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Construction of a fluorescent probe for carbon monoxide and its
application in imaging bacterial pneumonia and

cadmium-induced stress in plants
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Abstract: Carbon monoxide (CO) , a toxic gas generated during industrial operations, has recently been recog-
nized as a critical signaling molecule in pathophysiological processes such as bacterial infection, as well as in abiotic
stress responses in plants. To enable dynamic tracking of CO in complex biological matrices, we report a new red-
emitting fluorescent probe (Rh—CO) engineered by tethering an allyl formate recognition unit to a rhodamine scaf-
fold. In the presence of PdCl, and CO, the probe undergoes a Tsuji-Trost-mediated cleavage of the allyl formate moi-
ety and displays a turn-on fluorescence enhancement at 635 nm that reaches a response plateau within 26 min. Rh-
CO exhibits favorable properties including red emission, excellent selectivity for CO, a detection limit of 1. 94 uM,
and low cytotoxicity, making it well-suited for in vivo imaging applications. The utility of Rh—CO was further demon-
strated by visualizing endogenous CO generation in a lipopolysaccharide-induced murine pneumonia model, evaluat-
ing the anti-inflammatory action of CO, and monitoring CO fluctuations in plants under Cd** stress. These findings

collectively introduce a versatile molecular tool for investigating CO functions across animal and plant systems.
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Fig. 1 (A) Proposed reaction mechanism of probe Rh—CO with CO. (B) Monitoring CO release in plant models under heavy

metal-contaminated environments using Rh—CO. (C) Monitoring in vivo CO release in an animal pneumonia model using

Rh-CO.
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Fig. 2

(A) Fluorescence spectra of Rh—CO (5 wM) in response to CORM-3 (300 wM) in the presence of varying concentra-

tions of PdCl> (0 = 12 wM). Inset: fluorescence intensity at 635 nm as a function of PdCl, concentration. (B) UV - vis

absorption litration spectra. Insets: UV variation of Rh—CO at 546 nm with CO concentration (0 - 0.34 mM) and color

change of the solution under natural light. (C) Fluorescence emission titration spectra. Insets: Fluorescence variation of

Rh-CO at 635 nm with CO concentration (0 - 0.34 mM) and fluorescence change of the solution under 365 nm UV

lamp irradiation. (D) Absorption selectivity spectra. (E) Fluorescence emission selectivity spectra. (F) Fluorescence

competition spectra. Experimental conditions: PBS buffer (20 mM, pH = 7.4, DMSO:PBS = 1:9, v/v).
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(A) Fluorescence imaging of exogenous CO in peanuts and bean sprouts. (a) Control group (treated with Rh—CO) of

peanuts and bean sprouts; (b - e) samples pretreated with the probe for 12 h and then incubated with different concen-

trations of CORM-3 at 25

°C for 30 min: (b) 50, (¢) 100, (d) 200, (e) 300 WM, in peanuts and bean sprouts. (B)

Fluorescence imaging of endogenous CO in peanuts and bean sprouts. (a) Control group (treated with Rh—CO) of pea-

nuts and bean sprouts; peanut and bean sprout samples treated with CdCls for (b) 1, (¢) 2, (d) 3, (e) 4, (f) 5 days,

followed by incubation with the probe at 25

°C for 30 min. (C) Quantitative analysis of mean fluorescence intensity

shown in (A). (D) Quantitative analysis of mean fluorescence intensity shown in (B). Statistical significance was as-

sessed using one-way ANOVA followed by post-hoc tests. P < 0.05, “P < 0.01, "'P < 0.001,ns, not significant.
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Fig 4
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Fig 5

(A)RAW 264.7 4 Jfd i AR A1 A I CO B9 20 AR - (a) Rh=CO B 77 15 73 . (b) CORM-3 Tl 4k B 30 235l , SR )5
FHERET b PR 15 30 o (o) LPS THAIE 6 /NI, S8 U5 FHEREE A B 15 73 B o (d-£) % B T Ca-c) B9 B35 R o (g-i) 986 B
S50 -1% 0 &N (B)RAW 264.7 41 g vh 47 N P HE CO 5 MitoTracker® Green FM [ 3L 28 137 96 6 1% . (a) W1 3%
% (b) LPS il 38 6 /NB, 8K J5 FHER EF AL PR 154341 o (¢ ) MitoTracker® Green FM B2 & 154341 . (d) A (b) Fl (e) Y& FF
PG . (e) (b)) Rl () WG I W37 R (D A . B = 10 pm

(A) Fluorescence imaging of exogenous and endogenous CO in RAW 264.7 cells. (a) Incubation with Rh—CO for 15
min. (b) Pretreatment with CORM-3 for 30 min, followed by probe treatment for 15 min. (¢) Prestimulation with LPS for
6 h, followed by probe treatment for 15 min. (d-f) Bright-field images corresponding to (a-c). (g-i) Merged fluorescence
and bright-field images. (B) Co-localization fluorescence imaging of endogenous CO and MitoTracker® Green FM in
RAW 264.7 cells. (a) Bright-field image. (b) Stimulation with LPS for 6 h, followed by probe treatment for 15 min. (¢)
Incubation with MitoTracker® Green FM for 15 min. (d) Merged fluorescence image of (b) and (c). (e) Merged bright-
field image of (b) and (c¢). (f) Intensity scatter plot. Scale bar = 10 pm

F 3
s s
= 10 .02
2

2 24
[7] "
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o 3]
£ S
£ £
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(A)/NEUA I SRR CO B MR (a) XT IRZL () /) BUBEIE 3 5 Rh—CO ¥ 9, J5L07 H 5 CORM-3(300 pM) , 2R J5 78
(¢)10 min(d)20 min(e)30 min(f)40 min(g)50 min F1(h)60 min B g 5% BLAR EIE o (B) /DN B 28 455 79 52 S hii % o (1) XF
MREH < TF % B BUTOIE (2) i 58 /N B TCRE (3) 3R 97 5 /0 BUTLE « Ca) O JEE () JHF R Ce ) LR () Jifi Ce) B JIE . (C) FI(D) Ky
(A)FN(B) R AIR I o R 5 2 T 22 0 BT (one-way ANOVA) S5 5 86 56 E 17 40 3127 W & 1A% . P < 0.05,7P <
0.01,7'P < 0.001,

(A) Fluorescence imaging of exogenous CO in mice. (a) Control group (b) Mouse injected intraperitoneally with Rh—CO
solution, after in situ injection of CORM-3 (300 wM), images were recorded at (¢) 10 min (d) 20 min (e) 30 min (f)
40 min (g) 50 min and (h) 60 min. (B) Fluorescence imaging of the mouse pneumonia model. (1) Control group: viscer-
al organs of normal nude mouse (2) Visceral organs of pneumonic mouse (3) Visceral organs of mouse after treatment.
(a) Heart (b) Liver (¢) Spleen (d) Lung (e) Kidney. (C) and (D) Quantitative analysis of mean fluorescence intensi-
ties in (A) and (B). Statistical significance was assessed using one-way ANOVA followed by post-hoc tests. P < 0.05,
“P<0.01, "P<0.001.



8 -

¥R

it 4 H OB E LPS(0. 1 mg/mL,0. 1 mL) , $74E
14 K, 37 41 B4 B P i e A0 il 8 /0 B 5
DX B S B I RS R . ML Z R O
JEF I G RS U 28 B v (SRS DU 3] £ 5 8 O, 2 B
WIEPE CO FLAEM A Srh = 2 o SR, 76 il &
TRIT /N BUBL AL | b 8 K A (DEX) ¥R 97 R 1Y
20 TR il 4% /N B 2 B R T D O S L
B2 3 Jili 92 /)N A 41 20 P 9 98 615 5 3 g, 3R
WL 2 697 M A P9 CO Y ™= 2R K o R %
S H S ARG CO K - A AR R R W 2R i Bh 2
FIR T RN B 08 7, Ay B Ao 200 T 2 il 8 %) 90 3
J FE T i AR AL T 5 S5 B (&I 5B, D) .

~/
4 % 2

FATIF A T — FORr B 210 CO 2Ot 48
(Rh-CO) , H 3 5 ML ] 3 F 28 B Tsuji-Trost L
WL, A% 0 BB 5 RBAE T 528 1 15 3h ) ) W
TR 2 038 28O0 iR o IR EHE S —Fh 2 D) g

Z * X #:

gy TR ] A I 38 B2 3h W A0 Bk R 98 AE S
5 R ) 8 30 R R R AR CO B IR
HTEMN T RGN E YR CO KI5 AL
BAF G RG] CO TEA [ A= i A A= B 2
o B RS P T)RE S 22 S AR S A1 T Ok
HOR SO o 38 i T AN A R AR B A8 N B
Y e A0 5 R U CO B9 R, Rh—CO 1Y 52
FTERFE 78 E . fEAT A2, Rh=CO I
F T B DA WA ol AR BTk A R E
Lo Cd> 5 5 19 AR A2 W Wl 38 0 B 3o A R g o ok
o FRATHIBT TR W], 55 k30 ik A A ) A N ) 4R
A I R 2 A 4 LU A 8 R T O AR R AR G, v
CO K& KA o X LA IR T iZ R 4 18
W) A W) AR G0 ks R A AT TR CO iR
ROME o 3X S8 5 A B ST — A S XA 3 il
FLE W & S8 T CO - &, Sy B W] Co
e 2E PR A BE A A b A XU R 4R R AT Ry
PR

[ 1 ] Kitagishi H, Minegishi S, Yumura A, Negi S, Taketani S, Amagase Y, Mizukawa Y, Urushidani T, Sugiura Y, Kano

K. Feedback response to selective depletion of endogenous carbon monoxide in the blood. J Am Chem Soc, 2016, 138:

5417-5425.

[ 2 ] Verma A, Hirsch DJ, Glatt CE, Ronnett GV, Snyder SH. Carbon monoxide: a putative neural messenger. Science,

1993, 259: 381-384.

[ 3] LiulJ, QiJ, Chen W, Nian Y. Multi-branch fusion auxiliary learning for the detection of pneumonia from chest X-ray im-

ages. Comput Biol Med, 2022, 147: 105732.

[ 4 ] Zilli CG, Santa-Cruz DM, Balestrasse KB. Heme oxygenase-independent endogenous production of carbon monoxide by

soybean plants subjected to salt stress. Environ Exp Bot, 2014, 102: 11-16.

[ 5 ] Chauhan S, Chatterjee D, Peer LA, Mir BA, Babbar SB. Carbon monoxide promotes flowering in Lemna gibba via a ni-

tric oxide-dependent oxidative stress pathway. Planta, 2025, 262(2): 47.

[ 6 ] He HY, He LF. The role of carbon monoxide signaling in the responses of plants to abiotic stresses. Nitric Oxide, 2014,

42: 40-43.

[ 7] Feng L, Wei LJ, Liu YY, Ren JX, Liao WB. Carbon monoxide/heme oxygenase system in plant: Roles in abiotic stress

response and crosstalk with other signals molecules. Nitric Oxide, 2023, 138: 51-63.

[ 8 ] Bay HW, Blurton KF, Sedlak JM, et al. Electrochemical technique for measurement of carbon monoxide. Anal Chem,

1974, 46(12): 1837-1839.

[ 9 ] Zhao QC, Li J, Sun SL, et al. Development of carbon monoxide sensor based on composite electrochemical elements.

Sens Mater, 2024, 36(9): 3731-3742.

[ 10 ] Jeong DH, Jung DG, Jung DW. Solvent-dependent electrospinning performance of nanofiber-based colorimetric CO gas

sensors. Sens Actuators B Chem , 2026, 450: 139220.

[ 11 ] Esteban J, Ros-Lis JV, Martinez-Manez R, et al. Sensitive and selective chromogenic sensing of carbon monoxide by us-

ing binuclear rthodium complexes. Angew Chem Int Ed, 2010, 49(29): 4934-4937.

[ 12 ] Guillot JG, Weber JP, Savoie JY. Quantitative determination of carbon monoxide in blood by head-space gas chromatogra-

phy. J Anal Toxicol, 1981, 5: 264-266.



BT, & — S ARBRIOCIRET 4 K I 30 ) 20 T s 5 AR ) D0 5 e AR 5 9

[ 13 ] Wang P, Chen W, Wang J, Zhou F, Hu J, Zhang Z, Wan F. Hazardous gas detection by cavity-enhanced Raman spec-
troscopy for environmental safety monitoring. Anal Chem, 2021, 93: 15474-15481.

[ 14 ] Liu Y, Wang PP, Shi XL, et al. Evaluation of carbon monoxide fluctuation in ferroptosis-mediated osteoarthritis by a met-
al-free near-infrared fluorescent probe. Sens Actuators B Chem, 2026, 449: 139127.

[ 15 ] Zhang YX, Zhou CL, Sun Y, et al. A ratiometric fluorescent probe for the specific detection of carbon monoxide released
from CORM-3 and induced by heme in living cells. Anal Chim Acta, 2025, 1374: 344528.

[ 16 ] Shen ZY, Yang YX, Meng ZY, et al. A novel pyrimidine-based hydrophilic fluorescent probe for detection and imaging
of endogenous carbon monoxide in living organisms. J Mol Struct, 2025, 1339: 142342.

[ 17 ] Xiao ZY, Tu BL, Hua SH, et al. Near-infrared fluorogenic imaging of carbon monoxide in live cells using palladium-me-
diated carbonylation. Chem Commun, 2024, 60(11): 1420-1423.

[ 18 ] Wang C, Zhang YB, Gou Q, et al. A novel mitochondria-targeted near-infrared fluorescent probe for in vivo detection of
carbon monoxide during acute inflammation in mice. Microchem J, 2025, 208: 112509.

[19] Zhang YY, Zhai HS, Shang ZY, Wang YS, He MM, Zhang ZQ, Zhang R, Meng QT. Near-infrared copper ions fluores-
cent probe for assessing Alzheimer’s disease progression and its application in real samples by constructing a portable test
kit. Sens Actuators B Chem, 2025, 444 138442.

[20] B&&, AXAM, &£k, 5. WML 20 AV i R SR SO IR S AR ARRE RAE D R g it ()], Ak # 3k,
2024, 45(12):2066-2073.

ZHOU J T,ZHU T X,SHANG Z Y, et al. Carbazole-based Near-infrared Bisulfite Fluorescent Probe and Its Applications
in Water Sample and Bioimaging [J]. Chin. J. Lumin. ,2024,45(12):2066-2073. (in Chinese)

[ 21 ] Zhang HY, Wu MM, FANSumadi, Fu CK, Meng QT, Alanazi M, Zhang ZX, Xu ZP, Ta HT, Zhang R. Responsive
Theranostic Nanoprobe for Ratiometric Photoacoustic Monitoring of Hypochlorous Acid-Mediated Inflammation in Cancer
Photothermal Therapy. Adv Funct Mater, 2024,35(13),2414788.

[22 ] fT# s de, i £ 0, 5 . AR RS BRI IRET 1 # 2 J L2 MR G5 6 U AT 9T [J]. &5k 4 41,2025, 46
(7):1333-1342.

HE J, YANG X Y, SHANG Z Y, et al. Construction of a Near-infrared Hypochlorous Acid Fluorescent Probe and Its Im-
aging Study in Rheumatoid Arthritis [J]. Chin. J. Lumin. , 2025, 46(7): 1333-1342. (in Chinese)

[ 23 ] Shang ZY, Wu MM, Meng QT, Jiao Y, Zhang ZQ, Zhang R. A near-infrared fluorescent probe for rapid and on-site de-
tection of sulfur dioxide derivative in biological, food and environmental systems. J Hazard Mater, 2024, 465: 133165.

[ 24 ] Shang ZY, Tian SY, Wang Y, Zhang C, Meng QT, Zhang R, Zhang ZQ. 1, 8-naphthalimide-triphenylamine-based red-
emitting fluorescence probes for the detection of hydrazine in real water samples and applications in bioimaging in vivo.
Sens Actuators B Chem , 2024, 398: 134725.

[25] Cao Y, Xu Y, Fang N, Jiao Q, Zhu HL, Li Z. In situ imaging of signaling molecule carbon monoxide in plants with a flu-
orescent probe. Plant Physiol, 2023, 193: 1597-1604.

[ 26 ] Xu YJ, Tian XF, Ai Q, Gao BX. Recent progress of Si-rhodamine-based probes in intracellular imaging of metal ions and
small molecules. Dyes Pigments, 2026, 250: 113643.

[27] 28, F44E 20, 5 . IGNEETOL R T BB SOC A K 2 P B [J]. A B 53R, 2024,45(5):837-845.
WANG Q, LIY Y, LIU G, et al. Allylfluorescein Molecularly Imprinted Fluorescent Sensor for Detection of Rhodamine
B [J]. Chin. J. Lumin. , 2024, 45(5): 837-845. (in Chinese)

[ 28 ] Deng F, Zhang EM, Xu ZW, Sun DS, Xie Y, Yi XG, Huang J, Liu LM. From oxygen to sulfur: rhodamine hydrazide
probes for peroxynitrite detection from the perspective of theoretical calculation. J Fluoresc, 2026, 36(2): 1745-1754.

[ 29 ] Kuronuma Y, Watanabe R, Hiruta Y. The latest developments of near-infrared fluorescent probes from NIR-I to NIR-II
for bioimaging. Anal Sci, 2025, 41(6): 737-757.

[ 30 ] Korber M, Attia D, Kohlbauer-Masson E, Mokhir A. A "turn-on" chemodosimeter for detection of Cu?* in living cells.
Dalton Trans, 2025, 54(48): 17880-17887.

[31]JiL, Fu A, LiuC, Xi Y, Cui S, Gao N, Yang L., Shang W, Ma N, He G, Yang Z. A novel lysosomal-targeted near-in-
frared probe for ratiometric detection of carbon monoxide in cells and in vivo. Spectrochim Acta A, 2024, 311: 123987.

[32] LiW, Li R, Chen R, Ai S, Zhu H, Huang L., Lin W. Activatable fluorescent-photoacoustic integrated probes with deep

tissue penetration for pathological diagnosis and therapeutic evaluation of acute inflammation in mice. Anal Chem, 2022,



10 koo 1l

3

94(24): 7996-8004.
[ 33 ] Zhu B, Xing X, Kim J, Rha H, Liu C, Zhang Q, Zeng L., Lan M, Kim JS. Endogenous CO imaging in bacterial pneumo-
nia with a NIR fluorescent probe. Biomaterials, 2024, 304: 122419.

ZKE1981-), 5 IR M B A, T
P Ho W S, 201148
Belp FoRE B TR, 3R T+
AL, FEMNFAH KRN 512

b T
g E-mail: qtmeng@ustl. edu. cn

B (1988-) L AL TILHAL
TG 2023 A AR ID TR R
FAL S ARG HOR Ll B b
o, 32 2N AR Wy e I B A4 KL D7
THT 119 B2 FH B At BIF 5

E-mail: zhaihs1008@163. com




