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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 ex-
hibits favorable properties including red emission, excellent selectivity for CO, a detection limit of 1. 94 wmol/L., and low
cytotoxicity, making it well-suited for in vivo imaging applications. The utility of Rh-CO was further demonstrated by
visualizing endogenous CO generation in a lipopolysaccharide-induced murine pneumonia model, evaluating the anti-
inflammatory action of CO, and monitoring CO fluctuations in plants under Cd?* stress. These findings collectively in-

troduce 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. (¢)Monitoring in vivo CO release in an animal pneumonia model using Rh-CO



&

9 ] BEAT, &5 LU iR PO CIRET i T FC Sl W A i 58 R W DO 15 e AR BT 5T 1739

COfESh Y MAEY) R 4ok BA R id . X
PREE A ARy O 5 o M 000 240 R 1 il 22 3 97 i
e A CO Mk B2 AR AL, id B 52 B X I (A A 9 b
&8 (CA*) 38155 5 CO 7 A= 1 92 I i 45 s I (11
1(b) () o JERTEER L, IZHE R T A
COPOCREHE T H—EWR R R BR ik
SR T — SRR AE Bl ) AT AT 5 4 ) T
I RLRY R B W R B R R SRR R AE R — 2 T
THT AL COTES Y R (5 515 %
DIREHLAI R AL T 2 T fE

2 % B

2.1 FENSFSEF

X %% : AVANCE 400 MHz %8 4% 8 3 P I 3% 12
(% -+ Bruker 2% 7] ) ;6530 Q-TOF LC/MS & & 4
i - 5T IE P A (& Agilent /N7l ) 3 Shimadzu UV-
3600 Plus % 48 #h - 1] UL 43 5% % B 31 ( H A% Shimadzu
3 A 3 F-7100 U585 43 56 56 B2 1 ( H AR Hitachi 2
7)) ; PB-10 %4 pH i (7 [F Sartorius 23 7 ) ; LSM 880 %!
R A= B (FE 1 Carl Zeiss 2 7)o A W) AR 52
5458 1 Ami /N3l )05 1 iR 7 46 (26 18 Spectral In-
struments Imaging 23 7] ) o &5 : 1,6- 32 FEZE (4l 7
99%) W H I B A5 BE 2 BB IR /) (p [ -
) 5 4- O R ST R (46 B 99%) Flfig 20 A L
522 SOMRAE AR BR S R (P B3 ) s =9 S 1R
(21 B2 98% ) F 58 WY 2 s VA i ( 2 2 98% ) W) | b &t
A RBFHABRAE (P EAE ) ; SR g PR
WRLIR = SR S W e A S I 40 A [ 25 4 1A
27 iR A BR S /) ([ B3 ) o I A R ol 9 5 R
TR B R A3 A aB G0 A8 AR 28— 2P alid B
AU . A LB R 8 1K
2.2 R4t Rh-COMIA K

5 1,6- - FHZ5(160 mg, 1. 0 mmol) 5 4- 2,
5 K W 2 (313 mg, 1.0 mmol) % f# T 10 mL =
LR ARG £ R 16 he RN 5E U
TR ZE PR 2 S O R BRI A 8 mL £
ST AR EEREFE 15 min, BT 20 (A [ A . 2 B A5
U8 )5 T8, 151k & % Rh-OH, 7= % 83%., 'H NMR
(400 MHz, DMSO-ds) 6 10.10 (s, 1H), 8.45 (d, J=
9.0 Hz, 1H), 8.04 (s, 1H),7.76 (dd, J=14.8, 7. 4 Hz,
2H), 7.36 (d, J=8.8 Hz, 1H), 7.27 (d, J=6.9 Hz,
2H), 7.16 (s, 1H), 6.73 (s, 1H), 6. 61~6.50 (m,
4H), 3.41 (d, J=6.3 Hz, 4H), 1. 13 (1, J=6.9 Hz,
6H) ., "C NMR (101 MHz, DMSO-ds) 8 157. 68,

153.35, 152. 36, 147. 31, 136. 30, 136. 02, 130. 50,
129. 09, 125. 02, 124. 58, 124. 53, 124. 20, 122. 24,
119. 36, 117.65, 109. 74, 109. 45, 104. 98, 97. 66,
84. 50, 44. 25, 12. 86,

5 Rh-OH (1 mmol) & B 2 %% I BE (2 mmol)
F R4 (2 mmol ) I T 2 (15 mL) A [l 9
8 ho RN SEHUGE , R G, i I8 bR K ULTE .
B VRV TR A BT A5 R P W aE ik R AR 2 A
afi fb ( — G W Be/H BE) L 15 3 H bR 7 W E A
& Rh-CO, 7= % 78%. ESI: m/z [Rh-CO+H] =
522.193 9,315 {4 521. 183 8. 'H NMR (400 MHz,
Chloroform-d) & 8.64 (d, J=9.1 Hz, 1H), 8. 09~
8.01 (m, 1H), 7.67~7.57 (m, 3H), 7.47 (dd, J=
9.1, 2.4 Hz, 1H), 7.39 (d, J=8.7 Hz, 1H), 7. 16
(dd, J=6.7, 1.6 Hz, 1H), 6. 79 (d, J=8.7 Hz, 1H),
6.43 (dd, J=8.9, 2.6 Hz, 1H), 6. 03 (ddt, J=16. 5,
10. 4, 5.8 Hz, 1H), 5.46 (dq, J=17.2, 1.5 Hg,
1H), 5.36 (dq, J=10.4, 1.2 Hz, 1H), 4.78 (dt,
J=5.8,1.4 Hz, 2H), 3.41 (q, J=7.1 Hz, 4H),
1.21 (1, J=7.1 Hz,6H) . "“C NMR (101 MHz, Chlo-
roform-d) & 153. 66, 153. 34, 152. 40, 150. 25, 149. 61,
147. 46, 134.92, 131. 05, 129. 57, 128. 95, 125. 30,
124.92, 124. 35, 124. 07, 122. 62, 122. 06, 120. 77,
119. 69, 118.00, 112.95, 108. 98, 104. 97, 97. 69,
84.24,69.34,44.52,29.72, 12. 58(¥M 78 SCF 7 2
S1, 5 S1~85) .,
2.3 BiREHRAIE ST

BEE B K BT 20 Cale T 1 S T 25 B R
FF TAEM BB AGE A7 T 4 “CoRE B35

fic il Rh-CO ¥ ¥ W - BRI 0. 026 05 g 4R [
&% F 50 mL DMSO H', B i 1x107 mol/L [ ¥ %
Wi, FRELO0.017 7 g PACL¥E T 50 mL A DMSO 1,
B i 2x 107 mol/L f M o X i) 4% B 0. 5 mL
LAREEHNA 100 mL 2 S T, A 9 mL DMSO,
T 4] PBS (20 mmol/L, pH 7. 4) 2% vh & Wi # B &
25 o BC R ER A DLV W AR R (Rh-CO 5 pumol/L+
PdCl, 10 pmol/L, 20 mmol/L, pH=7. 4, DMSO : PBS=
1:9, v/v)
2.4 RERW-COEEYBHERDHTR

WEREALAE 5 G AR A A R, E R AR
KR 5 E W A5 —, B 5 Tl 7 imik
DT IAR W 5% | S PFAl FR S 7 AE ) 1R & o f7 4
e iy BRARRE A B . SRR CO G S A T



1740 K b/

¥R 58471 %

1 EZE SRR AE Rh-CO I 7 (Rh-CO 5 pmol/L+
PdCl, 10 pmol/L , 20 mmol/L, pH=7. 4, DMSO : PBS=
129, v/v) T, Bl IS B B8 28 0 o B Mk B — Ak B
J 41 (Carbon monoxide-releasing molecule-3, CORM-
3) 0,50,100,200,300 wmol/L By ¥ ¥ 1 , = Ik F
RS2 30 min, FAZEME KPR IR )G , R EKR
MG . ERIE A T R CO AR B4R T 3
WS CO =4 K AE A M E 2R T CA> i
(0,1,2,3,4,5K) . FrAiFEA 2818 K )i
e, T 5 Rh-CO UK 7 9% 75 30 min, FF K o
Ve A

2.5 4%t Rh-CO FEZHRE AL 15 P I 5%

RAW 264. 7 EL W 48}l 75 % 10% fity 4= 1l % 1Y
DMEM K #5231, F 37 °C 5% CO5F T HE 37 B
5 S 56 432 LR J7 20 A BE AN - X5 FE 4« 40 i 55 Rh-
CO i ¥ (Rh-CO 5 pmol/L+PdCl, 10 pmol/L, 20
mmol/L, pH=7. 4, DMSO:PBS=1:9, v/v) , % & 15 min;
SN CO 4 40 56 5 CORM-3(300 wmol/L) % &
30 min, #5 Rh-CO Ml X W 9% & 15 min; N PR 1 CO
2 - 40 5 H LPS(0. 1 mg/mL) 413 6 h, #+ 5 Rh-CO
D0V 15 ming 26 6 MG OR A2 IR B KR
538 nm, & 5 KA Y [ R 600~680 nm ., R AR
g 3 525 b, g Z2 0 (lipopolysaccharide, LPS) &b B
J& 1 40 i A K B Rh-CO T MitoTrac- ker®Green FM
YR YL 15 min J5 A%

2.6 T Rh-COENYHERERHIHAR

T RSP T CO AR R BRI T 9 Rh-
CO M i& ¥ (Rh-CO 5 pmol/L+PdCl, 10 wmol/L,
20 mmol/L, pH=7. 4, DMSO: PBS=1:9, v/v) 50 pL,
B i 76 ] — 5B A7 7 S CORM-=3(300 wmol/L, 50 pl),
£ 10 min it 5 — KU EAE 5, FF4E 60 min,

OB PR i R B AL A NER S o =, (D)=
P2 . % H &P 1 PBS(0. 1 mL) , % 4L 14 K.
(2) i e 21« B B & i 1 LPS(0. 1 mg/mL,0. 1 mL),
ML 14K . (3)IRIT AL : Ml R A A /N BRI s 1 5
H ZE KA (DEX, 0. 5 mmol/L, 30 pL) , 45 24 h 7 5t
— K EEPIR . S B RR IS AR SE /N R B R
FEA , 5 Rh-CO Jll i #& (Rh-CO 5 pmol/L+PdCl,
10 wmol/L, 20 mmol/L, pH=7. 4, DMSO: PBS=1:9,
v/v) W F 60 min J5 14 .

3 %R 5

3.1 #R%t Rh-CO X} CO IR A HL &I #fF
PO gk BAT S BE v AR E PR 4 K

2 B 3 37 VRO S A5 R A, B2 N T AR ) UR
WFoE o T U0, A TAE L PE B 48 Sk 98 6 L
L5075 VO TR T Ok A MR 3%, 22 R R AR T RS
SRR PO A B K . Wk, #EE CO R,
Rh-CO 4b T G IR ZS s 24 P AAAE T 5 CO L
B, B 5T & A Tsuji-Trost Jid 4 73 3 2 7, HY PR g B&
VA BT 58, BE W7 35 T Bt B L (6 %0 PRI i 41
TR LIR B, 7E 635 nm Ab 77 A B3 LTS
o TS AT S A ST X — T AL AL - R T
Rh-CO ()53 ¥ & T W7 F m/z 522. 193 9 ([Rh-CO+
HI, B (E 521. 183 8) , 5 CO/PACLLJZ I J5 i% I 31
g, TR B B0 s Y 5L 7 ) Rh-OH 1Y 4% 1iF 16 m/z
438.170 6 ([Rh-OH+H]*, # i f& 438. 170 0) (&
S5~S6) o S AR F 1 W Wi B K 65 S5 Rh-
OH bR 522V A& #F— Wk T RN,
3.2 #F% Rh-CO Xt CO HJ S i i iz

R R e AR TR S T A O R T e AR
L PACLIRIE o 4 PACLSHREN 1 & ol 20 LI, 2¢
O 1 5 IR B B, Ak S0 0k B R WL — 2 R
m(E2(a)) . B, FE225280 % H Rh-CO (5 wmol/L)
5 PdClL (10 wmol/L) i) 1: 2 4 AR ARALIR & L 75
PBS 2% #1# (20 mmol/L, pH 7. 4, & 10% DMSO)
PEAT . i ad B A N CORM-3, PE4I R AF T 1k &
X CO RYMR R o [5] Rh-CO & & H % 4 il A CORM-
3 (0~0.3 mmol/L) i} ,513 nm F1 546 nm 4b Y J5 44
Wz WA g 2% ¥ 48 5 . 24 CORM-3 ¥ i & 0. 3 mmol/L
J& L GG ARG TR E o WS B T R S R
@, AT SEEE CO M #R IR AT R0 AR A I (B 2(b) ) o Rh-
COREI IR I TCHEE , e CORM-3 ¥ L (34 T,
635 nm &b & 5 06 32 1 1 58 L 24 CORM-3 ¥k B2 R 60
Mg, PO Bl R KA TRE, B a e
B (E 2(c)) o 81 X 2 Fl Az Wy AH S Fh (4L 46
TS 4R B BB B B IO ) 1 e
141 (0. 3 mmol/L) (£145 H,0,, Hg?**, GSH, C10-,
Cu®*, NO3, CO:, Cys, Hey, Zn**, HSO;, SO;", Pb2*,
Cl-, SO¥, Br~, SCN-, PO, $,0%, NO;, HSO;, Cd**,
F-, Cr**, HCO;, Co**, Niz*, P,0* ", 17, HaS) 34l T Rh-
COMRRMBERENE . SO -1 WU BOE 1% 7R, AL
CO 51 & b 35 1 615 28 Ak, oAb I 2 43 A 1 35 K 5
IR AL (E 2(d)) . A CO J5 i W 2 i JC
AR Ry o (S8 (a) ) o 25 5 b — B, AUAE
CO f7E N M AL H] 635 nm Ab & & i 2 56 14 5% (1]
2(e) ), T He Al 4 Fh 51 6 A %€ 6 A8 4k AT 22 W R 1



55 9 TR, & —EABR DS IR T K £ K L S0y A0 v M it 8 FIABL W BT TS U AR 5 1741
(a) 15 = (b) () 15 i
- o*00 a°° -~ 000“"
& 3 o’ 0.09 0o° -~ 510 oof
3 g e s e
s 10 S| . : 1 B
= 7 5t o . 0.06 o =) T |e°
= £ o g N z ok
B = |e = 01 02 03 = = %0 01 02 03
‘E 50 Y2 46 s 02 CO/(mmol - L") = CO/(mmol - 1)
E PdCL/(pmol L") 0.03 ge g |I
& ~ E E 7 l
P " 3 . : = |
650 700 750 800 500 550 600 650 700 650 700 750 800
A/nm A/nm A/nm
(@ R CORCORM.3 (e) 15 () 18 I R1-CO+otheranions and ROS+CORM-3
0.09L . Rh-CO+CORM-3 . I Rb-CO+ott and ROS
: ———— Rh-CO+others e y s
. Rh-CO+others .
fh-CO g 10 Rh-CO ‘g 12
£ 0.06 = ’ =
= = e
7] 5 7 6
0.03 e g £
0 - 0 0
500 550 600 650 700 650 700 750 800 0O 5 10 15 20 25 30
A/mm A/nm

B2 (a)ANFEHE PACL(0~12 pmol/L)FETE T , Rh-CO(5 wmol/L) % CORM-3(0.3 mmol/L) Wi 7 1 3¢ 5% 563 , 17 81 24 635 nm
AL G5 B BB PACLYR FE 197484k 5 (b) 58 S WU 2 63 , 4 €] : Rh-CO 7F 546 nm 4b X} CO ¥ J3 (0~0.34 mmol/L) 1 % 51
A I A AR T A AL 5 () 286 & JH 6% 4 18] : Rh-CO 7£ 635 nm Ab XF CO ¥R JE (0~0.34 mmol/L) [¥)
PEAZ AL IE R A 365 nm LM BT I W 98 ARk 5 (d) R AP BT 5 (o) P & ST E 003 () HOk3E 4o
B SO 451 PBS 28 WP (20 mmol/L, pH=7.4, DMSO:PBS=1:9, v/v)

Fig.2

(a)Fluorescence spectra of Rh-CO (5 wmol/L) in response to CORM-3 (300 pwmol/L) in the presence of varying concen-

trations of PdCly (0-12 wmol/L). Inset: fluorescence intensity at 635 nm as a function of PdClz concentration. (h) UV-Vis

absorption titration spectra. Insets: UV variation of Rh-CO at 546 nm with CO concentration (0-0.34 mmol/L) and color

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

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

lamp irradiation. (d)Absorption selectivity spectra. (e)Fluorescence emission selectivity spectra. (f) Fluorescence compe-

tition spectra. Experimental conditions: PBS buffer (20 mmol/L, pH=7.4, DMSO:PBS=1:9, v/v)
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(a)Fluorescence imaging of exogenous CO in peanuts and bean sprouts. ( 1 ) Control group (treated with Rh-CO) of pea-
nuts and bean sprouts. ( ii )=( vV )Samples pretreated with the probe for 12 h and then incubated with different concentra-
tions of CORM-3 at 25 °C for 30 min: ( ii )50, (iii )100, (iv)200, ( v )300 pmol/L, in peanuts and bean sprouts. (b)
Fluorescence imaging of endogenous CO in peanuts and bean sprouts. ( 1 ) Control group (treated with Rh-CO) of pea-
. (di)2, (iv)3, (v)4, (vi)5d, fol-

lowed by incubation with the probe at 25 °C for 30 min. (c) Quantitative analysis of mean fluorescence intensity shown in

nuts and bean sprouts ; peanut and bean sprout samples treated with CdCl for ( ii ) 1

(a). (d) Quantitative analysis of mean fluorescence intensity shown in (b). Statistical significance was assessed using
one-way ANOVA followed by post-hoc tests. ‘P<0.05; "P<0.01; "
7E RAW 264. 7 5 W 40 i b, AT 2R £ I
BARE Y20
® ¥ T AR AE CO

P<0.001; ns, not significant
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Fig.4
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Fig.5

(a) RAW 264.7 41 g i SN IEVE AT P JEVE CO AP L AR - (1 ) Rh-CO MFF 15 min; (i1 ) CORM-3 Fil 407 30 min, 2R )5
FHERE AL B 15 min; (1ii ) LPS UL 6 h, 285 FHAREH B HE 15 min; (v ) ~( v OXFRLF (1) ~Ciii) B9 B3 S (Vi) ~
(O ZEEHR S PR & . (b)) RAW 264.7 41 F 4T IR PE CO 5 MitoTracker®Green FM 3L i ¢
A CT) M S (il ) LPS I 6 h, S8 J5 HIFR#F AL B 15 min; (iii ) MitoTracker®Green FM ¥ & 15 min; (iv ) A
CLDFNCHD) #5726 MG (v ) 2 CLiDFCIED 095 IF 317 G (v s BRI . LB B R =10 pm
(a)Fluorescence imaging of exogenous and endogenous CO in RAW 264.7 cells. ( 1 ) Incubation with Rh-CO for 15 min.
(ii ) Pretreatment with CORM-3 for 30 min, followed by probe treatment for 15 min. ( iii ) Prestimulation with LPS for 6
h, followed by probe treatment for 15 min. (iv )—=( v ) Bright-field images corresponding to ( 1 )—C1ii ). (vii)-(ix )
Merged fluorescence and bright-field images. (b) Co-localization fluorescence imaging of endogenous CO and Mito-
Tracker®Green FM in RAW 264.7 cells. ( 1 ) Bright-field image. ( ii ) Stimulation with LPS for 6 h, followed by probe
treatment for 15 min. ( {ii ) Incubation with MitoTracker®Green FM for 15 min. ( iV ) Merged fluorescence image of ( ii )
and (iii ). ( V )Merged bright-field image of ( ii ) and (iii ). ( Vi )Intensity scatter plot. Scale bar=10 um

(a) (b)

(C> 15 ook wak__whk_ak_ wak % (d)

W
0

Intensity/(10% a. u.)
HH
Intensity/(10% a. u.)
~

IRARARARANANEY
0
a b ¢ d e f & h 0 1 2 3

(a) /N ERAR AN E CO BTG G : (1 )X IRE 5 (i ) /N BRUKE i 8 3 Rh-CO S, JRLAY 7 5 CORM-3(300 pwmol/L) ,
SRJFAE (i) 10 min ,(1v)20 min (v )30 min. (Vi )40 min (Vi) 50 min F1(vili) 60 min i 5% AR R . (b) /N RU %
RREFL GG A (1) %F B2« 1E 3 4R U, (2) I 58 /8 BRECAE L (3) 3R 5 /I BRECE = C )0, CHi D JFFIDE , Cili ) DU,
GO, (VBB (e)~(d)(a)~(b) IAEIRIE . RSB 3R J5 22 53 BT (One-way ANOVA) Ko 385 K 30 9E 47 48 112
B F VG, TP<0.001

(a) Fluorescence imaging of exogenous CO in mice. ( 1 ) Control group. ( ii ) Mouse injected intraperitoneally with Rh-CO solu-
tion, after in situ injection of CORM-3 (300 wmol/L) , images were recorded at ( iii ) 10 min, (iv )20 min, ( Vv )30 min, (Vi)
40 min, (Vi )50 min and (Viii )60 min. (b) Fluorescence imaging of the mouse pneumonia model. (1) Control group: visceral or-
gans of normal nude mouse. (2) Visceral organs of pneumonic mouse. (3) Visceral organs of mouse after treatment. ( 1 ) Heart,
(ii )liver, (iii )spleen, (iv) lung, ( Vv )kidney. (¢)—(d) Quantitative analysis of mean fluorescence intensities in (a)—(h).

Statistical significance was assessed using one-way ANOVA followed by post-hoc tests. ""P<0.001
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