMPs) and COX2 [18]. The literature suggests that OA 
onset is mediated via interleukin-1beta (IL-1β) whereas OA progression 
is linked to ROS. Moreover, an interplay between IL-1β and ROS in
tensifies the relevant inflammatory and catabolic mechanisms: IL-1β 
induces ROS generation, which triggers signaling pathways leading to 
IL-1β synthesis [19]. This establishes a self-sustaining loop of inflam
mation and oxidative stress in the joint. MMP up-regulation and COX2 
activation are crucial factors in the development of joint injury. OA 
progression is expedited by MMP3 and MMP13, which are up-regulated 
by several catabolic pathways and play crucial roles in breaking down 
the extracellular matrix (ECM) components of cartilage [18]. Whereas 
COX2 primarily contributes to inflammation, the MMPs are ultimately 
responsible for the progressive ECM breakdown that leads to OA [19]. 
Effective management of OA may therefore be achieved by reducing 
ROS up-regulation to suppress catabolic factors.

A number of nanozymes with distinct enzyme-like capabilities have 
been developed to treat OA based on the generally accepted idea that 
suppressing ROS can mitigate free radical-induced cartilage damage and 
hinder inflammatory signaling [20]. For example, manganese dioxide 
(MnO2) exhibits peroxidase-like behavior by breaking down H2O2 and 
reducing oxidative stress [21]. Cerium nanoparticles can counteract free 
radicals using diverse capabilities and powerful redox activity [22]. 
Prussian blue nanozymes (PB) are specifically recognized as biocom
patible scavengers of ROS and have been approved by the United States 
Food and Drug Administration (US FDA) for clinical use. Zhang et al. 
reported that PB has multienzyme-like activities, including peroxidase, 
superoxide dismutase, and catalase activities [23]. In PB, a cubic 
structure is formed by divalent iron ions connected by cyanide bonds; 
this yields significant redox activity that can transform highly reactive 
substances (e.g., H2O2, oxygen, and hydroxyl radicals) into 
non-hazardous substances. The advantageous catalytic function of PB 
has been extensively examined in various ailments, including inflam
matory OA, Alzheimer’s disease, Parkinson’s disease, pancreatitis, and 
colitis [24–26]. For successful use, PB must be stabilized with a suitable 
polymer template [27], or it will tend to accumulate and/or lose efficacy 
in physiological settings due to the intrinsic instability of metal-based 
nanozymes. Povidone is commonly utilized as a stabilizing polymer 
for PB complexes [25,28], and has received approval from the US FDA 
for use in biological applications. It can spontaneously form micelles and 
contains iron ion-binding molecules that facilitate its coordinated 

interaction and complexation with PB [29].
Here, we sought to develop mitochondria-targeting PB-based povi

done micelles (designated “Mitocelle”) as a nanotherapeutic that can 
scavenge ROS by inhibiting the NOX4-p22phox interaction. We 
employed multiple analytic methods to characterize Mitocelle, 
including ultraviolet–visible (UV–Vis) spectroscopy, dynamic light 
scattering (DLS), transmission electron microscopy (TEM), and x-ray 
diffraction (XRD) analyses. Nanozyme stability over a 2-week period 
was assessed in both an aqueous solution and a biological buffer, using a 
Zetasizer to measure the hydrodynamic diameter and polydispersity 
index (PDI). Biochemical and histological analyses were conducted both 
in vitro and in vivo to demonstrate that Mitocelle has efficacy in pre
venting OA development (Fig. 1A).

2. Materials and methods

2.1. Reagents

Povidone (molecular weight = 10 kDa), potassium ferricyanide, iron 
(II) chloride tetrahydrate, ethylenediaminetetraacetic acid (EDTA), 
phosphate-buffered solution (1 M, pH 7.4), 2-thiobarbituric acid (TBA), 
trichloroacetic acid (TCA), sodium hydroxide solution, N-(3-dimethy
laminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), and retinyl 
palmitate (RP, a vitamin A derivative) were purchased from Sigma- 
Aldrich (St. Louis, MO, USA). 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 
iron (III) chloride, and 2-deoxy-D-ribose (99 %) were purchased from 
Alfa Aesar (Ward Hill, MA, USA). Hydrogen peroxide (30 %) and L- 
ascorbic acid were bought from Junsei Chemical Co. (Tokyo, Japan) and 
TCI (Tokyo, Japan), respectively. HyClone™ deionized water (DIW), 
HyClone™ phosphate-buffered saline (PBS), Cy5, and Cy5.5 mono NHS 
esters were bought from Cytiva (Marlborough, MA, USA).

2.2. Preparation and characterization of Mitocelle

Mitocelle was prepared using the double-precursor method, as re
ported previously [30]. Briefly, 3 mL of 75 mg/mL povidone solution 
was prepared in DIW and mixed with 1 mL potassium ferricyanide (5 
mM) in DIW under magnetic stirring at 400 rpm for 30 min. Iron chlo
ride tetrahydrate (1 mL; 5 mM) was slowly dropped into the reaction 
solution under magnetic stirring at 530 rpm. The mixture was stirred for 
1 h and purified by centrifugation for 10 min at 738×g in an Amicon 
Ultra centrifugal filter (molecular cutoff 100 kDa; Merck Millipore, 
Billerica, MA, USA). As-prepared nanozymes were freeze-dried for 3 
days and stored at − 20 ◦C until use. The same procedure was used to 
prepare naked PB.

PB and Mitocelle were characterized using various analytic tech
niques. UV–Vis spectroscopy (Mega900, Scinco, Seoul, Republic of 
Korea) was used to obtain the UV–Vis absorption spectra of nanozymes. 
A Zetasizer (ELSZ-2000, Otsuka, Osaka, Japan) was used to determine 
the hydrodynamic diameters, zeta potentials, and PDIs of nanozymes. 
Their morphologies were observed using TEM (JEM-2100Plus HR, 
JEOL, Tokyo, Japan). XRD analysis was carried out using an x-ray 
diffractometer (Miniflex 600, Rigaku, Tokyo, Japan) to confirm the 
povidone coating of micelles. To assess stability, Mitocelle was stored for 
2 weeks in DIW or PBS in a shaking incubator at 37 ◦C, and for 1 year in a 
lyophilized state at − 20 ◦C. The diameters, PDIs, and zeta potentials 
were analyzed using a Zetasizer. The ROS-scavenging abilities of Mito
celle toward DPPH and hydroxyl radicals were evaluated as previously 
described [31,32]. Briefly, DPPH radical solution (0.5 mM) was pre
pared with methanol in the dark and reacted at a 1:1 volume ratio with 
various concentrations of Mitocelle (0.1, 0.5, 1, 5, and 10 mg/mL). The 
amount of active DPPH radicals was measured using a microplate reader 
at 515 nm. For the hydroxyl radical-scavenging assay, EDTA (0.1 mL, 
0.1 mM), FeCl3 (0.1 mL, 0.1 mM), deoxyribose (0.1 mL, 3.75 mM), H2O2 
(0.1 mL, 1 mM), potassium phosphate buffer (0.5 mL, 20 mM), and 
ascorbic acid (0.1 mL, 0.1 mM) were mixed together and then combined 
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Fig. 1. Physicochemical properties of Mitocelle. (A) Schematic showing how Mitocelle can treat OA. (B) Photographs of dispersed and lyophilized Mitocelle. (C) 
Ultraviolet–visible absorption spectra, (D) hydrodynamic diameter and zeta potential, and (E) size distribution peaks of PB and Mitocelle. (F) Transmission electron 
microscopy images of PB (left) and Mitocelle (right). Scale bar, 500 nm. (G) X-ray diffraction spectra of PB and Mitocelle. (H) Immunofluorescence microscopy 
images of DAPI, ZO-1 (a membrane marker), and Cy5.5-labeled Mitocelle (left). Scale bar, 5 μm. Quantification of the fluorescence intensity of Cy5.5 (right). Data are 
presented as means ± SD (n = 5) and those in (H) were assessed using the Mann-Whitney U test. **P < 0.01.
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with 1 mL Mitocelle at various concentrations (0.1, 0.5, and 1 mg/mL). 
The reaction was carried out for 1 h in an incubator at 37 ◦C and 
terminated by heating the test solutions for 15 min at 85 ◦C with 1 mL 
TBA (1 % w/v in 50 mM NaOH) and 1 mL TCA (2 % w/v). Absorbance at 
515 nm was measured using a microplate reader.

Mitocelle was labeled with the fluorescent dyes, Cy5.5 and Cy5, for 
our in vivo and protein microarray analyses, respectively. For Cy5.5 la
beling, Mitocelle solution (50 mg/mL) was mixed with EDC (1 mg/mL) 
and Cy5.5 mono NHS ester (4 mg/mL) for 72 h at 25 ◦C. The unreacted 
dye was removed by centrifugation for 10 min at 738×g in an Amicon 
Ultra centrifugal filter and the properties of the labeled Mitocelle were 
analyzed using a microplate reader. The Cy5-labeled Mitocelle was 
prepared and analyzed as described above, except using 0.7 mg/mL EDC 
and 2.5 mg/mL Cy5 mono NHS ester.

2.3. Cell culture and viability assay

To obtain articular chondrocytes, cartilage was collected from 5-day- 
old ICR mice and digested with 0.2 % collagenase type II and 0.1 % 
trypsin as previously described [33]. The obtained chondrocytes were 
cultured in DMEM containing 10 % FBS, 100 units/mL of penicillin, and 
100 μg/mL of streptomycin. To assess cytotoxicity, the isolated chon
drocytes were cultured in 96-well plates (9 × 103 cells/well) for 3 days 
and treated with Mitocelle for 24 h. Supernatants were obtained and cell 
viability was measured using a lactate dehydrogenase (LDH) colori
metric assay kit (BioVision Inc., Milpitas, CA, USA). The LDH levels in 
media were normalized with respect to untreated (100 % viability) and 
Triton X-100-treated (0 % viability) samples and calculated by the for
mula: 100 – (sample LDH-negative control)/(maximum LDH-negative 
control) × 100. The absorbance of each well was measured at 495 nm 
using a SYNERGY H1 Microplate Reader (Biotek, Winooski, VT, USA).

2.4. RT-PCR and qRT-PCR

Total RNA of primary articular chondrocytes was extracted using 
TRIzol (Molecular Research Center, Cincinnati, OH, USA) and reverse- 
transcribed to cDNA (Intron Biotechnology, Republic of Korea). Rela
tive gene expression was examined using quantitative reverse 
transcription-PCR (StepOnePlus Real-Time PCR System, Applied Bio
systems, Foster City, CA, USA) and SYBR premix Ex Taq (TaKaRa Bio, 
Shiga, Japan). GAPDH was used for normalization to quantify relative 
gene expression [34]. The utilized primers are summarized in Table S1.

2.5. Measurement of PGE2, collagenase activity, and intracellular ROS

Primary mouse articular chondrocytes were seeded to 96-well plates 
(2 × 104 cells/well), the culture media were collected, and the levels of 
PGE2 were measured using a PGE2 Immunoassay Kit (R&D Systems, 
Minneapolis, MN, USA) according to the manufacturer’s protocol. For 
measurement of collagenase activity, the media were concentrated using 
Viva® Spin Columns (Sartorius Stedim Biotech, Göttingen, Germany), 
collagenase activity was assessed using an EnzChek™ Gelatinase/ 
Collagenase Assay kit (e12055; Invitrogen, Carlsbad, CA, USA), and 
fluorescence signals were analyzed with a SYNERGY H1 microplate 
reader (BioTek Instruments, Winooski, VT, USA). Intracellular ROS 
levels were detected by DCF-DA fluorescent probe staining, as previ
ously described [18]. In brief, chondrocytes were infected with 
Ad-NOX4 (800 MOI) for 2 h, treated with Mitocelle in fresh medium for 
24 h, washed twice with PBS, and stained with 10 μM DCF-DA for 30 min 
at 37 ◦C. The cells were then analyzed by a flow cytometer (MACSQuant 
VYB, Miltenyi Biotec).

2.6. Protein isolation and Western blotting

Cells were lysed in RIPA lysis buffer (150 mM NaCl, 1 % NP-40, 50 
mM Tris pH 8.0, 0.2 % sodium dodecyl sulfate [SDS], and 5 mM NaF) 

containing a phosphatase inhibitor cocktail and protease (Roche, Mad
ison, WI, USA) and the obtained total proteins were quantified using a 
BCA protein assay kit (Thermo Scientific, Waltham, MA, USA). Equal 
amounts of protein were separated by 8–12 % SDS-PAGE and transferred 
to a polyvinylidene difluoride (PVDF) membrane. Total ERK was 
detected as a loading control. The antibodies used for Western blotting 
were as follows: anti-COX2 (SC-1745; Santa Cruz Biotechnology, Dallas, 
TX, USA), anti-MMP3 (ab52915; Abcam, Cambridge, UK), mouse anti- 
MMP13 (ab51072; Abcam, Cambridge, UK), and mouse anti-ERK 
(610408; Becton Dickinson, Bergen County, NJ, USA). Protein bands 
were detected using a secondary antibody and a SuperSignal West Dura 
kit (Thermo Fisher Scientific, Waltham, MA, USA). ERK was used as a 
housekeeping protein for subsequent analysis.

2.7. Protein microarray analysis

Protein microarray data were generated using the HuProt Human 
Proteome Microarray v3.1 (CDI Laboratories, Mayaguez, Puerto Rico), 
which contains more than 21,000 unique and individually purified full- 
length human protein clones. Briefly, the protein chip was equilibrated 
in microarray buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.8 
mM KH2PO4, pH 7.4, and 0.05 % Triton X-100) for 5 min at 25 ◦C and 
then incubated in blocking solution (5 % filtered skim milk in micro
array buffer) for 1 h at 25 ◦C. To screen for proteins that bound to 
Mitocelle, the protein chip was washed three times (10 min per wash) 
with microarray buffer, incubated at 25 ◦C with free Cy5 or Cy5- 
Mitocelle (5 μg/mL) in PBS, and probed with anti-GST and an Alexa 
Fluor goat-anti-rabbit 546-conjugated secondary antibody (Invitrogen, 
Carlsbad, CA, USA). The protein chip was washed three times with 
microarray buffer, collected by centrifugation at 200×g for 2 min, and 
scanned using a GenePix 4000 B instrument (Molecular Devices, Sun
nyvale, CA, USA). The signal-to-noise ratio (SNR) for each spot was 
obtained as the foreground-to-background signal normalized to the GST 
signal intensity.

2.8. Mitochondrial staining

To investigate mitochondrial movement and membrane potential, 
mitochondria were labeled with 100 nM MitoTracker ™ Green FM 
(Invitrogen) at 37 ◦C in the dark for 20 min, washed, and immediately 
imaged using a confocal laser scanning microscope (Cell discoverer7 
with an LSM900; Carl Zeiss Microscopy GmbH, Jena, Germany) at the 
Three-Dimensional Immune System Imaging Core Facility of Ajou Uni
versity. For visualization of mitochondrial membrane potential, chon
drocytes were stained with 1 mg/mL JC-1 (Invitrogen) for 30 min at 
37 ◦C and imaged under a confocal laser scanning microscope (A1R 
HD25 N-SIM S; Nikon Corporation, Minato, Tokyo) at the Three- 
Dimensional Immune System Imaging Core Facility of Ajou University.

2.9. Intracellular trafficking imaging

To assess the intracellular movement of Mitocelle, Cy5.5-Mitocelles 
were applied to chondrocytes for 24 h. The cells were incubated with 
100 nM MitoTracker ™ Green FM for 30 min, harvested, fixed with 4 % 
PFA for 20 min, and permeabilized for 10 min in 0.5 % Triton X-100 in 
PBS at 25 ◦C. The cells were then blocked with 3 % BSA for 1 h, incu
bated overnight at 4 ◦C with primary antibodies against caveolin1 
(3238) and Rab7 (9367; both from Cell Signaling, Danvers, MA, USA), 
and incubated for 1 h at 25 ◦C with Alexa fluor 568-conjugated sec
ondary antibodies (A11011; Thermo Scientific, Waltham, MA, USA). 
Confocal images were obtained using an LSM900 microscope (Carl Zeiss 
Microscopy GmbH, Jena, Germany).
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2.10. Fluorescence-based analysis of cartilage explants, chondrocytes, 
and cartilage

To assess the penetration depth of Mitocelle, explanted cartilage was 
exposed to free Cy5.5 and Cy5.5-labeled Mitocelle for 24 h and pro
cessed into 5-μm paraffin-embedded sections, and fluorescence was 
examined under an LSM980 NLO microscope (Carl Zeiss Microscopy 
GmbH, Jena, Germany). To determine the retention time of Mitocelle in 
the knee joint, 10-week-old C57BL/6 mice (n = 3) were intra-articularly 
injected with free Cy5.5 or Cy5.5-labeled Mitocelle (10 mg/kg) and 
retention times were assessed using an IVIS Spectrum (VISQUE InVivo 
Smart-LF, Vieworks). To examine internalization, chondrocytes were 
treated with Cy5.5-labeled Mitocelle and immunocytochemistry was 
performed. An antibody against the membrane marker, ZO-1 (clone 
ZO1-1A12; Invitrogen, Tokyo, Japan), was applied at 4 ◦C overnight, 
reacted with Donkey anti-Mouse IgG (H + L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor Plus 488 (A-11029; Invitrogen) for 
1 h, and observed with an LSM980 NLO microscope (Carl Zeiss Micro
scopy GmbH, Jena, Germany). To prepare cartilage samples, mice were 
given intra-articular injection of Cy5.5-labeled Mitocelle (10 mg/kg) or 
free Cy5.5 (amount equal to that of the Cy5.5-labeled Mitocelle group) 
using a Hamilton syringe (7635-01, Hamilton Company, Reno, NV, 
USA). Mouse knee joints were isolated, trimmed, and fixed in 4 % PFA, 
and cartilage was visualized. Images were obtained from the top of the 
cartilage using an LSM980 NLO system (Carl Zeiss Microscopy GmbH, 
Jena, Germany).

2.11. Spectrofluorometry and FRET microscopy

The plasmids encoding rat full-length NOX4 and rat full-length 
p22phox were as previously described [35]. The plasmids used in the 
fusion construct were mVenus-C1 (plasmid #27794) and 
mTurquoise2-N1 (plasmid #54843), and that used for the positive 
control fusion protein was pmVenus(L68V)-mTurquoise2 (plasmid 
#60493) (all from Addgene, Watertown, MA, USA). NOX4 was cloned 
into mVenus-C1 to add the Yellow Fluorescent Protein (YFP) tag, and 
p22phox was cloned into mTurquoise2-N1 to add the Cyan Fluorescent 
Protein (CFP) tag in the fluorescent fusion structures. Chondrocytes 
were seeded to 35-mm confocal dishes, transfected for 48 h with fluo
rescent fusion constructs encoding NOX4 or p22phox, washed with PBS, 
scraped, and subjected to protein quantification. FRET measurements 
were implemented by: (1) measuring sensitized emission, and (2) im
aging via acceptor photobleaching. First, emission scans were collected 
using a CFP excitation wavelength of 434 nm to measure sensitized 
emission. To determine the effect of YFP fluorescence on emission at the 
CFP excitation wavelength, YFP fluorescence was subtracted from the 
emission curves of cells expressing both CFP and YFP. This curve was 
further normalized to the level of CFP fluorescence observed at 474 nm 
from cells expressing CFP alone.

To detect FRET via measurement of acceptor photobleaching, cells 
were prepared as described above and fixed with 4 % PFA. YFP, but not 
CFP, was bleached using an LSM900 microscope (Carl Zeiss). After five 
rounds of pre-bleaching, images were obtained and partially photo
bleached at 100 % laser power. The acquired data were analyzed using 
the Zen image software (Zeiss Zen 3.8). Non-bleached areas of the same 
cells were included as controls in the data analysis. The FRET images 
were normalized by applying a Gaussian filter and then obtained 
through ratio images using the physiology module. FRET efficiency was 
calculated with the following equation [36]: 

FRET efficiency (E)=
Dpost − Dpre

Dpost
*100 

where Dpre and Dpost are the donor intensities before and after photo
bleaching, respectively.

2.12. Gene set enrichment analysis (GSEA)

To explore the impact of Mitocelle on gene expression in NOX- 
overexpressing cells, GSEA (Molecular Signature Database, MSigDB) 
was performed on our RNA-seq data. The OA signature gene list was 
obtained from IPA analysis, and the OA signature genes were matched 
with the RNA-seq data and ranked by their change in expression be
tween the conditions. GSEA, which was performed using the Broad 
Institute Java Desktop software (ver. 4.3) (www.broadinstitute.org/gsea
), utilizes nonparametric Kolmogorov-Smirnov statistics to determine 
whether there is a significant expressional difference in the members of a 
specific gene set between the experimental and control groups [18].

2.13. Human OA cartilage and animals

Human OA cartilage was sourced from patients who underwent 
arthroplasty (Table S2). All patients provided written informed consent, 
and the collection was approved by the Institutional Review Board of the 
Catholic University of Korea (UC14CNSI0150). The undamaged portion 
of cartilage from human OA patients was defined as healthy cartilage. 
All animal experiments were approved by the Animal Care and Use 
Committee of Sungkyunkwan University (protocol code 
SKKUIACUC2023-07-17-1). Mice (male C57BL/6 and ICR) weighing 
18–20 g were purchased from DBL (Chungcheongbuk-do, Republic of 
Korea). C57BL/6J-background homozygous NOX4-KO mice (NOX4− /− ) 
were purchased from Jackson Laboratory (Bar Harbor, Maine, USA).

2.14. DMM-induced mouse model of OA and intra-articular injection

We established an OA model by performing destabilization of the 
medial meniscus (DMM) surgery in 12-week-old male C57BL/6 mice 
according to a previously described protocol [37]. Beginning at 4 weeks 
after DMM surgery, PBS or Mitocelle (50 mg/kg) were injected at in
tervals of 1, 2, and 4 weeks via intra-articular injection. Mouse knee 
joints were processed for histological analysis at 10 weeks after surgery.

2.15. Histology and immunohistochemistry

Collected mouse knee joints were decalcified in 0.5 M EDTA (pH 7.4) 
for 2 weeks. Human OA cartilage and decalcified mouse knee joints were 
trimmed, embedded in paraffin, and sectioned at 5 μm. The sectioned 
samples were subjected to Safranin-O staining, Alcian blue staining, or 
immunostaining. Additionally, a tidemark representing the interface 
between calcified and non-calcified cartilage within the joint is shown to 
illustrate degenerative changes in the articular cartilage. Cartilage 
destruction was scored using the OARSI (Osteoarthritis Research Society 
International) grading system (grade 0–6) [18], and osteophyte forma
tion, SBP thickness, and synovitis scores were measured as previously 
described [38]. Immunohistochemical staining was performed over
night at 4 ◦C with primary antibodies against NOX4, MMP3, MMP13 (all 
from Abcam, Cambridge, UK), and COX2 (Proteintech, Rosemont, IL, 
USA). An appropriate secondary antibody was applied for 1 h at 25 ◦C, 
and protein expression was detected using AEC + high-sensitivity 
ready-to-use substrate chromogen (Dako, Santa Clara, CA, USA). Sec
tions were viewed using a Nikon Eclipse Ni microscope (Tokyo, Japan). 
For histopathological analysis, lung, liver, and kidney tissues were fixed 
in 4 % paraformaldehyde, embedded in paraffin, stained with hema
toxylin for 3 min, and stained with eosin for 10 min. Infiltration was 
scored as: 0 = normal, 0.5 = trace, 1 = mild, 2 = moderate, 3 = severe 
lymphocytic, and 4 = complete destruction. Two independent in
vestigators performed blind scoring of all histopathology samples.

2.16. In vivo biodistribution assay

To examine the biodistribution of Mitocelle in vivo, free Cy5.5 and 
Cy5.5-Mitocelle (10 mg/kg) were intra-articularly injected into the 
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knees of 10-week-old male C57BL/6 mice. In vivo imaging of mice was 
performed at 12, 24, 48, 72, 96, 120, and 168 h post-injection. To 
measure fluorescence intensity within major organs and joints, mice 
were euthanized, and the heart, lungs, liver, spleen, kidney, and knee 
were excised and imaged (exposure time, 1 s) using an IVIS Spectrum 
(VISQUE InVivo Smart-LF, Vieworks [Anyang-si, Republic of Korea]).

2.17. Statistical analysis

All experiments were performed more than three times. Data are 
presented as the means ± standard deviation (SD). Differences between 
groups were compared using the Mann-Whitney U test and one-way 
ANOVA with Bonferroni’s test. For non-parametric data, two groups 
were analyzed using the Mann-Whitney U test. Statistical analyses were 
performed using the GraphPad Prism 9 software (GraphPad Software, 
San Diego, CA, USA). P-values < 0.05 were considered to indicate sta
tistical significance.

3. Results

3.1. Design and characterization of Mitocelle

Mitocelle was prepared by performing metal intercalation of iron 
cations on povidone without any reducing agent: The iron cations 
became electrostatically bound to the negatively charged oxygen atoms 
on the heterocycles of povidone, thereby enabling the nucleation of PB 
(Fig. S1A). In contrast to the previously reported strategies involving PB 
[39], our method does not require any harsh and/or acidic condition, 
such as the use of high temperature, ultrasonication, and/or hydro
chloric acid. The formation of cyanide-bridged iron (II)-iron (III) com
plexes in the mixture of PB and Mitocelle was signaled by the 
appearance of blue coloration. As-prepared nanozymes could be 
lyophilized into a powder for storage and transportation (Fig. 1B). A 
UV–Vis absorption peak typical of the Fe (II)-CN-Fe (III) bond was 
observed at approximately 700 nm in the spectra of both PB and Mito
celle (Fig. 1C). DLS analysis revealed that the hydrodynamic diameters 
of PB and Mitocelle were 129 ± 1 nm and 88 ± 2 nm, respectively 
(Fig. 1D). We speculate that the metal-agglomerated PB exhibited a size 
reduction upon povidone coating due to the stabilizing effect of povi
done. The zeta potential of PB was − 39.5 ± 1 mV while that of Mitocelle 
was − 16.4 ± 1 mV, reflecting the surface coating of PB with povidone, 
which has a less negative charge (Fig. 1D). Mitocelle had a narrow size 
distribution, indicating that monodispersed nanozymes had been 
formed (Fig. 1E). The PDIs of PB and Mitocelle were 0.25 ± 0.01 and 
0.23 ± 0.03, respectively. TEM-based assessment of morphology 
revealed that Mitocelle was spherical and uniform in size (Fig. 1F right), 
whereas PB formed large and irregular agglomerates, reflecting its 
instability (Fig. 1F left). The XRD curve (Fig. 1G) confirmed the presence 
of a povidone coating in Mitocelle: The characteristic peaks of PB at 2θ 
= 17.3◦, 24.5◦, 35.2◦, 39.5◦, and 43.3◦ were hidden by the amorphous 
peak of povidone, verifying that the nanozymes had been encapsulated 
by the polymer template [40]. To assess the stability of Mitocelle, we 
monitored its size and PDI during storage in an aqueous solution and a 
biological buffer (Figs. S1B and C). Naked PB underwent aggregation 
directly after being dispersed in PBS. In contrast, Mitocelle remained 
stable for 2 weeks, without forming any partial aggregate. The initial 
diameters of Mitocelle in DIW and PBS were, respectively, 98 ± 13 nm 
and 151 ± 20 nm at the beginning of storage and around 92 ± 1 nm and 
132 ± 45 nm after 2 weeks. The PDIs of Mitocelle were below 0.3, 
indicating that the size distribution remained uniform under storage. 
The zeta potential of Mitocelle was − 19.6 ± 1 mV after 2 weeks of 
storage at 37 ◦C, indicating that the electrostatic repulsion of Mitocelle, 
and thus its stability, was maintained (Fig. S1D). The long-term stability 
of Mitocelle was analyzed after 2 weeks of storage in an aqueous solu
tion and 1 year of storage in the lyophilized state, and the results 
revealed that Mitocelle retained its physicochemical properties under 

long-term storage (Fig. S1E− G). These results indicate that, compared to 
PB, Mitocelle exhibits an enhanced stability that should facilitate its 
biomedical application. Mitocelle also exhibited prominent and 
dose-dependent DPPH and hydroxyl radical-scavenging activities. The 
DPPH radical scavenging activity of 10 mg/mL Mitocelle was 36.5 % 
(Fig. S1H). Mitocelle exhibited a very stronger hydroxyl radical scav
enging activity against DPPH radicals, likely reflecting the reported 
ability of PB to preferentially bind hydroxyl radicals [41]. The antioxi
dant activity of Mitocelle in neutralizing hydroxyl radicals increased 
dose-dependently from 35.0 % at 0.1 mg/mL to 86.4 % at 1 mg/mL 
(Fig. S1I). To examine the biological role of Mitocelle in chondrocytes, 
we used Cy5.5 labeling. Our analyses revealed that this labeling did not 
affect the physiochemical properties of Mitocelle, as evidenced by the 
lack of change in the UV–Vis absorption spectra (Fig. S2). We also found 
that Mitocelle was internalized into the cytoplasm and did not appear to 
exert cellular cytotoxicity (Fig. 1H, and Fig. S3). Based on previous re
ports on the cellular trafficking pathway between endosomes and 
mitochondria [42], the involvements of caveolin 1 and Rab7 in mem
brane trafficking and endosomal function [43,44], and the requirement 
for these proteins at the mitochondria-endosome interaction site 
[45–47], we used caveolin 1 and Rab7 as markers to further examine the 
Mitocelle internalization pathway. Indeed, our confocal microscopic 
analysis demonstrated that, upon cellular up-take, Mitocelle became 
fused to endosomal membranes positive for caveolin 1 and Rab7, and 
subsequently underwent translocation to mitochondria (Fig. S4).

3.2. Mitocelle targets NOX4 to regulate dysfunctional mitochondria

To characterize the impact of Mitocelle in the cytosol, we used the 
HuProt™ 3.1 human proteome microarray, which contains more than 
21,000 human proteins. We confirmed through UV–Vis absorption and 
fluorescence spectra that Cy5 labeling of Mitocelle did not alter the 
absorbance or fluorescent properties of the components (Fig. S5). The 
results were obtained by exposing the protein array to anti-GST and an 
appropriate Alexa Fluor 546-conjugated goat-anti-rabbit secondary 
antibody (Fig. 2A and B). Along with the proteome microarray data, we 
analyzed a list of intracellular organelle-related proteins extracted from 
IPA. Our results confirmed that Mitocelle has high binding affinity for 
mitochondria-related proteins. Among them, we verified that NOX4 
(SNR > 1.0) is a direct interaction partner of Mitocelle (Fig. 2C, Fig. S6). 
NOX4 overexpression leads to mitochondrial dysfunction in various 
cellular diseases [48] and NOX4 is responsible for producing H2O2 as a 
key signaling molecule for catabolic factor expression in OA [49].

Next, we monitored the movement of Mitocelle in chondrocytes in 
which mitochondria had been damaged by H2O2 treatment or NOX4 
overexpression. Real-time live imaging analysis showed that Mitocelle 
exhibited Brownian motion independent of mitochondrial movement 
under normal conditions, whereas it tracked dysfunctional mitochon
dria in H2O2-treated and Ad-NOX4-infected chondrocytes (Fig. 2D, 
Fig. S7). We then evaluated whether mitochondrial dysfunction induced 
by NOX4 could be restored by Mitocelle. Mitochondrial membrane po
tential is a critical physiological parameter that reflects the health and 
function of mitochondria. A decrease in the mitochondrial membrane 
potential of NOX4-overexpressing cells is usually indicative of mito
chondrial dysfunction [17]. JC-1 is a fluorescent dye that can reflect 
mitochondrial membrane potential by forming aggregates in the mito
chondrial matrix under high membrane potential or monomers under 
low membrane potential [50]. We found that the fluorescence intensity 
of JC-1 aggregates was greatly reduced in Ad-NOX4-infected chon
drocytes, indicating that the mitochondrial membrane potential was 
decreased in these cells. Importantly, however, this was 
dose-dependently restored by Mitocelle treatment (Fig. 2E). Together, 
our findings indicate that Mitocelle tracks defective mitochondria in 
NOX4-overexpressing chondrocytes and restores chondrocyte health by 
interacting with NOX4 to rescue the mitochondrial membrane potential.
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Fig. 2. Mitocelle can track and bind stressed mitochondria. (A) Schematic diagram of the human protein microarray analysis. (B) Mitocelle-interacting proteins were 
analyzed using the HuProt™ 3.1 human protein chip. The signal-to-noise ratio (SNR) for each spot was calculated as the ratio of the foreground-to-background signal. 
In addition, the GST signal intensity (red) was used for SNR normalization (left). A high-power image of NOX4 binding (white circles) is shown in the right panel. (C) 
Chord diagram visualizing the relationship between proteins with SNR > 1.0 and a list of mitochondrial, Golgi, and ER proteins. The SNR was calculated using the 
formula SNR = 20 log10 (Is In− 1), where ‘Is’ indicates the signal and ‘In’ indicates the noise. (D) Mouse chondrocytes treated with and without H2O2 were analyzed by 
real-time live imaging of mitochondria (green) and Mitocelle (red) using a Celldiscoverer7 and an LSM900 confocal microscope. Intensity profiles of linear regions of 
interest are shown in the right panel. (E) To confirm mitochondrial dysfunction, we performed JC-1 staining and quantified JC-1 aggregates (red) and JC-1 monomers 
(green) as average intensities expressed in arbitrary units. Data are presented as means ± SD (n = 5) and were assessed using one-way ANOVA with Bonferroni’s test. 
*P < 0.05, **P < 0.01, ***P < 0.001.
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3.3. Depletion of NOX4 protects against OA development

NOX4 has been implicated in the regulation of cartilage homeostasis 
and the function of chondrocytes, which are the cells responsible for 
producing and maintaining cartilage. Studies have indicated that NOX4- 
derived ROS may play roles in cartilage development and the responses 
to cartilage destruction and inflammation [18]. To characterize the 
function of NOX4 in OA, we first assessed its expression in OA cartilage. 
We observed that NOX4 expression was increased in damaged regions of 

human and mouse OA cartilage (Fig. 3A and B). To examine whether 
NOX4 overexpression was correlated with OA pathogenesis, we per
formed in silico analysis of RNA-seq data obtained from NOX4-encoding 
adenovirus (Ad-NOX4)-infected versus control chondrocytes. Gene set 
enrichment analysis (GSEA) demonstrated that Ad-NOX4-infected 
chondrocytes were strongly enriched for the OA gene signature 
(Fig. 3C). We selected several genes functionally related to matrix 
degradation, inflammation, and ROS production, and confirmed that 
their protein levels were also up-regulated (Fig. 3D and E). We also 

Fig. 3. NOX4 expression is altered in osteoarthritis (OA). (A) NOX4 expression in human OA patient cartilage (left) and relative densitometry (right). Scale bar, 100 
μm. (B) Expression of NOX4 in cartilage from mice with DMM-induced OA (left) and relative densitometry (right). Scale bar, 100 μm. (C) Gene set enrichment 
analysis (GSEA) of signature genes in chondrocytes infected with Ad-C or Ad-NOX4. (D) Expression levels of NOX4, MMP3, MMP13, and COX2 proteins in Ad-NOX4- 
infected chondrocytes, as detected by Western blot analysis (left) and analyzed by relative densitometry (right). (E) Intracellular ROS levels measured using DCF-DA 
in chondrocytes infected with Ad-NOX4 (800 MOI). (F) Safranin-O staining and immunohistochemistry of NOX4 and 8-OHdG (ROS marker) in DMM-induced 
cartilage of wild-type and NOX4− /− mice. Scale bar, 100 μm. (G) Cartilage degradation was evaluated by OASRI score, osteophyte formation, and subchondral 
bone plate thickness (SBP). (H) Relative density of NOX4 and 8-OHdG signals in DMM-induced cartilage of wild-type and NOX4− /− mice. Yellow dotted lines indicate 
tidemarks (F). Data are presented as means ± SD (n = 5) and were assessed using (A, B, E, G, H) Mann-Whitney U test or (D) one-way ANOVA with Bonferroni’s test. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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verified that the mRNA expression levels of OA catabolic factors were 
increased by NOX4 (Fig. S8). Next, we examined the phenotype of 
NOX4-depleted mice in which OA development was triggered by 
destabilization of the medial meniscus (DMM) surgery. As expected, 
NOX4-knockout (NOX4− /− ) mice exhibited decreased osteoarthritic 
cartilage destruction (Fig. 3F). Furthermore, OA manifestations, such as 
cartilage destruction, osteophyte formation, and subchondral bone 
sclerosis, were significantly decreased in DMM-induced NOX4− /− mice, 
as were catabolic factor levels and ROS production (Fig. 3G and H). 
Based on the above results, we hypothesize that the interaction of 
Mitocelle and NOX4 may inhibit NOX4-mediated ROS production and 
OA-related catabolic factor expression, suggesting that this novel 
nanozyme could potentially be suitable for OA therapy.

3.4. Penetration and retention of Mitocelle in mouse cartilage

Localized delivery of nanoparticles with extended retention in the 
joint is an excellent strategy for targeting the site of OA development 
and potentially eliminating the need for repeated injections. To monitor 

the penetration of Mitocelle into the cartilage matrix, ex vivo explanted 
cartilage from mouse joints was exposed to Cy5.5-Mitocelle or free 
Cy5.5 for 24 h and observed under a fluorescence microscope. The re
sults confirmed that Cy5.5-Mitocelle penetrated deeply into the carti
lage matrix and yielded a high signal intensity (Fig. 4A). To evaluate the 
stability and diffusion of Mitocelle in the cartilage matrix, Cy5.5- 
Mitocelle was injected intra-articularly, mouse joints were sampled at 
24 h post-injection, and fluorescence images were analyzed. A higher 
intensity of Cy5.5 was observed in samples from mice injected with 
Cy5.5-Mitocelle compared to free Cy5.5 (Fig. 4B). To evaluate retention 
in the synovial membrane, Mitocelle was intra-articularly injected into 
mice and assessed at various time points under fluorescence microscopy. 
The fluorescence intensity of cartilage injected with free Cy5.5 
decreased rapidly from 12 h, whereas cartilage injected with Cy5.5- 
Mitocelle maintained a strong fluorescence intensity up to 48 h post- 
injection and continued to exhibit fluorescence up to 168 h post- 
injection (Fig. 4C). Thus, the retention time of Cy5.5-Mitocelle in an 
injected joint was longer than that of free Cy5.5. Moreover, our organ 
distribution analysis showed that intra-articularly injected Mitocelle 

Fig. 4. Enhanced penetration and extended retention of Mitocelle in cartilage matrix. (A) Fluorescence microscopy images of mouse articular cartilage explants 
exposed to free Cy5.5 or Cy5.5-labeled Mitocelle for 24 h (left). Quantification of the fluorescence penetration depth (right). Scale bar, 100 μm. (B) Fluorescence 
microscopy images of mouse articular cartilage sampled at 24 h after intra-articular injection of Cy5.5-labeled Mitocelle (red). Scale bar, 20 μm. Quantification of the 
fluorescence intensity of Cy5.5 (right). (C) Retention time of free Cy5.5 and Cy5.5-labeled Mitocelle injected into the knee joints of C57BL/6 mice (left). Data are 
presented as means ± SD (n = 5) and were assessed using (A, B) Mann-Whitney U test or (C) one-way ANOVA with Bonferroni’s test. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.
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showed no evidence of diffusing to another organ such as the heart, lung, 
liver, or spleen, and was ultimately excreted mainly via renal excretion 
up to 120 h post-injection (Fig. S9). We saw no evidence of synovial 
inflammation when Mitocelle was intra-articularly injected at 1-, 2-, or 
4-week intervals after DMM surgery, nor did we observe inflammation 
of the lung, liver, or kidney under the most frequent dosing schedule (1- 
week intervals) (Fig. S10). Together, these results show that injected 
Mitocelle does not provoke toxicity in the synovium, lung, liver, or 
kidney, supporting its potential to be developed for clinical use as an 
inhibitor of OA development.

3.5. Therapeutic effects of Mitocelle under OA-mimicking conditions in 
vitro and in vivo

We next assessed the effect of Mitocelle on NOX4-induced OA-related 
catabolic factor expression. GSEA demonstrated that Mitocelle inhibited 
the NOX4-induced up-regulation of the OA gene signature (Fig. 5A). 
Analysis of collagenase, PGE2, and ROS production revealed that Mito
celle treatment inhibited the NOX4-induced up-regulation of matrix 
degradation, inflammation, and ROS production (Fig. 5B, Figs. S11A and 
B). Additionally, the NOX4-induced up-regulation of the mRNA 
expression levels of OA-related catabolic factors was reversed by 

Mitocelle (Fig. S11C). In parallel experiments involving Mitocelle that 
had been stored for 2 weeks in solution or 1 year in the lyophilized state, 
we found no change in ability of Mitocelle to inhibit catabolic factor 
expression under the OA-mimicking condition in vitro (Fig. S12), indi
cating that the in vitro efficacy was maintained in Mitocelle that had 
undergone storage. We compared the antioxidant activities of Mitocelle 
with those of the vitamin A derivative, RP, which is well known to exert 
antioxidant activity and regulate catabolic factor expression [51,52]. 
Indeed, we found that, compared to RP, Mitocelle had greater efficacy in 
scavenging DPPH radical (Fig. S13A) and inhibiting catabolic activity 
(Fig. S13B). Thus, Mitocelle exhibited strong antioxidant activity and 
inhibition of catabolic factor expression under NOX4-induced OA-mi
micking conditions in vitro, and such effects could be seen even after the 
preparation was stored for 1 year in a lyophilized state.

To examine the therapeutic effect of Mitocelle on OA development in 
vivo, we performed intra-articular injection of PBS and Mitocelle into 
DMM-induced OA model mice. We previously found that DMM-induced 
cartilage destruction is first detectable at 4 weeks after DMM surgery 
[34]. Therefore, Mitocelle was injected intra-articularly for 6 weeks at 
1-week intervals starting at 4 weeks after DMM surgery (Fig. S14A). The 
degree of knee joint damage was scored using OARSI, osteophyte for
mation, and subchondral bone plate thickness analyses, which are used 

Fig. 5. Mitocelle alleviates cartilage destruction by downregulating ROS levels. (A) GSEA of Ad-NOX4-infected chondrocytes treated with or without Mitocelle. (B) 
Chondrocytes infected with Ad-NOX4 (800 MOI) were treated with Mitocelle, and intracellular ROS levels were assessed using DCF-DA. (C) Safranin-O staining and 
(D) immunohistochemical analysis examining the effect of Mitocelle in DMM-induced mice. After DMM surgery, intra-articular injection of Mitocelle was performed 
at 4-week intervals. Scale bar, 100 μm. (E) To evaluate the degree of cartilage damage, OARSI grade, osteophyte formation, and subchondral bone plate thickness 
were measured. (F) Relative densitometry assessing the expression levels of the OA-related catabolic factors, MMP3, MMP13, COX2, and 8-OHdG. Yellow dotted lines 
indicate tidemarks (C). Data are presented as means ± SD (n = 5) and were assessed using (B) one-way ANOVA with Bonferroni’s test or (E, F) Mann-Whitney U test. 
*P < 0.05, **P < 0.01, ****P < 0.0001.
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to grade OA. Our results showed that this intra-articular injection of 
Mitocelle significantly reduced the degree of cartilage damage 
(Figs. S14C and E) and the expression levels of OA catabolic factors and 
the ROS marker, 8-OHdG (Fig. S14G). Knee injections may provide only 
temporary relief, so patients should be prepared to find other ways to 
manage their knee pain in the long run [53]. Although our results sug
gest that Mitocelle has no cytotoxicity and is taken into cartilage in vitro, 
in vivo, and ex vivo, the duration of its efficacy remains unclear. That 
said, we found that Mitocelle was sufficiently effective in our experi
mental setting when administered at intervals of 2 weeks (Figs. S14B, D, 
F, H) or 4 weeks (Fig. 5C–F). Our findings confirm that Mitocelle 
effectively prevents the breakdown of osteoarthritic cartilage by inhib
iting the expression of OA-related catabolic factors, thereby reducing the 
symptoms of OA. Together, our results show that Mitocelle, which is 
composed of FDA-approved biocompatible materials, can effectively 
reduce the levels of cartilage-damaging factors and inhibit OA-related 
catabolic factor expression without cytotoxicity to exert long-lasting 
effects that may minimize the extent of osteoarthritic cartilage 
destruction. Therefore, injecting Mitocelle directly into the joint could 
be a promising approach for treating OA.

3.6. Molecular mechanism through which Mitocelle decreases catabolic 
factor expression

Lastly, we investigated the mechanism through which the Mitocelle/ 
NOX4 interaction inhibits the ability of NOX4 to increase catabolic 
factor expression. p22phox is an essential component of the NADPH 
oxidase complex, and the NOX4-p22phox interaction is primarily 
responsible for generating ROS [14,15,54]. We found that p22phox 
appeared on the list of Mitocelle-altered genes involved in ROS gener
ation (Fig. 6A and B), suggesting that Mitocelle competitively inhibits 
the NOX4-p22phox complex. To test this hypothesis, we performed 
FRET analysis, particularly looking at acceptor photobleaching 
(Fig. 6C). We used the FRET signal for the positive-control fusion protein 
to establish the experimental conditions (Fig. S15). We then 
co-transfected NOX4-YFP and p22phox-CFP and examined whether 
there was direct binding between NOX4 and p22phox. Indeed, we 
observed that the signal intensity of p22phox-CFP (donor) increased 
when NOX4-YFP (acceptor) was bleached in a specific region. However, 
Mitocelle treatment either decreased or failed to change the donor in
tensity (Fig. 6D). Our calculation of FRET efficiency showed that the 
Mitocelle-treated group showed a significant decrease (Fig. 6E). Thus, 
NOX4 and p22phox generated significant FRET signals under control 
conditions but not under Mitocelle treatment. These findings suggest 
that, in the dysfunctional mitochondria of chondrocytes present in OA 
conditions, Mitocelle interferes with the formation of the 
NOX4-p22phox complex to inhibit NOX4-induced ROS generation and 
downstream OA-related catabolic factor expression.

4. Discussion

Mitochondrial dysfunction is a key factor in numerous cellular 
organelle disorders; it impacts multiple facets of cellular well-being and 
operation due to the pivotal involvement of mitochondria in energy 
generation, apoptosis (controlled cell death), and metabolic pathways 
[55]. Malfunction of mitochondria can have a domino effect on other 
organelles and cellular systems to worsen or intensify pathological 
conditions [2]. Accumulating evidence indicates that mitochondrial 
dysfunction plays an important role in the development of OA, which is 
a degenerative joint disease defined by the deterioration of joint carti
lage and underlying bone [56]. Mitochondrial dysfunction in joint tis
sues, especially in cartilage-maintaining chondrocytes, is a major 
contributor to the development and progression of OA. This dysfunction 
is influenced by biochemical, mechanical, and environmental factors 
[57]. Biocompatible materials capable of scavenging ROS are expected 
to have tremendous therapeutic potential in treating OA. However, they 

are currently limited in terms of their selectivity, specificity, biocom
patibility, targeted administration, and regulatory approval.

In this study, we developed Mitocelle as a novel nano-formulation 
that effectively addresses many of the limitations of earlier ap
proaches, and propose it as a safe and dependable pharmaceutical op
tion. To develop Mitocelle, we utilized biocompatible povidone as a 
template polymer to enhance the stability of PB. Povidone creates 
complexes with medications and other compounds to enhance their 
stability and solubility. PB is employed in medicine as an antidote for 
heavy metal poisoning with thallium or radioactive cesium. We devel
oped a quick and efficient procedure for synthesizing Mitocelle without 
any requirement for heat or a reducing agent. As prepared, Mitocelle 
exhibited distinctive attributes and enhanced resistance to clumping, 
compared to PB alone, which quickly formed solid particles when 
maintained in a biological buffer. The component materials have 
already been approved by the US FDA, and our results suggest that they 
do not cause any harm to chondrocytes or other organs.

Our experiments showed that Mitocelle moves from the cartilage 
matrix to the cytoplasm of chondrocytes, where it specifically targets 
and identifies malfunctioning mitochondria. Mechanistically, mito
chondrial dysfunction is connected to OA via the NOX4-p22phox axis- 
governed overproduction of ROS, which triggers OA-related catabolic 
factor expression. Mitocelle is one of nanoparticles, it could bind to a 
protein through shape and size compatibility [38]. The physical di
mensions of Mitocelle may be tailored to fit the pocket of NOX4 formed 
by p22phox interaction, potentially blocking or altering the active site or 
another functional region of the enzyme. Consistent with this, our re
sults demonstrated that inhibition of NOX4 leads to decreases 
OA-related changes. Here, we report that Mitocelle binds to NOX4 and 
p22phox and disrupts their complexation to inhibit NOX4 activity, and 
thereby reduces ROS generation and alleviates the oxidative 
stress-related development of OA.

We further reveal that the localized intra-articular knee injection of 
Mitocelle is highly beneficial for the treatment of OA, without showing 
any organ cytotoxicity in a mouse model. Although OA leads to 
inflammation, cartilage degradation, and bone structure alterations, the 
current intra-articular injection-based therapies mostly focus on sup
pressing inflammation and improving knee mobility through the use of 
corticosteroids and HA. Here, we found that OA model mice given knee- 
joint injections of Mitocelle at intervals of 1, 2, or 4 weeks after the 
commencement of OA development demonstrated suppression of cata
bolic factor expression and OA symptoms. Cy5.5-Mitocelle was retained 
in an injected joint for longer than free Cy5.5 without showing evidence 
of diffusion to another organ, and was excreted mainly via renal 
excretion. Mitocelle comprises biocompatible materials that are very 
stable to degradation and can inhibit the expression of catabolic factors 
triggered by the NOX4-p22phox interaction. The retention time of 
hydrogels in the knee joint is crucial for their effectiveness, especially in 
therapeutic applications such as delivering drugs or aiding in tissue 
repair. Interestingly, gallic acid-grafted gelatin hydrogel (GLP hydrogel) 
has the capacity to release liposome-anchored teriparatide into a knee 
joint [58]. The utilization of gelatin hydrogel also facilitates the pro
longed and controlled delivery of antioxidant PGA-Mn nanoparticles 
within the joint [59]. Therefore, to improve the retention time of 
Mitocelle in cartilage, it might prove useful to add GLP, or other func
tional hydrogels.

In sum, we herein show that our newly developed formulation, 
Mitocelle, addresses some of the constraints and obstacles associated 
with inhibiting defective mitochondria, such as problems with selec
tivity, delivery, unknown molecular mechanisms, and toxicity. Our 
research indicates that Mitocelle shows promise as a safe and easily 
translatable medication for treating OA and other NOX4-related cellular 
organelle disorders. In the future, it is plausible that Mitocelle may also 
be employed as a delivery agent for transporting drugs to malfunction
ing mitochondria in other conditions.
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Fig. 6. Mitocelle interferes with the NOX4-p22phox interaction that contributes to ROS generation. (A) HuProt™ 3.1 Human Protein chip was used to analyze the 
effects of free Cy5 and Cy5-labeled Mitocelle (5 μg/mL) on Mitocelle-interacting proteins. The signal-to-noise ratio (SNR) of each point was calculated as the ratio of 
foreground to background signal. Additionally, a high-power image of p22phox binding (white circle) is shown in the right panel. (B) The SNR >1.0 proteins included 
10 proteins known to be involved in ROS generation. (C) Schematic illustration of the principle of FRET and the acceptor photobleaching used for FRET mea
surements; CFP (donor), YFP (acceptor). (D) FRET detection by acceptor photobleaching. Chondrocytes were transfected for 24 h with vectors encoding YFP-NOX4 
and CFP-p22phox, Mitocelles were applied, and transfection was continued for an additional 24 h. Fluorescence images were collected using YFP and CFP channels 
before and after photobleaching. To better show the changes in CFP fluorescence, pre- and post-bleaching CFP images are presented using pseudocolor. (E) FRET 
efficiency was measured after acceptor bleaching. Data are presented as means ± SD (n = 10) and were assessed using (E) Mann-Whitney U test. ****P < 0.0001.
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5. Conclusion

We herein describe the development of an intra-articularly injectable 
Mitocelle by coating ROS-scavenging PB with biocompatible povidone, 
show that it decreases the severity of OA in a mouse model, and 
accordingly suggest Mitocelle as a new treatment strategy for OA. 
NOX4-p22phox axis-induced ROS production is well balanced in normal 
mitochondria. When this balance is disrupted by a pathogenic factor, 
ROS production increases to cause mitochondrial dysfunction. Here, our 
protein array and FRET analyses demonstrate that Mitocelle directly 
interferes with the interaction between NOX4 and p22phox to inhibit 
ROS production, alleviate mitochondrial dysfunction, and downregulate 
OA-related catabolic factors. To our knowledge, this is the first paper to 
show that regulating ROS production by interfering with the NOX4- 
p22phox interaction in chondrocytes can have therapeutic effects in 
OA. Therefore, we strongly suggest that Mitocelle holds promise as a 
possible treatment for OA and, potentially, for other pathologies that 
show similar underlying patterns of mitochondrial damage.
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