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Hydrogen sulfide (H,S), a gaseous signaling molecule with diverse biological functions, exhibits abnormal
concentrations that are closely associated with arthritic pathogenesis and serve as a characteristic indi-
cator of protein-rich food spoilage. To address the need for reliable H,S detection, this study developed a
novel fluorescent probe, BHP-PC, by rationally integrating methylene blue and benzothiazole fluorophores.
The probe demonstrates remarkable spectral separation (215 nm) and high selectivity, enabling simultane-
ous monitoring of fluorescence signals in both blue (detection limit: 12.5nmol/L) and red (detection limit:
22.6 nmol/L) channels for highly sensitive H,S quantification. BHP-PC exhibits excellent dual-color imag-
ing capabilities in both cellular and zebrafish models. The distinct colorimetric response facilitated the
successful development of test strips for practical H,S detection in spoiled proteinaceous samples. Fur-
thermore, the probe’s application in a A-carrageenan-induced murine arthritis model enabled real-time
H,S visualization, demonstrating its potential as an analytical tool for arthritis diagnosis and therapeutic

monitoring.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen sulfide (H,S) is a colorless, flammable gaseous
molecule with multiple characteristics [1-4]. It functions not only
as a crucial biological signaling molecule involved in various phys-
iological processes but also serves as an environmental pollutant
and an indicator of food spoilage [5,6]. Within biological systems,
H,S is the third endogenous gaseous signaling molecule following
nitric oxide (NO) and carbon monoxide (CO) [7-9]. It is primarily
generated in the cytoplasm and mitochondria through the catalytic
actions of enzymes such as cystathionine S-synthase (CBS), cys-
tathionine y-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase
(3-MST) [10-13]. H,S plays a significant role in physiological pro-
cesses like vasodilation and maintenance of cellular redox balance,
and its abnormal concentrations are associated with a variety of
diseases, including inflammation, myocardial injury, liver cirrhosis,
and cardiovascular diseases [14,15]. Arthritis, a common chronic
inflammatory disease, is characterized by joint redness, swelling,
pain, and later functional impairment or even deformity. If left un-
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treated, arthritis can significantly impact the quality of life of pa-
tients. Research has shown that abnormal levels of H,S are closely
related to the pathological process of arthritis [16-18]. Additionally,
in the food industry, H,S mainly originates from the degradation
of sulfur-containing amino acids by sulfur bacteria and serves as
a characteristic indicator of spoilage in protein-rich foods [19-23].
Given the importance of H,S in biological systems and the food
industry, the development of sensitive and selective H,S detection
methods is of great significance for food quality control, disease
diagnosis, and treatment.

Among various detection strategies, fluorescent probes have
garnered extensive attention due to their favorable biocompati-
bility, capability of real-time monitoring, and non-invasive nature.
These attributes have facilitated their successful application in the
detection of bioactive molecules and in bioimaging [24-26]. To
date, a variety of fluorescent probes for H,S detection have been
developed, yet the majority are confined to single-channel designs
(Table S1 in Supporting information). While these single-channel
probes offer advantages such as ease of operation, intuitive sig-
naling, and low cost, they are also subject to inherent limita-
tions [27-31]. For instance, single-channel probes can only pro-
vide fluorescence signals in one channel, lacking a comparative sig-
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Scheme 1. The mechanism of action of fluorescent probe BHP-PC with H,S

: (1) HyS cleaves the 2,4-dinitrophenyl ether recognition group; (2) ESIPT is activated in the

benzothiazole moiety, emitting blue fluorescence (Aem =466 nm); (3) Methylene blue (MB) is released, restoring red fluorescence (Aem =681 nm).

nal, which makes them prone to generating false-positive results.
Moreover, they are susceptible to interference from the intrinsic
fluorescence of samples and various environmental factors, such as
changes in pH, temperature, or light intensity, leading to high back-
ground noise in complex biological samples. In light of these lim-
itations, dual-channel fluorescent probes not only effectively cir-
cumvent the aforementioned defects but also enhance detection
sensitivity and accuracy through mutual calibration of signals from
two independent channels. For example, when one channel is af-
fected by environmental factors, the other channel can serve as
a reference for correction [32-34]. Therefore, the development of
high-performance dual-channel fluorescent probes remains an im-
portant research direction.

In light of the aforementioned considerations, the 2,4-
dinitrophenyl ether was selected as the recognition group, and
benzothiazole and methylene blue were employed as potential
blue and near-infrared fluorophores, respectively, to construct a
novel dual-channel fluorescent probe, BHP-PC (Scheme 1 and
Scheme S1 in Supporting information). The probe exhibits a signifi-
cant spectral separation of 215 nm between its two channels. Upon
reaction with H,S, the probe generates detectable fluorescence sig-
nals in both channels. This dual-channel detection method enables
high-sensitivity monitoring of H,S concentration changes through
mutual calibration of signals from both channels. Attributable to
its distinctive configuration, BHP-PC has demonstrated exceptional
dual-color imaging capabilities in both cellular and zebrafish mod-
els. Notably, due to the pronounced color change before and af-
ter the reaction, BHP-PC has been successfully formulated into test
strips for the detection of H,S gas produced by spoilage in vari-
ous protein-rich samples, such as shrimp, chicken, beef, and pork.
Moreover, with the methylene blue moiety emitting in the near-
infrared region, the probe’s real-time imaging capabilities for H,S
levels in a mouse model of arthritis induced by A-carrageenan
were further explored, yielding satisfactory results. This work thus
provides a potential analytical tool for the future diagnosis of
arthritis.

Compound 3, which retains the benzothiazole fluorophore and
2,4-dinitrophenyl ether recognition group, exhibits a fluorescence
response to H,S consistent with the excited-state intramolecu-
lar proton transfer (ESIPT) activation mechanism. In its unreacted
state, the 2,4-dinitrophenyl ether moiety suppresses ESIPT, result-
ing in low background fluorescence. Upon reaction with H,S, cleav-
age of the recognition group restores the phenolic proton donor,

reactivating ESIPT and inducing a pronounced blue fluorescence
enhancement (Aem =466 nm), mirroring the blue channel behavior
of BHP-PC.

To systematically evaluate the spectroscopic characteristics of
the probe towards H,S, the ultraviolet (UV)-visible absorption and
fluorescence spectral responses of BHP-PC in phosphate-buffered
saline buffer (PBS/CH3CN, 8:2, v/v, 50.0 mmol/L, pH 7.4) were sys-
tematically investigated. As shown in Fig. S1 (Supporting infor-
mation), the absorbance at 353 and 663 nm increased progres-
sively with escalating H,S concentration, signifying the concurrent
formation of the two fluorophores (benzothiazole and methylene
blue). For fluorescence spectra, upon addition of H,S, two charac-
teristic emission peaks appeared at 466 and 681 nm under exci-
tation at 350 and 600 nm, respectively. The fluorescence intensity
exhibited a strictly concentration-dependent enhancement as the
H,S concentration increased from 0 to 100.0 umol/L, with increases
of 34- and 24-fold, respectively (Figs. 1A and D). Moreover, the sig-
nal intensities at 466 and 681 nm showed good linear relationships
with H,S concentration in the range of 0-10.0 pmol/L (R =0.9918
and 0.9934, respectively). Based on the limit of detection (LOD)
formula LOD =34/k, the probe achieved low detection limits (blue
channel: 12.5nmol/L, red channel: 22.6 nmol/L), highlighting BHP-
PC’s capability for sensitive detection of trace H,S (Figs. 1B, C, E
and F).

The discrepancy in detection limits between the two channels
is attributed to differences in fluorescence enhancement folds and
background interference in their respective spectral regions. The
blue channel (benzothiazole-derived) exhibits a 34-fold fluores-
cence enhancement upon reaction with H,S, which is significantly
higher than the 24-fold enhancement of the red channel (methy-
lene blue-derived) (Figs. 1A and D). This greater signal amplifica-
tion improves the blue channel’s ability to detect trace H,S. Ad-
ditionally, the blue channel emits at 466 nm, a spectral range with
lower background interference, resulting in a higher signal-to-noise
ratio. In contrast, the red channel emits at 681 nm, which is more
susceptible to background scattering, leading to relatively higher
baseline noise and a higher LOD. These factors collectively con-
tribute to the lower detection limit in the blue channel.

All analytes, including metal ions (Mg2t, Ca?t, Mn2*+, Cu2*,
AR+, K+, Zn?t), anions, biothiols, and reactive oxygen species, were
tested at a concentration of 100 umol/L. Notably, common metal
ions did not interfere with H,S detection: Mg?*, Ca2*, Mn?*, and
K* showed no significant effect on fluorescence, as they do not in-
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Fig. 1. (A, D) Fluorescence spectra of probe BHP-PC (10.0pmol/L) in PBS buffer (PBS/CH5CN, 8:2, v/v, 50.0 mmol/L, pH 7.4) upon reaction with 0.0-100.0 umol/L H,S (A:

Lex =350 nm, EX: 3.0nm, EM: 5.0 nm; D: A =600nm, EX: 3.0nm, EM: 10.0 nm).

B, E) Scatter plots of fluorescence intensity of probe BHP-PC at 466 nm (B) and 681 nm (E)

versus H,S concentration (0.0-100.0 umol/L). (C, F) Linear relationship between fluorescence intensity of probe BHP-PC (10.0 umol/L) and H,S concentration (0.0-10.0 pmol/L).
(G, J) Time-dependent fluorescence intensity changes of BHP-PC (10.0 pmol/L) at 466 nm (G) and 681 nm (J) in response to H,S at concentrations of 0.0, 20.0, 60.0, and
100.0 pmol/L. (H, K) Fluorescence intensity response of probe BHP-PC (10.0 umol/L) to various analytes (analytes 1-20 were tested at 100 pmol/L: 1. Mg+, 2. Ca?*, 3. Mn2t, 4.
Cu?*, 5. AI**, 6. K*, 7. Zn?*, 8. Br~, 9. Cl~, 10. SO32-, 11. HCO;~, 12. SO4%~, 13. HSO,4~, 14. Hcy, 15. GSH, 16. Cys, 17. H,0,, 18. CIO~, 19. ONOO-, 20. H,S), and the selectivity
of BHP-PC (10.0 umol/L) for H,S in the presence of competing analytes. (I, L) Fluorescence intensity of probe BHP-PC (10.0 pmol/L) at 466 nm (I) and 681 nm (L) upon reaction

with 100 umol/L H,S across the pH range of 2.0-11.0. n=3, error bars were +SD.

teract strongly with the benzothiazole moiety to disrupt its ESIPT
process. While Cu?t and A3+ have been reported to potentially
quench ESIPT via chelation in other systems, the steric configu-
ration of BHP-PC prevents such interactions here. Similarly, Zn2*,
which can enhance ESIPT in some fluorophores, did not alter the
probe’s response, underscoring BHP-PC’s structural robustness for
selective H,S detection. Moreover, interference resistance experi-
ments indicated that even when H,S coexisted with other interfer-
ing substances in the same system, these substances did not affect
the probe’s selective detection of H,S. In both channels, the probe
still exhibited a strong fluorescence signal for H,S (Figs. 1H and
K). The results demonstrate the potential utility of the probe for
tracking H,S in complex biological environments.

To further validate compatibility with cellular imaging condi-
tions, we assessed the probe’s response to H,S under 405nm
excitation. Under these conditions, BHP-PC still exhibits a
concentration-dependent fluorescence enhancement at 466 nm,
with a 28-fold increase at 100 umol/L H,S. It confirms that the blue
channel retains high sensitivity to H,S under 405nm excitation,

supporting its applicability in cellular imaging (Fig. S2 in Support-
ing information).

The capacity for real-time detection and functionality within
physiological pH environments is also crucial indicators for evalu-
ating the biological application potential of a probe. Therefore, we
assessed the probe’s temporal response to H,S and its adaptability
across different pH conditions through fluorescence titration ex-
periments. The results indicated that upon the addition of H,S at
varying concentrations (20.0, 60.0 and 100.0 umol/L), the fluores-
cence intensity of probe BHP-PC in both detection channels rapidly
increased and stabilized within 200s (Figs. 1G and ]). Additionally,
within a certain pH range (2.0-11.0), probe BHP-PC exhibited no
significant changes in fluorescence intensity under strongly acidic
or basic conditions, demonstrating its robust optical stability. How-
ever, following the introduction of H,S, a pronounced enhance-
ment in fluorescence intensity was observed within the physiolog-
ically relevant pH range of 6.0-9.0 (Figs. 11 and L). These findings
confirm that probe BHP-PC can rapidly detect H,S under a variety
of physiological conditions.
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Fig. 2. Test strips detect gaseous H,S released from food samples during spoilage, with color changes induced by headspace H,S diffusion. (A) The preparation process of the
portable test strip based on fluorescent probe BHP-PC and its schematic diagram for monitoring the food spoilage process, as well as the color changes of the BHP-PC test
strip (10.0 pmol/L) under natural light and 365 nm UV irradiation when exposed to different concentrations of H,S (0.0, 10.0, 20.0, 40.0, 80.0, and 100.0 umol/L). (B) Color
changes of BHP-PC test strips under natural light and 365 nm UV irradiation for shrimp, chicken, beef, and pork at different time intervals (0, 12, 36, and 72h) at 25°C. (C)
Color changes of BHP-PC test strips under natural light and 365 nm UV irradiation for shrimp, chicken, beef, and pork after storage for 72 h at different temperatures (—20,

4, and 25°C).

Based on the spectroscopic data from the aforementioned ex-
periments, a response mechanism for probe BHP-PC towards H,S
has been proposed (Scheme 1). In its initial state, the probe’s in-
tramolecular ESIPT process within the benzothiazole structure is
effectively inhibited due to the presence of the recognition group
(2,4-dinitrophenyl ether), resulting in the suppression of fluores-
cence emission in the blue channel. Concurrently, the conjugated
structure of the methylene blue moiety is disrupted, significantly
weakening its near-infrared fluorescence emission capability. As a
result, probe BHP-PC exhibits no significant fluorescence emission
signals in either channel. Upon specific reaction with H,S, the 2,4-
dinitrophenyl ether group undergoes cleavage due to the strong
nucleophilic nature of H,S, simultaneously triggering the rupture
of the self-elimination group. This dual process releases both fluo-
rescent moieties, thereby generating blue and red fluorescence. The
proposed response mechanism was initially verified by determin-
ing the molecular weights of the reaction products through high-
resolution mass spectrometry (HRMS). As shown in Fig. S12 (Sup-
porting information), following the interaction of probe BHP-PC
with H,S, two distinct product peaks appeared in the mass spec-
trum, corresponding to compounds MB (C;gHigN3S™, theoretical
m/z: 284.1216, observed m/z: 284.1214) and BHP-OH (Cy4H¢;NO,S,
[M+H]*, theoretical m/z: 258.0589, observed m/z: 258.0583). Ad-
ditionally, high-performance liquid chromatography (HPLC) anal-
ysis was employed to further investigate the reaction of probe
BHP-PC with H,S, thereby providing additional evidence for the
proposed mechanism. As depicted in Fig. S3 (Supporting informa-
tion), the chromatogram of probe BHP-PC initially displayed a sin-
gle major peak with a retention time of 8.43 min. After reacting
with 10.0 equiv. of H,S, two new signal peaks emerged at re-
tention times of 2.40 and 3.80 min, matching the retention times
of the standards MB and BHP-OH, respectively. These results in-

dicate that H,S can cleave the 2,4-dinitrophenyl ether group of
the probe, releasing both MB and BHP-OH fluorophores simulta-
neously.

Given that the benzothiazole moiety of probe BHP-PC emits
blue fluorescence upon excitation at 365nm and the methylene
blue component undergoes a color change from colorless to blue
under naked-eye observation, we have developed a portable test
strip containing probe BHP-PC for the rapid and convenient de-
tection of H,S. When these test strips are immersed in solutions
containing various concentrations of H,S (10.0, 20.0, 40.0, 80.0 and
100.0umol/L) for 5min and then dried, they exhibit distinct blue
fluorescence under 365nm excitation. Visual inspection revealed
that the test strip color gradually turned blue, with the inten-
sity of the color increasing in proportion to the concentration of
H,S (Fig. 2A). The BHP-PC-based test strips detect gaseous H,S
released from spoiled protein-rich foods. During the experiments,
food samples (shrimp, chicken, beef, pork) were placed in sealed
petri dishes with the test strips, allowing gaseous H,S generated
by bacterial decomposition of sulfur-containing amino acids to dif-
fuse into the headspace and react with the probe. This setup di-
rectly reflects real-world storage conditions, where gaseous H,S
is a characteristic marker of spoilage, ensuring the practical rele-
vance of the detection method. The background fluorescence ob-
served in Figs. 2B and C originates from light scattering by moist
food tissues and weak autofluorescence of microbial metabolites,
which are distinct from the test strip signals. The test strips ex-
hibit spatially confined, concentration-dependent blue fluorescence
(Aem =466nm) that is absent in probe-free controls, confirming
the enhancement is specific to H,S reaction rather than back-
ground interference. The spatial specificity of the strip signals, dis-
tinct from the diffuse background, further validates the reliability
of the detection.
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A multitude of studies have indicated that protein-rich foods
generate H,S during spoilage as a result of bacterial decomposi-
tion [35,36]. Building on the aforementioned test strip experiments
with the probe, we employed probe-loaded test strips to assess the
freshness of shrimp, chicken, beef, and pork under varying condi-
tions. In the time-course experiment, we monitored the changes in
the test strip color under both fluorescence and naked-eye obser-
vation at different time points. The results revealed that, over time,
the test strips transitioned from colorless to blue under daylight,
with the color intensity increasing progressively. Concurrently, in
all petri dishes, the fluorescence evolved from no fluorescence to a
pronounced blue fluorescence (Fig. 2B). In the temperature group
experiment, the test strips were placed in petri dishes containing
food samples and stored for 72h at different temperatures (—20,
4 and 25°C). Subsequent observations under daylight and 365 nm
UV light indicated that the test strips in the petri dishes stored
at 25°C exhibited significant color changes. In contrast, the fluo-
rescence changes in the test strips stored at —20 and 4°C were
minimal (Fig. 2C). These findings demonstrate that the probe can
effectively monitor H,S production during food spoilage and serves
as a potential tool for assessing the freshness of raw meats.

Notably, the fluorescence color change of BHP-PC test strips
is specifically induced by H,S, with no interference from alka-
line amine gases (e.g, NH3) released during food spoilage. Se-
lectivity experiments confirm that the probe exhibits no signifi-
cant response to amine-related interferents (Figs. 1H and K, Fig.
S4 in Supporting information), even at concentrations comparable
to those generated in spoilage. Additionally, pH-dependent studies
(Figs. 11 and L) show that the probe’s ESIPT process is not acti-
vated by weakly alkaline conditions (pH 7.5-9.0, typical of spoilage
environments) alone; fluorescence enhancement occurs exclusively
upon reaction with H,S, ensuring specific detection of H,S in com-
plex food spoilage systems.

The test strips leverage the dual-channel nature of BHP-PC
through two complementary readouts: Blue fluorescence intensity
under 365nm UV light and visible blue coloration under natu-
ral light. Both readouts exhibit concentration-dependent changes
with H,S (Fig. 2A), enabling mutual calibration. For example, fluc-
tuations in UV light intensity affecting fluorescence can be vali-
dated by the stable colorimetric signal, ensuring reliable detection,
thus retaining the core advantage of dual-channel detection in a
portable format.

Biocompatibility is a crucial factor in determining the suitabil-
ity of fluorescent probes for in vivo imaging applications. To vali-
date the reliability of the probe for biological applications, its ca-
pacity to detect H,S at the cellular level was initially assessed. The
cytotoxicity of probe BHP-PC towards HelLa cells was evaluated us-
ing the MTT assay. As illustrated in the Fig. S5 (Supporting infor-
mation), even at a relatively high concentration of 50.0 pumol/L, the
cell viability remained around 85 %, indicating that the cytotoxicity
of probe BHP-PC towards HeLa cells is negligible, thereby providing
a reliable foundation for subsequent cellular experiments. Based on
the low cytotoxicity demonstrated in the aforementioned experi-
ments, the probe’s ability to detect exogenous and endogenous H,S
in HeLa cells was further explored using confocal laser scanning
microscopy. The results showed that Hela cells incubated solely
with probe BHP-PC exhibited weak fluorescence signals. However,
upon the addition of H,S, significant fluorescence signals emerged
in both channels, with the fluorescence intensity increasing as the
concentration of H,S increased. This indicates that probe BHP-PC
is capable of tracking changes in the levels of exogenous H,S in
living cells (Fig. 3A, a;-ey).

Subsequently, to further evaluate the probe’s ability to detect
endogenous H,S in Hela cells, cells were pre-treated with cys-
teine and BHP-PC, given that H,S in cells is typically generated
from cysteine via the catalysis of CBS and CSE [37,38]. The fluores-
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formed with a one-way ANOVA. **P <0.01, ***P < 0.001.

cence signals were significantly enhanced under these conditions.
In contrast, when cells were pre-incubated with N-ethylmaleimide
(NEM), the fluorescence in both channels was markedly reduced,
attributable to the effective inhibition of H,S accumulation by NEM
(Fig. 3A, f;-g4). Furthermore, comparison of the fluorescence inten-
sities from the blue and red channels confirmed that the probe en-
ables accurate quantification of H,S levels via dual-channel imag-
ing, thereby demonstrating the reliability of BHP-PC for applica-
tions in biological environments (Fig. 3B).

Given the high efficiency of intracellular H,S imaging and the
high genetic homology between zebrafish and humans, zebrafish
were selected as a model organism in this study to investigate its
imaging capabilities in living organisms. Notably, the experimental
results in zebrafish were highly consistent with those in HeLa cells
(Fig. 4). When 4-day-old zebrafish were incubated solely with the
probe, no significant fluorescence signals were detected in either of
the two detection channels. However, after the probe solution was
added to zebrafish pre-treated with H,S, a significant enhance-
ment in dual-channel fluorescence was observed. Moreover, the
fluorescence intensity in the blue and red channels increased in
a concentration-dependent manner with the increase in H,S con-
centration. Subsequently, endogenous H,S was induced in zebrafish
by Cys stimulation. Compared with the control group, the fluores-
cence intensity in both channels significantly increased in the Cys-
treated group. In the inhibition group, H,S generation in zebrafish
was inhibited by NEM. The results showed a significant reduction
in fluorescence intensity in both channels, indicating that the in-
hibitor NEM effectively blocked H,S production stimulated by Cys.
The aforementioned confocal microscopy results in zebrafish con-
firmed that BHP-PC has good tissue penetration and can sensitively
monitor the changes in H,S levels within zebrafish.

Given that the methylene blue fluorophore generated upon the
reaction of the probe with H,S exhibits a significant emission
signal at 681 nm, which is within the near-infrared region, the
probe holds potential for in vivo H,S detection. Based on this,
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Fig. 4. Detection of exogenous and endogenous H,S in zebrafish by the fluorescent
probe BHP-PC. (A) (a;-a4) Zebrafish were incubated with the probe (10.0 umol/L) for
30 min. (by-d4) Zebrafish were incubated with 20.0, 40.0, and 100.0 pmol/L H,S for
30min, followed by incubation with probe BHP-PC (10.0 pmol/L) for an additional
30min. (e;-e4) Zebrafish were stimulated with 100 umol/L Cys for 2h and subse-
quently incubated with 10.0 pmol/L BHP-PC for 30 min. (f;-f4) Zebrafish were first
pre-incubated with 100pmol/L NEM for 30 min, then stimulated with 100 pmol/L
Cys for 2h, and finally incubated with 10.0 pumol/L BHP-PC for 30 min. Emissions
were collected at 450-500 nm for the blue channel (excitation wavelength: 405 nm)
and emissions were collected at 660-710 nm for the red channel (excitation wave-
length: 633 nm). Scale bar: 20 um. (B) Fluorescence intensities performance in blue
channel or red channel. n=3, error bars were £SD. Data analysis was performed
using SPSS software. The statistical analysis was performed with a one-way ANOVA.
**P <0.01, ***P < 0.001.

the current study further explored the probe’s ability to monitor
H,S levels during arthritis and its treatment in mice. Through-
out the study, mice were housed under standard conditions and
all procedures were conducted in strict accordance with the ethi-
cal guidelines approved by the Animal Experiment Ethics and Care
Committee of Qigihar Medical University (No. QMU-AECC-2025-
04). The results showed that in the control group, where mice
were injected with saline at the left ankle, negligible fluorescence
was detected over time. In contrast, mice that were manually in-
jected with exogenous Na,S and those with arthritis induced by
A-carrageenan exhibited a significant increase in fluorescence in-
tensity in the left joint over time. These findings indicate that H,S
levels in mice with arthritis induced by A-carrageenan are signifi-
cantly higher than in normal mice. Mice treated with methotrexate
(Methotrexate) (MTX) showed a marked reduction in fluorescence
signals in the left joint, suggesting lower H,S levels and confirm-
ing the efficacy of MTX in mitigating arthritis-related damage (Figs.
5A and B). Additionally, tumor necrosis factor-alpha (TNF-«) lev-
els, an inflammatory marker, were measured in the joint serum
of mice across different groups. The results revealed that TNF-«
levels were significantly higher in mice with arthritis compared
to the control group and significantly decreased following MTX
treatment (Fig. 5C). The differing trends between Figs. 5B and C
stem from the distinct biological contexts of the measured met-
rics. Fig. 5B reflects local H,S concentrations at the joint: the Na,S
group shows high fluorescence due to exogenous H,S injection,
while the arthritis group exhibits elevated H,S linked to inflamma-
tory pathogenesis. Fig. 5C, measuring serum TNF-« (an inflamma-
tory marker), shows high levels only in the arthritis group (where
inflammation is induced by A-carrageenan) and not in the Na,S
group (which lacks inflammatory stimulation). Thus, exogenous
H,S alone does not trigger systemic inflammation, while arthritis-
associated H,S is coupled with inflammatory responses, accounting
for the trend discrepancy. Due to severe Rayleigh scattering and
rapid signal attenuation of the blue channel (benzothiazole) in bi-
ological tissues, in vivo imaging of the murine arthritis model ex-
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Fig. 5. Imaging of arthritis mouse models. (A) (a;-as) Mice were injected with
100.0pmol/L saline into the left joint. (b;-bs) Intrarticular injection of Na,S
(1.0mmol/L) was employed for exogenous imaging of H,S in mice. (c;-c4) Intrartic-
ular injection of A-carrageenan (10.0mg/kg) into the left joint, followed by a 12-h
feeding period, was utilized to induce the development of arthritis. (d;-d4) Four
hours after intrarticular injection of A-carrageenan into the left joint, an intrartic-
ular injection of MTX (2.0 mg/kg) was administered. The excitation wavelength is
605nm and the emission range is 660-710 nm. (B) The temporal changes in flu-
orescence intensity among different groups of mice. The excitation wavelength is
605 nm and the emission range is 660-710 nm. (C) The levels of TNF-« in the serum
of mice from different groups. Serum TNF-« levels were measured 16 h after initial
A-carrageenan injection (12 h post-arthritis induction and 4h post-MTX treatment
for the therapy group).

clusively utilized the red channel (methylene blue, Aemy =681 nm)
in the near-infrared window, which offers better tissue penetra-
tion. Thus, dual-channel fluorescence was not applied here, with
the red channel prioritized for reliable in vivo H,S visualization.
The aforementioned experimental results demonstrate that probe
BHP-PC can effectively track changes in H,S levels during arthri-
tis and its treatment, offering a potential tool for a deeper under-
standing of the pathogenesis of arthritis.

In summary, a multifunctional dual-channel fluorescent probe
BHP-PC was developed through the rational integration of methy-
lene blue and benzothiazole fluorophores. This probe exhibits re-
markable spectral separation, enabling simultaneous monitoring of
fluorescence signals in both blue and red channels for highly sen-
sitive H,S detection. BHP-PC demonstrates rapid response kinetics
(200s), excellent selectivity, and robust performance in complex
biological environments. Its dual-color imaging capability has been
successfully validated in both cellular and zebrafish models. Partic-
ularly noteworthy is the successful development of BHP-PC-based
test strips for practical H,S detection in spoiled protein-rich foods,
including shrimp, chicken, beef, and pork. Furthermore, the probe’s
application in a murine arthritis model has enabled precise mon-
itoring of H,S level fluctuations, offering promising potential for
early therapeutic intervention and disease progression monitoring
in arthritis management.
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