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Keywords: Carbon monoxide (CO) has great potential in the therapy of osteoarthritis (OA), but its controllable delivery in
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vivo is still an intractable problem. To optimize CO gas therapy for OA, a stable CO release platform with multi-
stimulus responsiveness must be designed. Herein, we describe a local delivery system (Fe3(CO);2 @Croc-
PEG5K) for near-infrared fluorescence (NIRF) imaging-guided photothermal treatment and CO gas synergistic
therapy. As a nano gas tank, Fe3(CO);2 @Croc-PEG5K releases CO on-demand under near infrared (NIR) laser
irradiation, scavenges free radicals and regulates the pH in the OA microenvironment, and relieves the in-
flammatory response of macrophages to maintain the vitality of chondrocytes. Furthermore, the pH-dependent
NIRF imaging properties of Fe3(CO);2 @Croc-PEG5K can be exploited to determine the administration interval
and auto-monitor the curative effects during the therapeutic process. Owing to these merits, the photothermal
and CO gas synergistic therapy mediated by Fe3(CO)12 @Croc-PEG5K can be optimized to deliver outstanding
therapeutic performance in vivo, as demonstrated by the OA rat model. Our study is the first to validate the
therapeutic effect of CO against OA in vivo, reveals a promising strategy for precision medicine pertaining to the
treatment of OA and broadens the scope of CO gas therapy.

Introduction

Osteoarthritis (OA) is a progressive and degenerative disease char-
acterized by the degradation of cartilage, subchondral bone thickening,
osteophyte formation, synovial inflammation, and ligament and
meniscus injury, which is caused by the complex interactions among
heredity, metabolism, biochemistry, and biomechanics [1-4]. As a kind
of refractory orthopedic disorder, OA usually causes physical pain,
psychological pressure, inconvenience in the daily life of patients, and
social burden [5-7]. The current treatment options for OA include
physiotherapy, surgical intervention, and drug therapy [8-10]. Physio-
therapy is usually time-consuming and may not be effective for some
patients [11-15], while surgical intervention is a costly and more risky
option [16-19]. Therefore, drug therapy is the preferred OA treatment

[20]. The clinical drugs for OA treatment mainly include analgesics, and
non-steroidal anti-inflammatory drugs (NSAIDs) [21]. However, these
first-line medicines can only provide symptomatic relief and slow down
the deterioration of OA, but not completely reverse the disease pro-
gression [22-25]. In addition, there are some non-negligible problems in
the clinical administration of these drugs. For example, analgesics are
addictive [26], and NSAIDs may cause upper gastrointestinal compli-
cations and cardiovascular diseases [27]. Hence, it is highly desirable to
develop safe and reliable therapeutic drugs based on the specific path-
ological characteristics of OA, and a goal of precision therapy can be
achieved by on-demand administration while the therapeutic efficacy is
monitored in real-time.

Among the various burgeoning medical methods, gas therapy has
aroused much interest as a possible OA therapy [28,29]. Previous
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Scheme 1. Schematic illustration of Fe3(CO);5 @Croc-PEG5K for NIRF imaging-guided photothermal and CO gas synergistic therapy of OA.

studies reveal that a certain dose of hydrogen (Hy) can alleviate the
inflammatory response of OA in the animal model [30]. Compared to Hy,
carbon monoxide (CO) can provide more diverse biological effects [31],
such as regulating vascular tension to promote blood circulation and
reduce blood stasis [32], reducing oxidative stress to relieve inflam-
mation [33], exerting anti-apoptotic effects to inhibit mitochondrial
apoptosis [34], and promoting tissue regeneration by ameliorating the
physiological microenvironment [35]. All these features are desirable
for the treatment of OA which shows symptoms such as local swelling,
excessive inflammation, and cartilage degradation [36-38]. It is hence
reasonable to speculate that CO can be the preferred therapeutic agent
for OA. However, gaseous CO is diffusible making its concentration and
local delivery uncontrollable in vivo, probably causing invalidity and
even poisoning risks [39-42]. Therefore, stable CO-releasing molecules
(CORMs) and multi-functional transport vehicles must be designed for
the intelligent delivery and controllable release of CO in OA treatment.

As complexes formed by transition metals (nickel, cobalt, ruthenium,
vanadium, chromium, manganese, and iron) and CO, carbonyl metals
are the storage tanks of CO gas and are capable of releasing CO under
specific conditions such as light, heat, pH, and magnetism [43-45].
When considering the biosafety of metal metabolites, carbonyl manga-
nese, and carbonyl iron are more suitable than others in biological ap-
plications because manganese and iron are trace elements in the human
body [46-48]. In particular, Fe3(CO);2 has the highest gas storage ca-
pacity, making it an excellent candidate for CO storage and release [49].
Nevertheless, the poor water solubility of Fe3(CO);2 as well as other
carbonyl metals poses a challenge in transportation in vivo, and a hy-
drophilic and biocompatible carrier that can deliver Fe3(CO)iy is
required [50]. Furthermore, if the carrier is versatile enough to have
both diagnostic and therapeutic capabilities besides good maneuver-
ability, optimal CO gas therapy can be achieved.

Croc-PEG5K is an organic compound consisting of the croconium dye
and the polyethylene glycol (PEG) polymer chain with good hydrophilic
characteristics on one end and hydrophobicity on the other end [51].
The unique structure makes it an excellent candidate to envelop CORM
to overcome the poor water solubility and short half-life. Moreover,
Croc-PEG5K exhibits a significant photothermal effect when exposed to
near-infrared (NIR) laser irradiation boding well for both photothermal
physiotherapy and stimulated CO release. What is more promising,
Croc-PEG5K is suitable for pH-sensitive near-infrared fluorescence
(NIRF) imaging, not only for the determination of the effective time

window after administration, but also for real-time auto-monitoring of
the changes in the pathological microenvironment for self-evaluation.
Therefore, Croc-PEG5K is a desirable delivery vehicle from many
aspects.

In this study, an intelligent CO delivery system with photothermal
capability, responsiveness to reactive oxide species (ROS) and reactive
nitrogen species (RNS) [52], as well as the pH-dependent NIRF is
designed by encapsulating Fe3(CO);2 into Croc-PEG5K. The core-shell
nano gas tank Fe3(CO);2 @Croc-PEG5K can be easily formed via the
hydrophilic and hydrophobic interactions between Feg(CO);2 and
Croc-PEG5K. After intra-articular injection, early release of CO from
Fe3(CO)12 @Croc-PEG5K is triggered photothermally upon NIR laser
irradiation to scavenge the overexpressed ROS/RNS and promote pH
normalization. Meanwhile, ROS/RNS can serve as the internal stimuli to
promote CO release under pathological conditions, achieving a virtuous
cycle by ameliorating the microenvironment in the articular cavities.
Controllable release of CO not only alleviates the inflammatory symp-
toms of macrophages to protect the damaged cartilage, but also exerts a
positive effect on the proliferation of chondrocytes. Owing to the dual
effects of CO gas therapy, the integrity of the cartilage can be preserved.
Furthermore, NIRF imaging can be utilized to visualized the retention of
Fe3(CO)12 @Croc-PEG5K in the articular cavities to determine the
administration window, and provide real-time feedback on the thera-
peutic efficacy by auto-monitoring the acidity change at the lesion sites
(Scheme 1). To the best of our knowledge, this is the first demonstration
of the synergistic therapeutic activity of photothermal therapy and CO
gas therapy for OA and integration of diagnosis and therapy by utilizing
the pH-sensitive NIRF imaging capability of Fe3(CO);2 @Croc-PEG5K.
Our study provides not only a theoretical basis for CO gas therapy on
inflammatory diseases, but also guidance on how to overcome the
various challenges associated with OA.

Experimental section
Materials

Dodecacarbonyltriiron (99 %, Sigma), tetrahydrofuran (THF, 99 %,
Lingfeng), hemoglobin (Hb, 98 %, Aladdin), sodium dithionite (SDT, 99
%, Energy Chemical), hydrogen peroxide (30 %, Lingfeng), ethanol
(99.5 %, Lingfeng), 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide (PTIO, 98 %, Energy Chemical), 1,1-diphenyl-2-picrylhydrazyl



X. Gao et al.

radical (DPPH, 97 %, Energy Chemical), lipopolysaccharide (LPS,
Beyotime) dulbecco’s modified eagle medium (DMEM, Hyclone), peni-
cillin/streptomycin solution (Hyclone), fetal bovine serum (FBS, Gibco),
collagenase II (Sigma), phosphate buffer saline (PBS, Hyclone), trypsin-
EDTA solution (Sigma), dimethyl sulfoxide (DMSO, 99 %, Energy
Chemical), cell counting kit-8 (CCK-8, Beyotime), ROS assay kit (DCFH-
DA, Beibo), RNS assay kit (052, Beibo), 4,6-diamidino-2-phenylindole
(DAPI, Beyotime), calcein acetoxymethyl ester (calcein-AM, Beyo-
time), propidium iodide (PI, Beyotime), trizol reagent (Qiagen, Ger-
many), trichloromethane (CDCls, 99 %, Lingfeng), propan-2-ol (IPA, 99
%, Lingfeng), diethyl pyrocarbonate (DEPC, Beyotime), revertaid first
strand cDNA synthesis kit (TransGen Biotech), primers (Sangon
Biotech), monosodium iodoacetate (MIA, 99 %, Macklin), living chem-
iluminescence (CL) ROS/RNS probe (L012, Sigma), praformaldehyde (4
%, Servicebio), hematoxylin-eosin (HE, Servicebio), safranin-O fast
green (Servicebio), anti-collagen type II (Servicebio), in situ cell death
detection kit (TUNEL, Servicebio), anti-MMP-13 (Servicebio), tartrate
resistant acid phosphatase (TRAP, Servicebio).

Instruments

The high-resolution liquid chromatography-mass (HRLC-MS) spectra
were obtained from the HRLC-MS spectrometer (Q-Exactive, Thermo,
America) and the 'H and '3C nuclear magnetic resonance (NMR) spectra
were acquired on the NMR spectrometer (AVANCE III 600 MHz, Bruker,
Germany). The topography, size distributions and zeta potentials of the
nanoparticles were characterized by transmission electron microscopy
(TEM, JEM-F200, JEOL, Japan) and dynamic light scattering (DLS, Zeta
Sizer Nano ZS90, Malvern, Britain). The UV-vis-NIR and Fourier
transform infrared (FT-IR) spectra were obtained on the UV-vis-NIR
spectrophotometer (Cary 60, Agilent Technology, America) and Fourier
transform infrared spectrophotometer (Spectrum Two, PerkinElmer,
America), respectively. The photothermal experiments were conducted
using an 808 nm laser (LWIRPD-808-5F, Leizhiwei, China). The
viability and fluorescence micro-images of the cells were assessed on a
microplate reader (Varioskan Flash, Bio Tek, America) and by high-
resolution confocal microscopy (STELLARIS 5 Cryo, Leica, Germany),
respectively. Gene expression of cells was measured by quantitative real-
time polymerase chain reaction (QPCR) using a qTOWER3 qPCR in-
strument (Analytik Jena, Germany). Near-infrared fluorescence (NIRF)
and micro-computed tomography (Micro-CT) imaging were performed
on the animals using a living multi-mode imager (IVIS Spectrum, Per-
kinElmer, America) and scanner (uCT100, SCANCO Medical AG,
Switzerland), respectively. The histological staining and analysis were
conducted on the pathological slicer (RM2016, Leica, Germany) and
optical microscopic imaging system (DS-U3, Nikon, Japan).

Preparation and characterization of Fe3(CO);2 @Croc-PEG5K

Croc-PEG5K was synthesized by adopting the procedures described
previously [51]. Croc-PEG5K (24.0 mg, 4.3 mmol) and Fe3(CO)i2
(12.0 mg, 23.8 mmol) were dissolved in THF (6 mL), respectively.
During sonication, Croc-PEG5K and Fe3(CO); were added to ultra-pure
water (50 mL) dropwise and mixed thoroughly for 30 min. Argon was
injected continuously to remove THF from the water. The mixture was
extruded through filter membranes (0.8, 0.45 and 0.22 pm) and
concentrated in ultrafiltration centrifuge tubes (10 KD) to obtain
Fe3(CO)12 @Croc-PEG5K. The as-prepared Fe3(CO);2 @Croc-PEG5K
was characterized by TEM, DLS, UV-vis-NIR, FT-IR and Zeta potential.

In vitro NIR-mediated CO release of Fe3(CO);2 @Croc-PEG5K

The Fe3(CO);2 @Croc-PEG5K solution (30 pM, 1.0 mL) was irradi-
ated with an 808 nm laser with different optical densities (0.0 ~ 1.0 W/
cm?) for 16 min to obtain the photothermal temperature curves.
Considering the determination of CO release by the Hb method, the
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intervention of Hb and reductant on the photothermal effect was also
investigated. Hb (5 pM) and SDT (1.6 mg) were added to the Fe3(CO);2
@Croc-PEG5K solution (30 pM, 1.0 mL) and argon was injected to purge
air. The solution was irradiated with the 808 nm laser with different
optical densities (0.0 ~ 1.0 W/cm?) for 16 min to obtain the photo-
thermal temperature curves.

In the next step, the solution was irradiated with the 808 nm laser
with different optical densities (0.0 ~ 1.0 W/cmz), and the UV-vis—-NIR
spectra were collected in a time-dependent manner. During this process,
the absorbance values at 420 nm and 432 nm were recorded to calculate
the CO release at different time points according to the Hb method [48].

1 .333AbS420 - AbS432

Co =C )
H0.8543Absg0 + 0.9939Abs,3,

where C,, and Cyp, are the concentrations of CO and Hb, respectively and
Absyz0 and Absass are the absorbances at 420 nm and 432 nm, respec-
tively. To further verify the controllability of CO release by the laser, the
solution was subjected to the 808 nm laser (0.6 W/cmz) irradiation with
repeating “on-off” states to determine the CO release at different time
points.

In vitro H202-mediated CO release of Fe3(CO)12 @Croc-PEG5K

Different concentrations of HyO5 (0.0 ~ 5.0 pM) were added to the
solution and the UV-vis-NIR spectra were collected in a time-dependent
manner. The absorbances at 420 nm and 432 nm were recorded to
calculate the CO release at different time points according to the
aforementioned Hb method.

In vitro ROS/RNS scavenging capacity of Fe3(CO);2 @Croc-PEG5K

Fe3(CO)12 @Croc-PEG5K (0 ~ 25 pM) was added to PTIO in the PBS
solution (2.5 mM, 2 mL) and irradiated with the 808 nm laser with
different optical densities (0.0 ~ 1.0 W/cm?) for 10 min followed by
measuring the absorbance at 557 nm. Similarly, Fe3(CO);2 @Croc-
PEG5K (0 ~ 15 pM) was added to the DPPH in ethanol (2.0 mM, 2 mL)
and irradiated with the 808 nm laser with different optical densities (0.0
~ 1.0 W/cm?) for 10 min prior to measuring the absorbance at 517 nm.
The inhibition rates were calculated by the following formula [53]:

Ap— A; — A,

Inhibition(%) = ( ) ) * 100%,
0

where A is the absorbance of PTIO/DPPH at 557/517 nm, A; stands for
the absorbance of the solution of PTIO/DPPH and Fe3(CO);» @Croc-
PEGS5K at 557/517 nm, and A; is the absorbance of Fe3(CO)12 @Croc-
PEG5K at 557/517 nm.

Cell culture

The murine-derived macrophages (RAW264.7) were purchased from
the National Collection of Authenticated Cell Cultures (Shanghai,
China). The chondrocytes were extracted from the cartilage tissue of
one-week-old C57BL/6J lactating mice (Vital River Laboratory, Jiaxing,
Zhejiang) according to a previous study [54]. Both the RAW264.7 cells
and chondrocytes were cultured in DMEM supplemented with 10 %
(v/v) FBS in a humidified incubator of 5 % COs.

In vitro biocompatibility of Fes(CO)12 @Croc-PEG5K

Both the RAW264.7 cells and chondrocytes were seeded on 96-well
plates at a density of 5 x 10° cells/well and cultured at 37 °C for 24 h.
In some groups, the culture medium was subsequently replaced with the
fresh culture medium containing LPS (1 pg/mL) for another 24 h and
washed with the PBS buffer thereafter. Subsequently, Croc-PEG5K and
Fe3(CO)12 @Croc-PEG5K (0 ~ 140 pM) dissolved in the culture medium
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were incubated with the cells for 24 h and replaced with fresh culture
medium for 24 h after washing with PBS. Finally, the treated cells were
incubated with serum-free DMEM containing CCK-8 (10 %) for 1.5 h and
the absorbance at 450 nm was measured according to the standard
procedure of the CCK-8 assay.

In live/dead staining, 1 x 10° RAW264.7 cells and chondrocytes
were seeded on the bottom dishes (20 mm) and cultured at 37 °C for
24 h. In some groups, the culture medium was replaced with the fresh
culture medium containing LPS (1 pg/mL) for another 24 h and washed
with the PBS buffer thereafter. Subsequently, Croc-PEG5K and
Fe3(CO)12 @Croc-PEG5K (50 pM) dissolved in the culture medium were
incubated with the cells for 24 h, and then replaced with the fresh cul-
ture medium for 24 h after PBS washing. Finally, the treated cells were
co-stained with calcein-AM and PI for 20 min and washed with the PBS
buffer prior to fluorescence imaging.

Cellular CO release of Fe3(CO)12 @Croc-PEG5K in RAW264.7 cells

1 x 10° RAW264.7 cells were seeded on the bottom dishes (20 mm)
and cultured at 37 °C for 24 h. In some groups, the culture medium was
replaced with the fresh culture medium containing LPS (1 pg/mL) for
another 24 h and washed with the PBS buffer thereafter. The cells were
then co-stained with DAPI for 10 min and DCFH-DA/052 for 20 min and
washed with the PBS buffer prior to fluorescence imaging.

CO probe (COP) was synthesized according to a previous study [55],
and characterized by HRLC-MS as well as 'H and 3C NMR. 1 x 10°
RAW264.7 cells were seeded on the bottom dishes and cultured at 37 °C
for 24 h. In some groups, the culture medium was replaced with the
fresh culture medium containing LPS (1 pg/mL) for another 24 h and
washed with the PBS buffer thereafter. COP (25 pM) dissolved in the
culture medium was incubated with the cells for 3 h and washed with
the PBS buffer. Afterwards, Fe3(CO);2 @Croc-PEG5K (50 pM) dissolved
in DMEM was incubated with the cells for 8 h and irradiated with the
808 nm laser (1.0 W/cm?) for 5 min. The cell culture continued for
another 16 h and the cells were washed with the PBS bulffer. Finally, the
treated cells were stained with DAPI for 10 min and washed with the
PBS buffer prior to fluorescence imaging.

Immunomodulatory effect of Fe3(CO)12 @Croc-PEG5K

The RAW264.7 cells were seeded on 24-well plates at a density of
2 x 10* cells/well and cultured at 37 °C for 24 h. In some groups, the
culture medium was replaced with the fresh culture medium containing
LPS (1 pg/mL) for another 24 h and washed with the PBS buffer there-
after. Fe3(CO)12 @Croc-PEG5K (25 and 50 pM) dissolved in DMEM was
incubated with the cells for 8 h and irradiated with the 808 nm laser
(1.0 W/cmz) for 5 min. The cell culture continued for another 16 h and
the cells were washed with the PBS buffer. The treated cells were
cultured in the fresh culture medium for 24 h and the medium in each
group was harvested. Finally, RNA was extracted from the cells by trizol,
reversely transcribed into cDNA, and analyzed for the gene expressions
of L-1, IL-6, TNF-q, iNOS, IL-4, CD206, TGF-p2, and IGF-1 by qPCR.

The medium harvested from each group was mixed with the fresh
culture medium at a ratio of 1:1 for the preparation of conditioned
medium. Chondrocytes were seeded on 24-well plates at a density of
2 x 10* cells/well and cultured in the culture medium at 37 °C for 24 h.
The medium was replaced with the conditioned medium in each group
every 16 h and cultured for 48 h. Finally, RNA was extracted from the
cells by trizol, reversely transcribed into ¢cDNA, and analyzed for the
gene expressions of Col2al, Acan, Caspase3, and Bax by qPCR. The gene
primers used in the qPCR experiments are listed in Table S1.

High-throughput RNA sequencing analysis

The RAW264.7 cells were seeded on 24-well plates at a density of
2 x 10* cells/well and cultured at 37 °C for 24 h. Subsequently, the
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culture medium was replaced with the fresh culture medium containing
LPS (1 pg/mL) for another 24 h and washed with the PBS buffer there-
after. Half of the LPS-induced cells underwent 24 h of routine culture as
a Control group. In the Therapy Group, the LPS-induced cells were
incubated with Fe3(CO);2 @Croc-PEG5K (50 pM) in DMEM for 8 h,
irradiated by the 808 nm laser (1.0 W/crn2) for 5 min, and the cell
culture continued for another 16 h. Finally, the medium was collected
and the cells were harvested for high-throughput sequencing analysis
with the technical supports from Beijing Genomics Institute (China).

The medium harvested from each group was mixed with the fresh
culture medium at a ratio of 1:1 for the preparation of conditioned
medium. Chondrocytes were seeded on 24-well plates at a density of
2 x 104 cells/well and cultured in the culture medium at 37 °C for 24 h.
Subsequently, the medium was replaced with the conditioned medium
of each group every 16 h and cultured for another 48 h. Finally, the cells
were harvested for high-throughput sequencing analysis with the tech-
nical supports from Beijing Genomics Institute (China).

MIA-induced OA rats

The Sprague-Dawley (SD) rats were purchased from Vital River
Laboratory (Jiaxing, Zhejiang) and all the animal experiments and
protocols were approved by the Ethics Committee for Animal Research,
Shenzhen Institute of Advanced Technology, Chinese Academy of Sci-
ences. MIA was used to induce the OA condition in the experimental
rats, because it could inhibit the metabolism of chondrocytes, causing
chondrocyte apoptosis and extracellular matrix degradation accompa-
nied by inflammatory response and joint pain. The SD rats were anes-
thetized by intraperitoneal injection of 2 % pentobarbital (2 mL/kg) and
the knees were shaved and disinfected using medical iodophor. The
knees were flexed at 45° and articular cavity puncturing was performed
from the lateral side of the inferior ligament of the patella. The needle
returned by 2 mm after reaching the femoral condyle and then MIA
(20 mg/mL, 100 pL) or saline (0.9 %, 100 pL) was injected for the
establishment of the OA rats or normal rats. After 48 h, different in-
terventions were involved.

Retention in the articular cavity and biodistribution of Fe3(CO) ;2 @Croc-
PEG5K

Three groups of OA rats were intra-articularly injected with saline
(0.9 %, 50 pL) and Fe3(CO);2 @Croc-PEG5K (150 and 300 pM, 50 pL),
respectively. The NIRF images were obtained at 0, 24, 48, and 72 h post-
injection and the corresponding intensity was determined. At 72 h after
intra-articular injection, all rats were dissected to obtain the main or-
gans separately and determined by NIRF imaging.

In vivo microenvironment monitoring and ROS/RNS scavenging capacity
of Fe3(CO)12 @Croc-PEG5K

Two groups of normal rats and two groups of OA rats were intra-
articularly injected with saline (0.9 %, 50 pL) after 2, 5, 8, and 11
days. After 14 days, all the rats were injected with Fe3(CO);2 @Croc-
PEG5K (150 and 300 pM, 50 pL) and subjected to NIRF imaging. At the
same time, two groups of OA rats were injected with Fe3(CO);2 @Croc-
PEG5K (150 and 300 pM, 50 pL) after 2, 5, 8, 11, and 14 days. NIRF
imaging was performed after each injection and the corresponding in-
tensity was recorded.

One group of normal rats and one group of OA rats were intra-
articularly injected with saline (0.9%, 50 pL) after 2, 5, 8, 11, and 14
days, and two groups of OA rats were injected with Fe3(CO);2 @Croc-
PEG5K (150 and 300 pM, 50 pL) after 2, 5, 8, 11, and 14 days. After 17
days, all the rats were injected with ROS/RNS-responsive CL probe L012
for imaging and the corresponding CL intensity was recorded.
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Fig. 1. Preparation and characterization of Fe3(CO);5 @Croc-PEG5K. (a) Schematic illustration of the fabrication of Fe3(CO);2 @Croc-PEG5K; (b) TEM image (Scale
bar = 200 nm) and (c) DLS size distribution of Fe3(CO);» @Croc-PEG5K; (d) UV-vis-NIR absorption and (e) FT-IR spectra of Fe3(CO);, @Croc-PEG5K, Fe3(CO);5 and

Croc-PEG5K.

In vivo photothermal effect of Fe3(CO);2 @Croc-PEG5K

Three groups of OA rats were intra-articularly injected with saline
(0.9 %, 50 pL) and Fe3(CO)12 @Croc-PEG5K (150 and 300 pM, 50 pL),
respectively. Afterwards, all the rats were exposed to the 808 nm laser
(1.0 W/cm?) for 10 min and the corresponding temperature and thermal
images were collected at different time points.

In vivo therapeutic efficacy of Fe3(CO)12 @Croc-PEG5K

One group of normal rats and one group of OA rats were intra-
articularly injected with saline (0.9 %, 50 pL) after 2, 5, 8, 11, and 14
days. Four groups of OA rats were injected with Fe3(CO);2 @Croc-
PEG5K (150 and 300 pM, 50 pL) after 2, 5, 8, 11, and 14 days, and half
of them were exposed to the 808 nm laser (1.0 W/cmz) for 10 min after
each injection. After 17 days, blood was collected from the different
groups of rats for biochemical and blood routine assessment. Finally, all

the rats were dissected to extract the main organs (heart, liver, spleen,
lung, and kidney) for histological analysis. The knee joints of rats after
different treatments were harvested for micro-CT imaging as well as
histological and immunohistochemical staining to evaluate the thera-
peutic efficacy.

Results and discussion
Preparation and characterization of Fe3(CO)12 @Croc-PEG5K

Fe3(CO)12 @Croc-PEG5K is synthesized by the hydrophilic-
hydrophobic interactions as shown in Fig. 1a. The amphiphilic Croc-
PEGS5K is used to encapsulate the hydrophobic Fe3(CO);2 to produce
Fe3(CO)12 @Croc-PEG5K with a uniform morphology and an average
size of 100 nm (Fig. 1b, c¢). Formation of Fe3(CO);2 @Croc-PEG5K is
confirmed by UV-vis-NIR spectrophotometry, FT-IR spectroscopy and
the measurement of Zeta potential (Fig. 1d, e and Fig. S1). The as-
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Fig. 2. NIR laser-mediated CO release of Fe3(CO);, @Croc-PEG5K in vitro [NIR laser parameter: 808 nm; Solution: Fe3(CO);2 @Croc-PEG5K (30 pM) and reduced Hb
(5 uM) in PBS buffer (pH 6.8)]. (a) Temperature evaluation upon NIR laser irradiation with different optical densities (0.0 ~ 1.0 W/cmz); (b) UV-vis-NIR absorption
spectra under NIR laser irradiation (0.6 W/cm?) at different time points (0 ~ 60 min); (c) Time-dependent CO release under NIR laser illumination with different
optical densities (0.0 ~ 1.0 W/cmz); (d) CO release in repeated NIR laser “on-off” states (0.6 W/cem?3).

prepared Fe3(CO)12 @Croc-PEG5K can be dispersed in various media
(Fig. S2), which provides good storage stability without noticeable ag-
gregation in 72h (Fig. S3). Even after 4 centrifugation-ultrasonic-
resuspension cycles, no dye dissociation and Fe3(CO);5 leakage is
observed, suggesting strong binding between Croc-PEG5K and
Fe3(CO)1, (Fig. S4). The relationship between the Croc-PEG5K concen-
tration and absorbance at 760 nm (Absygg) is established to quantify
Fe3(CO)12 @Croc-PEG5K in the following study (Fig. S5).

In vitro CO release of Fe3(CO);2 @Croc-PEG5K

CO release from Fe3(CO);2 @Croc-PEG5K is investigated in vitro by
the reduced Hb method [48]. Compared to Fe3(CO);2 @Croc-PEG5K
only, the solution of Fe3(CO);2 @Croc-PEG5K, Hb, and SDT (a reductive
agent) exhibits weaker photothermal effects under the same 808 nm
laser irradiation (Fig. 2a and Fig. S6), probably due to the presence of
protein macromolecules and the reducibility of SDT. The reduced Hb,
which shows an absorption peak at 432 nm, reacts with released CO to
form carboxyhemoglobin (COHDb), and the absorption peak blue-shifts to
420 nm (Fig. 2b). Hence, the amount of CO release can be monitored,
and the result indicates that more intense NIR laser irradiation will lead
to more CO release within a period of time (Fig. 2c). To verify the
controllability, CO release from Fe3(CO);2 @Croc-PEG5K is investigated
during repetitive NIR laser “on-off” manipulation. When the laser is on,
CO release is initiated due to the higher temperature. When it is off, CO
release slows down since the temperature decreases (Fig. 2d). Fe3(CO)12
@Croc-PEG5K is further analyzed in vitro to determine its capacity to
scavenge free radicals under different NIR irradiation conditions. Fig. S7
shows that Fe3(CO);2 @Croc-PEG5K can scavenge 98% of PTIO (com-
mercial ROS) and DPPH (commercial RNS) when the NIR laser power is
1.0 W/em?. Therefore, Fe3(CO),2 @Croc-PEG5K has great potential in

ameliorating the pathological microenvironment of OA with free radical
overexpression. Free radicals such as HoO; can also trigger the release of
CO. As shown in Fig. S8, the higher the concentration of H,O,, the faster
the CO release rate from Fe3(CO)15 @Croc-PEG5K. Our results show that
CO release from Fe3(CO);2 @Croc-PEG5K can be mediated by external
NIR irradiation as well as free radicals in the pathological microenvi-
ronment. This controllable property is desirable for maintaining the CO
concentration within the therapeutic window and minimizing possible
side effects.

In vitro biocompatibility of Fe3(CO)12 @Croc-PEG5K

Next, the biocompatibility of Fe3(CO);2 @Croc-PEG5K to Raw264.7
cells (a kind of monocyte macrophages) and chondrocytes is assessed. As
shown in Fig. 3a, Fe3(CO)12 @Croc-PEG5K provides a better biocom-
patibility to normal Raw264.7 cells than Croc-PEG5K and the safe
concentration is as high as 120 pM. However, under LPS stimulation, the
viability of the Raw264.7 cells after the Croc-PEG5K treatment is
slightly higher, especially when the concentration of Croc-PEG5K is 10
~ 80 uM, probably because CO release from Fe3(CO);12 @Croc-PEG5K is
faster under inflammatory conditions. Furthermore, Fe3(CO);2 @Croc-
PEGS5K at high concentrations significantly promotes the proliferation of
LPS-induced chondrocytes as manifested by the higher cell viability
(Fig. 3b), indicating that CO released from Fe3(CO);2 @Croc-PEG5K
produces anti-apoptotic effects on chondrocytes in a dose-dependent
manner. Live/dead staining is also performed on the cells after
different treatments. As shown in Fig. 3¢, although there are more dead
Raw264.7 cells exhibiting red fluorescence after LPS stimulation, the
viable cells showing green fluorescence are still dominant with insig-
nificant difference among the 3 groups. As for chondrocytes, the per-
centage of dead cells do not increase after LPS stimulation, and a higher
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Fig. 3. Invitro biocompatibility of Fe3(CO);5 @Croc-PEG5K. Effects of Croc-PEG5K and Fe3(CO);2 @Croc-PEG5K (0 ~ 140 pM) on the viability of (a) Raw264.7 cells
and (b) Chondrocytes with or without LPS stimulation; Live/dead staining of (c) Raw264.7 cells and (d) chondrocytes with or without LPS stimulation after the
treatment of Croc-PEG5K and Fe3(CO);2 @Croc-PEG5K (50 pM). Scale bar = 100 pm.

density of live cells is observed from the Fe3(CO);2 @Croc-PEG5K
groups (Fig. 3d). These findings corroborate the results of cell viability
assay.

Cellular CO release of Fe3(CO)12 @Croc-PEG5K

In order to monitor intracellular CO release from Fe3(CO)12 @Croc-
PEGS5K, a CO probe (COP) is synthesized, characterized (Fig. S9-11), and
utilized in our study [55]. After culturing Raw264.7 cells with COP,
some groups are treated by Fe3(CO);2 @Croc-PEG5K (50 pM) with or
without NIR irradiation (1.0 W/cm?, 5 min). As shown in Fig. 4, the
Fe3(CO)12 @Croc-PEG5K with intrinsic NIRF signal can be endocytosed
by macrophages. Meanwhile, the fluorescent intensity of COP, which is
an indicator of the intracellular CO level, is enhanced by NIR laser
irradiation. In addition to the NIR laser-triggered CO release, LPS
stimulation induces M1 polarization of RAW264.7 cells with overex-
pressed ROS/RNS (Fig. S12), which then reacts with Fe3(CO)i2
@Croc-PEG5K to generate CO. Therefore, after the same Fe3(CO)i2
@Croc-PEG5K treatment, intracellular COP fluorescence from the
LPS-induced macrophages is more intense than that without LPS stim-
ulation. It is worth mentioning that the photothermal effect of Fe3(CO)12
@Croc-PEG5K under this condition is moderate (< 35 °C), which does
not pose a negative effect on the viability of cultured cells (Fig. S13).

Immunomodulatory effect of Fe3(CO);2 @Croc-PEG5K

To verify the immunomodulatory effect, the LPS-induced RAW264.7
cells undergo Fe3(CO);2 @Croc-PEG5K treatment and NIR irradiation
following the procedure shown in Fig. 5a. The results show that
Fe3(CO)12 @Croc-PEG5K, especially with the aid of NIR irradiation
(1.0 W/cm?, 5 min), down-regulates the expression of M1-related genes
(IL-1B, IL-6, TNF-a, and iNOS) in the LPS-induced macrophages at M1

phenotype (Fig. 5b-e). Meanwhile, the anti-inflammatory genes (IL-4
and CD206) and pro-chondrogenic genes (TGF-p2 and IGF-1) of the LPS-
induced macrophages are up-regulated in the presence of Fe3(CO);2
@Croc-PEG5K, thereby creating the desirable local inflammation-
relieved microenvironment for cartilage protection (Fig. 5f-i). With re-
gard to the macrophages-chondrocytes cascade reaction, conditioned
medium (CM) is prepared after culturing the LPS-induced macrophages
with Fe3(CO);2 @Croc-PEG5K and used for the cultivation of chon-
drocytes (Fig. 5a). It is clear that the anti-inflammatory effect of
Fe3(CO)12 @Croc-PEG5K benefits the vitality maintenance of chon-
drocytes, as reflected by up-regulation of the chondrogenesis-related
genes (Col2al and Acan) and down-regulation of the apoptosis-related
genes (Caspase3 and Bax) after conditioned culturing (Fig. 5j-m).

Immunoregulatory mechanism of Fe3(CO)12 @Croc-PEG5K

To further explore the underlying mechanism of Fe3(CO);2 @Croc-
PEG5K about immunoregulation, high-throughput sequencing analysis
is performed in our study. In particular, the LPS-induced RAW264.7 cells
undergoing routine culture are considered as a Control group, and those
in the Therapy group are subjected to Fe3(CO);2 @Croc-PEG5K treat-
ment together with NIR irradiation (5 min, 1.0 W/cm?). Both groups of
cells are collected and analyzed by RNA sequencing. As the volcano plot
of differentially expressed genes (DEGs) shown in Fig. 6a, there are a
total of 1937 down-regulated genes and 1718 up-regulated genes be-
tween the Therapy group and Control group. Pearson correlation coef-
ficient analysis (Fig. S14a) and principal component analysis (Fig. S14b)
demonstrate that the samples in each group provide high correlation of
gene expression and good reproducibility. Among the DEGs with sig-
nificant difference (Fig. 6b), those related to macrophage phenotypes
and inflammatory cytokine expressions are highlighted (Fig. 6¢). It is
remarkable that the pro-inflammatory cytokines of macrophages such as
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Fig. 4. Fluorescent images of Raw264.7 cells after different treatments (Blue channel: rex: 405 nm, Aem: 437 nm; Green channel: Aex: 458 nm, Aem: 550; Red

channel: Aex: 633 nm, Aem: 694 nm; Scale bar = 10 um).

CD86, L-1a, IL-1p and IL-6 are down-regulated in the Therapy group,
whereas the pro-chondrogenic and anti-apoptotic markers including
IGF-1, IGF-2R and Bcl2 are up-regulated, which corroborate the afore-
mentioned results shown in Fig. 5. Gene Ontology (GO) enrichment is
also performed to explore the difference in biological process, cellular
component and molecular function between the two groups (Fig. S15a).
As shown in Fig. 6d, the immune response (red wireframes), stimulus
induction (blue wireframes) and oxidative stress (green wireframes) are
in top 30 of GO enrichment. Furthermore, to unveil the potential
signaling pathways, the sequencing data are analyzed by Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment (Fig. S15b). Fig. 6e
shows that the inflammatory and immune-related signaling pathways
such as HIF-1 signaling pathway, IL-17 signaling pathway, chemokine
signaling pathway, and TNF signaling pathway (red wireframes) are
significantly enriched. Consistent with the results of GO and KEGG
enrichment, gene set enrichment analysis (GSEA) reveals that the
cellular response to hypoxia and the HIF-1 signaling pathway (regula-
tion of oxygen homeostasis) are significantly down-regulated in the
Therapy group (Fig. 6f, g). In addition, the key inflammatory pathways
(TNF signaling pathway, IL-17 signaling pathway, NF-kappa B signaling
pathway, and chemokine signaling pathway) as well as the cascade
pathways (MARK signaling pathway, JAK-STAT signaling pathway, and
NOD-like receptor signaling pathway) are negatively correlated with the
therapy (Fig. 6h-k and Fig. S16). All these results suggest that the
Fe3(CO)12 @Croc-PEG5K treatment combined with NIR irradiation can
exert desirable immunoregulatory effects by alleviating oxidative stress

and inhibiting inflammatory response of macrophages via multiple
signaling pathways.

To investigate the mechanism of macrophages-chondrocytes cascade
reaction, high-throughput sequencing analysis is also performed on
chondrocytes after conditioned culture. The volcano plot shows that
there are a total of 275 down-regulated genes and 915 up-regulated
genes (Fig. 7a). The expression heat map of DEGs with significant dif-
ference is drawn (Fig. 7b), and genes related to inflammation (Mycbp2,
Adam10, and IGF 2r), structural integrity (Adamts5, BMP2, Prg4,
Col2al, and Col2al) and apoptosis (Trp53bp2, Bcl2111, Bcl6, Mr1, and
Sirtl) (Fig. 7c) are selected. GO classification in biological process,
cellular component and molecular function (Fig. S17a), and KEGG
pathway classification in cellular processes, environmental information
processing, genetic information processing, human diseases, meta-
bolism, and organismal systems (Fig. S17b) are counted. Among these
omics information, the inflammation (red wireframes), matrix integrity
(blue wireframes), and senescence and apoptosis (greed wireframes) are
emphasized in top 30 of GO and KEGG enrichment (Fig. 7d, e). To
further confirm the overall expression trend of these pathways (acti-
vated or inhibited), GSEA is analyzed. It is clear that PPAR signaling
pathway (anti-inflammatory pathway) is up-regulated (Fig. 7f), hedge-
hog signaling pathway (promoting cartilage degeneration) and calcium
signaling pathway (regulation of cartilage growth) both change to
cartilage retention (Fig. 7g, h), and senescence and apoptosis-related
pathways are all inhibited (Fig. 7i-k). All these results prove that
Fe3(CO)12 @Croc-PEG5K can not only directly promote the
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Fig. 5. Regulatory effects of Fe3(CO),2 @Croc-PEG5K on macrophages and macrophages-chondrocytes cascade reaction. (a) Schematic diagram of the experimental
procedure; Expression levels of (b-e) M1-related genes (IL-1f, IL-6, TNF-a, and iNOS) and (f-i) M2-related genes (IL-4, CD206, TGF-f2, and IGF-1) in Raw264.7 cells
after different treatments; Expression levels of (j-k) chondrogenesis-related genes (Col2al and Acan) and (I-m) apoptosis-related genes (Caspase3 and Bax) in
chondrocytes after conditioned culture. *P < 0.05, P <0.01, ""P < 0.001, compared to the control group without LPS stimulation and laser irradiation, #p < 0.05,
##p < 0.01, ###P < 0.001, compared to the control group with LPS stimulation but without laser irradiation.
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Fig. 6. High-throughput sequencing analysis of Fe3(CO);2 @Croc-PEG5K on macrophages. (a) Volcano plot analysis; (b) Gene heat map analysis; (c) Gene heat map
of macrophage phenotype and inflammatory cytokines expression; The top 30 of (d) GO and (e) KEGG enrichment of gene expression profiles; GSEA analysis of (f)

cellular response to hypoxia, (g) HIF-1 signaling pathway, (h) TNF signaling pathway, (i) IL-17 signaling pathway, (j) NF-kappa B signaling pathway, and (k)
chemokine signaling pathway.
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Fig. 7. High-throughput sequencing analysis of chondrocytes after conditioned culture. (a) Volcano plot analysis; (b) Gene heat map analysis; (c) Gene heat map of
macrophage phenotype and inflammatory cytokines expression; The top 30 of (d) GO and (e) KEGG enrichment of gene expression profiles; GSEA analysis of (f) PPAR

signaling pathway, (g) Hedgehog signaling pathway, (h) Calcium signaling pathway, (i) p53 signaling pathway, (j) Oxidative stress induced senescence, and
(k) Autophagy.
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Fig. 8. In vivo NIRF imaging and ROS/RNS scavenging characteristics of Fe3(CO);, @Croc-PEG5K. (a) Schematic diagram of the experimental procedures; (b) NIRF
images of rats in different groups after each intra-articular injection; (c) Corresponding NIRF intensities of rats in OA-Therapy groups at different time points; (d)
Corresponding NIRF intensity of rats in different groups after final injection of Fe3(CO);2 @Croc-PEG5K; (e) ROS/RNS CL images of rats after different therapies; (f)

Corresponding CL intensities of rats after different therapies. *P < 0.05, “'P < 0.01, “'P < 0.001, relative to the Normal-Saline group, *P < 0.05, **P < 0.01,

###p < 0.001, relative to the OA-Saline group.

chondrocytes proliferation (Fig. 3b), but also indirectly protect chon-
drocytes by regulating macrophages.

In vivo microenvironment monitoring and normalization of Fe3(CO)i2
@Croc-PEG5K

Based on the promising in vitro results, the therapeutic effect of
Fe3(CO)12 @Croc-PEG5K is evaluated in vivo using OA rats as the animal
model. After intra-articular injection, the retention time of Fe3(CO)i2

12

@Croc-PEG5K in the articular cavity is indicated by fluorescence
(Fig. S18), and the administration interval of Fe3(CO);2 @Croc-PEG5K is
determined to be 72 h for the in vivo study. The NIRF images of the
isolated organs reveal high accumulation in the kidney, suggesting that
Fe3(CO)12 @Croc-PEG5K is mainly evacuated through the renal system
(Fig. S19).

Furthermore, on account of the pH sensitivity (the lower the pH, the
stronger the NIRF intensity) and ROS/RNS scavenging of Fe3(CO)i2
@Croc-PEG5K, the therapeutic process can be monitored in real-time.
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Fig. 9. In vivo therapeutic efficacy of Fe3(CO);2 @Croc-PEG5K. (a) Micro-CT images and (b) osteophyte volume after different treatments; (c) Histological staining
[(Q) HE and (ii) Safranin-O)] and immunohistochemical staining [(iii) Collagen II, (vi) TUNEL, (v) MMP-13 and (vi) TRAP] after different treatments. *P < 0.05,
P < 0.01, P < 0.001, relative to the Normal-Saline group without laser irradiation, #P < 0.05, *#P < 0.01, *##P < 0.001, relative to the OA-Saline group without
laser irradiation.
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The OA rats in the OA-Therapy groups are treated with 150 pM or
300 pM Fe3(CO)12 @Croc-PEGS5K every 3 days. For easy comparison,
both the normal and OA rats are parallelly treated with sterilized saline
and designated as the Normal-Saline group and OA-Saline group,
respectively (Fig. 8a). For the OA-Therapy groups (green wireframe), a
gradual decrease in the in vivo NIRF intensity is observed after each
injection, indicating that the inflammatory microenvironment with
weak acidity is relieved (Fig. 8b, c). At the last time point, all the rats
from different groups are injected with Fe3(CO);2 @Croc-PEG5K for the
final evaluation of the therapeutic effect by NIRF imaging (red wire-
frame). The results show that the in vivo NIRF density of the OA rats after
periodic Fe3(CO);2 @Croc-PEG5K treatments is significantly lower than
that of the OA-Saline group, which is at the same level as the Normal-
Saline group (Fig. 8d). Furthermore, Fe3(CO);2 @Croc-PEG5K has the
desirable free radical scavenging capacity in vivo, as demonstrated by
the lower ROS/RNS levels in the OA-Therapy groups compared to the
OA-Saline group (Fig. 8e, f). Hence, Fe3(CO);2 @Croc-PEG5K amelio-
rates the pathological microenvironment under OA conditions by scav-
enging free ROS/RNS and regulating pH. The therapeutic process can be
evaluated by NIRF imaging due to the pH response, so that OA treatment
and monitoring can be performed simultaneously.

In vivo therapeutic efficacy of Fe3(CO)12 @Croc-PEG5K

Thermotherapy can improve blood circulation, disperse stasis,
reduce swelling, and relieve pain. Here, CO release from Fe3(CO)i2
@Croc-PEG5K can also be mediated by photothermal stimulation.
Fig. S20 shows that the temperature at the articular cavities with
150 pM and 300 pM Fe3(CO);2 @Croc-PEG5K upon 10-min NIR irradi-
ation (1.0 W/cmz) reaches 38.9°C and 42.1 °C, respectively. The
moderate photothermal effect together with CO release ameliorates the
pathological microenvironment in the OA rats to delay the degradation
of cartilage and reduce the formation of osteophytes (Fig. 9a, b). After
different therapies, the cartilage protective effect is investigated by
histological and immunohistochemical staining. As shown in Fig. 9c i,
the hematoxylin-eosin (HE) stained image of the OA-Saline group ex-
hibits surface irregularity, matrix degradation, and structural damage
typical of OA. Glycosaminoglycan is abundant in the cartilage and ma-
trix. The amount of glycosaminoglycan (stained in red) is the smallest in
the OA-Saline group, while administration of Fe3(CO);2 @Croc-PEG5K
alleviates the degeneration of glycosaminoglycan in a dose and NIR-
dependent manner (Fig. 9c ii). The expression of collagen II (a major
biomarker of cartilage, stained in brown in Fig. 9c iii) in the OA-Saline
group is much lower than that in the Normal-Saline group. In contrast, in
the OA-Therapy groups, especially the group with high-dose of
Fe3(CO)12 @Croc-PEG5K and laser irradiation, more collagen II
expression is observed.

To observe apoptosis of chondrocytes, TUNEL staining is performed,
and positive result (stained in red) is only observed from the OA-Saline
group (Fig. 9c iv). MMP-13 is a kind of matrix metalloproteinase that has
a strong destructive effect on the cartilage matrix. As shown in Fig. 9c v,
the secretion levels of MMP-13 (stained in brown) in the OA-Therapy
groups are lower than that of the OA-Saline group, indicating better
preservation of the cartilage. Osteoclasts can break down and digest
hydrated proteins and minerals by secreting acids and collagenase,
leading to the degradation of subchondral bone and cartilage. The re-
sults of tartrate-resistant acid phosphatase (TRAP) staining demonstrate
that the Fe3(CO);2 @Croc-PEGS5K treatment decreases the activity of
osteoclasts (stained in red), which is desirable for joint protection
(Fig. 9c¢ vi). These results corroborate that the administration of
Fe3(CO)12 @Croc-PEG5K protects the articular cartilage from contin-
uous deterioration under OA conditions, and proper NIR irradiation
further enhances the therapeutic efficacy. After different therapies, the
levels of alanine transaminase (ALT), aspartate transaminase (AST),
blood urea nitrogen (BUN), creatinine (CREA), platelets (PLT), and
white blood cells (WBC) are evaluated, and no significant difference can
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be found between the OA-Therapy groups and Normal-Saline group
(Fig. S21). Additionally, the Fe3(CO);2 @Croc-PEG5K treatment causes
negligible damage or inflammation in the main organs of the experi-
mental rats consequently confirming the in vivo biosafety of Fe3(CO)2
@Croc-PEG5K (Fig. 522).

Conclusion

An intelligent cascade-responsive nano gas tank, Fe3(CO);2 @Croc-
PEGS5K, is designed and demonstrated for the auto-diagnosis and pre-
cision treatment of OA. As a therapeutic agent, Fe3(CO);2 @Croc-PEG5K
releases CO for gas therapy under photothermal stimulation, scavenges
free radicals (ROS/RNS) in the articular microenvironment, and inhibits
excessive inflammation of OA to preserve the structural integrity of the
articular cartilage. As a diagnostic agent, it can be used to optimize the
administration window and monitor the therapeutic process by NIRF
imaging. Our study for the first time validates the effects of CO gas
therapy in OA, especially in an imaging-guided way, thus providing new
information and insights into the refinement of OA treatment.
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Fig. S1. Zeta potentials of Fe3(CO)12@Croc-PEG5K, Fe3(CO)12 and Croc-PEG5K.




Fig. S2. The dispersion of Fe3(CO)12@Croc-PEGS5K in different media (as-prepared and after 72 h).
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Fig. S3. Dynamic light scattering (DLS) size distribution of Fe3(CO)12@Croc-PEG5K at different time points
(as-prepared and after 24, 48 and 72 h).



Fig. S4. The stability of Fe3(CO)12@Croc-PEG5K within 4 centrifugation-ultrasonic-resuspension cycles.
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Fig. S5. Croc-PEGS5K concentration versus absorbance at 760 nm (Abs7eo).
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Fig. S6. Temperature evaluation of Fe3(CO)12@Croc-PEGS5K (30 uM) under different optical densities (0 ~

1.0 W/cm?) of near infrared (NIR) laser irradiation.



Fig. S7. In vitro free radicals: (a) reactive oxide species (ROS) and (b) reactive nitrogen species (RNS)
scavenging capacities of Fe3(CO)12@Croc-PEG5K under different optical densities (0 ~ 1.0 W/cm?) of NIR

laser irradiation.



Fig. S8. In vitro H,02-mediated CO release of Fe3(CO)12@Croc-PEGS5K [Free radical generator: H,O2; NIR
laser parameter: 808 nm; Solution: Fe3(CO)i2@Croc-PEG5K (30 uM) and reduced hemoglobin (Hb, 5 uM)
in PBS buffer (pH = 6.8)]. (a) UV-vis-NIR absorption spectra with H2O> (5.0 uM) at different time points (0

~ 60 min). (b) Time-dependent CO release for different concentrations (0.0 ~ 5.0 W/cm?) of H,0s.



Fig. S9. The high-resolution liquid chromatography-mass (HRLC-MS) spectrum of COP in methanol.



Fig. S10. 'H nuclear magnetic resonance (NMR) spectrum of COP in CDCls.



Fig. S11. 3C NMR spectrum of COP in CDCls.



Fig. S12. (a) ROS and (b) RNS levels in Raw264.7 cells with or without LPS stimulation measured by DCFH-
DA (ROS probe) and O52 (RNS probe). Blue channel: Aex: 405 nm, Aem: 437 nm; Green channel: Aex: 488
nm, Aem: 525 nm (DCFH-DA); Aex: 490 nm, Aem: 515 nm (052).



Fig. S13. (a) Thermal images and (b) Temperature changes of Raw264.7 cells with Fe3(CO)12@Croc-PEG5K
(25 uM and 50 pM) under NIR laser irradiation (1.0 W/cm?, 5 min); (c) Effect of Fe3(CO)12@Croc-PEG5K
(25 pM and 50 uM) and NIR laser irradiation (1.0 W/cm?, 5 min) on the viability of Raw264.7 cells.



Fig. S14. (a) Pearson correlation coefficient analysis and (b) principal component analysis of the RNA

sequencing samples between the two groups.



Fig. S15. (a) Gene ontology (GO) classification and (b) Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway classification among differentially expressed genes (DEGs) of macrophages.



Fig. S16. Gene set enrichment analysis (GSEA) results of (a) MARK signaling pathway, (b) JAK-STAT

signaling pathway and (¢) NOD-like receptor signaling pathway.



Fig. S17. (a) GO classification and (b) KEGG pathway classification among DEGs of chondrocytes after

conditioned culture.



Fig. S18. Retention in the articular cavity of Fe3(CO)12@Croc-PEG5K. (a) NIRF images of rats at different

time points after intra-articular injection and (b) Corresponding NIRFg» intensity of (a).



Fig. S19. Biodistributions of Fe3(CO)12@Croc-PEG5K in the major organs of rats at 72 h after intra-articular

injection.



Fig. S20. In vivo photothermal effects of Fe3(CO)12@Croc-PEGS5K. (a) Thermal images and (b) Temperature

at different time points (0 ~ 10 min) under NIR laser irradiation (1.0 W/cm?).



Fig. S21. Biochemical and blood routine assessment of rats after different treatments. (a) Alanine transaminase
(ALT), (b) Aspartate Transaminase (AST), (¢) Blood urea nitrogen (BUN), (d) Creatinine (CREA), (e) Platelet
(PLT) and (f) White blood cell (WBC) analysis.



Fig. S22. Hematoxylin-eosin (HE) staining of the heart, liver, spleen, lung and kidney of rats after different

treatments.



Table S1. Primer sequences used for qPCR.

Genes Forward primers

Reverse primers

IL-1B GAAATGCCACCTTTTGACAGTG

IL-6 TCTATACCACTTCACAAGTCGGA

TNF-a CAGGCGGTGCCTATGTCTC
iNOS GTTCTCAGCCCAACAATACAAGA
IL-4 ATGGATGTGCCAAACGTCCT
CD206 AGACGAAATCCCTGCTACTG
TGF-B2 CTTCGACGTGACAGACGCT
IGF-1 CACATCATGTCGTCTTCACACC
Col2al TGGTGCTCGGGGTAACGAT
Acan ATTTCCACACGCTACACCCTG
Caspase3 CTCGCTCTGGTACGGATGTG

Bax AGACAGGGGCCTTTTTGCTAC

TGGATGCTCTCATCAGGACAG
GAATTGCCATTGCACAACTCTTT
CGATCACCCCGAAGTTCAGTAG
GTGGACGGGTCGATGTCAC
AAGCCCGAAAGAGTCTCTGC
CACCCATTCGAAGGCATTC
GCAGGGGCAGTGTAAACTTATT
GGAAGCAACACTCATCCACAATG
GGCTCCAGGAATACCATCAGT
TGGATGGGGTATCTGACTGTC
TCCCATAAATGACCCCTTCATCA
AATTCGCCGGAGACACTCG
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