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Abstract

While interactions between carbon monoxide (CO) and mitochondria have been previously 

studied, the methods used to deliver CO (gas or CO-releasing metal carbonyl compounds) lack 

subcellular targeting and/or controlled delivery. Thus, the effective concentration needed to 

produce changes in mitochondrial bioenergetics is yet to be fully defined. To evaluate the 

influence of mitochondrial-targeted versus intracellularly-released CO on mitochondrial oxygen 

consumption rates, we developed and characterized flavonol-based CO donor compounds that 

differ at their site of release. These molecules are metal-free, visible light triggered CO donors 

(photoCORMs) that quantitatively release CO and are trackable in cells via confocal microscopy. 

Our studies indicate that at a concentration of 10 μM, the mitochondrial-localized and cytosolic 

CO-releasing compounds are similarly effective in terms of decreasing ATP production, maximal 

respiration, and the reserve capacity of A549 cells. This concentration is the lowest to impart 

changes in mitochondrial bioenergetics for any CO-releasing molecule (CORM) reported to date. 

The results reported herein demonstrate the feasibility of using a structurally-tunable organic 

photoCORM framework for comparative intracellular studies of the biological effects of carbon 

monoxide.

Widely known as a toxic gas, carbon monoxide (CO) is now well understood to be a 

gasotransmitter akin to nitric oxide (NO) and hydrogen sulfide (H2S). Endogenously 

produced during heme degradation by heme oxygenase (HO), CO has been shown to exert 

cytoprotective and homeodynamic regulatory functions in a dose-dependent manner.1–5 
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Compared to NO and H2S, CO is a relatively inert gas that selectively binds to low-valent 

transition metal centers. In biological systems, reduced heme proteins, such as those found 

in hemoglobin, myoglobin, and cytochrome c oxidase (COX, mitochondrial complex IV), 

are primary CO targets.6–9 Two methods of exogenous CO delivery have been used, thus far, 

in studies on the effects of CO on mitochondrial function. These are exposure to CO gas and 

delivery of CO via CO-releasing molecules (CORMs). To date, CORM-2, CORM-3 and 

CORM-401 (Figure 1) have been used in mitochondrial bioenergetics studies performed 

using an Extracellular Flux Analyzer.10–13 These CORMs are metal carbonyl complexes that 

spontaneously release CO via ligand-exchange reactivity. Because these compounds cannot 

be tracked, it is unclear whether CO release occurs intracellularly or extracellularly. 

Therefore, the effective concentration of CO needed to modulate mitochondrial function 

remains to be fully defined. In this regard, a current limitation in studies of the effect of CO 

on mitochondrial function is the lack of molecular CO delivery tools that exhibit a specific 

combination of features. Such molecular tools should be highly controlled for triggered CO 

delivery, should exhibit fluorescence trackability, and be targetable to mitochondria for 

localized CO release. Intracellular and/or mitochondrial-localized CO delivery is especially 

important for investigating the relationship between local concentration of CO and its 

biological effects. It is largely accepted that CO is cytotoxic via its binding to the heme 

center of COX.14 However, low amounts of CO have also been reported to promote 

cytoprotection by inducing electron accumulation at complex III resulting in the generation 

of low amounts of reactive oxygen species (ROS).5,15

Organic photoCORMs, metal-free small molecules that can be triggered to release CO using 

visible-light, offer new approaches to study the effect of CO on mitochondrial function. We 

recently reported a flavonol-based photoCORM16 (1, Figure 1) that can be tracked 

intracellularly prior to CO release via its green fluorescent emission. The base structure of 

this molecule can easily be modified to impart multifunctional capabilities, such as 

environment sensing prior to controlled CO release.17,18 Herein, we report new derivatives 

of 1 that contain cationic triphenylphosphonium (TPP) appendages for targeting to 

mitochondria. These molecules retain the trackability and controlled CO release of the 

parent compound. With 1 and mitochondrial-specific analogues available, we directed our 

efforts at examining the influence of intracellular cytosolic versus mitochondria-localized 

CO release on cellular toxicity and mitochondrial bioenergetics.

Results and Discussion

Inspired by the work of Murphy et al. and others19,20, we envisioned constructing flavonol 

analogues of 1 with a cationic triphenylphosphonium (TPP) appendage (Scheme 1). This 

type of appendage has previously been used in two quercetin derivatives that exhibit 

mitochondrial localization.21 The TPP tail in these molecules was appended on the A ring or 

at the 3-hydroxy position of the C ring. These compounds were used as mitochondriotropic 

prooxidants. We instead chose a synthetic strategy involving functionalization of the B ring 

(Scheme 1) because of the ease of synthesis and to retain the CO release reactivity of 1 from 

the 3-hydroxy position. Carboxy-appended 1a was prepared using standard Algar-Flynn-

Oyamada reaction conditions.22,23 This relatively insoluble flavonol was characterized by 

elemental analysis, 1H NMR, FTIR, UV-vis, fluorescence and mass spectrometry (Figures 
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S1–S5). Addition of either a 2- or 8-carbon linker TPP appendage to 1a was achieved via 

EDC/HOBt coupling as outlined in Scheme 1 yielding 2 and 3, respectively. These different 

alkyl chain lengths were chosen to determine an initial optimal length for cellular uptake and 

localization studies.24,25 Compounds 2 and 3 are soluble in mixed solvents, such as 

CH3CN:DMSO (10:1), as well as pure ethanol and DMSO at concentrations suitable for 

spectrophotometric and biological experiments. The appended flavonols were characterized 

by 1H and 31P NMR, UV-vis, fluorescence and high resolution mass spectrometry (Figures 

S6–S15). The lowest-energy absorption features of 2 and 3 in CH3CN:DMSO (10:1) or 

DMSO are similar to those of 116 with a maximum at ~410 nm. The molar absorptivity 

values for this lowest-energy band of 1–3 are also similar. Compounds 1–3 are soluble at 

concentrations up to 100 μM in cell culture media supplemented with 10% fetal bovine 

serum (FBS) and are stable for at least one month if protected from light. In cell culture 

media, each compound exhibits a flavonol anion absorption band centered at ~480 nm26 

indicating deprotonation of the 3-hydroxy moiety in at least a portion of the sample. 

Notably, the degree of anion formation is enhanced in compounds containing the cationic 

phosphonium tail (Figure 2(a)) as indicated by higher absorption intensity at ~480 nm.

Excitation of 1–3 at ~410 nm in cell culture media produces two emission bands centered at 

~480 nm and ~600–610 nm, respectively. These bands correspond to the excited state 

normal (N*) and tautomeric (T*) forms of the neutral flavonol (Figure 2(b)).26 Excitation 

into the anion absorption band at ~480 nm produces a single broad emission centered at 554 

nm for 1 and slightly red-shifted (~8 nm) for 2 and 3 (Figure 2(c)). For cell imaging, 

conditions under which the most intense emission features for 1–3 are produced are desired. 

As outlined in Figure 2(c), excitation in the anion absorption band (λex = 480 nm) produces 

an emission feature that is largely localized in the green detection channel (495–582 nm) 

used for confocal studies. Comparatively, excitation in the 410 nm band produces an 

emission that is shifted significantly out of the range of the green detection channel. 

Comparing the two TPP-tailed derivatives, 2 exhibits a higher emission intensity in the green 

channel when excited at 480 nm, which suggested that it would be a better candidate for 

intracellular mitochondrial visualization studies. Importantly, the excitation and emission 

features of 1–3 do not interfere with those of the co-staining dyes Hoechst 33342 and 

MitoTracker Red CMXRos (Figure 2(c)) that are used in cellular imaging of mitochondrial 

localization (vide infra).

The visible light-induced CO-releasing properties of 2 and 3 were compared to those of 1. 

Exposure of aerobic solutions of 2 and 3 to visible light (419 nm) resulted in the loss of 

emission and absorption features (Figure S16 and S17) and quantitative CO release (2: 

1.0(3) equiv.; 3: 0.98(2) equiv.) as determined by gas chromatography headspace analyses. 

The quantum yield for the CO release reactions of 2 and 3 is 0.007(1), which is identical to 

that of 1 (0.007(3)).26 Control reactions indicated that both O2 and visible light were 

required for the CO release reactivity of 2 and 3, which is similar to 1. It should be noted 

that we have previously shown that the parent compound 1 exhibits quantitative CO-release 

reactivity even under hypoxic conditions (1% O2).17 The organic products resulting from 

CO release from 2 and 3 (4 and 5, respectively, Scheme 1) were characterized by 1H NMR 

and high resolution mass spectrometry (Figures S18–21). While the 1H NMR features and 
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the molecular ion for 5 are consistent with the proposed formulation of the depside (Scheme 

1), the CO release product 4 could not be identified intact by ESI/APCI-MS. Rather, the 

mass spectrometry results indicated hydrolytic cleavage of the ester moiety following CO 

release.

An initial qualitative comparison of the cellular uptake of 1 and 2 was performed in 

adenocarcinoma human alveolar basal epithelial cells (A549 cells) using standard 10× (1 
and 2) and 20× (1 only) fluorescence microscopy (Figure S22). Both compounds are visible 

intracellularly via a strong green emission. Switching to confocal microscopy at 63× 

magnification, qualitative fluorescent signal intensity differences were noted (Figures S23–

S25). In A549 cells, no green emission could be detected for 1 introduced at 100 μM, 

whereas 2 and 3 at the same concentration were readily visible. In the noncancerous human 

umbilical vein cell line (HUVECs), a faint green emission is seen for 1 using confocal 

microscopy, and 2 exhibits a more intense emission than 3. A possible reason for why 1 is 

difficult to visualize using confocal microscopy is the stronger and more focused light 

source, which may induce this cytosolic compound16 to undergo light-driven CO release to 

give the non-emissive depside product. Our ability to easily visualize 2 and 3 using confocal 

microscopy suggests differences in localization as compared to 1. Of the tailed compounds, 

2 exhibits the more robust emissive features in both cell lines (Figure S23). The optimal 

concentration of 2 for intracellular visualization (75 or 100 μM after 4 h of cellular 

exposure) was determined from a concentration-dependent experiment (Figure S23(c)).

To assess localization, we compared the intracellular fluorescent emission of 2 and 3 to that 

of MitoTracker Red CMXRos (MTR), which is known to localize in the mitochondria.27 

Incubation of A549 cells with 2 at 100 μM for 4 h showed that the compound localizes 

similarly to the MTR dye as indicated by the yellow-orange color in the merged image 

(Figure 3). Similar co-localization results for 2 were observed in HUVECs, albeit with a 

lower emission intensity (Figure S26). Similar studies performed using 3 in both cell lines 

showed co-localization with MTR but with fainter signal intensity as compared to 2 (Figures 

S27 and S28). This set of experiments suggested that further biological testing would be 

optimal using A549 cells and compound 2.

The overlap between 2 and MTR in A549 cells was determined to be substantial as 

evidenced by the Pearson’s co-localization coefficient, r = 0.707±0.014 (mean ± SEM for 29 

cells examined individually) (Figure 4(a)). This approach was taken to avoid false positive 

co-localization pixels from background noise, channel bleeding and zero-zero background 

pixel co-localization. Regions of interest and their spatial resolution were evaluated as a line 

profile over a distance of 30 microns (Figure 4(b)). The congruence of the intensity profiles 

of 2 and MTR strongly suggest that 2 is localizing in mitochondria.

As noted above, 1 is readily bleached upon exposure to the confocal microscopy laser light 

source. Based on the higher local concentration of 2 at mitochondria, we anticipated that this 

compound might require additional light-exposure to trigger CO release. To test this idea, 

A549 cells incubated with 2 (25 μM) were exposed to 488 nm laser illumination (11.5 

mW/cm2 at 6% laser power) for 5 minutes (Figure S29). The loss of green fluorescence 

emission from 2 over this time period indicates intracellular light-triggered CO release.16 
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While this bleaching is direct evidence of CO release, we also note that we have previously 

demonstrated intracellular CO production from 1 using a Nile red-based CO sensor.18

MTT assays were used to compare the cytotoxicity of cytosolic 1 and the mitochondria-

localized 2 and 3 in both HUVECs and A549 cells. As reported previously, 1 was found to 

be mildly toxic to A549 cells, with an average IC50 value of 80.2±3.3 μM16 (Table S1; 

Figure S30). Compounds 2 and 3 are more cytotoxic, with mean IC50 values of 14.1±2.7 and 

8.48±4.0 μM, respectively (Table S1; Figure S30). In HUVECs, 1 showed no cytotoxicity up 

to 50 μM. In contrast, 2 and 3 decreased cell viability with IC50 values of 1.51±1.4 μM and 

8.40±3.6 μM, respectively (Table S1; Figure S31).

The organic product (depside) derived from the CO release reaction of 1 in A549 cells has 

been previously reported to be nontoxic up to 100 μM.16 Compound 4, which results from 

the CO release reaction of 2, is nontoxic in A549 cells up to 100 μM (Figure S30). However, 

5 is moderately toxic with an IC50 value of 69.1±11 μM. Similarly, in HUVECs, while 4 
showed no cytotoxicity, 5 is mildly cytotoxic with an IC50 of 90.0±7.5 μM. To assess the 

cytotoxicity of just the TPP appendage, 2-carboxyethyl-triphenylphosphonium bromide 

(TPPBr) was evaluated using an MTT assay. In both cell lines, this compound was 

determined to be nontoxic up to 100 μM. Thus, it is the combination of the flavonol scaffold 

in 2 and 3 with the TPP appendage that leads to enhanced cytotoxicity. The lower 

cytotoxicity of 2 and its CO release product 4 relative to the 3/5 combination indicated that 

the shorter tailed compound was more suitable for subsequent mitochondrial studies, 

especially in A549 cells. Compound 2 also had good cellular uptake as indicated by the 

confocal microscopy studies.

We next evaluated the cytotoxicity profile of the cytosolic 1 and the mitochondrial-localized 

2 under illumination conditions in both cell lines (Figure 5). This strategy was devised to 

gain insight into the effect of localized versus cytosolic triggered CO release on cellular 

viability. In A549 cells, illumination of 1 resulted in very little change in the IC50 value (1: 

IC50 = 76.1±5.2 μM), however a decrease was observed for 2 (IC50 = 4.6±3.6 μM; Figure 5) 

as compared to the non-illuminated sample. In HUVECs, 2 showed significant cytotoxicity 

(IC50 = 3.78±1.5 μM; Table S2; Figure S32), whereas 1 was nontoxic up to 100 μM. Under 

illumination conditions, the CO release products of 1 and 2 as well as the TPP tail were 

found to be nontoxic up to 100 μM (Figure S32).

To gain insight into the enhanced cytotoxicity observed upon in situ CO release, we 

evaluated the mitochondrial bioenergetics of intact A549 cells treated with 1 or 2 at the 

concentration range of 0.1–10 μM using an Extracellular Flux Analyzer (vide infra).28 Using 

this technique, we measured six key parameters of mitochondrial function in real-time upon 

exposure to CO delivered by 1 or 2. The addition of the oxidative phosphorylation inhibitors 

oligomycin (an ATP synthase inhibitor), carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (a mitochondrial uncoupler), and a combination of 

antimycin A and rotenone (complex III and complex I inhibitors, respectively) allowed for a 

detailed analysis of the bioenergetics profile and the specific functions of the mitochondria 

that were affected by CO release from the cytosolic versus mitochondrial-localized 

compounds. As shown in Figure 6, four bioenergetics parameters, basal respiration, ATP 
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production, maximal respiration and reserve capacity, were decreased upon CO release from 

both 1 and 2 at 10 μM after 1 h of illumination to induce CO release. The decrease in basal 

respiration contrasts with an increase in the same parameter identified in studies using metal 

carbonyl CO-release compounds (Figure S33 and Figure S34).10–13 Variances in cellular 

uptake, localization and/or triggered versus solution-driven CO release for 1 and 2 may 

produce the differing effects of CO on OCR (oxygen consumption rate) parameters as 

compared to the metal carbonyl CORMs (CORM-401, CORM-2, and CORM-3). In this 

regard, it is important to note that the concentration (10 μM) needed for 1 or 2 to produce 

significant changes in these bioenergetics parameters is at least two-fold lower than all 

previously tested CORMs (Figure S34).10–13 The intracellular localization and triggered CO 

release of the flavonol-based photoCORMs likely facilitated effective CO delivery. Most 

importantly, the observed results for 1 and 2 at 10 μM are highly similar, indicating that 

mitochondrial-localized versus cytosolic CO release did not result in marked differences in 

the bioenergetics responses. As this initial study focused on a 1000-fold range of 

concentrations for 1 and 2 (0.1–10 μM), and no significant effects were observed at 1 μM or 

below, future studies involving these compounds will need to focus on examining OCR 

parameters in the range of 1–10 μM.

We note that at the lowest concentration of 1 (0.1 μM), a decrease in the bioenergetics 

parameters was observed under both illumination and non-illumination conditions (Figure 6 

and Figure S33). This effect was likely due to the flavonol scaffold and not CO release. It is 

known that flavonols such as quercetin29–31 and baicalein32 can produce differing effects on 

mitochondrial bioenergetics. Whereas baicalein decreases ATP-production via uncoupling of 

mitochondrial membranes,32 quercetin increases basal respiration, maximal respiration, 

ATP-linked respiration and the reserve capacity of mitochondria.29–31

We carefully considered appropriate controls for the mitochondrial bioenergetics 

experiments. In some prior bioenergetics studies involving metal carbonyl-type CORMs 

(Figure S34; CORM-401 and CORM-3), the CO-release product, termed an iCORM 

(inactivated CORM), was examined as a control.10–12 This was done as an approach to 

provide evidence that it was CO, and not the iCORM, that was responsible for the observed 

effects. It is important to note that a true iCORM for CORM-401 cannot be prepared and 

that only uncharacterized mixtures of the supporting ligand and MnSO4 have been used as a 

control.12,33 The iCORM for CORM-3 is a minimally characterized cis-[Ru(CO)2]2+ species 

that has been questioned as an appropriate control.34 It is unclear whether these metal-

containing iCORMs would have the same cellular uptake and/or distribution as the CORMs 

themselves. For 1 and 2, the CO-release products are well-characterized and contain a 

carboxylic acid moiety. At physiological pH, this functional group will be ionized, which is 

likely to reduce cellular uptake relative to the neutral 1 and 2.35 As both 4 and the CO 

release product of 1 are also non-fluorescent, their cellular uptake would be difficult to 

evaluate. For these reasons, we did not believe that 4 and the CO release product of 1 would 

be appropriate controls. We instead chose to use a model of the phosophonium tail (TPPBr; 

0.1–10 μM, Figure 6 and Figure S33) as it has the highest likelihood of producing 

mitochondrial-specific effects. Notably, no significant changes in the mitochondrial 

bioenergetics profile in either illuminated or non-illuminated cells were observed in the 
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presence of TPPBr. Overall, the observed decreases in ATP production, maximal respiration 

and reserve capacity upon CO release from 1 and 4 and metal carbonyl derivatives (Figure 

S34) suggest that a common entity, carbon monoxide, is responsible.

We note that while this manuscript was under review a contribution containing a metal-free 

mitochondrial-targeting, spontaneous CO-releasing molecule was published, albeit with no 

evaluation of the effect of CO on mitochondrial function.36 The results presented herein are 

the first application of the use of any non-metal CORM, including organic 

photoCORMs37–39, to assess the influence of CO on mitochondrial function.

Conclusions

The results reported herein mark several important advancements in the use of CORMs for 

analyzing the biological effects of CO. First, the use of an easily functionalized organic 

framework enabled the introduction of a targeting motif without modification of key 

spectroscopic properties (e.g., fluorescence emission) or the CO release reactivity of the 

delivery compound. Importantly, the flavonol-based cytosolic and mitochondrial-targeted 

photoCORMs enable comparative tracking for cellular uptake and localization, which has 

not been previously achieved with CORMs that have been used in probing the effects of CO 

on mitochondrial function. In this regard, this study provides the first examples of 

structurally-related, triggered CO donors that can be used to evaluate the importance of 

localization of CO release on cellular toxicity and respiration. The initial bioenergetics 

results reported herein suggest that intracellular, non-localized CO release is similarly 

effective as mitochondrial-localized CO delivery for modulating cellular bioenergetics 

parameters. The fact that a lower concentration of an intracellular photoCORM can be used 

to produce similar effects to those previously identified for metal carbonyl CORMs in 

bioenergetics studies indicates that cellular uptake and highly controlled CO release play a 

key role in effective CO delivery.

Materials and Methods

Chemicals and Reagents

All chemicals and reagents were obtained from commercial sources and used as received 

unless otherwise noted.

Physical Methods
1H and 31P{1H} NMR spectra were collected using a JEOL ECX-300 and Brüker AvanceIII 

HD Ascend-500 spectrometers and are referenced to the residual solvent peak in CDCl3 (1H: 

7.26 (singlet) ppm), D2O (1H: 4.80 (br. singlet) ppm), DMSO-d6 (1H: 2.50 (multiplet) ppm), 

and CD3OD (1H: 4.78 (singlet) ppm). J values are given in Hz. Infrared spectra were 

recorded as potassium bromide pellets using a Shimadzu FTIR-8400 (Kyoto, Japan). UV-vis 

spectra were recorded at ambient temperature using a Hewlett-Packard 8453A diode array or 

a CARY 50Bio spectrophotometer. Fluorescence emission spectra were collected using a 

Shimadzu RF-530XPC spectrometer in the range of 400–800 nm, with the excitation 

wavelength corresponding to the absorption maximum of the analyzed molecule in the 

solvent of choice. The excitation and emission slit widths were set at 1.5 nm for all emission 
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measurements. Mass spectral data were collected at the Mass Spectrometry Facility, 

University of California, Riverside. A Rayonet photoreactor equipped with RPR-4190A 

lamps (2,450 lx, light intensity) was used for all non-cellular photochemical reactions. 

Illumination of cells prior to cytotoxicity assays and bioenergetics studies were performed 

using a blue LED array (66,351 lx, light intensity).Carbon monoxide was quantified as 

previously described.40 Quantum yields were determined using potassium ferrioxalate as a 

standard to measure photon flux.41,42.

Synthetic methods

(2-aminoethyl)triphenyl phosphonium bromide (1:1), 8-bromo-1-hexanol, 8-amino-1-

octanol, 2-(8-hydroxyoctyl)-1H-isoindole-1,3(2H)-dione, and 8-bromo-octamine 

hydrobromide (1:1) were synthesized according to the literature procedures.43–46

Synthesis of (2-(4-(3-hydroxy-4-oxo-4H-benzo[g]chromen-2-
yl)benzamido)ethyl)triphenylphosphonium bromide (2) or (8-(4-(3-hydroxy-4-
oxo-4H-benzo[g]chromen-2-yl)benzamido)octyl)triphenylphosphonium 
bromide (3)—3-hydroxy-2-(4-carboxy)phenyl-benzo[g]chromen-4-one (1a) (0.861g, 2.59 

mmol), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC·HCl) (0.596 

g, 3.11 mmol), and 1-hydroxybenzotriazole hydrate (HOBt) (0.476 g, 3.11 mmol) were 

combined in 40 mL DMF and stirred for 2 hours protected from light. The appropriate 

triphenylphosphonium bromide salt (2.59 mmol) was dissolved in 40 mL of DMF and added 

to the reaction mixture, which was then stirred for 24 hours at room temperature. The 

solvent was then removed under vacuum and the remaining solid was dissolved in 

dichloromethane and washed with water (3 × 60 mL). The combined organic fractions were 

dried over Na2SO4, filtered and concentrated under reduced pressure. In each case, the 

resulting solid was washed with ethyl acetate and diethyl ether to obtain pale-orange solid 

(60% yield). Compound 2: 1H NMR (DMSO-d6, 500 MHz) δ 9.09 (s, 1H), 8.87 (s, 1H), 

8.38 (d, J = 8.5 Hz, 2H), 8.35 (s, 1H), 8.27 (d, J = 8.9 Hz, 1H), 8.09 (d, J = 8.89 Hz, 1H), 

7.95-7.67 (m, 15H), 7.62-7.56 (m, 1H), 7.51 (d, J = 8.9 Hz, 2H), 7.27 (t, J = 8.3 Hz, 1H), 

7.23 (t, J = 8.3 Hz, 1H), 3.94-3.82 (m, 2H), 3.54-3.52 (m, 2H), ppm. 31P{1H} (DMSO-d6, 

202 MHz) δ 20.77. UV-vis (CH3CN:DMSO (10:1), nm) (ε, M−1 cm−1) 414 (9.48 ± 0.1 × 

103), 394 (9.50 ± 0.1 × 103), 347 (16.5 ± 0.2 × 103). ESI/APCI-MS (relative intensity) calcd. 

for C40H31NO4P [M]+: 620.1991; found: 620.1999 (100%).

Compound 3: 1H NMR (DMSO-d6, 300 MHz) δ 8.87 (s, 1H), 8.61 (s, 1H), 8.37 (d, J = 8.9 

Hz, 2H), 8.34 (s, 1H), 8.27 (d, J = 8.5 Hz 1H), 8.09 (d, J = 8.5 Hz, 1H), 8.02 (d, J = 8.9 Hz, 

2H), 7.94-7.67 (m, 15H), 7.59 (t, J = 8.0 Hz, 1H), 7.48-7.44 (m, 1H), 7.34 (t, J = 8.0 Hz, 1H) 

3.60-3.43 (m, 2H), 1.50-1.30 (m, 7H), 1.28-1.17 (m, 5H) ppm. 31P{1H} NMR (DMSO-d6, 

202 MHz) 20.74 ppm. UV-vis (CH3CN:DMSO (10:1), nm) (ε, M−1 cm−1) 414 (7.26 ± 0.1 × 

103), 394 (7.38 ± 0.1 × 103), 347 (11.5 ± 0.2 × 103). ESI/APCI-MS (relative intensity) calcd. 

for C46H43NO4P [M]+: 704.2930; found: 704.3382 (100%).

Photoreactivity of 2 and 3—A solution of 2 or 3 (~0.05 mmol) in 5.0 mL DMSO was 

placed in a 50 mL round bottom flask under air. The flask was then placed in a Rayonet 

photoreactor equipped with 419 nm lamps (light intensity 2,450 lx) and illuminated until the 
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reaction was determined complete (~24 h) as evidenced by the loss of the lowest energy 

absorption band of each compound at 410 nm. The solvent was then removed via 

lyophilization yielding 4 and 5.

(2-(4-(((3-carboxynaphthalen-2-
yl)oxy)carbonyl)benzamido)ethyl)triphenylphosphonium bromide (4)—1H NMR 

(DMSO-d6, 500 Hz) δ 9.01 (s, 1H), 8.27 (s, 1H), 8.01 (d, J = 8.0 Hz, 1H), 7.95-7.68 (m, 

15H), 7.63 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 7.9 Hz, 1H), 7.46-7.42 (m, 2H), 7.37-7.34 (m, 

3H), 6.93 (s, 1H), 3.94-3.82 (m, 2H), 3.54-3.52 (m, 2H), ppm. ESI/APCI-MS (relative 

intensity) calcd. for C39H31NO5P [M]+: 624.6409; found [M]+: 454.1504. The identified 

peak corresponds to the hydrolyzed triphenylphosphonium-containing appendage resulting 

from ester hydrolysis in 4.

(8-(4-(((3-carboxynaphthalen-2-
yl)oxy)carbonyl)benzamido)octyl)triphenylphosphonium bromide (5)—1H NMR 

(DMSO-d6, 500 Hz) δ 8.69 (s, 1H), 8.23 (d, J = 8.9 Hz, 2H), 8.18 (d, J = 8.5 Hz, 1H), 8.12 

(d, J = 8.9 Hz, 2H), 8.01-7.98 (m, 2H), 7.94-7.70 (m, 15H), 7.66-7.62 (m, 2H), 7.55 (t, J = 

8.0 Hz, 1H), 7.42 (t, J = 7.9 Hz, 1H), 3.60-3.43 (m, 2H), 1.50-1.30 (m, 7H), 1.28-1.17 (m, 

5H) ppm. ESI/APCI-MS (relative intensity) calcd. for C45H43NO5P [M]+:708.2879; found: 

708.3001 (100%).

Cell culture growth parameters

Human lung adenocarcinoma human alveolar basal epithelial cells (A549 cells) were 

obtained from ATCC (Manassas, VA) and cultured in phenol-red free DMEM-F12K Media 

(Caisson Laboratories, Smithfield, UT) supplemented with 10% (v/v) FBS. These A549 

cells were fed every 3 days with fresh media and sub-cultured in T-75 flasks at 4,000 

cells/cm2. Cells were detached by addition of 3 mL of Trypsin-EDTA 1× solution (Caisson 

Laboratories) for 5 min, then neutralized with 8 mL of fresh media. A549 cells were counted 

using a Cell Countess instrument (ThermoFisher, Boston, MA) according to the 

manufacturer’s protocol. Only passages 1–8 were used in experiments. Human umbilical 

vein endothelial cells (HUVECs) were obtained from ATCC (Manassas, VA) and cultured in 

F-12K Medium (Gibco, Carlsbad, CA) supplemented with 0.03 mg/ml endothelial cell 

growth (Sigma-Aldrich, St. Louis, MO), 10% fetal bovine serum (FBS) (Caisson 

Laboratories), 0.1 mg/ml heparin (Sigma-Aldrich) and 100 U/ml streptomycin-penicillin 

solution (Gibco). Cell growth, sub-culturing and counting were performed in the same 

manner as for A549 cells.

Qualitative intracellular visualization of 1 and 2 in cells using fluorescence microscopy

Initial assessment of the cellular uptake properties of 1 and 2 was performed using A549 

cells monitored via fluorescence microscopy. The cells were maintained in culture as 

described above, then seeded into Millicell E-Z-Slide chambers (EMD Millipore, Billerica, 

MA) at a density of 100,000 cells/cm3 and allowed to adhere for 24 h. Under minimal red 

light, the cells were treated with 100 μM 1 or 2 for 4 h, and then washed three times with 

culture media to remove residual compound. Cell nuclei were stained with Hoechst 33342 

(Immunochemistry Technologies, LLC, Bloomington, MN) at 0.5% v/v for 15 minutes. Cell 
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imaging was performed using a Zeiss Axio Observer inverted microscope (Carl Zeiss 

Microscopy, Thornwood, NY) equipped with fluorescence detection. Images were acquired 

at 10× and 20× magnification with the following excitation and emission parameters: for 1 
or 2 (green channel), λex = 450–490 nm, λem = 500–550 nm; for Hoechst (blue channel), 

λex = 310–390 nm, λem = 420–470 nm. The acquired images were universally adjusted 

using ZEISS ZEN Lite software v2.3.

Initial confocal imaging of 1–3 in live cells

A549 cells or HUVECs were seeded at 100,000 cells/cm3 in 4-well Millicell® E-Z Slides 

(Millipore) for 24 h of adherence. Then, 100 μM of 1–3 in DMSO were added for an 

additional 4 h. The cells were co-stained with Hoechst (0.5% v/v) for 15 minutes. Residual 

compound was washed out twice with fresh media. The cells were imaged using a Zeiss 

LSM 710 confocal microscope (Thornwood, NY) using the following excitation lasers and 

emission ranges: 1–3 λex = 488 nm, λem = 495–582 nm; Hoechst 33342 stain, λex = 405 

nm, λem = 410–492 nm. The acquired images were universally adjusted using ZEISS ZEN 

Lite software v2.3.

Co-localization studies of 2 and 3 using MitoTracker Red in A549 cells and HUVECs

A549 cells or HUVECs were seeded at 100,000 cells/cm3 in 4-well Millicell® E-Z Slides 

(Millipore) for 24 h for adherence. Then, 25–100 μM of 2 or 3 in DMSO were added for an 

additional 4 h. Hoechst (0.5% v/v) and MitoTracker Red CMXRos (MTR) (ThermoFisher) 

at 300 nM were then added for 15 minutes. Residual stains were washed out twice with fresh 

media. The cells were imaged using a Zeiss LSM 710 confocal microscope using the 

following excitation lasers and emission ranges: 1–3 λex = 488 nm, λem = 495–582 nm; 

Hoechst 33342 stain, λex = 405 nm, λem = 410–492 nm; MTR, λex = 561 nm, λem = 579–

600 nm. The acquired images were universally adjusted using ZEISS ZEN Lite software 

v2.3.

Pearson’s coefficient determination for 2 co-localized with MitroTracker in A549 cells

The coloc2 plugin (open-source Fiji ImageJ 1.51t) was used to determine co-localization of 

2 with MTR in A549 cells using background-subtracted (50 pixel radius) confocal image 

pairs with the Costes threshold regression method. Each cell was isolated as a region of 

interest to avoid skewing the correlation by the low intensity background pixels. Pearson r 
correlation values were obtained for 29 cells from six separate fields of view obtained from 

two independent experiments. A map of co-localized pixels for a representative field of view 

was also generated and colorized by fluorescence emission intensity. Also, co-localization of 

2 with MTR was verified for a subset of cells by plotting light intensity for emission 

channels for 2 (green), MTR (red) and the Hoechst 33342 nuclear stain (blue) along a linear 

cross section of the cell.

Illumination of 2 for CO release in A549 cells during confocal imaging

A549 cells were seeded at 25,000 cells/cm3 in 35 mm glass bottom dishes (MatTek, 

Ashland, MA) for 24 h. The cells were then treated with 2 (25 μM) for an additional 4 h 

protected from light. After co-staining for 15 min with Hoechst, the cells were washed three 
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times with fresh media to remove excess dye. The cells were imaged using a Zeiss LSM 710 

confocal microscope as outlined above. To induce CO release, the cells were exposed to 

laser illumination for 5 minutes using either a 405 nm laser or a combination of 405 and 488 

nm lasers (11.5 mW/cm2 at 6% laser power). This resulted in the disappearance of the green 

emission of 2 indicating CO release and the formation of 4.

MTT assays

Three independent biological experiments, each with three technical replicates, were 

performed for 1–5 and (2-carboxyethyl) triphenylphosphonium bromide (TPP) in the dark. 

Similar assays were performed for 1, 2, 4 and TPPBr under visible light-induced CO release 

conditions. For all experiments, MTT (Sigma-Aldrich) was prepared fresh at 5 mg/mL in 

sterile PBS. MTT assays were performed using HUVEC or A549 cells as described the 

supporting information with final DMSO concentration of 0.4% (v/v). The final results were 

background subtracted and normalized to vehicle control. Data analysis was performed 

using GraphPad Prism 7 (La Jolla, California), with values reported as mean ±SEM. IC50 

values were calculated as nonlinear regression with a bottom constraint of zero.

Bioenergetics analysis in cultured cells

An XF96 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA) at the 

University of Utah Core Facilities was used to measure mitochondrial bioenergetics in A549 

cells. Briefly, the A549 cells were seeded into Seahorse XF96-well plates at a density of 

20,000 cells/well 24 h before the experiment. On the day of the experiment, the cells were 

incubated with vehicle (0.4% DMSO) or 1, 2 or TPPBr (0.1, 1.0, 10 μM) for 4 h. One of the 

two prepared plates was then subjected to illumination using a blue LED array for 1 h at 

37 °C. The second plate remained in the incubator in the dark for the same amount of time. 

The culture media in each plate was then replaced with assay medium (Seahorse XF Base 

Medium supplemented with 1 mM pyruvate, 2 mM glutamine, and 25 mM glucose, adjusted 

to pH 7.4 with 0.1 N NaOH and filtered through a 0.22 μm filter). The plates were then 

incubated at 37 °C without CO2 for 30 min. Changes in oxygen consumption rate (OCR) 

were assessed over 80 min after sequential addition of oligomycin (1.0 μM), carbonyl 

cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (1.0 μM) and rotenone/antimycin A 

(1.0 μM/1.0 μM). The following parameters were determined from OCR measurements: 

stimulated respiration (the last value of OCR after exposure to vehicle or CO-donor and 

preceding oligomycin injection); ATP-linked respiration (the difference between OCR 

before and after oligomycin injection); proton leak (the difference between OCR after 

oligomycin and rotenone/antimycin A injection); maximal respiration (the difference 

between OCR after FCCP and rotenone/antimycin A injection); reserve capacity (the 

difference between OCR after FCCP and stimulated respiration before oligomycin 

injection); and non-mitochondrial respiration (the OCR value after rotenone/antimycin A 

injection).28 The Seahorse XF results are presented as means ±SEM from three independent 

experiments (8 technical replicates in each experiment). For statistical analysis, one-way 

ANOVA was performed for each parameter listed above with Tukey post-hoc test for 

multiple comparisons among test concentrations. A p value <0.05 was considered to be 

statistically significant.
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Figure 1. 
Carbon monoxide releasing molecules (CORMs) previously used in mitochondria 

bioenergetics studies (top) and the framework of photoCORMs described in this work 

(bottom).
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Figure 2. 
Absorption (a) and emission spectra (b,c) of 1–3 in media containing 10% FBS at 100 μM. 

Blue, green and red coloration of spectral sections in (c) indicate the confocal detection 

ranges.
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Figure 3. 
Confocal microscopy images showing co-localization of 2 with MTR in A549 cells. Rows 1 

and 3 show cells treated with vehicle control (0.4% DMSO). Rows 2 and 4 show cells 

treated with 2 at 100 μM for 4 h. Image panels depict the Hoechst nuclear stain ( ), the 

MitoTracker mitochondria stain ( ) the CO donor ( ) or a merge of the three 

fluorescence channels. Scale bar indicates 20 μm for rows 1 and 2. Scale bar indicates 10 μm 

for rows 3 and 4.
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Figure 4. 
Confocal images of A549 cells co-stained with 2, MTR and Hoechst 33342. (a) Independent 

and co-localized pixels of 2 and MTR. (b) Overlaid intensity profile of regions of interest 

(ROIs) in the co-stained A549 cells as indicated by the white arrows.
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Figure 5. 
Plots of percent cell viability in A549 cells for 1 (a), or 2 (b), their photo-induced reaction 

products, and 2-carboxyethyl-triphenylphosphonium bromide upon illumination in cells.
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Figure 6. 
Cellular bioenergetics analysis in A549 cells. (a) OCR profiles of cells without light-

triggered CO release. (b) OCR profiles of cells after 1 h illumination to trigger CO release in 

situ. (c) Bioenergetics data of illuminated cells (1 h post CO release) including basal 

respiration, proton leak, ATP production, maximal respiration, reserve capacity, and non-

mitochondrial respiration in the presence of 1 (red), 2 (blue) and TPP tail (green) at the 0.1–

10 μM concentration range. Abbreviations: FCCP, carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone; AA+Rot, antimycin A and rotenone. Values represent 

the means ± SEMs from three independent biological experiments. The values that are 

significantly different compared to control by one-way ANOVA test are indicated by 

asterisks as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Scheme 1. 
(1) Preparation of mitochondrial-targeting photoCORMs 2 and 3 via EDC/HOBt coupling 

between 1a and the TPP tail. (2) Visible light-induced CO release reactivity of 2 and 3 to 

generate 4 and 5, which are non-fluorescent molecules.
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