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Abstract

Despite the critical role played by carbon monoxide (CO) in physiological and pathological 

signaling events, current approaches to deliver this messenger molecule are often accompanied by 

off-target effects and offer limited control over release kinetics. To address these challenges, we 

developed an electrochemical approach that affords on-demand release of CO through reduction 

of carbon dioxide (CO2) dissolved in the extracellular space. Electrocatalytic generation of 

CO by cobalt phthalocyanine molecular catalysts modulates signaling pathways mediated by 

a CO receptor, soluble guanylyl cyclase. Furthermore, by tuning the applied voltage during 

electrocatalysis, we explore the effect of the CO release kinetics on CO-dependent neuronal 

signaling. Finally, we integrate components of our electrochemical platform into microscale fibers 

to produce CO in a spatially-restricted manner and to activate signaling cascades in the targeted 

cells. By offering on-demand local synthesis of CO, our approach may facilitate the studies of 

physiological processes affected by this gaseous molecular messenger.
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We devise an electrochemical strategy to locally synthesize carbon monoxide (CO), a gaseous 

messenger molecule, with tunable kinetics. By integrating this strategy with fiber-based 

fabrication, diverse CO-dependent signaling pathways in genetically engineered cells or neurons 

can be modulated at the microscale.
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Introduction

Carbon monoxide (CO) is a gaseous and transmembrane diffusible messenger affecting 

numerous physiological and pathological processes, including vasoactive response, 

neurotransmission, and inflammation[1–5]. To understand the physiological effects of CO 

and potentially harness them in a therapeutic context, prior work has explored direct 

delivery of CO gas via respiratory administration[2,6]. However, this approach does not 

permit targeting of CO to specific tissues or organs and poses a risk of a global increase in 

carboxyhemoglobin levels manifesting in CO poisoning[2,7–9]. Consequently, CO-releasing 

molecules (CORMs), which release CO as a free gas or transfer it to biological molecules, 

have been designed for targeted delivery of CO[10–12]. However, it remains challenging 

to tune CO-release kinetics of CORMs without modifying their molecular structures, 

and thus multiple CORMs are necessary for applications demanding variable CO release 

kinetics[2,11,13,14]. Moreover, degradation of inherently unstable CORMs during delivery 

limits precision of CO dosing often leading to off-target release beyond tissues of interest[7].

To circumvent these challenges, we developed a system that enables on-demand synthesis of 

CO through electrochemical CO2 reduction reaction (Figure 1a). By leveraging a selective 

catalyst cobalt phthalocyanine (CoPc)[15–17], CO2 dissolved in the extracellular solution can 

be reduced to CO at the cathode (Figure 1b). Due to its high solubility (~ 34 mM) in water, 

dissolved CO2, which exists in equilibrium with bicarbonate buffer[16,18,19], serves as a 

precursor for electrochemical formation of CO. Electrochemically produced CO is shown to 

modulate diverse CO-dependent cell signaling processes in vitro. Furthermore, CO release 

kinetics can be controlled by varying the cathode voltage. This tunability of CO release 

kinetics enabled systematic investigation of neuronal signaling mediated by this molecule. 

Finally, we demonstrate microscale, CO-releasing electrocatalytic fibers as tools to locally 

activate cell signaling.
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Results and Discussion

CoPc loaded cathodes were prepared by drop-casting CoPc ink (~ 1 mg/ml) onto 

the oxygen-functionalized carbon paper (OxCP). The electrocatalytic activities of CoPc/

OxCP cathodes were evaluated in a three-compartment electrochemical cell containing 

physiological solution (Tyrode’s) saturated with CO2 at pH 7.4. Pt and Ag/AgCl electrodes 

were employed as anode and reference electrodes, respectively (Figure 1a, b). Cyclic 

voltammetry (CV) profiles of CoPc/OxCP in CO2-saturated Tyrode’s solution showed 

higher reductive currents as compared with those recorded in N2-saturated solution (Figure 

1c).

The cathodic products in CO2-saturated Tyrode’s solution were analyzed by 

chronoamperometry across a range of applied voltages. The cathodes exhibited high 

selectivity toward CO up to −1.3 V versus standard hydrogen electrode (SHE), and partial 

current density of CO increased as we applied more reductive potentials to the cathodes 

at this voltage range. Negligible amounts of H2, a side product at the cathodes[15], were 

generated at identical reaction conditions with the Faradaic Efficiencies (FE) in the range of 

1.8–3.4 % (Figure 1d). At higher negative voltages (≤ −1.5 V), hydrogen evolution reaction 

dominated over CO2 reduction reaction (Figure 1d and Figure S1). At Pt anodes, oxygen 

evolution was predominately found with a minor chlorine evolution (Figure S2). Together, 

these data indicated that CO can be electrochemically generated from CO2 dissolved in 

Tyrode’s solution with high selectivity, and CO release kinetics can be controlled via applied 

voltage.

To illustrate the utility of our electrochemical system for modulating CO-dependent 

signaling, we first applied it to activate soluble guanylyl cyclase (sGC), one of the well

characterized receptors of CO[1–3]. It was previously shown that CO can bind to the heme 

moiety in sGC, activating the catalytic conversion of guanosine 5’ triphosphate (GTP) 

to the second messenger cyclic guanosine 3’,5’-monophosphate (cGMP)[20–22]. To elicit 

robustly measurable cGMP formation, human embryonic kidney (HEK) 293 FT cells were 

co-transfected with two plasmids carrying DDK-tagged α- and DDK-tagged β-subunits of 

human sGC under the broad mammalian cytomegalovirus (CMV) promoter, respectively. 

The expression of these subunits in the cells was confirmed by immunostaining with anti

DDK antibodies (Figure 2a). Consistent with previous reports[23,24], cells overexpressing 

both subunits (sGC+ cells) exhibited substantially higher basal cGMP levels (~300 fold) as 

compared to unmodified cells only expressing low levels of endogenous sGC. In contrast, 

no noticeable increases in the cGMP levels were found after transfection of cells with either 

α-subunit or β-subunit alone (Figure 2b). When exposed to nitric oxide (NO), a highly 

potent activator of sGC[3,25], robust increase in cGMP levels (~20 fold) was found in sGC+ 

cells, confirming the functionality of the genetically introduced sGC (Figure S3).

We next investigated whether electrochemically synthesized CO could activate sGC-cGMP 

signaling pathways (Figure 2c). We first confirmed that CoPc catalysts did not elicit any 

cytotoxic responses in HEK cells. Similarly, negligible cytotoxic responses were found in 

cells following acute exposure to CO2-saturated Tyrode’s solution (Figure S4). Additionally, 

we confirmed that the concentration of dissolved CO2 at the bottom of the well plate, 
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where sGC+ cells were located, remained largely constant over 30 min in the absence of 

continuous CO2 purging (Figure S5). CO produced at the CoPc/OxCP cathodes at −1.3 V 

versus SHE in CO2-saturated Tyrode’s solution at pH 7.4 led to a moderate increase in 

cGMP levels (~150 %) in sGC+ cells. To investigate whether the observed increase in cGMP 

is attributable to electrochemically formed CO, we recorded the cGMP levels in control 

groups, which included sGC+ cells immersed in CO2-saturated Tyrode’s solution in the 

absence of an applied voltage and in the cells immersed in a solution not saturated in CO2 

in the presence of an applied voltage (−1.3 V versus SHE). Consistent with prior studies that 

found no changes in cGMP levels upon CO2 delivery[26], no substantial increases in cGMP 

levels were observed in our control groups, indicating that electrochemically formed CO was 

responsible for sGC activation (Figure 2d).

Furthermore, electrochemically synthesized CO was sufficient to modulate the NO-mediated 

sGC-cGMP signaling in sGC+ cells (Figure 2e). It has been previously proposed that CO, a 

weaker activator of sGC as compared to NO, could attenuate NO-mediated cGMP increases 

by competing for the same binding site (heme moiety of sGC) with NO[3,27]. Indeed, 

inhibitory effects of CO on NO-mediated sGC activation were found in a number of organs, 

including cerebellar cortex, retina, and resistance arteries[28–30]. Consistent with these prior 

studies[3,27], we observed noticeable decreases in NO-stimulated cGMP levels (~60 %) 

in sGC+ cells following addition of 500 μM CORM-2 (tricarbonyldichlororuthenium(II) 

dimer), a molecular CO donor. Similarly, CO synthesized at CoPc/OxCP cathodes in CO2

saturated Tyrode’s solution led to attenuation in NO-mediated cGMP production (~70 %) 

(Figure 2f). These results suggested that the electrocatalytic CO-delivery approach could be 

extended to regulate diverse sGC-mediated signaling pathways.

We next evaluated whether our electrochemical system can be applied to interrogate CO

dependent signaling in neurons. Among the diversity of brain regions, hippocampus neurons 

have been shown to express high levels of heme oxygenase, which produces endogenous 

CO, implying that CO could play a critical role in hippocampal physiology[1,31]. Indeed, 

it has been reported that both endogenous and exogenous CO can trigger a myriad of 

processes in the hippocampus, including apoptosis, long-term potentiation, and expression 

of immediate early genes[32–34]. Thus we adopted hippocampal neurons as test beds for the 

CO-dependent signaling in neurons, and CO-triggered neuronal activity was recorded using 

an intracellular Ca2+ indicator fluo-4 as a proxy for neuronal membrane depolarization[35].

The effects of exogenous CO on hippocampal neurons were first investigated using 

CORM-2. When exposed to CORM-2 (50 μM), the normalized fluo-4 fluorescence (ΔF/F0) 

in hippocampal neurons gradually increased over time indicating Ca2+ influx into these 

cells, whereas the addition of an inactive form of CORM-2, RuCl3, did not evoke any 

comparable fluorescence changes in neurons (Figure 3a, b). Addition of lower concentration 

of CORM-2 (from 1 to 10 μM) led to smaller Ca2+ influxes in neurons, indicating that 

observed Ca2+ signaling were predominantly triggered by CORM-2 (Figure 3c).

To investigate the biological mechanisms underlying the effects of CO-mediated Ca2+ 

influxes in neurons, we employed blockers (or inhibitors) of ion channels and receptors 

that have been previously proposed as molecular targets of CO[2,36–38]. The latter 
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included large-conductance, voltage- and Ca2+-activated K+-channel (BKCa), L-type Ca2+

channel, hyperpolarization-activated cyclic nucleotide-gated channel (HCN), and sGC. 

Among blockers (or inhibitors) of the putative CO targets, L-type Ca2+ channel blocker 

nitrendipine[39] significantly attenuated Ca2+ responses driven by CORM-2 (Figure 3d and 

Figure S6). Although the understanding of the mechanisms contributing to the CO-mediated 

Ca2+ increases in neurons continues to evolve[36], our findings suggest that observed Ca2+ 

responses are at least partially related to the interactions between CO and L-type Ca2+ 

channels.

We then applied our electrochemical CO-delivery system to similarly evoke Ca2+ responses 

in hippocampal neurons (Figure 3e). Here, CoPc/OxCP cathode, Pt anode, and Ag/AgCl 

reference electrode were utilized to deliver CO to neurons in CO2-saturated Tyrode’s 

solution at pH 7.4. Because the local CO concentration is calculated to be much lower 

at greater distances from the cathode (Figure S5), we positioned the CoPc/OxCP cathode 

in the immediate vicinity of the neurons (Figure 3f). Robust Ca2+ responses (as marked 

by ΔF/F0 ≥ 25%) in neurons were observed 250 s after application of −1.3 V versus SHE, 

and continued application of −1.3 V to the cathode led to Ca2+ influxes in neurons located 

at greater distances from the cathode (Figure 3g, h). To assess whether observed Ca2+ 

responses were attributable to CO released from the cathodes, we recorded Ca2+ changes in 

control experiments, which included neurons immersed in CO2-saturated Tyrode’s solution 

with no voltage applied (Figure 3i) and in neurons immersed in Tyrode’s not saturated in 

CO2 in the presence of a cathodic bias (−1.3 V versus SHE, Figure 3j). The extent of 

Ca2+ responses found in the control experiments was significantly lower than that triggered 

by electrochemically formed CO (Figure 3h). Moreover, Ca2+ increases in response to 

CO released from the cathode were largely inhibited by the addition of L-type channel 

blocker nitrendipine (Figure S7), akin to our observations with CORM-2 (Figure 3d). These 

results suggested that Ca2+ responses observed in neurons are predominately mediated by 

electrochemically produced CO.

Our electrochemical approach further enabled an investigation of CO-mediated neuronal 

signaling at different CO release kinetics. When we applied −0.9 V versus SHE to the 

cathodes in CO2-saturated Tyrode’s solution, only 13% of neurons exhibited robust Ca2+ 

responses (as marked by ΔF/F0 ≥ 50%) (Figure 3k). In contrast, 91% of neurons responded 

at −1.3 V (Figure 3h) due to faster CO release kinetics at this voltage as compared to −0.9 

V (Figure 1c, d). Despite the higher Faradaic current, a smaller fraction of neurons showed 

Ca2+ responses at −1.7 V as compared to −1.3 V (Figure 3l). This observation is consistent 

with the extremely low CO selectivity of CoPc/OxCP catalysts at this reductive voltage 

(Figure 1d and Figure S1). By controlling CO generation kinetics with applied voltage, we 

found that CO release kinetics, not Faradic current, is the key factor affecting CO-mediated 

Ca2+ responses in neurons.

Finally, we miniaturized our electrochemical system by leveraging fiber drawing[25,40]. 

Fiber-based fabrication allowed us to scale down macroscale components of an 

electrochemical cell into a microscopic electrocatalytic fiber (Figure 4a–d). A 

polycarbonate-based macroscopic preform, which contained two grooves on its surface for 

placing microelectrodes and one hollow channel for delivering CO2-saturated solution, was 

Park et al. Page 5

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 September 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fabricated through macroscale machining (Figure 4b). During drawing, the preform was 

heated and stretched into a microscale fiber (Figure 4c, d). Carbon nanotube (CNT) and Pt 

microwires (50 μm in diameter) were then placed into grooves on the surface of the fiber. 

The microwires extended from the fiber tips by approximately 300 μm, and CoPc ink was 

deposited onto the CNT microwires. The non-exposed region of the microwires was then 

fully coated with epoxy that provided electrical insulation and mechanical stability, and the 

microwires and the microfluidic channel were interfaced with electrical pin connectors and 

tubing inlets, respectively (Figure 4e, f). We confirmed that CO2-saturated Tyrode’s solution 

can be delivered through the microfluidic channel integrated within the electrocatalytic fiber 

(Figure 4g). CoPc/CNT microwires, which served as cathodes integrated within the fibers, 

catalyzed CO2 reduction reaction, as confirmed by chronoamperometry analyses (Figure 

4h). Integrated Pt microwires served as anodes during the reaction.

The electrocatalytic fibers were then applied to locally deliver CO and evoke CO-mediated 

sGC-cGMP signaling cascades in the targeted cells. To monitor local cGMP dynamics, 

HEK cells were transfected with a plasmid carrying a genetically encoded fluorescent 

cGMP sensor, Green cGull[41], under the CMV promoter. The functionality of Green cGull 

expressed in cells was first confirmed with a NO releasing molecule (NORM) (Figure S8). 

After delivery of CO2-saturated Tyrode’s solution, CO was generated from the CoPc-CNT 

microwires at −1.3 V versus SHE. A gradual increase in Green cGull fluorescence (a marker 

of cGMP accumulation) was found in cells located in the proximity of the microwires 

(Figure 4i, j). In contrast, no noticeable Green cGull fluorescence changes were found in 

cells after delivery of CO2-saturated solution in the absence of an applied voltage or in cells 

subjected to electric stimulation in the absence of CO2 precursor (Figure 4j).

Conclusion

By leveraging electrocatalytic activity and selectivity of CoPc catalysts toward reduction of 

CO2 into CO at modest voltages, we have developed an electrochemical approach for in situ 

targeted delivery of this molecule to physiological environments. Electrochemically released 

CO from CoPc-functionalized cathodes was shown to modulate several sGC-mediated 

signaling cascades in cells. Furthermore, facile control over CO release kinetics in our 

platform enabled a systematic investigation of CO-mediated signaling in neurons. This 

electrochemical system was further implemented in microscale fibers produced via thermal 

drawing. CO generated from the electrocatalytic fibers evoked local cGMP accumulation in 

the targeted cells. We envision that our electrochemical approach can be extended to explore 

CO-mediated cellular signaling in diverse systems, including the peripheral nervous system 

(Figure S9), offering addition insights onto its role as a messenger molecule.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a, A schematic illustrating the electrochemical system for in situ CO delivery. b, An 

illustration of the electrochemical reactions at the CoPc/OxCP cathode and Pt anode. c, CV 

curves of CoPc/OxCP electrodes in CO2− (blue) or N2− (green) saturated Tyrode’s solution 

at pH 7.4 (scan rate, 100 mV/s). d, The Faradaic efficiency (FE) for CO and H2, and partial 

current density of CO (iCO) (mean ± standard error of the mean (s.e.m.), n = 3) at various 

applied voltages.

Park et al. Page 9

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 September 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
a, Representative confocal images of HEK cells transfected with DDK-tagged α-subunit 

of sGC or DDK-tagged β-subunit of sGC under the CMV promoter (scale bar, 50 μm). 

b, Intracellular cGMP levels (mean ± s.e.m.) in 106 HEK cells 48 h after the transfection 

(n = 6, one-way analysis of variance (ANOVA) and Tukey’s multiple comparison test, 

F3,20 = 392.2, **** p = 1.1 × 10−16 < 0.0001). c, A schematic illustrating activation 

of sGC mediated by electrochemically produced CO. GTP, guanosine 5’ triphosphate. d, 
Intracellular cGMP levels (mean ± s.e.m.) in 106 sGC+ cells following CO delivery driven 

by CoPc/OxCP cathodes at −1.3 V versus SHE for 10 min. The statistical significance of an 

increase in cGMP levels after electrochemical CO delivery as compared with controls was 

assessed by one-way ANOVA and Tukey’s multiple comparison test (n = 6, F3,20 = 7.4, ** 
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p = 0.0016 < 0.01). e, An illustration of NO-sGC-cGMP signaling pathways modulated by 

CO. NORM, nitric oxide releasing molecule. f, Intracellular cGMP levels (mean ± s.e.m.) 

in 106 sGC+ cells following NO delivery in the presence or absence of CO (n = 5, one-way 

ANOVA and Tukey’s multiple comparison test, F2,12 = 10.9, ** p = 0.002 < 0.01).
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Figure 3. 
a, Averaged fluo-4 fluorescence traces for hippocampal neurons (n = 100 neurons for each 

trace) following 50 μM CORM-2 (blue) or 50 μM RuCl3 (green) infusion at 30 s (dashed 

lines). The solid lines and shaded areas represent the mean and s.e.m., respectively. b, 
Time-lapse images of Ca2+ responses in response to CORM-2 infusion (scale bar, 50 μm). 

c, CORM-2 concentration-dependent maximum of normalized fluo-4 fluorescence change 

averaged across 100 neurons. d, Maximum of normalized fluo-4 fluorescence increases 

in 100 neurons following the infusion of 50 μM CORM-2 in the presence or absence of 

L-type Ca2+ channel blocker nitrendipine. e, A schematic illustrating a potential mechanism 

of CO-mediated Ca2+ responses in neurons through L-type Ca2+ channel. f, Experimental 

scheme for electrochemical CO delivery to neurons. g, Time-lapse images of Ca2+ increases 

in neurons triggered by CO produced from CoPc/OxCP cathodes, which were positioned 

at the left edge in all three images, at −1.3 V versus SHE (scale bar, 50 μm). Neurons 

located at greater distances from the cathode responded over time (white dotted circles). h-j, 
Individual fluo-4 fluorescence traces for 100 neurons at different experimental conditions. 

E-field (–) in (i) represents neurons immersed in CO2-saturated solution in the absence of 

an applied voltage. CO2(aq) (–) in (j) represents neurons immersed in Tyrode’s not saturated 

in CO2 in the presence of an applied voltage (j). Voltage of −1.3 V were turned on at 30 

s (dashed lines) in h and j. k-l, Individual fluo-4 fluorescence traces for 100 neurons after 

electrochemical CO generation at −0.9 V (k) and −1.7 V versus SHE (l). Voltages were 

turned on at 30 s (dashed lines).
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Figure 4. 
a, A schematic illustrating the fiber drawing procedure. b-c, Cross-sectional images of the 

preform (b, scale bar, 5 mm) and the fiber scaffold after the drawing process (c, scale 

bar, 100 μm). Two microscale grooves and one hollow microchannel are visible in c. d, 
A photograph of a bundle of fiber scaffolds after the drawing process (scale bar, 5 cm). 

e, A schematic demonstrating microelectrode assembly on the fiber scaffold, followed by 

fiber connectorization and functionalization of the CNT microwires with CoPc catalyst. 

f, A photograph of the resulting CO delivery fiber (scale bar, 5 mm) and a microscope 

image of the fiber tip (inset, scale bar, 100 μm). g, Delivery of CO2-saturated Tyrode’s 

solution with a dye (BlueJuice) into a brain phantom (0.6% agarose gel) through the 

microfludic channel within the fiber at an infusion rate of 100 nL/min (scale bar, 500 μm). 
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h, Chronoamperometry measurements conducted with the electrocatalytic fiber in CO2

saturated (blue) or N2-saturated (green) Tyrode’s solution at pH 7.4. i, An optical image of 

a CoPc-CNT microwire of the CO-delivery fiber positioned above Green cGull-expressing 

cells (top). Time-lapse images of local cGMP dynamics in Green cGull-expressing cells 

in response to electrochemically synthesized CO from the CoPc-CNT microwire (white 

dotted lines) at −1.3 V versus SHE (scale bar, 50 μm) (bottom). j, Averaged Green 

cGull fluorescence traces of cells (n = 100 cells for each trace) at different experimental 

conditions. The solid lines and shaded areas indicate the mean and s.e.m., respectively. E

field (–) and CO2(aq) (–) indicate cells after delivery of CO2-saturated solution in the absence 

of an applied voltage and cells subjected to cathodic voltage without CO2 saturation, 

respectively. Voltages of −1.3 V were turned on at 30 s (dashed lines).
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