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Abstract

Recently, several arylnitro-based fluorescent CO probes have been reported. The design was based 

on CO's ability to reduce an arylnitro group for fluorescence turn-on. In this work, we assessed the 

response of three published arylnitro-based fluorescent CO probes, namely COFP, LysoFP-NO2, 

and NIR-CO toward CO from various sources. We found that only ruthenium-based CO releasing 

molecules (CO-RMs) were able to turn on the fluorescence while pure CO gas and CO from other 

sources did not turn-on the probe in the absence of ruthenium. Further experiments with different 

ruthenium complexes indicate that the reduction of arylnitro group requires the ruthenium 

carbonyl complex as an essential ingredient. As further confirmation, we also conducted the 

reduction of the nitro group in a p-nitrobenzamide compound and came to the same conclusion. 

As such, COFP and related arynitro-based probes are able to sense CORM-2 and CORM-3, but 

not CO in general. Our findings also indicate the need to use CO from various sources in future 

assessment of new CO probes.

Graphical Abstract

Nitro reduction-based fluorescent CO probes only sense ruthenium-based CO donors, CORM-2 
and CORM-3, not CO in general.
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Carbon monoxide (CO) has been firmly established as an endogenous signaling molecule 

along with nitric oxide (NO) and hydrogen sulfide (H2S).1, 2 The therapeutic effects of CO 

have been pharmacologically validated in multiple animal models including colitis, systemic 

inflammation and sepsis, drug induced cardiotoxicity and nephrotoxicity, and ischemia 

reperfusion injury of the liver, lung, heart, and kidney, among others.3-11 With the firmly 

established therapeutic effects, there are some important challenges in the field of CO 

research both in terms of mechanistic understandings and pharmaceutical development. On 

one hand, the pleiotropic effects of CO are not well understood at the molecular level. Tools 

are needed for facilitating such studies. On the other hand, there is a need for the 

development of pharmaceutically acceptable forms of CO delivery. Along this line, current 

delivery forms include CO gas, immobilized carbonyls that are referred to as metal-based 

CO-release molecules (CO-RMs) and photo-sensitive organic CO-RMs, CO in an oral 

formulation, organic and metal-free CO prodrugs.8, 12-25 Both for mechanistic studies and 

pharmaceutical development, there is a need for a thorough understanding of the 

pharmacokinetic profiles of each delivery form and their correlation with 

pharmacodynamics in a given indication. Therefore, tools for real-time and highly accurate 

measurement of CO levels in circulation and at the cellular and tissue levels are in great 

need. Currently, oximeters are the most commonly used tools for determining carboxy 

hemoglobin (COHb) levels as a surrogate indicator of CO exposures in the systemic 

circulation.26 There have been continuous efforts in developing molecular fluorescent probes 

and sensors for CO for cellular and tissue-based CO measurements and imaging work. After 

Chang’s palladium-based fluorescent probe for CO (COP-1),27 there have been extensive 

efforts along a similar line, leading to several analogous CO probes (Figure 1A).28-31 He and 

coworkers also reported a genetically encoded fluorescent protein as CO sensor based on the 

binding affinity of CO to the iron center on a heme cofactor.32 These probes all rely on the 

affinity of CO for a transition metal. Recently, there are exciting reports of metal-free 

fluorescent CO probes, which suggest the ability of CO to reduce a nitro group on an 

aromatic core, leading to fluorescent turn-on (Figure 1B).33-35 Such feasibility was 

demonstrated with two ruthenium-based CO-RMs, CORM-2 and CORM-3, as the source 

of CO.36, 37 The design is very innovative, and the results are very exciting. If broadly 

applicable, these studies would usher in the era of metal-free fluorescent probes for CO, 

which is the “Holy Grail” of CO sensing, especially for in vivo application. We were 

interested in borrowing from this exciting strategy for designing CO probes for 

pharmacokinetic studies. As a first step, we confirmed the reported results using COFP, and 

thus the reproducibility of the literature results. However, upon further examination of these 

probes using different delivery forms of CO, it was found that the fluorescent probe only 

worked when the CO donors were ruthenium-based. In order for a probe to be useful in 

“selective detection of CO,” they need to be able to sense CO from all sources. Herein, we 

discuss work in examining the general utility of the published nitro reduction-based CO 

probes. We conclude that the nitro reduction-based fluorescent CO probes rely on the 

ruthenium core for activity, and are only able to show fluorescent intensity increases in the 

presence of ruthenium-based CORM-2 and CORM-3, but are not broadly applicable to 

general CO detection.
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Following the exciting work of Dhara et al., we were interested in examining how well 

COFP would allow us to determine the quantity of CO release from different delivery forms. 

We first chose BW-CO-103 (CO-103), which belongs to the class of metal-free organic CO 

prodrugs widely validated in multiple pharmacological animal models including colitis, liver 

injury, systemic inflammation, and kidney ischemia reperfusion injury.5, 7, 38 An added 

advantage of using CO-103 for the initial study is the prodrug’s ability to concomitantly 

produce a fluorescent product, CP-103, together with CO release (Figure 2A).7 This would 

give a way to cross-validate the results from the fluorescent probe in a quantitative fashion in 

solution, in cell culture, and possibly in animal models. With these design ideas in mind, we 

first explored the ability for the 1,8-naphthalimide-based probe COFP to sense the CO 

produced from CO-103. Much to our dismay, no fluorescent turn-on was observed at around 

522 nm, which is expected within 2 h from the fluorescent turn-on CO probe (Figure 2B). In 

contrast, we observed a significant fluorescent intensity increase due to the production of 

CP-103 after 2 h of incubation, suggesting CO production (Figure 2C). To further examine 

the generation of CO from CO-103, 1 μM COP-1 was incubated with CO-103 under the 

same conditions. A fluorescent signal increase at 507 nm was observed from COP-1 after 2 

h (Figure S1) along with formation of CP-103 (Figure S2). Such results also confirmed CO 

production. As additional positive controls, we also examined the probe’s ability to detect 

CO released from CORM-2 and CORM-3 as reported in the literature (Figure S5, S7).33 As 

expected, it was reassuring that we were able to completely reproduce the solution studies of 

COFP as reported in the literature.

As additional controls, we also bubbled CO gas through the probe solution and did not see 

any fluorescent changes (Figure 3A, SI). We further examined the existence of CO in 

solution using Chang’s probe, COP-1,27 and observed strong fluorescent intensity changes 

at 507 nm (Figure 3B). Then, it became clear that COFP did not sense CO delivered in the 

form of CO gas or from CO-103. At this time, it is important to analyze CO’s chemistry in 

the context of CO sensing and CO’s reactivity in vivo. CO is a Lewis base with strong 

affinity for transition metals.39-41 However, it is a consensus in the CO field that in the body, 

CO undergoes no metabolism, despite the presence of a large number of organic molecules 

with reducing ability and enzymes capable of catalyzing redox reactions.42, 43 Administered 

CO largely eliminates through exhalation. There is a large body of literature along this line 

from studying the physiology and pharmacokinetic properties of CO in the smokers’ 

population.44-46 All such reports suggest that CO is very inert. A further search of the 

chemistry literature indicates that CO is also inert toward an arylnitro group under normal 

physiological conditions, as one would expect. However, there are ample precedents that CO 

is effective in reducing an arylnitro group in the presence of catalytic amounts of transition 

metal complexes such as that of Au, Ru, Se, and Rh among others.47-51 Coincidentally, 

CORM-2 and CORM-3 were the only ones examined as CO sources in the reported work.
33-35 These nitro reduction-based CO probes were not tested on CO gas or other metal-free 

CO donors. In order to further examine the scope of the probe’s ability to detect CO from 

other CO-RMs, we also conducted studies using a boron-based CO donor CORM-A1 and a 

manganese-based CORM-401 with reported release half-life being 21 min and less than 4 

min respectively.52, 53 Specifically, we incubated 10 μM COFP with 100 μM CORM-A1 
and CORM-401 in PBS at 37 °C. However, we did not observe any fluorescent intensity 
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changes from these CO-RMs within 60 min (Figure S13, S14). As positive controls, 

CORM-A1 and CORM-401 were also incubated with COP-1 under the same conditions; 

and fluorescent signal increases at 507 nm from COP-1 were observed after 60 min (Figure 

S3, S4).

As further assessment, we also studied the other two published nitro-based CO probes, 

LysoFP-NO2
34 and NIR-CO35 (Figure 2, and see SI for synthesis details), for their 

response toward CO from ruthenium-based CO-RMs and pure CO gas. As shown in Figure 

S11, CO gas did not turn on LysoFP-NO2 after 1 h incubation at 37 °C. However, consistent 

with the original report, we did observe fluorescent signal increase from LysoFP-NO2 upon 

the incubation with CORM-3 (Figure S10). Indeed, the results are consistent with what the 

authors of the LysoFP-NO2 probe claim i.e. LysoFP-NO2 is a CORM-3 probe. Next, NIR-
CO was assessed by using various concentrations of CORM-2 following the reported 

procedure.35 After incubation for 15 min at room temperature, it was found the absorption 

peak of NIR-CO at 400 nm decreased in a concentration-dependent fashion while the 

absorption peak at around 625 nm increased concomitantly, indicating the formation of the 

reduced amino product (Figure S12). In contrast, no spectroscopic change was observed for 

NIR-CO after treatment with pure CO gas (Figure S12). Such results indicate that NIR-CO 
does not sense CO delivered in the gas form and is not a general CO probe. Since the 

biology experiments are beyond the scope of the chemistry question on hand, we did not 

assess the ability for NIR-CO to sense CO in cell culture and in zebrafish as reported in the 

original study.

To further investigate the ability for ruthenium-based CO-RMs to reduce an arylnitro group, 

we also studied a p-nitrobenzamide compound, PNB, as a substrate (see SI for details). The 

HPLC results showed that PNB was completely consumed within 30 min after CORM-3 
addition (Figure S16), accompanied by the formation of a new peak corresponding to the 

reduced product, p-aminobenzamide (PAB). We also performed LC-MS experiments as a 

secondary verification of the formation of PAB (Figure S17). After confirmation of 

CORM-3’s ability to reduce PNB to PAB, CO gas was used to conduct the same 

experiments. It was found that bubbling CO gas into a PNB solution for 2 h at 37 °C did not 

lead to either changes to the PNB peak nor formation of PAB as studied using HPLC and 

LC-MS. Such results again indicate that CO alone does not reduce an arylnitro group in the 

absence of a metal complex such as CORM-3 (Figure S17). As such, it is reasonable for us 

to conclude that CO alone does not reduce an arylnitro group to turn on the fluorescence of 

the probes in question. Likely, the ruthenium core in CORM-2 or CORM-3 played a 

catalytic role in enabling the reduction of the nitro group by CO. Then we looked into 

whether the ruthenium core without CO would turn on COFP by itself. Complex D was 

obtained without carbonyl groups attached to the ruthenium core (Figure 4B, and see SI for 

details).54 Upon incubation of Complex D with COFP in PBS at 37 °C, no fluorescent 

increase was observed within 1 h (Figure S15). Such results suggest that the ruthenium core 

alone cannot reduce the aryl nitro group. Then, it is reasonable to assume that the reducing 

ability of CORM-2 and CORM-3 might come from the ruthenium-carbonyl complex.
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Previous NMR studies showed that one CORM-2 molecule can dissociate into tri-carbonyl 

(Complex A) and di-carbonyl monomers (Complex B and C) by DMSO during the 

solubilization process (Figure 4A).37 One carbonyl group can be displaced by DMSO to 

form complex B or C. With this in mind, we were interested in comparing the reducing 

ability of CORM-2 and its products from ligand substitution with DMSO with the aim of 

examining if the ruthenium-coordinated CO is involved in the reduction mechanism. 

Following a reported procedure, CORM-2 was dissolved in DMSO and incubated at room 

temperature for 30 min. Gas bubbles from the solution were observed during the incubation, 

which is consistent with previously published results, and indicate the transformation from 

CORM-2 to Complexes B and C with the release of one CO molecule. The resulting 

solution was further examined with COFP by monitoring the fluorescence signal (Figure 

S6), which should be indicative of the reduction reaction. As shown in Figure 4C, both of 

the reduction rate and final fluorescence intensity were lower when the DMSO-CORM-2 
solution was used when compared to the fresh CORM-2 treated control group. Such results 

were presumably due to the loss of CO from the ruthenium complex prior to exposure to 

COFP. Additionally, we also examined the responses of COFP upon treatment with 

inactive CORM-3 (iCORM-3). According to previous infrared spectroscopy studies, 

iCORM-3 is a dicarbonyl species formed by loss of one CO molecule from CORM-3.36 

Similar to the case of CORM-2 and DMSO-CORM-2 solution, the reduction rate and final 

fluorescence intensity were lower when compared with the CORM-3 treatment group 

(Figure S8, S9). Such results suggest that, with the loss of one carbonyl ligand, the reducing 

ability of the ruthenium complex also decreased. Such results also further indicate that the 

coordinated CO is critical for the ability to reduce an arylnitro group by the ruthenium 

carbonyl complex. Previously, a ruthenium (II) carbonyl complex, Ru3(CO)12, was 

extensively reported to quantitatively reduce nitrobenzene to aniline in the presence of an 

amine under high CO pressure (20 to 50 bar) and at high temperature (150 to 180 °C).55-57 

The mechanism was interpreted as involving nitrene formation from the nitro moiety via 

ruthenium carbonyl complex-mediated metallacyclization and extrusion of CO2, followed by 

reaction with CO/H2O to yield the aromatic amine.56 In this case, it might be possible that 

CORM-2 and CORM-3 would lead to the reduction of an arylnitro group through a similar 

mechanism as presented in Figure S18. However, detailed mechanistic studies remain 

scarce. It should be noted that the most important aspect of all these studies is the 

demonstration of a ruthenium complex as a prerequisite for probe reduction, not necessarily 

in the detailed steps of the reaction. Such findings suggest that COFP and other related 

nitro-based CO probes are capable of sensing only CO from ruthenium-based CO-RMs, as 

described in the original papers, but is not a general CO probe. Figure 5 summarizes the key 

findings of this study.

In conclusion, we found that arylnitro reduction-based CO probes do not respond to CO in 

general. CO alone cannot reduce the arylnitro group, which is the chemical event necessary 

for turning on the fluorescent probe. Our studies coupled with literature precedents revealed 

the requirement for a ruthenium carbonyl moiety for the reduction of an arylnitro group. As 

a result, nitro reduction-based CO probes only sense ruthenium-based CO donors, CORM-2 
and CORM-3, not CO in general. The new insights into the nitro-based CO probes define 

their scope of applications and lend a mechanistic understanding of the reduction of an 
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arylnitro group by CO in the context of biological applications. Additionally, such studies 

also indicate the need to use CO from various sources in future assessment of new CO 

probes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of representative fluorescent CO probes for CO detection and in vitro imaging.
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Figure 2. 
Responses of COFP upon treatment with CO-103. A) CO release from CO-103; B) 

Fluorescence spectra of COFP (10 μM) upon treatment with CO-103 (100 μM) over 2 h in 

DMSO/PBS (pH = 7.4) 5:1 at 37 °C (λex= 440 nm, slit widths: Wex = Wem = 10 nm); C) 

Fluorescence spectra of CP-103 formation after the incubation with COFP in DMSO/PBS 

(pH = 7.4) 5:1 at 37 °C. (λex = 373 nm, slit widths: Wex = Wem = 5 nm)
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Figure 3. 
Fluorescence spectra of A) COFP (10 μM) and B) COP-1 (1 μM) upon treatment with CO 

gas in PBS (2% DMSO) at 37 °C for 1 h. (COFP: λex= 440 nm, slit widths: Wex = 15 nm, 

Wem = 10 nm; COP-1: λex = 475 nm, slit widths: Wex = 5 nm, Wem = 3 nm)
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Figure 4. 
The reactivities of CORM-2 and its analogs toward COFP. A) reaction between CORM-2 
and DMSO; B) chemical structure of Complex D; C) fluorescence intensity changes from 

COFP (10 μM) upon treatment with (1) CORM-2 and (2) reaction products from mixing 

CORM-2 and DMSO in PBS (pH = 7.4, 4% DMSO) at 37 °C. (λex = 440 nm, λem= 522 

nm, slit widths: Wex = Wem = 10 nm)
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Figure 5. 
The requirement of the ruthenium carbonyl complex in CO sources for probe reduction.
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