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Conspectus

Carbon monoxide (CO) is a gaseous signaling molecule produced in humans via the breakdown of 

heme in an O2-dependent reaction catalyzed by heme oxygenase enzymes. A long-lived species 

relative to other signaling molecules (e.g., NO, H2S), CO exerts its physiological effects via 

binding to low-valent transition metal centers in proteins and enzymes. Studies involving the 

administration of low doses of CO have shown its potential as a therapeutic agent to produce 

vasodilation, anti-inflammatory, anti-apoptotic, and anti-cancer effects. In pursuit of developing 

tools to define better the role and therapeutic potential of CO, carbon monoxide releasing 

molecules (CORMs) were developed. To date, the vast majority of reported CORMs have been 

metal carbonyl complexes, with the most well-known being Ru2Cl4(CO)6 (CORM-2), 

Ru(CO)3Cl(glycinate) (CORM-3), and Mn(CO)4(S2CNMe(CH2CO2H)) (CORM-401). These 

complexes have been used to probe the effects of CO in hundreds of cell- and animal-based 

experiments. However, through recent investigations, it has become evident that these reagents 

exhibit complicated reactivity in biological environments. The interpretation of the effects 

produced by some of these complexes is obscured by protein binding, such that their formulation 

is not clear, and by CO leakage and potential redox activity. An additional weakness with regard to 

CORM-2 and CORM-3 is that these compounds cannot be tracked via fluorescence. Therefore, it 

is unclear where or when CO release occurs, which confounds the interpretation of experiments 

using these molecules. To address these weaknesses, our research team has pioneered the 

development of metal-free CORMs based on structurally-tunable extended flavonol or quinolone 

scaffolds. In addition to being highly controlled, with CO release only occurring upon triggering 

with visible light (photoCORMs), these CO donors are trackable via fluorescence prior to CO 

release in cellular environments and can be targeted to specific cellular locations.

In the Account, we highlight the development and application of a series of structurally-related 

flavonol photoCORMs that: (1) sense characteristics of cellular environments prior to CO release; 

(2) enable evaluation of the influence of cytosolic versus mitochondrial-localized CO release on 

cellular bioenergetics; (3) probe the cytotoxicity and anti-inflammatory effects of intracellular 

versus extracellular CO delivery; and (4) demonstrate that albumin delivery of a photoCORM 
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enables potent anti-cancer and anti-inflammatory effects. A key advantage of using triggered CO 

release compounds in these investigations is the ability to examine the effects of the molecular 

delivery vehicle in the absence and presence of localized CO release, thus providing insight into 

the independent contributions of CO. Overall, flavonol-based CO delivery molecules offer 

opportunities for triggerable, trackable, and targetable CO delivery that are unprecedented in terms 

of previously reported CORMs and, thus, offer significant potential for applications in biological 

systems.

Graphical Abstract

I. Introduction

Despite its reputation as a toxic molecule, carbon monoxide (CO) is now recognized as a 

beneficial small molecule in humans. CO is generated via the oxidative degradation of heme 

catalyzed by heme oxygenase enzymes (Figure 1).5 CO is the most long-lived among the 

three major known gasotransmitters (H2S, NO and CO). CO exhibits its biological effects 

through coordination to low-valent transition metal centers in proteins. This chemistry is 

involved in several essential biological functions, including the regulation of ion channels6,7 

and intracellular signaling pathways,8 which results in cardioprotective,9 anti-inflammatory,
10 anti-apoptotic,11 and anti-cancer12 effects. Therefore, CO is of significant current interest 

as a potential therapeutic for treating a variety of conditions13, with several clinical trials 

involving low dose CO gas as a therapy for inflammation and blood vessel function 

completed or underway.14

CO-releasing molecules (CORMs) were developed as an approach toward advancing the 

therapeutic potential of CO, as well as to improve the research tools available to probe the 

role of CO in biology. First generation CORMs were simple metal carbonyl complexes that 

release CO spontaneously in aqueous environments.15 The CORMs that have been most 

commonly applied in biological studies are [RuCl2(CO)3]2 (CORM-2),16 

[Ru(CO)3Cl(glycinate)] (CORM-3),17 and [Mn(CO)4{S2CNMe(CH2CO2H)}] 

(CORM-401).18 As transition metal complexes, these CORMs are susceptible to ligand 

exchange in biological environments, which can result in CO leakage and the formation of 

protein adducts.19 Lacking any fluorescent components, the location of CORM-2, CORM-3, 
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or CORM-401 cannot be tracked in biological environments, thus leaving the site of CO 

delivery unclear. Recent studies have also provided evidence that CORM-2 and CORM-3 

can act as reductants and exhibit redox reactivity involving the Ru(II) fragment remaining 

following CO release.20,21 This reactivity complicates the interpretation of the observed 

biological effects produced upon CO delivery from these CORMs. A comparative 

investigation of CO delivery to heme proteins from CORM-2, CORM-3, and CORM-401 

also provided evidence that the presence of the metal complexes or their CO release 

byproducts can interfere with biological assays.22 Many metal-carbonyl CORMs have been 

developed, including examples in which CO delivery is controlled through triggered release 

using visible light (photoCORMs),23 enzyme activity (ETCORMs),24 or magnetic heating,25 

as well as examples for which the CO release agent or product can be tracked via 

fluorescence.26 However, the inherent presence of a transition metal remains the challenge. 

This issue has led to the incorporation of CORMs into materials so as to sequester the metal 

ion both prior to and following the CO release reaction.27

To avoid the challenges associated with using transition metal-containing CORMs in 

biological systems, a few laboratories initiated studies into the development and evaluation 

of organic CO donors. CO-releasing structural motifs employed in the preparation of 

spontaneous donors include boronocarbonates28 and norbornadiene-7-one derivatives.29 The 

latter compounds are actively being developed as tunable spontaneous CO release agents for 

therapeutic applications.30–32 Visible light-triggered organic photoCORMs have been 

constructed using cyclic diketones,33 xanthene carboxylic acid,34 and meso-carboxy 

BODIPY35 structural motifs. Notably, very few organic CORMs that exhibit fluorescence 

properties making them trackable in cells are currently known.31,33,36

A current challenge in CORM development is targeted CO delivery to specific biological 

sites. Metal carbonyl CORM derivatives have been reported with: 1) peptide, polymer or 

biotin conjugates for targeted delivery to tumors,37,38 2) oxidatively sensitive appendages for 

triggered CO release in cancer cells,39 and/or 3) incorporation in nanomaterials to enable 

targeting to malignant tumors via the EPR effect.40 In terms of metal-free CORMs, only one 

report of mitochondrial-targeted delivery of CO has been published using a spontaneous 

CO-releasing framework.31 Thus, targeted delivery of CO using a metal-free organic CORM 

remains largely undeveloped.

In this Account we outline the development of extended flavonol and quinolone frameworks 

as novel metal-free CORMs for visible light-triggered CO delivery. The intrinsic properties 

of these frameworks demonstrate a versatility that is unprecedented in metal-free CORMs 

reported to date. These properties include: 1) clean, quantitative CO release reactivity 

resulting in the formation of a single fully characterized, non-toxic organic byproduct; 2) 

trackable fluorescence in cells prior to CO release; and 3) structural amenability to achieve 

targeted delivery. Potent biological effects using these delivery vehicles demonstrated via in 
vitro and in vivo disease models suggest significant potential for these systems in advancing 

understanding of the role CO in biological systems.
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II. Extended Flavonol and Quinolone PhotoCORM Frameworks

Flavonols are naturally occurring compounds found in many fruits and vegetables. 

Quercetin, an abundant flavonol in the human diet, has been extensively evaluated for its 

potent anti-inflammatory, antioxidant and anticancer properties.41,42 Quercetin is known to 

undergo dioxygenase-type CO release in bacteria and fungi.43 The core framework of 

quercetin, 3-hydroxyflavone, has been reported to release CO thermally and/or 

photochemically under UV-light illumination conditions.44

Rationalizing that extension of the aromatic framework via incorporation of an additional 

fused ring would lead to visible light absorbing flavonols, we prepared 1 (Figure 2) via the 

Algar-Flynn-Oyamada reaction in ~60% yield.45 Compound 1 undergoes clean, quantitative, 

visible light-induced CO release in a range of solvents, including cell media, to give a single 

non-toxic (up to 100 μM in A549 cells) depside product (2).1,45 We note that this reaction is 

similar to the heme oxygenase-mediated CO release from heme as both are dioxygenase-

type processes. The quantum yield for CO release from 1 in CH3CN under 419 nm light 

illumination and air is 0.007(1) with ϕε = 43. Notably, two-photon laser excitation (λill = 

800 nm) produces the same CO release reaction.46 Compound 1 exhibits a fluorescent 

emission at ~580 nm allowing the molecule to be tracked in the green channel prior to CO 

release in cells and zebrafish (Figure 1).45,46 This photoCORM distributes cytosolically in a 

range of cells, exhibiting mild cytotoxicity in A549 cells (IC50 = 81 μM).45 Compound 1 
binds weakly to bovine serum albumin (BSA, Ka = 3.2 × 103 M−1) at the warfarin binding 

site.1 Visible light-induced CO delivery from 1 in RAW 264.7 cells produces significant 

anti-inflammatory effects as evidenced by >50% TNF-α suppression starting at 1 μM 

compound concentration.47 Notably, in the absence of CO release, 1 also produces >50% 

TNF-α reduction starting at 25 μM. This observation indicates that the inherent anti-

inflammatory properties of the flavonol framework can contribute to the bioactivity of the 

photoCORM.

Klán and co-workers examined the mechanism of the visible light-induced, O2-dependent 

CO release reaction of 1 using steady-state and transient absorption spectroscopy and 

quantum mechanical calculations.48 Three CO release pathways were identified for the acid-

base forms of 1 (Scheme 1). The triplet excited tautomer of the neutral flavonol (31Z*) as 

well as the triplet excited state of the conjugate base of 1 (31B*) undergo reaction with 3O2 

leading to the release of CO and depside formation. The ground state conjugate base of 1 
(1B) also undergoes efficient reaction with 1O2 leading to CO release and depside formation.

The 3-hydroxybenzo[g]quinolone 3 (Figure 3(a)) was previously reported as a dye.49 Visible 

light illumination of an acetonitrile solution of 3 was found to quantitatively produce depside 

and CO with a quantum yield of 0.0045(1) and ϕε = 33.2 Fluorescence visualization of 3 in 

cells was successful only in the presence of bovine serum albumin (BSA) which facilitates 

the aqueous solubility and uptake of 3. Notably, 3 has a 900-fold greater affinity for BSA 

(Ka = 2.9 × 106 M−1) than does 1. Visible light-induced CO release from the 3:BSA 

conjugate produces a potent anticancer (IC50 = 24 μM) effect in A549 cells, which may be 

due to the albumin-facilitated accumulation of 3 in the cells.50 CO release from 3 at 80 nM 

also produces complete suppression of lipopolysaccharide (LPS)-induced TNF-α production 
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in RAW 264.7 murine macrophage cells. This potent anti-inflammatory effect is 

unprecedented among photoCORMs reported to date.2 Similar to 1, the quinolone 

framework also exhibits anti-inflammatory effects (>50% TNF-α suppression at 10 μM) in 

the absence of CO release.

Compounds 1 and 3 represent prototype frameworks for the development of families of 

visible light-triggered CO-releasing molecules. The clean, quantitative CO release induced 

by visible light, the fluorescence trackability of the compounds in cells, and the inherent 

bioactivity of the frameworks provide a starting point for the development of novel CO 

donors with enhanced functionality.

III. Environment Sensing Prior to Triggered CO Release

Analyte sensing is important for detecting pathological conditions, which are often 

characterized by aberrant concentrations of various biomarkers, such as oxidative stress as 

indicated by perturbed levels of reactive oxygen or sulfur species (ROS and RSS, 

respectively). With the long-term goal of developing molecules to deliver an optimal supply 

of CO to biological targets to address oxidative stress, we and others initiated the 

development of multifunctional flavonol-based photoCORMs possessing environment 

sensing capability. These molecular structures operate via Boolean logic gates (Scheme 2) 

with sequence-activated outputs triggered by distinct stimuli (e.g., bioanalyte, light and O2). 

This approach affords a unique and reproducible molecular behavior for intelligent 

recognition.51–53

Addition of a sensing component to 1 is achieved via functionalization of the 3-hydroxyl 

position, typically in a high yield, one-step reaction. This modification produces a 

significant blue-shift (~100 nm) in the absorption and emission features versus those 

exhibited by 1, which enables independent tracking of the sensing compound via its blue 

emission prior to deprotection. In the sensor molecules studied to date (vide infra), the 

presence of a 3-OR substituent inhibits visible light-driven CO release reactivity, thus 

enabling sequential molecular AND logic gate (stimulus-triggered) reactivity using a variety 

of analyte sensing motifs (Scheme 2). Due to their increased lipophilicity, the sensor-

appended compounds 4 and 7 exhibit better cellular uptake than 1 and therefore serve as a 

camouflaged form of the CO release compound.

Thiol Sensing Followed by CO Release

Assessment of biothiol levels as an indicator of oxidative stress was achieved via 

incorporation of a Michael acceptor in 4 (Scheme 2), the reactivity of which results in 

deprotection of the 3-OR moiety and the formation of 1, which can then undergo visible 

light-triggered CO release.3 Compound 4 reacts quickly with cysteine (Cys), but slower with 

homocysteine (Hcy) and glutathione (GSH). The enhanced rate of sensing reactivity with 

cysteine is due to the formation of a kinetically favored seven-membered ring which leads to 

carbon-oxygen bond cleavage and release of 1.54 The deprotection of 4 to produce 1 was 

found to proceed with a detection limit of 24 nM, which is comparable to previously 

published cysteine sensors.55 Compound 4 is mildly cytotoxic (IC50 = 62 μM in A549 cells), 

but slightly less cytotoxic than 1 under identical conditions (IC50 = 41.5 μM).45 Using 
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confocal microscopy, 4 showed good cellular uptake in A549 cells as indicated by intense 

intracellular blue emission (Figure 4). Importantly, 4 enabled detection of endogenous 

cellular biothiols after pretreatment of the cells with N-ethylmaleimide (NEM). This is 

evidenced by the appearance of the green intracellular emission of 1 after 1 h of incubation 

(Figure 4). Subsequent illumination of the cells with visible light under normoxic conditions 

(20% O2) for 10 min resulted in loss of green emission, consistent with the AND logic gate 

operation sequence and CO delivery. As cellular redox imbalance is often associated with 

hypoxia,56 the efficiency of CO delivery from 1 was also evaluated under hypoxic (1% O2) 

conditions. Illumination of a DMSO:H2O (1:1, v:v) solution of 1 (25 μM) at 419 nm under 

1% O2 resulted in complete conversion to 2 in <1200 s.

The distinct chromatic switches between 4 and 1, and subsequently 1 and 2, couple the 

response to a biomarker with gasotransmitter molecular output in a sense-of-logic enabled 

photoCORM (SL-photoCORM). This molecule was the prototype for the development of 

additional environment-sensing flavonol derivatives for CO delivery.

H2S Sensing Followed by CO Release

The maintenance of cellular homeostasis also involves a network of signaling molecules, 

including other gasotransmitters, such as H2S.57 Notably, CO and H2S exhibit reciprocal 

regulation, with CO binding to the heme site of cystathionine-β-synthase resulting in 

enzyme inhibition and increased H2S generation from cysteine catalyzed by γ-cystathionase 

in a sequence termed heme-dependent metabolic track switching.58 This sequence occurs 

under endoplasmic reticulum stress, conditions under which CO is generated from HO-1. 

O2-dependent CO/H2S interplay has also been reported in carotid bodies where CO 

production is linked to the regulation of H2S production in hypertension and sleep apnea.59

As an approach toward gaining insight into the potential interplay of CO and H2S in cellular 

environments, we developed a flavonol-based molecular tool to study their interaction.60 

The cyanate moiety of 5 (Figure 5) is highly responsive to H2S/HS− with high selectivity 

against common bioanalytes and a detection limit (79 nM) that is comparable to several 

previously reported H2S sensors.61

While the cyanate moiety of 5 was found to be hydrolytically unstable with respect to the 

formation of 1 in test tube fluorescence experiments in DMSO:water (1:1), cellular uptake of 

the compound minimizes this reactivity. Experiments performed in human umbilical vein 

endothelial cells (HUVECs) showed good cellular uptake of 5 as indicated by blue 

intracellular emission observed after 24 h of incubation (Figure 5). The absence of green 

emission in this experiment, which would indicate the presence of 1, demonstrates the 

hydrolytic stability of 5 in cells. Exposure of the cells to H2S (10 μM) results in the 

disappearance of the blue emission and the appearance of the green emission of 1. Visible 

light illumination results in loss of the latter signal, indicating CO release from 1. Thus, 

similar to the biothiol sensor 4, compound 5 operates via AND logic gates and is a viable 

molecular tool for further exploration of H2S/CO interplay in biology.
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H2O2 Sensing Followed by CO Release

As an approach toward evaluating cellular oxidative stress via sensing of ROS prior to CO 

delivery, a flavonol–boronate conjugate (6, Scheme 2), was developed by Tang and co-

workers.46 In solution experiments, this molecule was shown to sense H2O2 (DL = 66 nM) 

to produce 1, which subsequently undergoes visible light-induced CO release via an AND 

logic gate sequence. Compound 6 is biocompatible for both in vitro and in vivo studies, 

exhibiting low cytotoxicity. The H2O2-sensing deprotection reaction of 6 and subsequent 

light-induced CO delivery from 1 in vascular smooth muscle live cells were confirmed via 

fluorescence studies and use of a CO-sensing fluorescent probe. Notably, 1 was shown to 

undergo two-photon induced CO release, with an absorption cross-section (δ) at 800 nm of 

96 GM (1 GM = 10−50 cm4 s photon−1).

An aspect of cellular ROS regulation yet to be fully explored is related to H2O2-induced 

fluctuation produced upon administration of angiotensin II, a potent peptide hormone 

vasoconstrictor used in treating hypotension and hypovolemia. Considering that CO is a 

known vasorelaxant via several signaling pathways,62 6 was applied in an angiotensin II–

treated transgenic line of zebrafish (Tg (flila: EGFP)) wherein the vascular endothelium was 

highlighted with green fluorescent protein (GFP). Upon administration of angiotensin II, 

vasoconstriction occurred with the vascular diameter decreasing by 32% (Figure 6), with 

H2O2 upregulation being confirmed by an attenuation effect on this condition by N-acetyl-L-

cysteine. The vasodilation effect of CO produced upon illumination of 6 using a two-photon 

laser (800 nm) was shown with the vascular diameter increasing to 23.8 μM, which is 

comparable to the diameter in control animals (Figure 6).

Analyte Replacement: CO Sense and CO Release

A notable absence in the rapidly expanding field of CO sensors are analyte replacement 

probes that can replenish the CO that is consumed during detection to avoid perturbing 

cellular homeostasis. As an initial approach toward addressing this deficiency, 1 was 

functionalized with an allyl ether tail to produce 7. Compound 7 senses CO (delivered from 

CORM-2 or CO gas) via Pd(0)-mediated Tsuji-Trost type reactivity to generate 1 (Figure 

7(right)) via an AND logic gate sequence.63 In DMSO, 7 exhibits CO sensing with a 

fluorescence detection limit of 3.19 μM. However, the use of PdCl2 and CORM-2 in DMSO 

results in the formation metal complexes of 1 (e.g., [(1)Pd(CH3CN)2]+ (detected by ESI-MS 

in CH3CN)) which limit subsequent visible light-driven CO release reactivity. Importantly, 

metal complexation in cells (HUVECs) is minimized such that both CO sensing and 

trackable visible light-induced CO release reactivity are feasible (Figure 7). Compound 7 is 

the first reported analyte replacement fluorescent sensor for CO.

CO Delivery via a Tandem Light-Triggered Micelle

A carbon monoxide releasing polymer containing the extended flavonol motif (CORP, 8) 

was generated via direct RAFT polymerization (Scheme 3).64 This polymer produces self-

assembled micelle amphiphiles with excellent water dispersity. CO release from 8 involves a 

cascade of two visible light-triggered photochemical reactions (8→ 9→ 10, Scheme 3). 

These chemical transitions are trackable via fluorescence, thus enabling self-reporting CO 
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release. A blue-to-red-to-no emission sequence is observed for this process, with the red 

emission being attributed to aggregated forms of the flavonol (9) within the micelle 

environment. Similar reactivity was found to occur in RAW 264.7 cells in which good 

cellular uptake was evident with no significant cytotoxicity (up to 0.2 g/L).

Injections of solutions of micellular nanoparticles of 8 (0.1 g/L) in BALB/c mice with 

subsequent illumination at 410 nm demonstrated the potential of 8 as a trackable, visible 

light-induced CO donor for the treatment of cutaneous wound diseases. A full-thickness 

cutaneous wound healing model showed that the CO delivery from 8 produced a faster 

wound healing rate compared to controls, especially after 7-day treatments (Figure 8), with 8 
and CORM-3 exhibiting similar impacts on wound healing.

With this being the case, it is important to consider the ease of handling of the two CO 

delivery systems. Aqueous solutions of the triggered flavonol-based CO releasing molecules 

such as 1 and 8 are stable for several days under dark conditions. This contrasts with 

aqueous solutions of CORM-3 which have a limited half-life (~1 min; pH 7.4, 37 °C) and 

exhibit CO leakage, thus leading to uncertainty with regard to the amount of CO delivered.21

IV. Targeting

Localization of CORMs is of particular current interest to probe how the site of CO release 

relates to the biological signaling effects of this stable, diffusible gas molecule. The Ru(II) 

carbonyl CORMs used most extensively to date in biological studies (CORM-216 and 

CORM-317) release CO spontaneously in aqueous environments, thus likely providing 

predominantly extracellular delivery, similar to delivery by CO gas. This extracellular 

delivery contrasts with the site of biological production of CO, which occurs as a part of 

heme degradation catalyzed by HO-1, an endoplasmic reticulum (ER)-localized enzyme 

with exposure to the cytosol under normal conditions. Notably, in the presence of stimuli 

(e.g., heme, LPS, oxidants, hypoxia, etc.), HO-1 partially translocates to the mitochondria, 

nucleus, and caveolae.65 This subcellular distribution of HO-1 under various conditions 

raises intriguing questions about organelle-specific effects of CO. To address these 

questions, CORMs that undergo triggered CO release while positioned at precise locations 

are needed. In this regard, the fluorescence trackable CO-releasing frameworks of 1 and 3 
offer unique opportunities for investigation. Below, we outline three initial ways we have 

used these CORMs or derivatives thereof to probe biological questions regarding localized 

CO release.

Extra- Versus Intracellular CO Release

We have functionalized 1 to probe how extra- versus intracellular CO release affects CO-

induced toxicity and anti-inflammatory effects.47 Suspension of 1 in H2SO4 at room 

temperature for 18 h produces 11 (Figure 9), a water-soluble version of the extended 

flavonol framework. This sulfonated flavonol exhibits similar spectroscopic and visible 

light-induced quantitative CO release reactivity to that of 1. The increased water solubility of 

11 prevents its cellular uptake, as evidenced by fluorescence studies in RAW 264.7 cells. 

This contrasts with 1 which has been identified as localizing in cytosol via fluorescence 

microscopy.45 In terms of toxicity, both intracellular 1 and extracellular 11 are non-cytotoxic 
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in RAW 264.7 cells (up to 100 μM) prior to CO release and have non-cytotoxic organic 

byproducts. Notably, visible light-induced CO release from 1 was found to be significantly 

cytotoxic (IC50 = 22.39 ± 2.98 μM) whereas CO release from extracellular 11 (up to 100 

μM) remained non-cytotoxic. These observations show that the location of CO release is 

important with regard to cytotoxicity. CO release from 1 and 11 was also evaluated in anti-

inflammatory studies using LPS-challenged RAW 264.7 cells. Monitoring the suppression of 

TNF-α by 1, 11, and their organic CO release products (depsides) using an ELISA assay 

under dark and light conditions, we found that CO release suppressed TNF-α levels to a 

similar extent regardless of whether CO was delivered extra- or intracellularly. A reduction 

of >50% in TNF-α was found for 1 and 11 starting at 1 μM and 0.04 μM, respectively. 

Notably, the overall extent of TNF-α suppression from 1 and 11 depends on the scaffold of 

the CO delivery vehicle, with the pre-CO release scaffold of 11 enhancing TNF-α 
suppression at low nanomolar concentrations, while 1 provides anti-inflammatory effects at 

low micromolar concentrations. Such anti-inflammatory contributions of the flavonol 

framework are not surprising as naturally occurring flavonols are known to exhibit anti-

inflammatory effects.66 We note that the CO-release product depsides, whether illuminated 

and non-illuminated, did not produce significant TNF-α suppression.

Mitochondrial-Targeted CO Release

Very little is currently known about the effect of targeted CO delivery to mitochondria, 

endoplasmic reticuli, or nuclei. This knowledge gap is primarily due to the lack of CORMs 

available for targeted, controlled intracellular delivery of CO. With regard to mitochondria, 

assessment of the effect of localized CO delivery on the reactivity of the heme centers of the 

electron transport chain and overall mitochondrial bioenergetics is particularly needed.

Wang and co-workers reported the first example of a mitochondria-localized CO delivery 

approach using a bioorthogonal reaction-based pair of compounds each containing a cationic 

triphenylphosphonium (TPP) mitochondria-targeting fragment as part of the molecular 

design (Scheme 4(a)).31 While localized CO release was realized, as evidenced by the 

release of a fluorescent byproduct, no examination of the effects of CO delivery on 

mitochondrial bioenergetics were reported. During the same time period our group was 

pursuing the preparation of 12 (Scheme 4), a triphenylphosphonium-tailed derivative of 1.4 

Compound 12 retains all of the photophysical and CO release reactivity features of 1 while 

also exhibiting good cellular uptake and mitochondrial localization as indicated by confocal 

co-localization studies (Figure 10(b) and (c); Pearson’s co-localization coefficient with 

Mitotracker Red 0.707 ± 0.014 for 29 examined cells). MTT studies of 12 in HUVECs and 

A549 cells revealed significant cytotoxicity, with mean IC50 values of 1.51 ± 1.4 μM and 

14.1 ± 2.7 μM, respectively. Notably, visible light-induced CO release from 12 does not 

affect the toxicity of 12 in HUVECs (3.78 ± 1.5 μM) but does increase the toxicity in A549s 

(IC50 4.6 ± 3.6 μM). Similar to other CO-release depside products described herein, 13 does 

not exhibit any cytotoxicity up to 100 μM.

To gain insight into the effects of CO on mitochondrial function, we examined the influence 

of visible light-induced CO release from cytosolic 1 and mitochondria-localized 12 (0.1−10 

μM) on mitochondrial bioenergetics in A549 cells using an Extracellular Flux Analyzer 
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(Agilent Seahorse XF).4 The results were compared to those produced using (a) non-

illuminated 1 and 12, (b) the CO release products 2 and 13, or c) a TPP tail model 

compound. These investigations revealed that under CO release conditions at 10 μM both 1 
and 12 produced similar effects, decreasing ATP production, maximal respiration, and the 

cell reserve capacity. This concentration is notably more than two-fold lower than that 

reported for metal carbonyl CORMs that are needed to produce similar biological effects. 

These combined results indicate that intracellular CO release from 1 and mitochondrial-

targeted 12 produces more potent biological effects than the Ru(II)-containing CORM-2 and 

CORM-3. We hypothesize that this relates to the ability of the flavonol CORMs to deliver a 

localized intracellular concentration of CO whereas CORM-2 and CORM-3 likely release 

CO extracellularly.

Protein Delivery of a Quinolone PhotoCORM

Targeted delivery of photoCORMs to cancer cells offers a new approach toward treating 

tumors using CO. Albumins are known to accumulate and be catabolized by tumors and 

have been used to deliver drugs to tumor sites.50 In the CORM field, Bernardes, et al. 

enhanced CO accumulation at a colon carcinoma tumor site in mice using a protein-bound 

form of CORM-2.67 The same complex provides significant downregulation of 

inflammatory markers such as cytokines interleukin (IL)-6, IL-10, and TNF-α in HeLa and 

Caco-2 cells.

A metal-free photoCORM based on a quinolone motif (3, Figure 11) binds tightly to BSA 

(Ka ~3.0 ×106 M−1).2 Visible light-induced CO release from this BSA-quinolone conjugate 

produces potent anti-cancer effects in A549 cells at a concentration as low as 24 μM. The 

protein:3 conjugate also produces an unprecedented suppression of TNF-α production in 

LPS-challenged murine macrophages (RAW 264.7 cells) at 80 nM. Notably, a prodrug form 

of 3, the diketone 14 (Figure 11), is reduced by cellular thiols, which suggests possible 

activation in the reducing environment of cancer cells. Overall, the quinolone framework 

offers a second novel framework on which to build triggerable, trackable, and targetable CO-

releasing compounds.

V. Perspective and Outlook

Interest in CO as a bioactive molecule and as a potential therapeutic has grown rapidly over 

the past decade. A persistent challenge in the field has been the safe delivery of controlled 

amounts of CO so as to limit toxicity. Since the mid-2000s, metal carbonyl complexes, 

especially the Ru(II)-containing CORM-2 and CORM-3, have been the most commonly 

employed CO delivery agents for many biological studies directed at probing the effects of 

this diatomic molecule. While metal-dependent reactivity other than CO release for these 

complexes initially received little attention, recent reports have made clear that the redox 

reactivity of Ru(II) could be producing some of the observed biological effects.20–22 This 

issue provides strong impetus for the development of metal-free CORMs for which the CO 

release byproducts can be conclusively identified and evaluated independently in terms of 

their biological properties.
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To date only a few types of organic molecules have been developed for CO delivery in 

biological environments, with two specific frameworks being more significantly advanced. 

Wang and co-workers are developing norborn-2-en-7-one derivatives formed via alkyne/

Diels-Alder reactivity for spontaneous, systemic CO release and potential therapeutic 

applications.29 Our work outlined herein has been directed primarily at developing extended 

flavonols and quinolones as triggered CO-releasing molecular tools, photoCORMs that 

enable significant spatial/temporal control of CO release. A key feature of these 

photoCORMs is that they do not exhibit CO leakage, thus allowing for localized CO release. 

The successful demonstrations of the uses of these compounds for CO delivery in cells and 

animals outlined herein sets the stage for their further biological applications. Notably, 

unlike many CORMs, 1 and 3 have well-defined CO release organic products that are 

nontoxic.

In terms of further CORM development, photoCORMs with enhanced trackability in cellular 

environments are needed to elucidate the local effects of CO release. A challenge in using 1 
and 3 as trackable CORMs can be the moderate intensity and rapid bleaching (due to CO 

release) of their fluorescent emission signals under confocal microscopy conditions in air. In 

fact, we have found that 1 is most easily visualized in cells following bioanalyte-triggered 

deprotection of a 3-OR functionalized scaffold (e.g., R = thiol sensor 4).3 This improved 

visualization may relate to better cellular uptake of the protected compounds due to 

enhanced hydrophobicity. We note that mitochondrial localization of 12 also results in 

enhanced emission intensity due to targeted accumulation. An immediate goal of our 

research is the development of analogs of 1 with enhanced fluorescent emission properties to 

enable trackability at lower concentrations under confocal microscopy conditions.

The ability to target triggerable CORMs (e.g., photoCORMs) to specific subcellular 

locations is also critical for understanding the effects of exogenous CO delivery versus 

endogenous CO generation from HO-1. Under normal conditions, HO-1 is localized in the 

endoplasmic reticulum with exposure to the cytosol. Under stress conditions, HO-1 also is 

found in mitochondria, calveolae, and nucleus.65 To date, there is no known CORM that has 

been shown to mimic the localization of HO-1.

Overall, extended flavonol and quinolone-based photoCORM frameworks offer a rich 

environment for the development of a broad array of biologically active CO-releasing 

compounds. A key feature that makes this class of molecules potentially very useful is the 

likelihood that quantitative visible light-induced CO release reactivity from the pyrone ring 

will be retained while the aromatic rings are functionalized. We are continuing to explore 

this rich landscape by generating molecular tools to advance understanding of the role of CO 

in human health and disease.
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Figure 1. 
Catabolism of heme to produce CO and biliverdin.
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Figure 2. 
a) CO release reaction from 1. b) A549 cells (10.00 × 104 cells/cm2) after 4 h of incubation 

with 1 ([1] = 50 μM); Scale bar = 30 μm. Adapted with permission from reference 3. 

Copyright 2017 American Chemical Society. c) Fluorescent imaging of transgenic line of 

zebrafish, Tg (flila: EGFP) detecting 1. Fluorescent images were acquired upon excitation 

with 488 nm wavelength and emission detection at λem = 500 – 550 nm. Scale bar = 0.5 

mm. Adapted with permission from reference 46. Copyright 2018 John Wiley and Sons.
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Figure 3. 
a) CO release reaction from 3 in the presence of BSA. b) HUVECs pretreated with BSA and 

incubated for 4 h with 3 (50 μM). Scale bar = 50 μm. Adapted with permission from 

reference 2. Copyright 2018 American Chemical Society.
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Figure 4. 
Individual confocal images of A549 cells incubated with 4 (0.025 mM) for 1 h in NEM-

treated media (line 1); and exposed to light (11.5 mW/cm2 at 6% laser power) resulting in 

CO release from 1 and loss of emission (line 2). Adapted with permission from reference 3. 

Copyright 2017 American Chemical Society.
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Figure 5. 
(left) Fluorescence microscopy studies of the reactivity of 5 in HUVECs. First row: 5 
incubated for 24 hours ([5] = 50 μM). Second row: cells incubated with 5 following the 

addition of H2S (10 μM). Third row: Illumination of cells from second row (488 nm, 42620 

lx) for 1 minute. Scale bar: 50 μm. (right) Proposed H2S-sensing/CO-releasing reaction of 5 
in cells. Adapted with permission from reference 60. Copyright 2017 John Wiley and Sons.
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Figure 6. 
The vasodilatation effect of CO in Tg zebrafish (Tg (filia: EGFP))) and angiotensin-II-

induced H2O2 fluctuation. (left) control. (middle) Tg zebrafish soaked with 6 (20 μM) for 15 

min and then exposed to angiotensin II (2 h). (right) Tg zebrafish from middle panel 

illuminated with 800 nm laser for 5 min. Scale bar: 50 μm. Adapted with permission from 

reference 46. Copyright 2018 John Wiley and Sons.
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Figure 7. 
(left) Fluorescence microscopy studies of the reactivity of 7 in HUVECs. Top row: 7 
incubated for 24 hours ([7] = 50 μM). Middle row: cells incubated with 7 following the 

addition of PdCl2 (100 μM) and CORM-2 (500 μM) as CO source. Bottom row: Illumination 

of cells from second row (488 nm, 42620 lx) for 1 minute. Scale bar: 40 μm. (right) 

Proposed CO-sensing/CO-releasing reactions of 7 in cells. Adapted with permission from 

reference 63. Copyright 2020 American Chemical Society.

Lazarus et al. Page 23

Acc Chem Res. Author manuscript; available in PMC 2021 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
(a) Representative images of cutaneous wounds treated with PBS buffer, 8 with or without 

light illumination for 15 min, and CORM-3, respectively. (b) Quantitative analysis of the 

residual wounded areas treated with PBS buffer and 8 with or without light illumination 

using ImageJ software. Adapted with permission from reference 64. Copyright 2020 The 

Royal Society of Chemistry.
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Figure 9. 
(left) Intra-and extracellular localization of 1 and 11, respectively. (right) Anti-inflammatory 

effects of 1 and 11 and their CO release products (depsides) in RAW 264.7 cells under dark 

or visible light-induced CO release conditions. Adapted with permission from reference 47. 

Copyright 2019 American Chemical Society.
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Figure 10. 
(a) Application of cytosolic 1 and mitochondria-targeted 12 in mitochondrial bioenergetics 

studies. (b) Confocal microscopy images showing co-localization of 12 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 12 at 100 μM for 4 h. Image panels depict the Hoechst nuclear stain 

(blue), the MitoTracker mitochondria stain (red), the CO donor 12 (green), 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. (c) Confocal images of A549 cells co-stained with 12, MTR, and 

Hoechst 33342. Independent and co-localized pixels of 12 and MTR. Overlaid intensity 

profile of regions of interest (ROIs) in the co-stained A549 cells as indicated by the white 

arrows. Adapted with permission from reference 4. Copyright 2018 American Chemical 

Society.
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Figure 11. 
(a) Quinolone-type photoCORM 3 along with its oxidized form (14, left) and CO-release 

product 15 (right). (b) Anti-inflammatory effects of 3, 14 and 15 in RAW 264.7 murine 

macrophage cells in the presence of BSA (0.6 mM) and light (CO release in situ) or under 

dark conditions. Adapted with permission from reference 2. Copyright 2018 American 

Chemical Society.
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Scheme 1. 
Major reaction pathways in the photochemistry of 1 under aerobic conditions.
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Scheme 2. 
(top) Molecular AND logic gate model operation. (bottom) Analyte sensing and subsequent 

CO release using extended flavonol (left) and truth table based on input−output signal 

correlation pattern, indicating a highly regulated CO delivery (only in the sequential 

presence of all three inputs will CO release be enabled) (right).
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Scheme 3. 
Visible light-induced reactivity of 8.
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Scheme 4. 
Mitochondria-targeted CORMs.
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