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Early diagnosis of rheumatoid arthritis (RA) is essential for preventing disease progression and improving
prognosis. This study proposes the use of carbon monoxide (CO) as a potential biomarker for RA. Two fluo-
rophores, HM-OH and DHM-OH, were designed and synthesized, using DHM-OH due to its superior spectroscopic
properties. The combination of DHM-OH with allyl bromide produced the fluorescent probe DHM-CO, which had
a large Stokes shift (302 nm) and a long emission wavelength (882 nm). DHM-CO enabled metal-free catalytic
detection of CO. The probe was demonstrated to have excellent water solubility, photostability, and high
sensitivity to CO; therefore, it could selectively respond to CO without interference from other substances. The
limit of detection of the probe in the detection of CORM-3, a CO precursor, was as low as 0.027 pM. DHM-CO was
successfully used for the imaging of endogenous and exogenous CO in A549 cells. It was also successful in the
tracking of CO in RA models, revealing that the CO concentrations in RA joints were significantly higher
compared to that in normal joints. Additionally, the therapeutic effect of methotrexate (MTX) on RA was verified.
This study introduces the first imaging of CO in RA, offering a valuable tool for early diagnosis and treatment of

RA.

1. Introduction

Carbon monoxide (CO) has historically been regarded as a toxic and
dangerous gas due to its strong affinity for hemoglobin [1,2]. High
concentrations can cause poisoning and endanger tissues such as the
brain, heart, liver, kidneys, and lungs [3]. Despite its toxicity, CO is a key
gaseous signaling molecule produced in the body through hemoglobin
catabolism mediated by hemoglobin oxygenases (HO-1 and HO-2) [4].
Recent research has shown that endogenous CO is involved in various
physiological and pathological activities, including neurotransmission
and anti-apoptosis [5]. Additionally, oxidative stress can increase
endogenous CO levels to scavenge free radicals, reduce oxides, and
protect cells [6]. However, the pathological mechanisms of CO in or-
ganisms remain unknown [7-10]. Therefore, the ability to detect
endogenous CO in vivo is crucial for early disease diagnosis and assessing
inflammatory progression.

Rheumatoid arthritis (RA) is a chronic autoimmune disease that
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causes joint pain, swelling, and dysfunction. It remains incurable and
persistent throughout a lifetime [11-13]. Oxidative stress plays a key
role in RA and is involved in inflammation and joint damage. Elevated
HO-1 levels in RA patients increase CO production, which in turn affects
inflammation and RA severity [14-17]. Currently, studies diagnosing
RA by detecting CO levels have not been reported, and yet CO could
serve as a potential biomarker for RA. Traditional CO probes often use
transition metal-mediated carbonylation reactions or Pd°-mediated
Tsuji-Trost reactions, which can be cytotoxic [3,6,18-20]. Conventional
imaging techniques such as computed tomography (CT), ultrasound,
and magnetic resonance imaging (MRI) are used clinically to diagnose
RA [21]; however, these techniques suffer from their low sensitivity,
poor spatial and temporal resolution, and potential radiological risks.
Hence, there is a critical need for a safe and effective method to detect
CO in RA diagnosis and treatment.

Fluorescent sensors are increasingly used for disease diagnosis due to
their non-invasiveness, high sensitivity, and real-time detection
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capabilities. Near-infrared (NIR) fluorescent probes are favorable among
researchers due to their low background interference, minimal photo-
damage, and high tissue penetration [22-27]. However, most fluores-
cent probes emit light in the 650-900 nm wavelength range with a small
Stokes shift [3,28-30], which can interfere with the analysis of biolog-
ical autofluorescence and diminish imaging penetrability. The auto-
fluorescence can impair the accuracy and sensitivity of the detection
[31-34], which highlights the need for fluorescent probes with long
emission wavelengths and large Stokes shifts.

In this work, two fluorophores, HM-OH and DHM-OH, were
designed, and their photophysical properties were compared. By
extending the =n-conjugation system, the emission wavelength and
Stokes shift of the fluorophores were effectively increased. DHM-OH was
selected for further study. A novel near-infrared fluorescent probe,
DHM-CO, was designed and synthesized based on DHM-OH. The probe
consisted of DHM-OH (the reporter unit) and an allyl group (the
responsive unit). The evaluation of water solubility, photostability, and
sensitivity of DHM-CO to CO, as well as its selectivity over other
bioactive molecules, were conducted. Additionally, the probe’s ability to
detect exogenous and endogenous CO in cellular models and to visualize
CO levels in RA animal models were investigated.

2. Experimental procedure
2.1. Organic synthesis

Scheme 1 illustrates the synthetic route of HM-OH and DHM-CO. The
detailed synthesis procedures for Compound 1 and HM-OH can be found
in the Supplementary Material. Figs. S1-S3 depict 'H NMR, '3C NMR and
MS of HM-OH.

2.1.1. Synthesis of DHM-OH

Compound 1 (0.598 g, 2 mmol) and 4-tert-butyl-2,6-diformylphenol
(0.206 g, 1 mmol) were dissolved in 20 mL of anhydrous ethanol. After a
drop of piperidine was added as a catalyst, the mixture was refluxed at
85 °C for 12 h. The resulting brown solid was obtained via vacuum
distillation. The crude product was purified by column chromatography
(CH,Cly/CH30H = 50:1), which yielded a tan solid with a 90 % yield. H
NMR (300 MHz, DMSO-dg) & 8.91 (d, J = 14.5 Hz, 2H), 8.65 (d, J =
9.3 Hz, 2H), 8.48 (d, J = 9.3 Hz, 2H), 8.33 (dd, J = 11.8, 2.1 Hz, 4H),
8.19 (dd, 2H), 8.03 (t, J = 7.9 Hz, 2H), 7.77 (t, J = 7.5 Hz, 2H), 7.61 (s,
2H), 7.31 (d, J = 4.5 Hz, 1H), 4.87 (q, J = 6.9 Hz, 4H), 1.63 (t, J =
7.1 Hz, 6H), 1.34 (s, 9H) (Fig. S4). 13C NMR (75 MHz, DMSO-dg) &
157.19, 149.78, 141.29, 138.63, 137.05, 134.49, 134.18, 130.43,
127.89, 127.16, 126.35, 120.38, 118.43, 112.57, 46.14, 34.00, 31.67,
13.45 (Fig. S5). MS (m/z) for C3gH3gNoO T [M] T caled: 257.1487;
found: 257.1487 (Fig. S6).

2.1.2. Synthesis of the probe DHM-CO
DHM-OH (0.230 g, 0.3 mmol) and Cs3CO3 (0.097 g, 0.3 mmol) were
dissolved in 10 mL of CH3CN. Then, 0.3 mL of allyl bromide was added
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dropwise into the flask, and the mixture was refluxed at 85 °C for 12 h.
After vacuum distillation, the crude product was purified by column
chromatography (CH2Cly,/CH30H=30:1), which yielded a yellow solid
with a 20 % yield. 'H NMR (600 MHz, DMSO-ds) 5 9.19 (d, J = 8.9 Hz,
2H), 8.67 (d, J = 9.1 Hz, 2H), 8.57 (d, J = 8.9 Hz, 2H), 8.46 (dd, J = 8.2,
1.3 Hz, 2H), 8.27 (ddd, J = 8.7, 7.1, 1.4 Hz, 2H), 8.18 — 8.15 (m, 4H),
8.04 (d, J = 5.7 Hz, 2H), 8.02 (d, 2H), 6.25 - 6.19 (mn, 1H), 5.53 (dq, J =
17.2, 1.5 Hz, 1H), 5.33 (dd, J = 10.5, 1.4 Hz, 1H), 5.21 (q, J = 7.1 Hz,
4H), 4.61 (d, J = 5.5 Hz, 2H), 1.61 (t, J = 7.2 Hz, 6H), 1.48 (s, 9H)
(Fig. 7). 13C NMR (151 MHz, DMSO-dg, DPTE-Q) & 156.12, 155.75,
148.33, 145.68, 141.95, 138.57, 136.02, 134.12, 131.03, 129.73,
129.22, 122.50, 121.58, 119.58, 119.00, 76.97, 47.73, 31.59, 31.02,
14.57. (Fig. S8). MS (m/z) for C3gH4oN20 T [M] T caled: 277.1643;
found: 277.1649 (Fig. S9).

2.2. Preparation of samples for spectrophotometric analysis

In the preparation of samples for spectrophotometric analysis, a
1 mM stock solution was first prepared by dissolving the probe DHM-CO
in dimethyl sulfoxide (DMSO). A 1 mL sample containing 10 pM DHM-
CO, analyte at a specified concentration, DMSO, and PBS (10 mM, pH
7.4) was analyzed using a fluorescence spectrometer and a UV-vis
spectrophotometer. The reaction mixture was incubated at 37 °C in PBS
buffer (10 mM, pH 7.4) containing 50 % (v/v) DMSO for 60 min, unless
stated otherwise, before detection.

2.3. Imaging of cells

2.3.1. Imaging of exogenous CO

Time-dependent imaging experiment: Six groups of A549 cells were
incubated with 10 pM DHM-CO. After the addition of 50 pM CORM-3,
the cells were imaged at various time points.

Concentration-dependent imaging experiment: Five groups of A549
cells were incubated with 10 pM DHM-CO, and after being treated with
CORM-3 at different concentrations (0, 10, 25, 50, and 100 pM), they
were subjected to imaging.

2.3.2. Imaging of endogenous CO

A549 cells were divided into three groups: (1) Control group: A549
cells were incubated with 10 yM DHM-CO for 1 h and then directly
subjected to imaging; (2) LPS-treated group: A549 cells were treated
with lipopolysaccharide (LPS) (0.1 mg/mL, 200 pL) for 3 h, incubated
with 10 pM DHM-CO for 1 h, and then washed three times with PBS
(10 mM, pH 7.4) before imaging; and (3) LPS and PG-treated group:
A549 cells were first treated with LPS (0.1 mg/mL, 200 pL) for 3 h,
followed by penicillin G sodium salt (PG, 0.1 mg/mL, 200 pL) for
another 3 h, and after being washed three times with PBS (10 mM, pH
7.4), they were incubated with 10 pM DHM-CO for 1 h before imaging.

The cell imaging experiments were conducted using an Olympus
FV1000 laser scanning confocal microscope at an excitation wavelength
of 580 nm.

Scheme 1. Synthetic route of HM-OH and DHM-CO.
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2.4. Imaging of mouse models

BALB/c mice (5-6 weeks old) were procured from BEIJING HFK
BIOSCIENCE Co., LTD. (Beijing, China). All animal experiments were
performed in accordance with the guidelines set by the Regional Ethics
Committee for Animal Experiments established by the Jilin University
Institutional Animal Care and Use Committee (No. SY202306031).

2.4.1. Establishment of rheumatoid arthritis (RA) mouse model

A rheumatoid arthritis (RA) mouse model was created by injecting
A-carrageenan (5 mg/mlL, 50 pL) into the hind limbs of mice every three
days for two consecutive weeks.

2.4.2. Imaging of exogenous CO

In vivo time-dependent imaging experiment: DHM-CO (200 pM,
100 pL) was first injected into the hind limbs of mice. After that, CORM-
3 (4 mM, 100 pL) was injected into the same location. Fluorescence
images were captured at various time points.

In vivo concentration-dependent imaging experiment: DHM-CO
(200 pM, 100 pL) was injected into the hind limbs of mice. Subse-
quently, 100 pL of CORM-3 at varying concentrations (0, 1, 2, 4, and
8 mM) were injected into the hind limbs of mice, and fluorescence im-
aging was conducted.

2.4.3. Imaging of endogenous CO

Mice were randomly divided into three groups: (1) Control group:
Normal mice received a local injection of DHM-CO (200 pM, 100 pL) in
the hind limbs, and their fluorescence images were taken at different
times; (2) Experimental group: RA mice received a local injection of
DHM-CO (200 pM, 100 pL) in the hind limbs, and their fluorescence
images were captured at different times; and (3) Treatment group: RA
mice were administered with methotrexate (MTX) (5 mg/mL, 100 pL) in
the hind limbs at 24, 48, and 72 h, and DHM-CO (200 pM, 100 pL) was
injected into the hind limbs before fluorescence imaging.

In vivo imaging experiments were performed using an IVIS Lumina
LT Series III small animal imaging system at an excitation wavelength of
580 nm and an emission wavelength of 882 nm.

3. Results and discussion
3.1. Design principle

Fluorescent probes are increasingly becoming vital in the fields of
chemical and biological sciences due to their roles in detecting molec-

ular changes. This study introduces the design of two fluorophores, as
depicted in Scheme 2.

(A) D-r-A

OH OH
of\? Q\é\?
| —
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The fluorophore HM-OH was designed based on a donor-n-acceptor
(D-n-A) electronic system, where 2-methylquinoline salt serving as the
electron acceptor (D) and p-tert-butylphenol acting as the electron
donor (A) are connected through a double bond (1). We explored the
spectral properties of HM-OH and found that it exhibited a UV-vis ab-
sorption peak at 405 nm (Fig. 1A) and a fluorescence emission peak at
474 nm, and had a Stokes shift of 69 nm. However, its fluorescence in-
tensity was relatively low (Fig. 1B). To enhance the spectral perfor-
mance of HM-OH, we modified its structure by extending its
n-conjugation system. This led to the creation of a new fluorophore,
DHM-OH, with an expanded Stokes shift and a red-shifted emission
wavelength. The structural modification, which was based on the design
principle of a donor—two-acceptor n-electron system, involved attaching
another 2-methylquinoline salt molecule to the adjacent position of the
hydroxyl group through a double bond. Spectroscopic performance
studies revealed that DHM-OH exhibited a UV-vis absorption peak at
580 nm (Fig. 1C), a higher fluorescence intensity, a considerably red-
shifted emission wavelength of 882 nm (Fig. 1D), and a significantly
larger Stokes shift (AL = 302 nm). These attributes make DHM-OH
highly suitable for applications requiring deep tissue penetration and
reduced autofluorescence from biomolecules in both in vitro and in vivo
imaging applications. Thus, DHM-OH was utilized in subsequent ex-
periments in which its improved spectroscopic properties were
exploited.

To better understand the differences between the absorption and
emission wavelengths of HM-OH and DHM-OH, theoretical calculations
were performed using Gaussian 16 software. The highest occupied mo-
lecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy levels of the two fluorophores were calculated
(Fig. S10). The HOMO energy for HM-OH was —8.92 eV and the LUMO
energy was —5.27 eV, which resulted in a HOMO-LUMO gap of 3.65 eV.
Similarly, the HOMO energy for DHM-OH was —10.99 eV and the LUMO
energy was —7.95 eV, which resulted in a HOMO-LUMO gap of 3.04 eV.
These calculated energy gaps were well-correlated with the observed
spectral properties. The smaller HOMO-LUMO gap in DHM-OH explains
the red-shifts in the absorption and emission wavelengths. These theo-
retical insights underscore the effectiveness of the structural modifica-
tion in enhancing the spectroscopic performance of the fluorophore.

3.2. Spectral characteristics of DHM-CO

To evaluate the sensing performance of DHM-CO, we analyzed its
spectral response to CO using CORM-3 as a CO precursor to generate CO
in situ [35,36]. DHM-CO exhibited a UV-vis absorption peak at 580 nm.
The absorption peak reached its maximum intensity when the concen-
tration of CORM-3 was 100 pM (Fig. 2A). As anticipated, DHM-CO was
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Scheme 2. De novo design rationale of the fluorophore.
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Fig. 1. (A) Fluorescence spectra of 10 pM HM-OH. (B) Absorption spectra of 10 pM HM-OH. (C) Fluorescence spectra of 10 yM DHM-OH. (D) Absorption spectra of

10 uM DHM-OH.

hypofluorescent in the absence of CO. However, upon the addition of
CORM-3, a strong near-infrared fluorescence peak emerged at 882 nm
(Fig. 2B). The fluorescence intensity of this peak gradually increased
with the increase of CORM-3 concentrations (Fig. 2C). A linear corre-
lation between the fluorescence intensity at 882 nm and the concen-
tration of CORM-3 was observed (R? = 0.9984) (Fig. 2D), and the limit of
detection (LOD) was determined to be 0.027 pM. The results suggest
that DHM-CO is highly sensitive and exhibits a turn-on response to NIR
fluorescence that enables the quantitative detection of CO. Table S1
shows the comparison of DHM-CO with other fluorescent probes,
highlighting its superior excitation/emission wavelengths, limit of
detection (LOD), and Stokes shift.

3.3. Response speed, stability, and selectivity of DHM-CO

The response speed of DHM-CO to CO in the presence of CORM-3 was
analyzed by monitoring the fluorescence intensity at 882 nm. As shown
in Fig. S11, the fluorescence intensity of DHM-CO at 882 nm increased
rapidly, reaching a plateau within 40 min after the addition of CORM-3.
We further evaluated the sensing performance of DHM-CO under
different pH conditions. Fig. S12 demonstrates that upon the addition of
CORM-3, DHM-CO exhibited a significant fluorescence enhancement at
pH ranging from 6 to 9, which is indicative of its capability to detect CO
under physiological conditions. Additionally, we examined the photo-
stability of DHM-CO. Fig. S13 reveals that under 580 nm light irradia-
tion, the fluorescence intensity of DHM-CO and the reaction system
remained stable for 60 min, which is suggestive of their good photo-
stability. The thermal stability of DHM-CO was assessed by observing
the fluorescence intensity at various temperatures. Fig. S14 indicates
that the fluorescence intensity of DHM-CO remained stable at temper-
atures between 25 °C and 45 °C, demonstrating the excellent thermal
stability of DHM-CO. However, the fluorescence intensity of the reaction

system increased with increasing temperatures, suggesting that the re-
action rate could be accelerated at this temperature range. Fig. S15
shows that the fluorescence intensity gradually increased as the con-
centration of the DHM-CO probe increased, and there was a linear cor-
relation between the fluorescence intensity and the concentration of
DHM-CO (R?* = 0.9939), indicating that the DHM-CO probe has good
water solubility. Based on these findings and considering the physio-
logical conditions, all subsequent experiments were performed in PBS
(10 mM, pH 7.4) at 37 °C for 60 min.

In the assessment of the specificity of DHM-CO, we investigated the
impact of potential interfering substances. Fig. S16 shows that spectral
changes were not observed in the presence of various cations, anions,
and amino acids. Only CORM-3 induced a significant fluorescence peak
at 882 nm, which confirms that DHM-CO has the ability to specifically
recognize CO.

In the assessment of the specificity of DHM-CO, we investigated the
impact of potential interfering substances. As shown in Fig. S16, spectral
changes were not observed in the presence of various cations, anions,
and amino acids. To further confirm the probe’s specificity for CO, we
prepared a real CO solution by purging CO gas into water, following the
method reported [37]. The fluorescence response of DHM-CO to the real
CO solution was consistent with that observed using CORM-3, both
inducing a significant fluorescence peak at 882 nm. These results
confirm that DHM-CO has the ability to specifically recognize CO,
regardless of its source.

3.4. Sensing mechanism of DHM-CO

The allyl ether group serves as a recognition site for CO detection.
Typically, probes developed for CO detection require Pd%" as a catalyst,
primarily due to the Tsuji-Trost reaction [3,38,39]. However, some
probes have been reported to respond to CO in the absence of Pd?".
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Fig. 2. (A) UV-vis absorption spectra of 10 pyM DHM-CO and reaction system consisting of 10 pM DHM-CO and 100 pM CORM-3. (B) Fluorescence spectra of 10 pM
DHM-CO and reaction system consisting of 10 pM DHM-CO and 100 pM CORM-3. (C) Fluorescence spectra of DHM-CO in response to CORM-3 at different con-
centrations (0-100 pM). (D) Linear relationship between fluorescence intensity at 882 nm of the reaction system and CORM-3 concentrations (0-10 pM).

Here, we designed a probe, DHM-CO, which does not require Pd?"
metal. The proposed detection mechanism is illustrated in Fig. 3. In this
mechanism, the allyl ether group is first isomerized to aryl ethers by
CORM-3 (CO) and subsequently hydrolyzed to DHM-OH. Additionally,
numerous reports have shown that allyl groups can be cleaved by
ruthenium compounds via isomerization intermediates, without the
need for Pd?* catalysis [30,40]. These findings support our proposed
mechanism. Furthermore, in response to CORM-3, the absorption and
fluorescence spectra of DHM-OH closely resembled those of DHM-CO
(Fig. 2A-B). This similarity provides evidence that the probe DHM-CO

Deprotonation

A
Turn - ON

was converted to DHM-OH by CORM-3. Mass spectrometry results
further corroborate this mechanism. After the addition of CORM-3, the
reaction system exhibited a mass peak at m/z 257.1482 (Fig. S17),
which is consistent with that of DHM-OH (m/z 257.1487) (Fig. S6).

3.5. Imaging of CO in cells
For cellular imaging applications of fluorescent probes, biocompat-

ibility is critical. Prior to cell imaging, we evaluated the cytotoxicity of
DHM-CO using a CCK-8 assay. After 24 h of incubation with DHM-CO,

580nm

Electron donating

DHM-CO

Fig. 3. The proposed CO-sensing mechanism of DHM-CO.



W. Dong et al.

even at low concentrations (0, 10, 20, 40, and 50 pM), the cell viability
remained above 90 % (Fig. S18). This indicates that DHM-CO possesses
good biocompatibility. Additionally, we assessed the biocompatibility of
DHM-CO using a hemolysis assay (Fig. S19). The results showed that
after incubation with DHM-CO at concentrations up to 50 pM for 3 h, the
hemolysis rate of erythrocytes was less than 3 %. This shows that DHM-
CO is suitable for endogenous CO imaging in living cells.

Fluorescence imaging of DHM-CO in A549 cells was subsequently
performed. Upon the addition of CORM-3 (50 pM), the intracellular
fluorescence intensity increased over time (Fig. 4A). Specifically, DHM-
CO (10 pM) showed a rapid increase in fluorescence intensity during the
first 60 min, which then remained constant during the following 30 min.
Consequently, DHM-CO was incubated with cells for 60 min in the
subsequent imaging experiments. We investigated the correlation be-
tween DHM-CO fluorescence and CO concentration (Fig. 4B). After
incubating A549 cells with DHM-CO (10 pM) for 60 min, fluorescence in
the red channel was not observed, indicating that the CO level in DHM-
CO-treated cells was too low and thus undetectable. However, by
incubating the cells with CORM-3 at varying concentrations (10, 25, 50,
and 100 pM) for 60 min, a gradual increase in the fluorescence intensity
in the red channel was observed, and the increase correlated with the
concentration of CORM-3. This suggests that DHM-CO can effectively
image exogenous CO in live A549 cells.

CO is a gaseous signaling molecule that can be produced endoge-
nously. It plays a crucial role in various physiological processes.
Abnormal CO levels are associated with the occurrence of several dis-
eases in living cells. Therefore, we employed DHM-CO to monitor CO
fluctuations in A549 cells. Research has shown that lipopolysaccharide
(LPS) can activate various intracellular pathways, thereby altering the
expression of a variety of inflammatory mediators and enabling
endogenous CO production [41]. Consequently, LPS was used as a
promoter of CO production, while penicillin G sodium salt (PG) was

(A)
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employed as an inhibitor. As shown in Fig. 4C, A549 cells did not exhibit
red channel fluorescence despite the incubation with DHM-CO for
60 min. However, upon inducing inflammation in the cells with LPS
(0.1 mg/mL, 200 pL, 3 h), a significant enhancement in the red-channel
fluorescence was observed. After that, cellular inflammation was treated
with PG, which is a commonly used anti-inflammatory agent known to
reduce endogenous CO production by alleviating cellular oxidative
stress. It was found that the fluorescence intensity of cells treated with
PG (0.1 mg/mL, 200 pL, 3 h) decreased significantly, indicating a sub-
stantial reduction in CO levels. The average fluorescence intensities are
presented in Fig. 4C. These results suggest that endogenous CO levels are
elevated in inflammatory cells and that DHM-CO can effectively monitor
the CO levels in living cells.

3.6. Imaging of CO in vivo

Given that DHM-CO demonstrated excellent in vitro CO imaging
capability, we subsequently utilized it for exogenous CO imaging in the
hind limbs of living mice (Fig. 5A). As depicted in Fig. 5B, DHM-CO
(200 pM, 100 pL) was injected into the hind limbs of normal mice, fol-
lowed by CORM-3 (4 mM, 100 pL). The fluorescence signals in the hind
limbs of the mice significantly increased over time, reaching a maximum
value at 20 min (Fig. 6B). We further examined the effects of different
CORM-3 concentrations on DHM-CO fluorescence signals. DHM-CO
(200 pM, 100 pL) was injected into the hind limbs of mice, followed
by CORM-3 at varying concentrations (0, 1, 2, 4, and 8 mM, 100 pL).
The fluorescence signals were notably enhanced as the concentration of
CORM-3 increased (Fig. 5C). The quantitative fluorescence intensity
data are shown in Fig. S20. These results indicate that DHM-CO can
rapidly and sensitively detect exogenous CO in living animals.

Next, we explored CO-mediated inflammation in living mice with
rheumatoid arthritis (RA) using DHM-CO (Fig. 6A). A rheumatoid
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Fig. 4. (A) Fluorescence intensity of A549 cells after incubating with probe DHM-CO and CORM-3 (50 pM). Scale bar = 20 pm. (a) Mean fluorescence intensity of
cells in (A). (B) Variation of intracellular fluorescence intensity with CO concentration. Scale bar = 20 pm. (b) Mean fluorescence intensity of cells in (B). (C)
Fluorescence intensity of endogenous CO in A549 cells. Scale bar = 20 pm. (c) Mean fluorescence intensity of cells in (C).
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Fig. 5. (A) Diagram showing time-dependent imaging of the hind limb of healthy mice injected with 4 mM CORM-3 (100 pL) after being in situ injected with probe
DHM-CO (200 pM, 100 pL), and concentration-dependent imaging of the mice injected with different concentrations of CORM-3 (0, 1, 2, 4, and 8 mM, 100 pL). (B)
Time-dependent images of healthy mice in situ injected with probe DHM-CO (200 pM, 100 pL), followed by 4 mM CORM-3 (100 pL). (C) Concentration-dependent
images of healthy mice in situ injected with probe DHM-CO (200 pM, 100 pL), followed by different concentrations of CORM-3 (0, 1, 2, 4, and 8 mM, 100 pL).

arthritis mouse model was established by administering A-carrageenan
(5 mg/mL, 50 pL) into the hind limbs every three days for two consec-
utive weeks (Fig. S21) [42,43]. DHM-CO (200 pM, 100 pL) was then
injected into the hind limbs of the mice. As shown in Fig. 6B, due to
increased CO levels caused by A-carrageenan-induced RA, prominent
fluorescence emission from the hind limbs was observed, and the
emission gradually intensified over time, peaking at 12 min. In contrast,
significant fluorescence signals were not detected in the hind limbs of
normal mice (Fig. 6C). The quantitative fluorescence intensity data are
shown in Fig. S22. These findings suggest that CO is a critical mediator
of RA in mice and that DHM-CO can effectively monitor endogenous CO
production in mice with RA. Therefore, by tracking CO production,
DHM-CO could be utilized to diagnose RA. Additionally, this fluorescent
probe can be employed for the pharmacodynamic evaluation of
anti-inflammatory drugs. We investigated the capacity of DHM-CO to
assess the efficacy of anti-RA drugs (Fig. 6A). RA in the hind limbs of
mice was induced by MA-carrageenan. Methotrexate (MTX) (100 pM,
100 pL), a standard RA treatment drug, was locally injected into the
hind limbs of mice in the treatment group. DHM-CO (200 pM, 100 pL)
was injected into the hind limbs of mice after 24, 48, and 72 h of
treatment. As illustrated in Fig. 6D, the fluorescence emission from the
hind limbs notably declined as the treatment period progressed, an
indication that MTX can effectively treat RA. The quantitative

fluorescence intensity data are shown in Fig. S23. These results suggest
that DHM-CO can be used as an effective fluorescent probe to evaluate
the responses to RA treatment by monitoring changes in CO levels.

4. Conclusions

In summary, we designed and synthesized a new fluorescent probe,
DHM-CO, for the detection of CO-mediated rheumatoid arthritis. In the
presence of CO, but without Pt>*, the absorption and emission spectra of
the probe significantly changed due to the cleavage of allyl groups by
ruthenium compounds (via an isomerization intermediate). The probe
DHM-CO has several advantages, including a long emission wavelength,
a large Stokes shift, high sensitivity, a fast fluorescence "OFF-ON"
response, and biocompatibility. Notably, DHM-CO was successfully used
for real-time monitoring of both endogenous and exogenous CO in cells.
Importantly, CO-mediated RA inflammatory response and RA thera-
peutic response were successfully demonstrated in living mice. This new
fluorescent probe, DHM-CO, is a promising tool for studying other CO-
mediated biological processes and offer valuable insights for the diag-
nosis and treatment of CO-related diseases.
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Fig. 6. (A) Illustration demonstrating the time-dependent imaging of the hind limbs of rheumatoid arthritis mice in situ injected with probe DHM-CO (200 pM,
100 pL). The figure also depicts the fluorescence imaging of rheumatoid arthritis mice following drug treatment. (B) Time-dependent imaging of probe DHM-CO
(200 puM, 100 pL) in rheumatoid arthritis mice. (C) Time-dependent imaging of healthy mice in situ injected with probe DHM-CO (200 pM, 100 pL). (D) Fluores-
cence imaging of mice receiving the drug for rheumatoid arthritis treatment after in situ injection with probe DHM-CO (200 pM, 100 pL).
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