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Abstract

Extensive studies in the last few decades have led to the establishment of CO as an endogenous 

signaling molecule and subsequently exploration of CO’s therapeutic roles. At the current 

state, there is a critical conundrum in CO-related research: the extensive knowledge of CO’s 

biological effects and yet insufficient understanding of the quantitative correlations between CO 

concentration and biological responses of various natures. This conundrum is partially due to 

the difficulty in examining precise concentration-response relationships of a gaseous molecule. 

Another reason is the need for appropriate tools for the sensitive detection and concentration 

determination of CO in the biological system. We herein report a new chemical approach to the 

design of fluorescent CO probes through de novo construction of fluorophores by a CO insertion-

initiated lactamization reaction, which allows for ultra-low background and exclusivity in CO 

detection. Two series of CO detection probes (CODPs) have been designed and synthesized using 

this strategy. Using these probes, we have extensively demonstrated their utility in quantifying CO 

in blood, tissue, and cell culture and in cellular imaging of CO from exogenous and endogenous 
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sources. The probes described will enable many biology and chemistry labs to study CO’s 

functions in a concentration-dependent fashion with very high sensitivity and selectivity. The 

chemical and design principles described will also be applicable in designing fluorescent probes 

for other small molecules.
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Introduction

The paradigm of CO being a notorious toxic gas has been shifted since the first report 

of the signaling functions of carbon monoxide (CO) in the 1990s. There have been 

extensive studies of the physiological and pharmacological roles of CO.1–6 CO is produced 

endogenously in the human body under normal physiological conditions primely through 

heme oxygenase-mediated degradation of heme,2 with a concentration in the blood in 

the mid micromolar range.7 CO exerts anti-inflammatory and cyto- and organ-protective 

effects.3,8–10 For example, it offers protection in lipopolysaccharide (LPS)-induced 

inflammation,11 ischemia-reperfusion injuries,12,13 chemically14,15 and rhabdomyolysis16-

induced organ injuries. The prospect of developing CO into a therapeutic agent for 

colitis,17 sickle cell disease,18 acute kidney injury,19 among others,8,20 is supported by 

the corresponding animal model studies. Extensive efforts have been made in recent years 

in evaluating inhaled CO gas in clinical trials,8,21 developing non-gaseous CO delivery 

approaches,21 including liquid18 and foam20 formulations, metal-based CO-releasing 

molecules (CORMs),3,22,23 and organic light-activated CO releasing molecules,23–27 organic 

prodrugs16,28–32 and their formulations.33 A unique challenge to studying the dose-response 

relationship of CO is the lack of facile methods for the sensitive and selective determination 

of its concentration in the blood and various tissues.34–37 Along this line, there is still much 

to be desired from existing methods.
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There are two mainstream ways of determining CO in biological samples in the literature. 

The first is direct quantification using gas chromatography (GC) of CO liberated from 

the tissue using specialized detectors, including a methanizer coupled flame ionization 

detector (FID),14 a mercury reduction gas detector (RGD),38,39 or a semiconductor sensor 

gas chromatograph (SGC) for needed sensitivity. These delicate gas chromatography 

instruments are not commonly available in biology labs and require chemistry knowledge 

in designing experiments and interpreting data, which often pose hurdles to implementing 

them in CO research. The second approach is to use chemical probes. For example, a 

cyclodextrin-encapsulated iron(II) porphyrin analog hemoCD1 has been demonstrated to 

be a powerful chromogenic sensor to determine CO in biological samples by a UV-Vis 

method.40,41 Established fluorescent probe approaches include a genetically encoded CO 

sensing protein (COser)42 and small molecule reaction-based CO probes (Figure 1A).43–45 

There are two major strategies for designing reaction-based fluorescent probes.43,46,47 

One is to incorporate a transition metal (such as Pd) in a fluorophore, leading to 

fluorescence quenching.48 Upon reaction with CO, Pd is removed by either palladium-

mediated carbonylation49 or protonolysis.50 This “dequenching” strategy has been utilized 

in designing CO probes such as COP-148 and its analogs44 as well as CC-CO,51 among 

others.43,45 The other strategy is to use an allyl group to cage the fluorophore,52 which 

can be removed via the Tsuji-Trost reaction by Pd(0) generated from Pd(II) and CO. 

These CO probes, especially COP-1,48 have been extensively used in cellular imaging-based 

studies and have tremendously aided studies of CO biology. However, depending on the 

sensing mechanism, the reported probes have their limitations in terms of signal-to-noise 

ratio (SNR),42 specificity, and sensitivity towards CO.53 For dequenching-based probes, 

presumably due to incomplete quenching of the existing fluorophore by the transition metal, 

residual background fluorescence is noticeable, leading to a limited SNR. Furthermore, 

ubiquitous nucleophiles such as thiols in the biological milieu can react and remove the 

palladium quenching group, which could be seen with the slight turn-on effect by thiol 

species reported in the literature.48 For the Tsuji-Trost reaction-based probes, the caging 

group could potentially be removed by enzymatic catalysis;54 Pd2+ has also been reported 

to be reduced by ascorbic acid,55 which may result in false-positive or compatibility issues. 

It also needs to be noted that there are several nitro-reduction-based probes that initially 

were reported to detect CO.43,56,57 However, the detection mechanism was later found to 

be dependent on the reactivity of the ruthenium-CO complex, not on CO per se.58 Thus, 

they43,56,59 should not be regarded as general CO probes, but probes for ruthenium-based 

CORMs.42,49,58,60–63 Such results underscore the necessity of using CO gas to authenticate 

CO sensing and detection.

For improved sensitivity and selectivity to enable CO quantification in biologically relevant 

samples and to facilitate our undergoing development of CO-based therapies,16,19,29,34,37 we 

are interested in developing new chemical strategies for CO fluorescence probes. Our design 

is based on fluorescence turn-on via de novo fluorophore construction for fast, sensitive, 

and selective (actually exclusive) detection of CO with a high SNR. These probes have 

been successfully applied in determining CO concentrations in cell culture, blood, and 

tissue samples in both semi-quantitative and quantitative manners, as well as in fluorescence 

cellular imaging of CO.
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Results and discussion

CO detection chemistry and spectroscopic property profiles of the CO detection probes 
(CODPs)

We desire fluorescent probes that have a near-zero background for high SNR within a wide 

range of probe concentrations and exclusively respond to CO. Therefore, instead of using 

CO-based de-quenching or de-caging chemistry, CO is used as a building block for the 

de novo construction of a fluorophore, leading to exclusivity in sensing and elimination of 

background fluorescence (Figure 1B). The design takes advantage of a palladium-mediated 

CO carbonylation reaction followed by a spontaneous lactamization reaction to “construct” 

the desired fluorophore. Therefore, only upon reacting with CO can fluorescence be turned 

on. Two fluorogenic scaffolds, phthalimide and naphthalimide fluorophores were chosen to 

prove the concept (Figure 2).

For the phthalimide scaffold, an O-hydroxyl phthalimide (FP-1) with a well-defined excited-

state intramolecular proton transfer (ESIPT) fluorescence mechanism64,65 was chosen as 

the fluorescent product. The quantum yield (ΦF) of FP-1 in pH 7.4 PBS was determined 

to be 0.23 using quinine sulfate as the reference (Table S2). The first probe series 

(Figure 2A) was synthesized from 2-amino-6-methoxybenzoic acid (Scheme S1). We did 

not choose to construct the dimeric palladacycle via ortho-direction as reported for other 

probes such as COP-148 and CC-CO,51 to avoid high molecular weight and the concern of 

forming regioisomers.51 Instead, we introduced an iodo group at the ortho-position of the 

amide group through diazotization-iodination to direct the oxidative insertion of palladium 

using tetramethylethyldiamine (TMEDA) as the ligand.66 Thus, the palladium complex 

CODP-101 was synthesized under mild conditions and in good yield. TMEDA was chosen 

as the ligand due to the stability and aqueous solubility of the resulting complex. Indeed, 

this molecule reacts with CO and serve as CO fluorescence probe as it is. The iodo group in 

CODP-101 was then removed by treating with AgOTf in acetone, forming the palladacycle 

CODP-102. The structure was characterized by NMR and X-ray crystallography (XRC, 

Figure S20A). Importantly, CODP-101 and CODP-102 are soluble and stable in PBS 

solution at pH 7.4 (Figure S1). Incubating CODP-102 with CO gas in a headspace vial led 

to fluorescence turn-on in a linear relationship with CO quantity (Figure 3A,B). The reaction 

kinetics of CODP-101 towards CO was found to be the same as CODP-102 (Figure 3E). 

Compared to dequenching-based CO probes, the major advantages of this strategy are the 

high SNR and low background as well as superior selectivity, owning to the completely dark 

nature of the probe, the large Stokes shift (114 nm) of the product FP-1, and the lack of 

fluorescence interference of the depalladiation species (DS-1a) (Figure S5A).

It is well known that similar palladium complexes are reactive toward thiol species.67 

Such reactivity was presumed to cause the response of COP-1 to thiols through 

protodemetalation,44 as the depalladation species of the probes may share a similar 

fluorescence profile with the CO-sensing product. Because thiol species such as H2S and 

GSH are present in biological samples, the exclusion of such CO-independent responses 

can significantly enhance the reliability of CO detection. LC-MS studies showed that 

upon reacting CODP-102 with glutathione (GSH) or H2S (generated from NaHS) in 
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PBS, the depalladation species (DS-1a) was formed (Figure S3A,B). Directly reacting 

CODP-102 with two equivalents of NaHS in dimethylacetamide (DMA) gave DS-1a as 

the major product (Figure S3C). However, DS-1a did not show any fluorescence at the 

excitation wavelength used for CO detection, preventing a false-positive response due to 

depalladiation. The concern of decreasing effective probe concentration by a thiol species 

can be addressed by increasing the probe concentration without inducing background 

signal, due to the absence of background fluorescence of the probe and the depalladation 

species. Since the low background level of CODP-102 is independent of the probe 

concentration, it allows for enhancing SNR through increasing probe concentration within 

a wide concentration range. For example, the SNR of CODP-102 is 320:1 at 10 μM 

and 1200:1 at 100 μM (Figure 3C). With respect to selectivity, our design allows for the 

exclusive detection of CO over other species, demonstrating superior selectivity compared 

with other palladacycle-based probes. Specifically, CODP-102 can only be turned on by CO 

gas as expected (Figure 3D, Figure S2B). No fluorescence change was detected when thiol, 

persulfide, peroxide, NO2−, among other species, were present.

As for the detection mechanism, we envisioned steps as described in Scheme 1 leading 

to the “insertion” of CO as one eventual carbonyl group of the phthalimide stucture 

needed for the fluorescence property of FP-1. Specifically, after CO insertion between the 

palladium and phenyl carbon, a carboxylic acid group is formed upon hydrolysis (Scheme 

1). Due to the proximity to the amide nitrogen and the kinetically favorable formation of 

a five-membered phthalimide ring, the fluorescent o-hydroxylphthalimide is formed as the 

final product. To examine this mechanism, proton NMR, HPLC, and LC-MS were used to 

study the reaction between CODP-102 and CO gas. In NMR studies, we monitored the 

transformation of CODP-102 in the PBS/D2O-DMSO solution, which showed the formation 

of FP-1 after adding CO gas to the NMR tube (Figure S6). HPLC and LC-MS studies 

showed that after injecting CO gas into the PBS solution of CODP-102 and incubating 

at 37 °C for 30 min, FP-1 was formed as the major product (Figure S7). Meanwhile, 

black precipitation (presumably palladium) was observed in the reaction mixture. HPLC 

analysis also showed a minor peak at 6.2 min in the CO-sensing reaction and in the pure 

FP-1 sample. LC-MS studies confirmed it was the ring-open product IM-1 (Figure S8), 

an intermediate presented in the hydrolysis equilibrium according to the previous studies.68 

In order to capture the intermediate of the CO detection reaction, an ethanol solution 

of CODP-102 was used (Scheme 1). HPLC and LC-MS studies showed the ethyl ester 

intermediate IM-2 along with the cyclized product FP-1 (Figure S7b, S8). After adding PBS 

to this reaction mixture, IM-2 was completely converted to FP-1 almost instantly, indicating 

the fast intramolecular lactamization reaction in an aqueous solution. Such results also 

indicate that CO insertion into the palladium complex is likely to be the rate-determining 

step. In addition, after reacting CODP-102 with CO gas, the fluorescence intensity was the 

same as FP-1 at the same concentration. To this end, the proposed sensing mechanism is 

consistent with the stoichiometric conversion of the probe to the fluorescent product in PBS 

solution.

Upon proving the concept with CODP-101 and –102, we sought to optimize the CODPs 

for quantum yield, stability, sensitivity, and response kinetics towards CO for biological 
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applications. We found that the pKa of the phenol group of FP-1 rendered the fluorescence 

pH-sensitive under near-physiological conditions (Figure S2C). To address these issues, the 

amino analog FP-4 was selected as a new reporter compound with the quantum yield being 

substantially increased to 0.33 (Table S2). The maximum excitation/emission wavelength of 

FP-4 is blue-shifted by about 10 nm compared to FP-1 (Figure S5B). Due to the lower pKa 

of the conjugated acid and improved ESIPT effect of an aniline group, the pH dependency of 

FP-4 around physiological pH was largely circumvented (Figure S2D), leading to improved 

signal stability. Based on FP-4, several analogs were designed and synthesized by changing 

the ligand moiety and the amide chain (Figure 2A). To profile the CO detection reaction 

kinetics, all CODPs were tested at the same concentration with 20-fold molar excess of CO, 

and the fluorescence intensity was normalized as a percentage of the maximum intensity 

(Figure 3E). To begin, CODP-103, a complex with TMEDA as the ligand, was synthesized 

(Scheme S2). It showed a faster response to CO when compared to the corresponding 

hydroxyl analog CODP-102. Shortening the amide alkyl substituent from butyl to propyl 

(CODP-107) resulted in a slower response to CO gas. The ligand was then changed to 

a more electron-withdrawing bipyridyl group. The resulting complex CODP-105 showed 

substantially increased reaction kinetics compared to CODP-107. Shortening the amide 

alkyl group from butyl to propyl (CODP-106, XRC data: Figure S20B) further increased 

the reaction kinetics, with the second-order rate constant being 220.6 ± 27.2 M−1s−1 (Figure 

S10). The reaction kinetics of CODP-106 allowed for almost real-time detection of CO gas 

(Video S1). CODP-106 was confirmed to show linear response to CO gas (Figure S9B), 

high SNR (≈800 at 100 μM, Figure S9C), and excellent selectivity to the point of almost 

exclusivity (Figure S9D–F), as expected. The quantitative conversion of CODP-106 to the 

fluorescent product in a DMA-PBS solution was confirmed by a fluorescence recovery assay 

(Figure S11). Interestingly, we applied the same bipyridyl ligand to modify CODP-102. The 

resulting palladacycle CODP-104 showed a much slower response to CO than CODP-102. 

The second-order reaction rate constant was determined to be 13.8 ± 1.4 M−1s−1. The 

CO-sensing kinetic parameters generally fall within limits defined by CODP-104 and 

CODP-106 (Figure 3E). The results indicate the intricate effects of the substitution of the 

phenyl ring and the palladium ligand on the CO insertion reaction.

The sensitivity of CODP-102, CODP-103, and CODP-106 was studied by incubating 

them with 1.6~8 ppm CO in the air in a headspace vial (see SI for details). Due to their 

high SNR, we anticipated the feasibility of using these probes at high concentrations for 

increased sensitivity. To test this assumption, sensitivity was tested at both low (100 μM) 

and high (1 mM) concentrations. The theoretical detection limit was determined to be 

about 0.1–0.2 ppm for CODP-102, 103, and 106 dissolved in DMA (Table S1–1), which 

is the equivalent of 0.45–0.9 nM in solution according to Henry’s law.69 As expected, 

a higher probe concentration gave a higher sensitivity, as shown by the lower detection 

limit in general (Table S1–1). The high sensitivity coupled with the high SNR allows for 

robust determination of CO concentrations in the biospecimen discussed in later application 

sections. In comparison, the detection limit using GC with 100 μL gas injection is 0.5 

ppm for methanizer FID, according to the manufacturers’ specifications. Therefore, these 

fluorescence probes are at the sensitivity level of the methanizer-FID-GC, which is sufficient 

for detecting basal CO levels in vivo.
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When we applied CODP-102 and CODP-106 in cellular imaging studies, we found poor 

accumulation and undesirable photostability of the fluorescent products FP-1 and FP-4 in 

the cell. We sought to tackle this issue by applying our CO sensing strategy to construct 

probes based on the 1,8-naphthalimide fluorophore, which is known for good photostability, 

cell permeability,70 and tunable quantum yield.71 As a result, two naphthalic amide-based 

CO probes CODP-201 and CODP-202 were designed and synthesized (Scheme S3) by 

using a similar chemical strategy (Figure 2B). Bipyridine and TMEDA were studied 

as ligands. The attempt to synthesize the complex with TMEDA ligand failed due to 

spontaneous decomposition during the reaction. On the other hand, the bipyridyl ligand 

palladium complex CODP-201 was stable during synthesis. The bromide in CODP-201 
was removed by AgOTf to form the six-membered palladacycle CODP-202. Both structures 

were confirmed by XRC (Figure S20C,D). CODP-201 and –202 were found to be stable 

for at least 1 h in PBS solution at 37 °C (Figure S12). The apparent reaction kinetics 

of CODP-202 towards CO was determined to be as fast as CODP-106 (Figure S13C). 

The formation of a six-membered naphthalimide fluorescent product FP-5 by reacting 

CODP-202 with CO in PBS solution was confirmed by LCMS studies (Figure S14). The 

quantum yield of FP-5 was determined to be 0.82 in water (Table S2). Importantly, the 

depalladiation specie DP-2 also features an excitation spectrum distinctively different from 

that of the CO-sensing product FP-5 (Figure S5C), which allows for high SNR (Figure 

4) and similar exclusivity in analyte detection (Figure S13). The CO detection limits of 

CODP-201 and CODP-202 were determined to be 2.74 nM and 2.06 nM (Table S1–2), 

respectively, by using 20 μM of the probe and assuming CO solubility was 1 mM in PBS at 

760 mmHg CO partial pressure.72 It is reported that the endogenous CO concentration in the 

mammalian cell is in the micromolar range.40 Therefore, CODP-202 should be capable of 

detecting CO generated endogenously in the cell culture.

Application of CODPs.

CODP-102, –103, –106, and –202 were chosen to demonstrate their utility in two key CO 

determination applications for biological research, 1) measuring CO contents in cell culture, 

blood, and tissue samples (Figure 5); and 2) imaging intracellular CO accumulation. Each 

CODP has its own physical, chemical, and biological characteristics suited for different 

applications.

Relative quantification of CO in blood and cell culture.

With the TMEDA ligand and triflate salt, CODP-102 and –103 showed higher water 

solubility (c.a. 5 mM) compared to CODP-106 (c.a. 100 μM) and CODP-202 (c.a. 50 

μM). The fluorescent products of CODP-102 and –103 are stable in serum. Although FP-1 
showed pH-dependent fluorescence, the blood pH is not expected to fluctuate significantly. 

Buffering the testing fluid with PBS at 10 mM (1×) was sufficient to stabilize the pH in 

our studies. Therefore, both CODP-102 and –103 were selected to measure mouse blood 

COHb. As the mouse blood hemoglobin tetramer concentration is about 2 mM,73 100% 

COHb should give a CO concentration of about 8 mM. To directly test COHb levels up 

to 50%, the probe concentration should be at least 4 mM. Even at this high concentration, 

the background signal of our probes was negligible. By directly incubating CODP-102 at 
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a concentration of 10 mM with blood samples of various COHb levels pre-determined by 

a CO-oximeter, an excellent correlation between the fluorescence intensity and the COHb 

level was established (Figure 6A,B). By using this standard curve, the COHb level of an 

unknown partially CO-saturated blood sample with a fluorescence intensity of 117.48 a.u. 

was calculated to be 7.9%. CO-oximeter reading of the same sample showed a COHb level 

of 8.2 ± 0.45%, demonstrating excellent consistency.

To determine COHb levels without a CO-oximeter, a definitive COHb calibration level of 

the blood is needed. It has been reported that pre-saturation of blood with pure CO gas leads 

to about a 90% COHb level.74 In our hands, the 90% COHb level was also verified to be 

consistent among the CO-saturated blood collected from five mice (Figure S15).

By assigning the COHb level of CO saturated-N2 flushed blood to be 90% and serially 

diluting by normal blood, a calibration curve can be established with CODPs. Thus, the 

COHb level of an unknown sample can be determined by the probe with a fluorescence 

microplate reader without using a CO-oximeter, GC, or even fluorospectrometer (Figure 

S16). Since most research labs do not readily have access to a CO-oximeter, there is a 

great need for alternative COHb determination approaches. The method described herein 

can address this unmet need in CO research. The protocol we have developed based on 

CODPs was successfully verified in two ex-vivo experiments. After orally administering 

the CO prodrug CO-30616 and its activated charcoal formulation AC-30633 in mice, blood 

COHb levels determined by CODP-102 and –103 were in excellent agreement with the 

ones determined with a CO-oximeter (Figure 6C, 6D). The same methodology can also 

be applied in cellular experiments to determine changes in CO levels induced by external 

CO sources such as CO gas or increased endogenous CO production via induction of 

HO-1 expression. Specifically, HeLa cells were incubated with 250 ppm CO gas for 2 h or 

with 0.3 μM CDDO-Me for 6 h followed by collection with a cell scraper. HO-1 inducer 

CDDO-Me75 was used due to the lack of spectroscopic interference in the fluorescence 

experiments compared to the commonly used chromogenic hemin.40 Incubation of the 

washed cell pellets with 100 μM CODP-103 followed by fluorescence measurements with 

a microplate reader showed that the fluorescence signal increased by about 28% after CO 

gas treatment and by 7.5% after CDDO-Me treatment when compared with the 0.5% DMSO 

vehicle treatment controls (Figure 6E). Western blot confirmed that CDDO-Me treatment 

significantly increased HO-1 expressions in HeLa cells (Figure 6F), which presumably 

accounted for the elevated CO production.

Determination of absolute amounts of CO in tissue and cell culture samples.

In understanding CO exposure levels in the context of pharmacokinetic considerations, the 

bioavailability of the delivered CO is commonly evaluated by calculating the area under 

the curve (AUC) of COHb levels.37 Tissue CO concentration, on the other hand, has 

not been well defined in most CO delivery studies, presumably due to limited access to 

appropriate detection methods. The endogenous CO concentrations in various organs have 

been determined to be about 2–10 pmol/mg in mouse tissues using an RGD-GC method.35 

Theoretically, if about 100 mg of tissue releases all bound CO to 1 ml headspace in a 

headspace vial, it should give at least 4.5 ppm CO. We sought to test if CODP-106 with a 
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detection limit of 0.1 ppm and fast reaction kinetics could be used to determine the tissue 

CO concentration quantitatively.

To develop the quantification method, CODP-106 was dissolved in 50 μL degassed 

DMA at a concentration of 1 mM and sealed in a 0.5-ml vacuumed headspace vial with 

PTFE/silicone crimp septum. This probe-charged headspace vial (CO detection vial) was 

used as a CO “detector” by injecting CO-containing gas followed by incubation and 

measurement of fluorescence intensity with either a fluorometer or a plate reader (Figure 

S16). Quantification was achieved via an external standard curve method by injecting 250 

μL of standard CO calibration gas (10–100 ppm CO in the air) into the detection vial. 

The excellent reproducibility and goodness-of-fit indicate the soundness of the experimental 

setup (Figure 7A). To verify its utility in an ex-vivo study of CO donor administration, we 

harvested the perfused organ tissues from the same mice dosed with 200 mg/kg CO-306, 

which were used for the aforementioned COHb analysis. Aliquots of liver and kidney 

homogenates were concomitantly tested with CODP-106 and a methanizer-FID-GC (see 

SI for detailed methods). Protein-bound CO was liberated in the headspace vial by 3% 

5-sulfosalicylic acid (SSA) according to an established procedure.35, 38 Liver tissue CO 

concentration was determined to be about 5 pmol/mg for the control and 31 pmol/mg 

for the CO-306-treated group. Kidney tissue CO concentration was determined to be 11 

pmol/mg for the control and 26 pmol/mg for the CO-306-treated group. There was no 

statistical difference between the results determined by GC and the CO probe (Figure 7B, 

7C), confirming that our CO detection protocol using CODP-106 was able to quantify CO 

in tissue samples with accuracy and reproducibility on par with that of a methanizer-FID-GC 

system, which is regarded as the “gold standard” for determining tissue CO concentrations. 

The tissue CO concentration of the control mice was also in a similar range as tested with an 

RGD-GC method by Vreman et al.,35 further supporting the reproducibility of our methods.

Similarly, CODP-106 CO detection tube can also be used to determine CO concentrations 

in cell culture. After treating HeLa cells with 250 ppm CO gas or CO-111 (50 μM),14 

a CO prodrug, for 2 h, CO concentration increased substantially from 25 pmol/106 cells 

to 92 pmol/106 cells, and 203 pmol/106 cells, respectively (Figure 7D). Since cells were 

washed with PBS twice before denaturing and CO determination, the substantially higher 

CO concentration in the CO-111 treatment group could be partially attributed to the 

combined CO amounts from hemoprotein-bound CO and the residual intracellular CO 

prodrug. However, the residual amount is expected to be small because of the short half-life 

of this prodrug (15–25 min).14, 77 Thus, for a quick comparison, 50 μM of prodrug CO-111 
was able to deliver more CO in cell culture than 250 ppm of CO gas during a 2-h period. To 

this end, we have demonstrated that CODP-102, –103, and –106 can be used to determine 

CO concentrations in cell culture, blood, and tissue in a semi-quantitative and quantitative 

manner with excellent reproducibility and accuracy.

Fluorescence imaging of CO in cell culture.

As a key visualization method in chemical biology research, fluorescence imaging has 

significantly aided the understanding of CO’s function and the development of various 

useful CO donors capable of delivering CO to the intracellular space.77 The fluorescence 
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product of the CODP-10X series showed rapid diffusion and low photostability. On the 

other hand, the CODP-20X series have similar advantageous features of high selectivity, 

high sensitivity, and low background, and yet the fluorescence product (FP-5) has higher 

photostability and quantum yield. Thus, CODP-201 and –202 were used to demonstrate 

their feasibility in cellular image applications. They showed no cytotoxicity to HeLa cells at 

concentrations lower than 50 μM within 24 h (Figure S18). As a trifluoromethanesulfonic 

salt, CODP-202 has a higher aqueous solubility than CODP-201. Both can be used in 

cell imaging CO from various sources, including CO gas, a CO prodrug (CO-201),78 and 

CORM-401,79 which were chosen partially because of the lack of fluorescence interference. 

As shown in Figure 8 and Figure S19, live HeLa cells showed strong blue fluorescence 

under the blue DAPI channel (385/455 nm) after treatment with CO followed by the 

addition of 20 μM CODP-201 and –202. In contrast, the control group without CO 

treatment did not show any fluorescence under the same imaging conditions. The low 

background fluorescence in the vehicle control group again demonstrates the advantage of 

the fluorescence turn-on strategy based on de novo construction. Further, CODP-202 was 

also able to sense the increase in endogenous CO production induced by 0.3 μM CDDO-Me. 

However, a longer exposure time (6 s) was needed to image CO produced endogenously.

Conclusion

The fledgling CO research field is at a critical juncture in need of careful studies to 

understand dose-response relationships. There is an unmet need for tools that allow for 

highly sensitive and selective detection of CO in a variety of samples. In this study, we 

developed a de novo fluorophore construction approach to the design of CO probes with 

three key advantageous features: (1) the probe is completely dark, allowing for superior 

sensitivity, SNR, and a wide linearity range for CO determination; (2) depalladation by 

thiols leads to no fluorescence response at the expected excitation wavelength, preventing 

false-positive response; and (3) only CO insertion allows for the construction of a 

fluorophore, allowing for the exclusive detection of CO. Such features allowed us to apply 

CODP-102, –103, and –106 in quantifying CO in cell culture, blood, and tissue samples 

for the first time, to the best of our knowledge. The experimental protocols we developed 

along the way are robust and can be easily adopted by common biology labs without 

special chemistry equipment or expertise. The same design strategy has been applied to 

naphthylamide-based fluorophores, which have shown to be very useful for detecting and 

imaging exogenous CO from CO gas or CO donors in live cells. CODP-202 is also able 

to detect endogenous CO production upon stimulation by an HO-1 inducer CDDO-Me. 

Overall, we have shown the advantages of the new de-novo fluorophore construction 

strategy in developing fluorescence probes for CO. We hope the work described will not 

only facilitate research in understanding CO’s biological functions and therapeutic potential 

but also inspire new designs of fluorescent probes for other molecules in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Comparison of the CO sensing mechanisms and representative probes reported in the 

literature (A) and the probes described in this study (B).
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Figure 2. 
Design of phthalimide-based CO probes (A) and naphthalimide-based CO probes (B).
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Figure 3. 
CO detection profiles of CODP-10x series. (A and B) Turn-on fluorescence response of 

CODP-102 (500 μM) to CO gas (0–100 nmol) in a headspace vial at 1 h (λEx = 394 nm, 

bandwidth = 5 nm); (C) Regression of SNR vs. concentrations of CODP-102 at 1, 10, and 

100 μM in PBS; (D) Selectivity of 20 μM CODP-102 in pH 7.4 PBS (species: 1: vehicle; 2: 

Cys; 3: GSH; 4: GSSG; 5: H2O2; 6: H2S; 7: H2S2; 8: HClO; 9: NO2
−; 10: CN−; 11: 1% CO 

gas in air at 1 atm (concentration of other species was 100 μM) after 1h incubation (λEx = 

395 nm, bandwidth = 5 nm); insert: image of incubation solutions; (E) CO detection kinetics 

of CODPs. 800 μL 12.5 μM CODPs was mixed with 200 μL 1 mM CO saturated PBS at 

T0, and the fluorescence intensity at 509 nm or 499 nm was recorded every second at 25 °C; 

insert: expanded range of 0–240 s.
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Figure 4. 
CO detection SNR of CODP-202. (A) CODP-202 at concentrations of 1, 10, 25, and 50 μM 

in PBS incubated with or without CO gas for 1 h; (B) linear regression of SNR against probe 

concentration in PBS (bandwidth: ex=3 nm, em=5 nm).
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Figure 5. 
Application of CODPs to determine CO in biological samples (Figure created with 

BioRender.com).
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Figure 6. 
Spectra (A) and a calibration curve (B) of mouse blood with various COHb levels 

determined by 10 mM CODP-102 (λEX = 395 nm); (C) blood COHb levels of mice dosed 

with or without AC-306 (50 mg/kg) determined with CODP-102 and a CO-oximeter; (D) 

blood COHb levels of mice dosed with or without CO-306 (200 mg/kg) determined with 

CODP-103 and a CO-oximeter; (E) relative CO levels of HeLa cells treated with 0.3 μM 

CDDO-Me (6 h) or 250 ppm CO gas (2 h); (E) Western blot of HO-1 in HeLa cells treated 

with 0.3 μM CDDO-Me (6 h), β-actin was probed as the loading control. For C-D, results 

shown as average ± SD (n=3), ****P<0.0001, ns: not significant (P>0.05), t-test.
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Figure 7. 
(A) Fluorescence spectra of 1 mM CODP-106 in DMA incubated with 10–100 ppm 

CO calibration gas; insert: calibration curve of CO concentration (ppm) vs. fluorescence 

intensity at 499 nm (λEX = 385 nm); CO concentrations of the liver (B) and kidney (C) 

tissues of mice dosed with or without CO-306 (200 mg/kg) determined by CODP-103 and 

methanizer-FID-GC; (D) CO concentrations in HeLa cells treated with CO gas or a CO 

prodrug, CO-111 (50 μM), for 2 h and tested with CODP-106. For B-D, results shown as 

average ± SD (n = 3), ***P<0.001, ns: not significant (P>0.05), t-test.
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Figure 8. 
Fluorescence microscopy image of CO in live cells. HeLa cells were treated with 0.5% 

DMSO vehicle control (A), 250 ppm CO gas (B), or 50 μM CO-201 (C) for 1 h followed 

by addition of 20 μM CODP-202 and incubation for 1 h (scale bar: 20 μm); HeLa cells 

were treated with 0.5% DMSO vehicle (D), or 0.3 μM CDDO-Me (E) for 6 h followed by 

incubation with 20 μM CODP-202 for 1h (scale bar: 50 μm). (F) Background-normalized 

maximum signal intensity of the cells in the image (*P < 0.05, n=3, ROI is shown in Figure 

S21).
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Scheme 1. 
Proposed CO detection mechanism of CODP-102.
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