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Abstract

Gasotransmitters, including nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide (H2S) 

are a class of gaseous, endogenous signaling molecules that interact with one another in the 

regulation of critical cardiovascular, immune, and neurological processes. The development of 

analytical sensing mechanisms for gasotransmitters, especially multi-analyte mechanisms, holds 

vast importance and constitutes a growing area of study. This review provides an overview 

of electrochemical sensing mechanisms, with an emphasis on opportunities in multi-analyte 

sensing. Electrochemical methods demonstrate good sensitivity, adequate selectivity, and the 

most well-developed potential for multi-analyte detection of gasotransmitters. Future research 

will likely address challenges with sensor stability and biocompatibility (i.e., sensor lifetime and 

cytotoxicity), sensor miniaturization, and multi-analyte detection in biological settings.
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HISTORICAL PERSPECTIVE OF GASOTRANSMITTER DISCOVERY

Nitric oxide (NO) was first identified as an important physiological signaling molecule 

in the 1980s by Robert Furchgott, Louis Ignarro and Ferid Murad.1–3 The trio was later 

awarded the Nobel Prize in Medicine and Physiology for their work with NO. Carbon 

monoxide (CO) and hydrogen sulfide (H2S) were recognized as important biological 

signaling molecules shortly after. In 1993, Ajay Verma and colleagues published their 

findings that endogenous CO—initially presumed to be an unimportant byproduct of heme 

breakdown—elicited vasodilatory effects similar to those of NO.4 This discovery initiated a 

series of investigations into the signaling properties of the molecule, leading to the official 

designation of CO as a gasotransmitter.5 H2S joined the gasotransmitter fold in 2010, 

and in subsequent years, each of the three molecules has demonstrated important roles 

in biological function and disease pathogenesis.6 The physiological functions of NO, CO 

and H2S are intimately linked. Each of the molecules plays a role in the biosynthesis 

and breakdown of the others, and co-modulatory signaling activity is observed between all 

three—often in shared physiological locations and on similar timescales.7 This relationship 

underlies the importance of analytical sensing mechanisms that can simultaneously detect 

and differentiate between multiple gasotransmitters, and it is the reason for our decision to 

highlight multi-analyte detection in this review.

Importantly, chemical species must satisfy a particular set of criteria to be classified 

as gasotransmitters. The term “gasotransmitter” was first coined in 2002 by Rui Wang, 

who sought to distinguish NO and CO from classical neurotransmitters.8 As defined by 

Wang and colleagues, gasotransmitters are small, endogenous molecules of gas that exist 

either in a gaseous form or are dissolved in circulation in the body.9 Gasotransmitters 

must be freely permeable to cell membranes, have well-defined specific functions at 

physiologically relevant concentrations, be functionally mimicable by their exogenously 

applied counterparts, and participate in signal transduction with specific molecular targets.10 

NO, CO, and H2S were the first three molecules to be classified as gasotransmitters. 

Although additional molecules have been proposed as potential gasotransmitters, the term 

“gasotransmitter” throughout this review will refer specifically to NO, CO, and H2S.10,11 

The relevant concentrations and endogenous locations of each gasotransmitter are displayed 

in Table 1, in addition to an overview of the physiochemical properties of each species.

The criteria that Wang and colleagues have established define gasotransmitters as a specific 

subset of physiological gases; not all biologically active gasses are gasotransmitters. 

Diatomic oxygen, for example, is not produced inside the body—meaning that, despite 

its important role as a signaling agent, the molecule is not a gasotransmitter. The same 

can be said of ethylene and hydrogen gas, even though the latter has demonstrated 

physiological relevance as both a therapeutic mechanism and as a biomarker for some 
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diseases.12 Recently, ammonia, methane, sulfur dioxide, and carbonyl sulfide have all been 

proposed as additions to the gasotransmitter family.13–15 Further research is required to fully 

elucidate the biological roles of these potential gasotransmitters. In many cases, progress in 

the development of in-vivo detection mechanisms for these potential gasotransmitters will 

be critical in improving the understanding of pathways for their endogenous synthesis14 and 

physiological actions13—both of which are expected to elucidate the relationship between 

the species in question and the gasotransmitters that have already been identified. The 

pathways of endogenous synthesis and the physiological actions of NO, CO, and H2S, as 

well as their interactions with one another, are addressed in subsequent sections.

SCOPE AND FOCUS OF REVIEW

This review focuses solely on electrochemical methods for the detection of gasotransmitters. 

While several methods for the detection of gasotransmitters have been established 

(among them UV-Vis spectroscopy and fluorescence), electrochemical methods offer many 

advantageous characteristics for rapid and multiplexed detection in biological settings. 

First, the commercialization of electrochemical sensors has made the method relatively 

inexpensive, user-friendly, and easily customizable for multiple different target analytes.18 

Second, electrochemistry offers the possibility of multi-analyte detection via microelectrode 

arrays—particularly important for the detection of gasotransmitters, whose biological 

actions are closely interrelated.19,20 Third, electrochemical methods are characterized by 

low detection limits and fast response times both in-vivo and in-vitro.12,19,21–24 For these 

reasons, electrochemical methods for the detection of gasotransmitters are highlighted in this 

review. Readers are referred to the work of Alday and colleagues and Jose and colleagues for 

reviews on fluorescence-based methods for the detection of gasotransmitters.25,26

In addition to the focus on electrochemistry, this review highlights electrochemical sensors 

that are capable of multi-analyte detection. The physiological actions of gasotransmitters 

are not only tied closely to their rates of synthesis and diffusion, but also to their 

interactions with one another.7,27–29 Therefore a complete scientific understanding of the 

gasotransmitters will depend on sensing mechanisms that are capable of detecting and 

distinguishing between multiple gasotransmitters simultaneously. The body’s own solutions 

to the challenge of distinguishing between gasotransmitters can provide inspiration for 

effective sensing schemes. As such, the physiological actions and types of biological 

distinction for the three gasotransmitters are addressed below.

While numerous groups have reviewed detection methods for NO,18,30,31 CO,20,25,26 or 

H2S,20,24 the literature lacks an up-to-date review of electrochemical sensors for all three 

gasotransmitters.20,25,26 In this review, we seek to present and summarize promising 

detection methods while taking into account the co-existence of all three gasotransmitters. 

We first address the physiological function and significance of each gasotransmitter, 

then follow with a discussion of analytical detection methods. The discussion of 

detection methods is divided into two sections, each highlighting a different element of 

electrochemical sensors: (1) semi-permeable membranes and (2) electrocatalysts. Both of 

these electrode-modifying materials can bolster selectivity against potential interferents 

and enhance the sensitivity of the device. Electrochemical sensing platforms for the 

Herrald et al. Page 3

ACS Sens. Author manuscript; available in PMC 2024 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



simultaneous detection of multiple gasotransmitters are addressed in the final section. 

In addition to presenting the most sensitive and selective examples of electrochemical 

gasotransmitter sensors currently reported, we also seek to survey novel and emerging 

materials that hold promise for future gasotransmitter detection in complex physiological 

environments.

PHYSIOLOGICAL SYNTHESIS AND SIGNIFICANCE: NO

A family of enzymes called nitric oxide synthases (NOSs) produce NO by catalyzing 

the oxidation of the amino acid L-arginine to NG-hydroxy-l-arginine and eventually to 

l-citrulline and NO (Figure 1). The NOS family consists of three NOS isoenzymes: 

endothelial (eNOS), neuronal (nNOS), and cytokine-inducible (iNOS).3,32 Though all of 

these NOS isoforms produce NO by catalyzing L-arginine oxidation, each isoenzyme plays 

a slightly different physiological role. eNOS, generated in blood vessel linings, catalyzes the 

production of the NO that eventually modulates vasodilation and helps maintain appropriate 

blood pressure.33 nNOS is found in neuronal cells, where the enzyme helps produce the NO 

that is implicated in neuronal signaling pathways.34 Finally, iNOS catalyzes NO production 

throughout the body in support of the innate immune system. When the body encounters 

an invasive pathogen, iNOS is expressed by macrophages, hepatocytes, and smooth muscle 

cells. The subsequent uptick in NO levels then aids the immune system by reducing its 

microbial load.35

Following synthesis, NO plays key roles in a variety of physiological systems. Among 

them are the cardiovascular, reproductive, and nervous systems, where NO is involved in 

neuronal communication, regulation of vascular tone, smooth muscle cell neurotransmission, 

immune response, and even gene regulation.5 The most clearly understood mechanism for 

NO function is its targeting of the abundant smooth muscle enzyme soluble guanylate 

cyclase (sGC). Here, NO stimulates the conversion of guanosine 5’-triphosphate (GTP) to 

3’,5’-cGMP, which initiates smooth-muscle relaxation (and thus vasodilation) via activation 

of calcium-sensitive K+ channels.33,36 In the brain, NO serves as a retrograde messenger that 

enhances two elements of neural plasticity: long-term potentiation (LTP) and long-term 

depression (LTD). Both LTP and LTD refer to lasting changes in neural connections 

that arise from repetitive firing patterns in the brain, and neither could occur without 

NO. A plethora of additional NO-related neural functions have been reported, including 

NO-modulated release of neurotransmitters,37 facilitation of discriminative learning,38 the 

upkeep of circadian rhythm,39 and even the modulation of sensory experience.40

Importantly, the many physiological roles of NO could not have been identified in the 

absence of selective and sensitive methods for its detection. The identification of NO as the 

mysterious “endothelium-derived relaxing factor” (EDRF), critical in vasodilation, was the 

finding that first established NO as a gasotransmitter and initiated a subsequent flood of 

investigations into the signaling capabilities of the molecule.41 This initial identification of 

NO as EDRF, accomplished independently in 1986 by Ignarro et al. and by Palmer, Ferrige, 

and Moncada, compared spectrophotometric scans of deoxyhemoglobin before and after 

the addition of a saturated solution of NO to scans of the same deoxyhemoglobin solution 

before and after the addition of the then-unidentified EDRF.1,42 NO was also chemically 
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identified by Ignarro et al. through a spectrophotometric bioassay based on the diazotization 

of sulfanic acid by NO and subsequent coupling with N-(1-naphthyl)-ethylenediamine.1 

Soon after the identification of NO as EDRF, Bredt and Snyder identified the role of NO 

in neural signalling in vitro using the Griess Assay.37 Other early detection of NO in vivo 
relied on electron paramagnetic resonance (EPR) spectroscopy combined spin-trapping with 

an iron-based complex.43 Around the same time, World Precision Instruments developed the 

first commercially available electrode-based amperometric detection system for NO, now 

used widely in research. Currently, two-electrode amperometric detection is one of the most 

common methods for experimental analysis of NO both in vivo and in vitro.31

PHYSIOLOGICAL SYNTHESIS AND SIGNIFICANCE: CO

The endogenous production of CO depends upon catalysis by an enzyme known as heme 

oxygenase (HO). HO produces CO through the breakdown of free heme, largely from 

aging or damaged red blood cells.44 The breakdown process generates three products: 

CO, ferrous iron, and biliverdin-IX (see Figure 2). Biliverdin-IX, eventually reduced to 

bilirubin-IX through the action of biliverdin reductase, exerts powerful antioxidant effects.45 

Macrophages recycle the ferrous iron, which also plays a number of critical physiological 

roles.46 Initially, the clear physiological value of both biliverdin and ferrous iron contributed 

to postulations that CO, the third product of heme breakdown, might also play an important 

physiological role.5 By now, CO is well known to function as a neural signaling molecule 

through modulation of the messenger nucleotide guanosine 3’,5’-monophosphate (cGMP), 

similarly to NO.47,48

Many mechanistic elements of CO signaling relate closely to the molecule’s well-

understood toxicity when present in excess from exogenous sources. The high-affinity 

bonding between CO and hemoglobin (Hb) greatly exceeds that of oxygen and Hb, 

meaning that excess CO can pose a dangerous hindrance to oxygen transport. Upon 

saturation of hemoglobin, CO can also bind to other proteins.49 These binding actions, 

like the hemoglobin interactions, pose health risks—namely inhibition of ATP synthesis 

in the mitochondrial respiratory chain.49 However, CO-protein interactions within the 

mitochondria are also emerging as important signaling mechanisms for the maintenance 

of cellular homeostasis, cytoprotection, and metabolism. As a gasotransmitter, CO exerts 

its physiological effects through four primary pathways, each of which originates in the 

mitochondria of the cell: (i) mitochondrial biogenesis, (ii) modulation of enzymatic activity 

of cytochrome c oxidase, (iii) generation of mitochondrial ROS for signaling and (iv) 

induction of mitochondrial uncoupling effect, which helps curb the generation of harmful 

reactive oxygen species.50 The latter appears to enhance longevity in aging individuals, and 

it has also been explored as a potential therapeutic for neurodegenerative diseases.51

PHYSIOLOGICAL SYNTHESIS AND SIGNIFICANCE: H2S

Hydrogen sulfide, like NO and CO, is produced largely via enzymatic reactions.52 However, 

unlike NO and CO, H2S emerges from numerous pathways (see Figure 3). Many of 

these pathways involve the amino acid l-cysteine, which humans obtain mainly through 

dietary means.53 Catalytic H2S production from l-cysteine occurs through three enzymes: 

Herrald et al. Page 5

ACS Sens. Author manuscript; available in PMC 2024 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cystathionine β-synthase (CBS), cystathionine-γ-lyase (CSE), and 3-mercaptopyruvate 

sulfurtransferase (3-MST), each mediating a different pathway for H2S production. CBS, 

the predominant H2S synthase in the central nervous system, acts directly on l-cysteine to 

generate H2S.53,54 CSE catalyzes l-cysteine or its homologue, homocysteine, to generate 

H2S along with α-ketobutyrate and ammonia.55 Finally, 3-MST—the most recently 

discovered H2S-producing enzyme—mediates the release of H2S from persulfide through an 

enzymatic process facilitated by cysteine aminotransferase (CAT) and involving the transfer 

of a sulfur atom from 3-MST to an intermediate (3-mercaptopyruvate).56 The 3-MST 

enzyme also produces H2S through interactions with the amino acid d-cysteine, after the 

exogenous amino acid is broken down by d-amino acid oxidase (DAO) in the peroxisome of 

the cell.

Even though a majority of endogenous H2S emerges through enzymatic mechanisms, 

some endogenous H2S is also derived non-enzymatically from sulfane sulfur via chemical 

reduction.57 In this process, reactive sulfur species in persulfides, thiosulfate, and 

polysulfides are reduced to H2S by reducing agents such as NADH (nicotinamide adenine 

dinucleotide) and NADPH. Both reducing agents are supplied by the oxidation of glucose 

(via glycolysis).57 Ishigami and colleagues used silver particles to measure free H2S in the 

brain, and they found that all endogenous H2S is immediately absorbed and stored as bound 

sulfur upon its production. The release of H2S from its bound state requires alkalinization 

of the cytoplasm, which has been achieved in studied brain cells (astrocytes) when the 

excitation of nearby neurons generates high extracellular concentrations of K+.58 These 

findings constitute the basis of a potential mechanism for the action of H2S as a neural 

signaling molecule.

As a gasotransmitter, H2S plays multiple roles in regulating cell behaviors. These 

roles include cell survival, differentiation, atrophy, and senescence, each via one (or 

multiple) of the following mechanisms: histone modification, DNA methylation, non-coding 

RNA changes, DNA damage repair, transcription factor activity, and post-translational 

modification of proteins.59 Through post-translational modifications (PTMs), H2S signaling 

is thought to play an important role in the reduction of harmful reactive oxygen species 

(ROSs). These ROSs, which tend to disrupt critical cellular processes, are implicated in 

the pathogenesis of numerous diseases.60 Researchers propose that H2S-induced PTMs 

could protect against a wide range of these age-related diseases, including cardiovascular 

disease, cancer, and neurodegenerative diseases.61 While the physical, biochemical, and 

physiological properties of H2S have been addressed in the literature, experimental 

and mathematical modeling of the transport properties of the molecule in vivo remain 

limited.60,62 In fact, compared to NO and CO, the physiological behavior of H2S appears 

to be the least understood, perhaps due in part to its tendency for reversible conversion 

into closely related molecular species. In electrochemical sensing, for example, the 

electrooxidation of H2S readily generates electrode-poisoning sulfur, posing a challenge 

to sensor design.63 Many electrochemical sensing schemes are also challenged by the task 

of differentiation between H2S and other thiol species, particularly because free blood 

sulfide levels are considerably lower than total concentrations of sulfide species.64 Often, the 

alkaline conditions or high electrical potentials required for the detection of H2S also result 

in the inadvertent release of some sulfide from other sulfide–containing biomolecules.65 
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The rapid O2-dependent consumption of H2S by blood, a process governed by constitutive 

production and oxidation, also contributes to the difficulty of determining physiological 

concentrations of H2S.64 Nonetheless, electrochemical sensing platforms for H2S have been 

developed, and the most promising of these are described in subsequent sections.

BIOLOGY AS A MODEL FOR MULTI-ANALYTE DETECTION

In many physiological contexts, gasotransmitters act together to carry out their roles. 

This concerted activity makes multi-analyte detection strategies particularly valuable. Such 

detection strategies depend on precise distinction between often-similar biological gases, 

presenting unique challenges to sensor design. However, we suggest that inspiration for 

creative chemical solutions lies in a well-studied and highly effective model of multi-analyte 

detection: the human body. Physiological distinction between gasotransmitters by heme 

proteins and nitric oxide synthases (eNOS, iNOS)—among other examples—are discussed 

here as instances of physiological detection that could prove useful in sensor design.

First, interactions between gasotransmitters and heme proteins serve as one of the most 

ubiquitous examples of multi-gasotransmitter detection in the body.7,16,66 The enzymes 

heme oxygenase (HO), nitric oxide synthase (NOS), and cystathionine β-synthase (CBS) 

are critical for the synthesis and regulation of CO, NO, and H2S, respectively. Each must 

reliably distinguish between multiple gasotransmitters to perform its role. The selectivity of 

heme binding sites tends to be governed by one or more of the following (often sequential) 

principles: (1) oxidative states of the central iron of the prosthetic heme and the associated 

binding affinity of gases, (2) conformational changes within the protein arising from ligand 

binding, and (3) structural changes and protein functions. Each element can be observed in 

the example of hemoglobin (Hb).7,67

The oxidative states of the central hemoglobin iron atom are critical in distinguishing 

between gasotransmitters. The central iron atom shifts between ferrous (Fe2+) and ferric 

(Fe3+) oxidation states. When iron is in the ferrous state, hemoglobin binds preferentially 

to neutral ligands like O2 and CO.7 In the case of ferric (Fe3+) hemoglobin, anions such 

as OH−, N3
−, CN−, and H2S are preferentially bound. When it comes to distinguishing 

between gasotransmitters, NO has a much higher affinity for ferrous heme (nitrosylheme) 

than does CO. While NO binds preferentially to a five-coordinated heme structure, CO 

binds preferentially to a six-coordinate structure.7 The differences are due to a combination 

of varied d-orbital electron density, pi-backbonding stabilization, and the presence of 

physiological reducing equivalents.7,68–71 In the context of sensor design, this example 

reinforces the importance of attention to d-electron configuration and possible oxidation 

states of a central ligating metal. The simple chemical properties that govern molecular 

selectivity in the body are the same measurable and predictable properties of candidate 

metals for sensor fabrication—meaning that a thorough understanding of analyte-detector 

chemistry, even at the simplest level, plays a key role in the rational design of multi-analyte 

sensors.

In addition to hemoglobin, eNOS, iNOS, and HO serve as examples of endogenous 

substrates that must distinguish between, and respond differentially to, multiple endogenous 
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gasotransmitters.73–80 The ligation of NO to the Fe2+ (ferrous) heme of HO-2, the primary 

enzyme responsible for the endogenous production of CO, occurs 500-fold more tightly 

than binding between NO and one of its common heme targets, Fe3+-myoglobin (see Figure 

4).7,72,81 Conversely, CO exerts inhibitory effects on iNOS, the enzyme responsible for the 

synthesis of NO. As for the third gasotransmitter, H2S appears to stimulate the activity 

of eNOS and aid in increased NO production. Specifically, the S-sulfhydration of eNOS 

appears to increase eNOS phosphorylation, decrease its S-nitrosylation, promote eNOS 

dimerization, and, in all, increase NO production.10 These interactions are thought to occur 

in similar regions and on similar temporal timescales to those of NO and CO on NOS. In 

short, each of the three gasotransmitters influences the endogenous “detectors” discussed 

here, often modulating their affinity for one or two of the other gases. Sensor design that 

incorporates an analyte-specific inhibitory cascade could aid in the modulation of sensor 

specificity under different physiological conditions—another thread of design inspiration 

drawn from biology.32,82,83

ANALYTICAL DETECTION METHODS

The physiological relevance of gasotransmitters has generated a host of efforts to 

develop sensitive and selective methods for their detection. Among these methods are 

chromatography, colorimetry, spectroscopy, and electrochemistry. While chromatographic 

and colorimetric methods provide some of the most reliable and sensitive analyses, 

these methods do not allow for real-time monitoring of gasotransmitters within living 

cells.84 Electrochemical methods for gasotransmitter detection offer the advantages of 

easily miniaturized detection platforms and limited sample disturbance.31 The selectivity 

and sensitivity of electrochemical methods often depend upon the application of semi-

permeable membranes and other chemical mediators (e.g., catalysts), both of which 

enhance the performance of the sensor.31 The most common electrochemical techniques 

for the detection of gasotransmitters include potentiodynamic methods, such as linear 

sweep voltammetry (LSV), cyclic voltammetry (CV), and differential pulse voltammetry 

(DPV), as well as potentiostatic methods, such as constant potential amperometry (CPA) 

and chronocoulometry (CC).31 While the opportunity to vary the applied voltage in 

potentiodynamic techniques enables superior tailoring of analytical parameters (i.e., sensor 

selectivity and signal magnitude), potentiostatic techniques often afford greater sensitivity 

and temporal resolution.84

Regardless of sensing technique, both the selectivity and sensitivity of sensors depend on 

modifications to the surface of sensing electrodes. These modifications can take many forms, 

but this review categorizes electrochemical sensors according to two of the most prominent 

modification types: (1) semi-permeable membranes and (2) electrocatalysts (see Figure 5). 

Semi-permeable membranes take advantage of the physical characteristics of target analytes 

to allow the passage of species with certain properties while restricting or preventing the 

passage of interferent species.31 Electrocatalysts are a class of chemical modifiers that can 

function by increasing electrode surface area, catalyzing reactions that are essential for 

electrode function, minimizing reactions with interferent species, and/or exerting some other 

chemical effect that enhances the selectivity and sensitivity of the electrode.31,85,86 These 

modifications are often used in conjunction with one another.85 In Table 2, selected sensor 
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examples from both categories are presented according to their analyte(s) of focus. Each 

form of electrode modification will be further addressed in its corresponding subsection.

The selectivity of electrochemical sensors is often reported in terms of K, the selectivity 

coefficient. In essence, the selectivity coefficient for a target species with respect to a 

common interferent i is the ratio of the sensor’s sensitivity to the interferent and its 

sensitivity to the target analyte. The selectivity coefficient is given by the following 

relationship:

log KCO(or NO)r(i) = log sensitivity to i
sensitivity to CO(or NO)

(1)

More negative selectivity coefficients demonstrate better selectivity, and “adequate” 

selectivity coefficients for effective sensors differ depending on the concentrations of typical 

interferents relative to the target analyte in vivo. In addition to selectivity, the sensitivity, 

limit of detection, and linear dynamic range of sensors are key metrics for the comparison 

of different sensing devices. Sensitivity, often quantified in units of amperes per mole per 

unit volume, refers to the slope of change in the signal (e.g., current) with respect to a 

single-unit change in the concentration of the target analyte. The limit of detection (LOD; 

nM-mM) refers to the minimum concentration of an analyte that can be detected (though not 

necessarily quantified) by a sensing platform.89

Linear dynamic range, reported as a range of concentrations of the target analyte in solution, 

refers to the range of concentrations within which signals from the sensor are directly 

proportional to changes in the concentration of the target analyte. A robust linear dynamic 

range is particularly important for the detection of gasotransmitters due to the broad range 

of in vivo concentrations of these species (see Table 1).90 Quantitative measures of the 

selectivity, sensitivity, and linear dynamic range of various sensing platforms are reported 

and discussed below.

The selectivity and sensitivity of electrochemical sensors are closely tied to the nature of 

the chemical transformations that occur at the working electrode. For NO, electrochemical 

detection usually depends on electrooxidation of the species. This oxidation process involves 

(1) the transfer of an electron to the electron sink, and (2) the reaction of the resultant 

nitrosonium ion with hydroxide in the formation of nitrous acid, which is followed in some 

cases by (3) further oxidation of nitrous acid to nitrate through a two-electron exchange 

(Eqs. 2–4).

NO NO+ + e−

(2)

NO+ + OH− HNO2

(3)
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HNO2 + H2O NO3
− + 2e− + 3H+

(4)

Electrochemical detection of CO, as with NO, depends on electrooxidation of the analyte at 

the surface of a working electrode (Eq. 5).

CO + H2O CO2 + 2H+ + 2e−

(5)

Unlike NO, examples of in-vivo electrochemical detection of CO as the sole target analyte 

are somewhat rare. The first example of direct, in-vivo electrochemical detection of CO took 

the form of a dual NO/CO sensor, and expansions upon this sensor have followed.19,23,91,92 

In these applications, the oxidation potentials of CO and NO at the surface of the working 

electrode are reportedly so similar in a biological environment that alterations to the applied 

potential prove insufficient for generating complete selectivity against either species in favor 

of the other; necessitating selectivity-inducing modifications of the working electrode.47,91–

95 Thus, in addition to differences in applied potential, selectivity in dual-electrode NO/CO 

sensors is also imparted by electrocatalytic membranes (Sn and Pt are examples) and/or 

selective alterations to electrode diameter (125 μm for a CO-sensitive electrode compared to 

12.5 μm for the NO-sensitive electrode of a dual-electrode sensor, for example).23

Finally, direct amperometric detection of H2S is possible via a two-electron oxidation with 

elemental sulfur as a byproduct (Eqs. 6–7).

H2S S0 + 2e− + 2H+

(6)

HS− S0 + 2e− + H+

(7)

One important issue associated with this amperometric detection of H2S is the gradual 

production of an insulating sulfur layer upon reaction. This sulfur layer passivates the 

electrode surface, thereby reducing sensitivity and contributing to high variability in 

performance over time.31 Among the most recent potential solutions to this challenge are the 

fabrication of an electrode that has been pre-poisoned with sulfur to stabilize performance, 

the periodic application of an ultra-high “cleansing” potential (+1.5 V) on a GCE to convert 

elemental sulfur to water-soluble sulfate, thereby mitigating surface passivation, and, in 

Clark-type electrodes, the incorporation of a gas-permeable membrane and alkaline internal 

solution with a redox mediator (e.g., ferrocyanide) to accept electrons from H2S and undergo 

regeneration at the working electrode, thereby generating a measurable current.96,97 These 
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modifications have achieved varying degrees of success, and the most recent advancements 

here will be addressed in the following section.

PERM-SELECTIVE MEMBRANE MODIFICATIONS

In physiological media, the accurate detection of gasotransmitters requires sensing 

architectures that can distinguish between the target analyte and any potential interfering 

species. Since biological fluid tends to contain many molecules with oxidation potentials 

near those of NO, CO, or H2S,83 the most effective electrochemical sensors are those 

that limit the access of these potential interferents to the electrode—where their oxidation 

or reduction can hinder accurate detection of the target analyte. In the detection of NO, 

semi-porous membranes are capable of enhancing the signal obtained from the oxidation 

of NO by 100 to 1000-fold. Many operate by excluding interferents based on their size, 

charge, or lipophilicity.31 While the application of a semi-permeable membrane is known 

to reduce sensor sensitivity, the exclusion of interferents is often sufficiently valuable to 

warrant the diminished sensitivity.98 Electrocatalysts rely primarily on amplification of the 

signal to enhance selectivity towards the target analyte; unlike semi-permeable membranes, 

they do not always prevent interference from other biological species. Accordingly, many 

sensors are modified with both an electrocatalyst and a semipermeable membrane.31 In the 

following sections, the most common membrane-based modifications to electrochemical 

sensors for NO, CO, and H2S are outlined.

An important consideration in the development of membrane-based sensors is the position of 

the counter and reference electrodes relative to the semipermeable membrane. In ‘Shibuki-

style’ electrodes, the perm-selective membrane encloses an internal filling solution in which 

the working electode, reference electrode, and counter electrode are all immersed.99 By 

contrast, solid contact electrodes directly coat the electrodes in the membrane (either all 

three electrodes or only the working electrode may be coated).85,100 These configurations 

have inherent benefits and drawbacks. Sensors where all the electrodes are enclosed in the 

membrane are better protected from the accumulation of interferent species at the electrode 

surfaces, but may suffer from decreased sensitivity. Shibuki style electrodes in particular are 

also less amenable to miniturization than solid contact electrodes.100 In general, sensors 

fabricated on flexible wearable or impantable substrates tend to feature solid contact 

configurations.101–103 The configuration of membranes and electrodes is indicated in the 

text below, as well as Table 2.

NO

Many electrochemical NO sensors rely on the fluorinated polymer Nafion to induce NO 

selectivity.22,104,105 Nafion permits NO passage, while its negatively charged sulfonate 

pendant groups repel many common anionic interferents.106 However, due to its net 

negative charge, Nafion membranes do not induce selectivity against positively charged 

interferents107 and might even reduce electrode sensitivity by limiting the diffusion of 

NO to its hydrophobic domains.98 Alternative semi-porous membranes for the detection 

of NO in physiological conditions include hydrophobic materials, like polypropylene 

Celgard membranes, and electropolymerized films, particularly the organic polymers 
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poly(phenol) and poly-5-amino-1-naphthol (poly(5A1N)).31,108,109 Electropolymerized 

films have the inherent advantage of simple, reproducible deposition onto substrates, which 

can be leveraged to create flexible, miniaturized sensors.93 Recently, Yan and coworkers 

incorporated electropolymerized films such as poly(5A1N) and poly(eugenol) into flexible, 

amperometric sensors which were capable of selective NO detection in vivo in rabbits.102,103

Recent findings suggest that the combination of size exclusion and hydrophobic interactions 

that generate selectivity in membranes like TeflonAF or fluorinated xerogels may afford 

greater selectivity than membranes that operate primarily through charge repulsion, 

like Nafion. In line with these findings, hydrophobic membranes have emerged as a 

frontier of NO-sensing research in recent years. Fluorinated xerogel membranes are 

particularly common.87,91,110–112 These networks of polymerized silanes provide three-

dimensional scaffolding for layers of selectivity-enhancing enzymes,113 and they have 

been shown to reduce sensor response times more than 3-fold compared to the Teflon-like 

polytetrafluoroethylene (ePTFE) membranes used in earlier electrodes.19,91

Schoenfisch and colleagues investigated a variety of fluorinated xerogel membranes to 

design a set of fluorinated xerogel-derived microelectrodes for the amperometric detection 

of NO.110 While early generations of organically modified xerogels proved useful in 

numerous sensing applications, a relatively low permeability for NO hindered their use in 

physiological settings, where the concentrations of NO can reach submicromolar levels.120 

The group utilized sol-gel chemistry to improve the permeability of xerogel materials to NO. 

They prepared a series of electrodes modified with sol-gel derived permselective membranes 

by depositing four silane solutions, each made from polymers with varying degrees of 

fluorination, onto different Pt disk electrodes. Cyclic voltammetric and amperometric 

experiments conducted with a standard NO solution in the presence of common interferents 

(e.g., nitrite) revealed that the most highly fluorinated xerogel membrane (see Figure 6) 

generated the most ideal combination of permeability and selectivity. The authors predicted 

that the high degree of fluorination led to an increase in the surface hydrophobicity of the 

membrane, thereby enhancing its permeability to nonpolar NO while rejecting hydrophilic 

interferents such as nitrite, ascorbic acid, uric acid, and dopamine. The same group built 

on this investigation of xerogels by combining the optimized 17FTMS xerogel with a 

poly(5A1N) to create a bilaminar sensor with superior selectivity and stability over 24 hours 

continuous operation.121

Building on these fundamental investigations, Ha and colleagues utilized a fluorinated 

xerogel coating on the working electrodes in their amperometric, oxidation-based dual-

electrode NO/CO sensor, which enabled concentration-dependent anodic detection of CO at 

an Au-deposited Pt microdisk electrode (WE1) with a sensitivity of 26 ± 14 pA μM−1, n = 6, 

and the detection of NO at a Pt black-deposited Pt disk electrode (WE2) with a sensitivity of 

180 ± 46 pA μ−1, n = 6. Constant applied potentials were +0.20 V and +0.75 V, respectively, 

vs Ag/AgCl, and limits of detection were ~180 nM CO at WE1 and ~6.0 nM NO at WE2 

(S/N = 3). A broad linear dynamic range (0.18–9.0 μM for CO at WE1 and 0.020–2.0 μM 

for NO at WE2, R2 > 0.999, n = 5) and a fast response time (90% of amperometric response 

reached at 4.5 ± 1.3 s for WE1 and 3.1 ± 0.2 s for WE2, n = 5) made the sensor particularly 

effective.116 These response times were elevated by factors of 3.7× and 4.8× from a previous 
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investigation19 in which a PTFE (polytetrafluoroethylene) gas-permeable membrane was 

used, and the group attributes these improvements to their choice of a thin-layer fluorinated 

xerogel membrane, rather than the PTFE film; the combination of hydrophobicity and size 

exclusion as generators of selectivity were thought to facilitate better analyte access to the 

electrode than the PTFE membrane, which acts as a resistive diffusional barrier to NO and 

CO.91

Another effective example of hydrophobic NO-selective membranes is the TeflonAF-

modified Celgard membrane, which Cha and colleagues built into an amperometric, 

microfluidic NO sensor (signal obtained from oxidation to nitrite at 0.65–0.75 V vs Ag/

AgCl) with excellent selectivity (coefficients of −5.9 against both nitrite and ascorbic 

acid) and long-term monitoring capability (>16 h) for the release of NO from cultured 

macrophages.108 Like many other electrochemical sensors for NO,31 the membrane is 

applied over the working electrode in conjunction with an electrode-modifying catalyst. 

An electrochemically deposited Au–hexacyanoferrate layer is deposited directly on a 

porous polymer membrane, and it catalyzes the oxidation of NO as well as stabilizes 

the current output.108 The TeflonAF membrane imparts NO-selectivity through its highly 

fluorinated backbone, similarly to the Nafion membranes referenced above. However, 

unlike Nafion, the TeflonAF material lacks sulfonate pendant groups that impart anionic 

selectivity in Nafion.35 Instead, the TeflonAF membrane is thought to gain its selectivity 

via NO-partitioning into its hydrophobic polymeric matrix.108 These examples represent 

some, though far from all, of the available and effective semi-permeable membranes for the 

detection of NO. For a comprehensive review of membrane modifications in NO sensing, 

readers are referred to the work of Brown & Schoenfisch, and Xu et al..22,31

CO

As with the detection of NO, recent electrochemical sensors for CO take advantage of the 

molecule’s small size and hydrophobic properties through the application of perm-selective 

membranes. While less research has been performed on endogenous CO detection than has 

been performed for NO, a series of investigations of dual-analyte CO-NO detection systems 

have been reported, primarily by Lee and coworkers.19,23,91,92,116,122 Semi-permeable 

membranes are applied in each case; Ha et al. obtained the best selectivity and temporal 

resolution with fluorinated xerogel membranes in their solid contact, amperometric, NO- 

and CO-oxidizing, dual-electrode sensor.91 Other semi-permeable membranes employed in 

dual-detection schemes include the slightly thicker ePFT membrane, employed in a different 

amperometric, NO- and CO-oxidizing, dual-electrode sensor.19,91 The ePFT-utilizing sensor 

operated via the oxidation of CO at a Pt microdisk deposited with Pt and Sn (constant 

applied potential of +0.70 V vs Ag/AgCl), and the oxidation of NO at a Pt electrode 

modified with Pt–Fe(III) oxide nanocomposites (+0.75 V vs Ag/AgCl).19

Another investigation employed a polytetrafluoroethylene (Tetra-tex) gas-permeable 

membrane in an amperometric, NO- and CO-oxidizing, dual-electrode sensor (see Figure 

7).23 In this application, two different Pt-disk working electrodes and an Ag/AgCl 

reference/counter electrode are encased in the Tetra-tex membrane. The membrane 

provided selectivity against potential interferents, operating on principles of size-based and 
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hydrophobicity-based exclusion. However, the Tetra-tex membrane was not instrumental in 

enabling differentiation between NO and CO. Rather, the simultaneous detection of the two 

gases was made possible by the construction of two different working electrodes: one larger 

(250 μm) Sn-modified Pt electrode (WE1), and one smaller (25 μm) unmodified Pt electrode 

(WE2). Though both CO and NO were oxidized at both electrodes, the ratio of NO to CO 

oxidation at the small, unmodified electrode was much larger (~10) than at the larger, Sn-

modified electrode (~2). These differing ratios allowed the researchers to convert the anodic 

currents that were measured independently at WE1 and WE2 into concentration values for 

both NO and CO in the co-presence of the gases—the first time that such an endeavor 

was successfully carried out on the surface of living biological tissue. The constant applied 

potentials at each electrode, optimized for sensitivity, were +0.7 V for WE1 and +0.85 V for 

WE2 vs Ag/AgCl. This TetraTex-modified sensor was markedly more sensitive (9.6 ± 1.5 

nA μM−1 for NO and 19.8 ± 3.11 nA μM−1 for CO) than the sensors modified with ePFT 

(1.29 ± 0.35 nA μM−1 for NO and 1.59 ± 0.47 nA μM−1 for CO) or fluorinated-xerogel (180 

± 46 pA μM−1 for NO and 26 ± 14 pA μM− for CO). However, the TetraTex membrane 

accompanied the use of relatively large working electrodes.23 The additional surface area 

was beneficial for sensitivity, because it allowed for high analyte-electrode interaction, but 

such large electrodes limit the feasibility of in-vivo applications and incorporation of into 

devices.116

As for the selectivity imparted by semi-permeable membranes, direct comparisons are 

somewhat limited by variation in methods of reporting selectivity metrics. For the detection 

of CO with fluorinated xerogel membrane-modified electrodes, selectivity coefficients 

for various interferents ranged from −3.03 to −4.16, demonstrating adequate selectivity 

for biological detection against each interferent assessed.116 For the ePFT and TetraTex 

membranes, selectivity coefficients were not reported. The authors state that amperometric 

readouts from before and after the addition of various biological interferents demonstrated 

“adequate selectivity” for the target analyte(s) up to interferent concentrations of 500 

μM (for the TetraTex-modified sensor) and a slightly less-selective 100 μM (for the ePFT-

modified sensor).19,23

H2S

As with NO and CO, electrochemical detection of H2S depends on modifications to the 

electrode surface—many in the form of semi-permeable membranes. Unlike NO and CO, 

however, H2S is a weak acid (pKa1 of 6.97 - 7.06 at 25 deg. C).123 In physiological 

conditions, H2S exists in equilibrium with its conjugate base, HS−. In electrochemical 

sensing schemes, it is often this conjugate base that is oxidized at the electrode surface 

(or that interacts with another electroactive species) to generate measurable changes in 

current. Ion-sensitive electrodes (ISEs) are among the most common electrochemical 

sensors for H2S, and many commercially available detectors of this type are in use. 

For in-vivo applications, ISEs are often applied with blood, plasma and other biological 

fluids,63,82,124,125 though Olson and colleagues have reported that ISEs may suffer 

from inconsistencies in detection due to the rapid consumption of sulfide in blood.64 

Commercially available ion-sensitive electrodes are Ag/Ag2S electrodes, sensitive to S2− 

(2 Ag + S2− ⇌ Ag2S + 2 e−). Since H2S exists in equilibrium between H2S, HS−, and S2− 

Herrald et al. Page 14

ACS Sens. Author manuscript; available in PMC 2024 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with pKa 1 = 7.1 and pKa 2 = 17.1, a highly alkaline environment is required to favor the S2− 

equilibrium.126 As a result, the in-vivo application of these commercially available ISEs is 

challenging.

One of the earliest real-time sensing mechanisms for H2S, an amperometric system based 

on a standard Clark-type ion electrode, utilized a semi-permeable silicone membrane. The 

membrane formed a barrier between dissolved H2S outside of the electrode and an alkaline 

solution surrounding the working electrodes. Upon passing through the semi-permeable 

membrane, H2S was oxidized in the alkaline solution to HS−. The hydrosulfur anion was 

oxidized by K3[Fe(CN)6], yielding sulfur and K4[Fe(CN)6]. The latter complex generated a 

concentration-dependent current as it was re-oxidized at the exposed end of the Pt working 

electrode, meaning that it was K4[Fe(CN)6] (not hydrogen sulfide directly) that generates 

the measured signal. The LOD for this sensor was about 2 μM, and its silicone membrane 

was reported as successful in selecting against HS− and S2−, two common interferents. 

The few uncharged molecules capable of passing through the silicone membrane were SO2 

(which gave a 300-fold smaller signal than the target analyte pH 2, and no response for 

pH > 6.5) and ethanethiol (which gave a 20-fold smaller signal at pH 2, with no data 

reported regarding its interference at other pH values). Other common interferents in a 

physiological setting, including ammonia (≤2 M), methylamine (≤6 M), and acetic acid (≤1 

M), demonstrated no effect on the zero signal or on the measuring signal of the electrode 

when mixed into the external, H2S-containing solution.127

Two additional uses of silicone membranes in the electrochemical detection of H2S show 

low limits of detection and adequate selectivity. Doeller and colleagues employed a 

25-μm thick silicone membrane in successful H2S detection, followed by a report of a 

silicone polycarbonate membrane of the same thickness.97,128 The second example used a 

polarographic sensor set to a polarizing voltage of 100 mV, with a Pt anode, Pt-wire cathode, 

K3[Fe(CN)6] electrolyte, and an H2S-permeable polymer membrane. H2S was dissociated 

to HS− following diffusion through the membrane and was then oxidized by K3[Fe(CN)6], 

generating K4[Fe(CN)6] (See Figure 8). The latter was oxidized at the Pt anode, generating 

a current proportional to the concentration of H2S. The lower limit of detection for the 

sensor was dictated by the relatively small background current that was generated during 

the electrolytic conduction of current from cathode to anode (as ferricyanide was reduced 

at the cathode and oxidized at the anode), which gave an LOD around 10 nM. The sensor 

demonstrated an accuracy of ±3% at 20 μM sulfide and a response time (to 90% change 

in sulfide level) of 20-30s, ideal for kinetic studies of H2S metabolism in cells, tissue, and 

whole organisms.97 The membrane demonstrated good selectivity against many common 

interferents: S2O3
−2, SO3

−, SO4
−, cysteine, glutathione, cystine, homocysteine, ascorbate, 

O2, NO, NO2
−, NO3

−, and H2O2, which facilitated the use of this sensor packaged alongside 

oxygen and nitric oxide sensors in a respirometer chamber. Silicone membranes (e.g., 

silicone-polycarbonate copolymer and dimethyl silicone) are particularly effective for use in 

H2S sensing due to their allowance of rapid H2S diffusion.97

To conclude this discussion of semi-permeable membranes, it must be noted that 

considerable advancements have been made in the construction of membranes that enable 

selectivity based on more than just the size of the target analyte. Numerous recently 
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developed membranes can be tuned to provide optimal selectivity for analyte(s) of interest, 

and this selectivity arises from a host of molecular properties. Among these properties 

are hydrophobicity, pore size, electronic environment, thickness, stability, biosafety, and 

even multilayer interactions (i.e., the capacity of a given material to interact favorably with 

a second perm-selective element). While it is true that early versions of semi-permeable 

membranes sometimes granted selectivity at the expense of electrode sensitivity, recent 

examples of detection-enhancing membranes make it clear that perm-selective membranes 

will play an important role in the development of next-generation electrochemical sensors. 

Particularly for the detection of gasotransmitters, the biostability of sensors and any 

deposited electrocatalysts is an emerging challenge. Semipermeable membranes have the 

potential to serve the three-part role of enhancing selectivity, enhancing sensitivity by 

reducing biofouling from unintended electrochemical interactions, and (critically) improving 

the biocompatibility of electrochemical devices by serving as a protective and biosafe 

external layer for in-vivo sensors.

ELECTROCATALYTIC SENSOR MODIFICATIONS

While semi-permeable membranes serve as an important source of selectivity in 

electrochemical sensing, the membranes are frequently used alongside additional chemical 

modifiers to attain optimal electrode selectivity and sensitivity. These chemical modifiers 

often act as electrocatalysts, improving the sensitivity of a sensor by facilitating charge 

transfer in an electrochemical reaction and thereby amplifying the signal that is elicited 

by the target analyte.31 In some cases, electrocatalysts impart selectivity by lowering the 

oxidation potential of the target analyte. If the effect is specific to the target analyte, 

then the decreased oxidation potential may enable detection of the target analyte without 

risking the oxidation of (and subsequent interference by) analytes with similar oxidation 

potentials. Chemical modifiers might be coated beside or suspended within a semi-

permeable membrane, and their character varies widely; examples from the literature include 

transition metal nanoparticles,129 carbon nanostructures,130 metallophthalocyanines,88 and 

other electrode-roughening or reaction-catalyzing substances.31

NO

For the detection of NO, two common electrode modifications are electropolymerized films 

(EPFs), including both monomers and polymers, and metallophthalocyanine macrocycles.131 

EPFs are applied via the oxidation of monomers to radical cations. When an electrode 

is placed in a monomer solution and a sufficiently positive potential is applied, radical 

coupling and oxidation reactions lead to the formation of an oligomer. As this oligomer 

precipitates from solution onto the surface of the electrode, the EPF is formed. While 

non-conducting and semi-conducting polymers will passivate the electrode, the growth 

of conducting polymers can be modulated by the application of potentials—making this 

process both observable and controllable through amperometric methods such as CV and 

CPA.93 As a result, the deposition of EPFs is regarded as a reproducible, controllable mode 

of electrode modification for gas sensing applications.

Herrald et al. Page 16

ACS Sens. Author manuscript; available in PMC 2024 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Metalloporphyrins and metallophthalocyanines (Figure 9), many of which are modeled after 

endogenous heme-containing enzymes, have both demonstrated excellent properties for the 

enhancement of NO detection. In MPc complexes, extended pi systems facilitate fast redox 

processes, which in turn enable a rapid current response to NO oxidation by guiding electron 

transfer from NO to the electrode charge sink.88,132 The effectiveness of this process in 

enhancing sensor selectivity results from a reduction in the overpotential that is required for 

NO oxidation. Without catalysis, sufficient NO oxidation requires overpotentials that also 

induce oxidation of common biological interferents, which can significantly impair sensing 

performance.131 Catalysts like MPcs and metalloporphyrins can decrease the potential that is 

required to oxidize NO, thereby avoiding oxidation of interferent species.133

In 1992, Malinski and Taha performed a seminal study of a nickel metalloporphyrin 

(Figure 9a) that was electropolymerized onto the surface of a carbon fiber electrode and 

coated with Nafion for the detection of NO.134 Their electrode, which could function in 

either an amperometric or voltametric mode, had a width of just 0.5 μm and detected 

amounts of NO as low as 10−20 mol at the single-cell level. The Nafion membrane and 

electropolymerized metalloporphyrin generated sufficient selectivity against nitrite that only 

a small increase in current and was observed during the detection of NO when combined in 

solution with nitrite, and the peak potential was unaffected by the presence of nitrite. Nickel 

metalloporphyrins have demonstrated promising detection capabilities, but porphyrins with 

other metal centers are also effective. Both iron and manganese metal centers have been 

successfully employed in the porphyrin-mediated detection of NO.135–137

Like metalloporphyrins, metallophthalocyanine complexes (MPcs) can lower the oxidation 

potential of NO and increase both the oxidation and reduction currents when applied 

in a sensing context. They have also been reported to demonstrate greater stability than 

metalloporphyrins in instances of catalysis-induced degradation.131 MPc complexes mimic 

naturally occurring metalloporphyrins in their structure; they are comprised of a highly 

conjugated cyclic organic system surrounding a chelated metal ion (Figure 9b). Changing 

the identity of this metal ion can change the catalytic properties of the molecule, affording 

unique control over the mechanism and stability of the catalytic process. MPcs with Mn, Fe, 

or Co centers, for example, have been shown by x-ray photoelectron spectroscopy (XPS) to 

catalyze redox processes of NO at the mental center, whereas EPR spectroscopy has shown 

NO to bind to NiPc complexes much more weakly.131,138–140 MPc-based catalysts have 

proven capable of amplifying the NO signal approximately 3-fold compared to unmodified 

sensors and demonstrate complete selectivity in catalyzing NO reactions over CO and 

ascorbic acid, two other common interferents.141 When the catalytic activities of Fe, Co, Ni, 

and Zn MPc-modifiers are compared, the Ni complex appears most effective in catalyzing 

NO oxidation and shuttling the resulting charge, while the Cu complex exhibits the lowest 

electrocatalytic activity.131,132

Building on these fundamental studies, more recent reports have incorporated 

phthalocyanine and porphyrin monomers in senor architectures for single-cell NO detection. 

Xu et al. combined FePc monomers and nanographene on an indium tin oxide (ITO) 

substrate. This FePc-N-G sensor was able to detect NO release from cultured human 

endothelial cells stimulated by the addition of L-argenine to the cell culture medium.142 
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Hao et al. used a similar strategy, layering hemin, a biologically derived iron-porphyrin, 

onto graphdyene, a conductive carbon-based material. The HEM-GDY sensor detected NO 

release from human breast cancer cells upon addition of acetylcholine.143 Inspired by the 

catalytic activity of nickel-based porphyrins and phthalocyanines, Zhou et al. combined a 

Ni-salen complex with acetylene black (AB) to create a Ni-N2O2/AB composite material. 

This material was incorporated into a paper-based sensor that detected NO with an LOD of 

1.8 nM. The authors attribute the sensitivity and selectivity of their device to the binding 

interactions between the nickel-metal center and NO.144

Current efforts in MPc-based sensor development are faced with the challenge of enhancing 

the sensitivity, selectivity, and conductivity of MPc complexes. Our group has suggested 

that molecular engineering can enable steady advancements in these areas. The enhancement 

of electrode sensitivity, for example, might be approached by fabricating MPc thin films 

with long-range order, high crystallinity, and control over alignment to increase the 

number of active sites that are available for analyte interaction.145 Principles such as 

these have aided our group in developing MPc-based metal-organic framework (MOF) 

and covalent organic framework (COF) sensors for gasotransmitters in air (Figure 10). 

Importantly, even though NO, CO, and H2S exert their physiological effects within liquid-

phase biological media (i.e., dissolved within blood or CSF and diffusing through cell 

walls to reach molecular targets), gasotransmitters are constantly exhaled in the gas phase. 

The determination of gasotransmitter concentrations in exhaled air can help physicians 

monitor the progression of diseases, the efficacy of medications, the efficiency and/or 

functionality of an individual’s cardiovascular system, and an array of other valuable 

diagnostic functions.17,146–150 For these reasons, electrochemical methods that aid in the 

gas-phase detection of gasotransmitters remain highly relevant in physiological contexts. 

Both Cu- Ni- linked NiPc-2D conductive MOFs have proven particularly valuable in the 

gas-phase detection of gasotransmitters. These MPc-MOFs exhibited exceptional detection 

capabilities for NO, each within part-per-billion (ppb) detection ranges (1.0–1.1 ppb for 

NO) at low driving voltages (0.01–1.0 V) within 1.5 min of exposure. The detection took 

place in nitrogen and a humidified atmosphere at solid-gas interfaces using chemiresistive 

device architectures.145 For the detection of NO, the achieved LODs with these framework-

integrated MPcs mark the best MOF- or COF-based chemiresistive sensors to date.151,152 

Although this class of materials have not yet been employed for the liquid phase detection 

of NO, a NiPc-based MOF has been reportedly employed as an electrochemical sensor for 

nitrite.153

As with phthalocyanines, porphyrins can be integrated into framework materials for 

enhanced sensing performance. Recently, Ling and colleagues developed an electrochemical 

sensor for the detection of NO by synthesizing NporMOF(Fe), a porphyrin based MOF. 

The nano-MOF was synthesized from zirconium oxychloride octahydrate and an iron 

metalloporphyrin (TCPP(Fe)), then dropcast onto a glassy carbon electrode and coated with 

Nafion. In CV and DPV studies, the NporMOF(Fe) modified electrode detected NO in 

PBS, in the presence of NO2
− (Figure 11a), with a linear detection range of 5 μM to 200 

μM and a detection limit of 1.3 μM.115 An important caveat is the method of generating 

NO solution: nitrite is added to the acidic phosphate buffer solution (pH 2.5), which is 

converted to NO in acidic conditions. The linear detection range and LOD for the sensor 
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are based on the assumption of total conversion of NO2
− to NO, and the concentration is 

not independently verified. The physiological relevance of NO detection in this pH range 

is limited, nevertheless, this report represents a fundamental advancement in MOF-based 

electrochemical sensors.

The authors attribute the cathodic peak at −0.55 V to the reduction of [Fe(III)(NO)]+, which 

is formed when NO binds to TCPP(Fe) group via axial coordination. The origin of the 

unique catalytic properties of the nano-MOF for the reduction of NO are not thoroughly 

explored, though the authors suggest that active sites generated by the pores of the MOF 

and the nanoscale MOF particles both enhance the activity and selectivity of the sensor. 

Selectivity was probed by injecting 200 μM of common biological interferents and plotting 

the relative current intensity elicited by each. The results (Figure 11b) suggest that the 

nano-MOF electrode is selective for NO against most common interferents; however, no 

quantitative metrics (e.g., selectivity coefficients) have been calculated. The nano-MOF 

material demonstrated adequate stability for short-term use, retaining 94% of its current 

response after 10 days.115

Despite limitations, porphyrin and MPc-MOFs are a promising form of electrode 

modification in the development of portable, low-power, remotely operated and/or wirelessly 

transducing sensors. In addition to their effective sensing capabilities, these materials 

exhibit tunable structure-function relationships—a property that is of immense value in 

an electrode-modifying material, as a tunable structure endows particularly good control 

over the properties of a sensing mechanism and may aid in the application of effective 

materials to a broad array of environments or analytes.151,152 While MPc-framework based 

electrode modifications in particular remain limited by a cumbersome synthesis processes 

and disordered spatial alignment in solid-state devices, ongoing advancements—including 

integration with graphitic materials and metal– or covalent organic frameworks, as well as 

the development of tunable bottom-up assembly methods—show promise for enhancing the 

detection of NO and other endogenous gases.145,151,152

CO

Like NO, one barrier to the sensitive detection of CO in physiological systems is 

the presence of interferents. While semi-permeable membranes successfully improve the 

selectivity of CO sensors against these interfering species,154 they sometimes come at 

the expense of decreased response time or sensitivity due to the required diffusion 

of CO through the physical membrane barrier.94 Lee and colleagues have investigated 

catalytic Au nanoparticles as a potential solution to the issue of obstructive semi-permeable 

membranes both for CO94 and for NO.155 Since many interferents in the detection of 

CO are polar or ionic, electrode-modifying materials with hydrophobic properties tend to 

enhance selectivity. Interestingly, the hydrophobic properties of electrodeposited metallic 

nanostructures can be modified by altering the deposition potential; lower potentials yield 

greater nanoscale-surface roughness and thus more hydrophobic properties.156 Kwon and 

colleagues studied this tunable hydrophobicity of layered gold nanoparticles in the context 

of CO detection. The researchers deposited a series of gold nanostructures onto glassy 

carbon electrodes at 5 different deposition potentials (0.05-0.45 V vs. Ag/AgCl using 
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LSV), then investigated the sensitivity and selectivity of each electrode in the amperometric 

detection of CO. Detection experiments were conducted amperometrically at −0.05 V 

vs. Ag/AgCl in a gas-tight cell filled with PBS (pH 7.4) and injected with incremental 

aliquots of saturated CO (0.9 mM). The most selective nanoparticle layer was obtained 

from electrodeposition at 0.05 V—the lowest potential of those that the group applied. The 

sensitivity of this electrode for CO increased as the hydrophobicity of the Au membrane 

increased, and the selectivity coefficients for CO against ascorbic acid, nitrite, and GABA 

(−0.71, −3.77, and −3.67, respectively) were best for the most hydrophobic Au-layer.94

Au-nanoparticles have also been reported to catalyze the oxidation of ascorbic acid and NO, 

two potential interferents in the detection of CO.157 Kwon et al. found that increasing the 

roughness of the Au-nanoparticle layer did indeed enhance the apparent catalytic effects 

of the layer for AA and NO (a result of high electroactivity of Au for NO and AA)—

until the morphology of the Au layer becomes sufficiently rough. At this point, the high 

hydrophobicity of the Au deposit attained at 0.05 V generates selectivity for CO over 

anionic AA. The hydrophobic CO molecules reap the benefits of the increased catalytic 

surface area, transferring charge at the peaks and valleys of the electrocatalyst, while 

AA cannot penetrate deeply enough to obtain a catalytic benefit (Figure 12). The authors 

conclude that the tunable hydrophobicity of Au deposits may make these Au nanoparticles 

worthy of further investigation as selectivity- and sensitivity-enhancing electrode modifying 

materials for the detection of CO.94

Many efforts for real-time, in-vivo electrochemical detection of endogenous CO occur 

through dual CO-NO electrodes. In these cases, chemical modifications to the CO-

sensing electrode surface include the addition of gold(III) chloride hydrate for enhanced 

conductivity,91 the sequential deposit of Pt and Sn,19 and Sn deposition alone.23 The 

gold(III) chloride hydrate-modified electrode constructed by Ha and colleagues was an 

amperometric, oxidation-based dual-electrode NO/CO sensor which enabled concentration-

dependent anodic detection of CO at an Au-deposited Pt microdisk electrode (WE1) with 

a sensitivity of 26 ± 14 pA μM−1, n = 6, and NO at a Pt black-deposited Pt disk electrode 

(WE2) with a sensitivity of 180 ± 46 pA μM−1, n = 6. The CO electrode is only about one-

seventh as sensitive to CO as its electrode pair to NO (WE2). However, the relatively high 

concentration of endogenous CO makes this weaker sensitivity sufficient for physiological 

detection.19,91 The gold(III) chloride-modified electrode is succeeded in sensitivity by the 

Pt-Sn modified system, for which CO sensitivity is reported as 1.29 ± 0.35 nA μM−1.19 

Even more sensitive was the Sn-deposited electrode, which generated sensitivities ranging 

between 9.6 ± 1.5 and 5.0 ± 1.1 nA μM−1, depending on the polarization potential (V vs 

Ag/AgCl) of the working electrode.23

The dual-detection system developed by Ha and colleagues operates through an interesting 

scheme: the detection of NO at one electrode generates a CO-blocking oxide Pt film, 

enabling the selective detection of CO at (only) the other electrode. The sensor is an 

amperometric, oxidation-based NO-CO sensor, where one glassy carbon working electrode 

is plated with gold complex (for anodic detection of CO; WE1) and the other with Pt 

(for anodic detection of NO; WE2). The Pt-deposited electrode initially demonstrated 

problematic sensitivity to both CO and NO. However, the oxidation of CO was successfully 
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suppressed through maintained oxidation of NO on the Pt-deposited electrode in basic 

conditions. The process generated an oxide film that inhibited CO adsorption, acting as a 

sort of additional, selectivity-enhancing electrode modification.116,158 The result is a sensing 

system wherein the two different electrodes and different polarization potentials (Au, + 

0.2 V, Pt black, + 0.75 V, both vs Ag/AgCl) facilitate the selective oxidation of CO (Au-

modified electrode) and NO (Pt black-modified electrode).116 In addition to electrocatalytic 

modifications, a thin-layer coating of fluorinated xerogel was applied to both electrodes 

in order to generate complete selectivity for CO. In comparing the electrode performance 

with and without xerogel coating, the coated electrodes showed less sensitivity (~20% of 

uncoated CO response and ~40% of uncoated NO response) than the uncoated electrodes, 

but the uncoated Au-modified (CO-detecting) electrode showed a response to both CO and 

NO. With the coating, an oxidation current for NO was not observed. This suggests that the 

diffusional barrier provided by the xerogel played a critical role in generating CO selectivity, 

in addition to the deposition of Au. Another sensitivity-generating component of the sensor 

was the etching of recessed micropores. The electrocatalysts were electrodeposited into 

these micropores, increasing functional surface area without necessitating an increased 

electrode diameter. The result was a miniaturized sensor (240 ± 26 μm tip diameter), 

insertable into rat brain tissue for real-time sensing.116

Another example of electrocatalyst-generated selectivity for NO/CO detection was 

reported by Park and colleagues. In this amperometric, oxidation-based sensor, selectivity 

for NO over CO could not be obtained through modification of applied potentials 

alone due to the similar oxidation potentials of NO and CO. Thus, selectivity was 

generated by electrodeposition of two different electrocatalysts: Pt-Sn and Pt-Fe(III) oxide 

nanocomposites. The current generated at the Pt-Sn modified electrode depended on the 

concentrations of both NO and CO, while the current generated at the Pt-Fe(III) electrode 

depended only on the concentration of NO. Following calibration, the concentration of CO 

was determined by subtraction of the NO concentration recorded at the second electrode. 

In this case, the nanocomposite proved notably beneficial for enhancing sensitivity to NO 

over CO at one of the working electrodes. The sensor was amperometric, operating via 

the oxidation of CO at a Pt microdisk deposited with Pt and Sn (WE1) (constant applied 

potential of +0.70 V) and the oxidation of NO at a Pt electrode modified with Pt–Fe(III) 

oxide nanocomposites (WE2) (+0.75 V vs Ag/AgCl).92 The high catalytic activity of the Pt–

Fe(III) nanoparticle composites for electrochemical oxidation of NO was initially reported 

by Wang & Lin,159 based on explorations of Pt-catalyzed oxidation performed by Pei & 

Li.160 The Pt–Fe(III)/GCE fabricated by Wang & Lin appeared to reduce the overpotential 

for NO oxidation and enhance the current response more effectively than GCE modified 

with pure Pt or pure Fe(III), suggesting a cooperative effect of Pt and Fe(III) in the 

electrocatalysis.159

H2S

One common type of electrocatalyst for H2S detection is that of enzyme functionalized 

electrodes. Like the ion-selective electrodes described above, enzyme-based sensors for H2S 

also tend to show notable pH sensitivity. However, since many enzymes operate optimally 

around a physiological pH, this dependence poses less of an impediment to in-vivo detection 
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than the highly alkaline pH values that are required for the ion-sensitive Ag/Ag2S method.63 

Generally, these sensors operate via H2S-selective enzymes that are applied to the electrode 

surface as recognition elements. The first application of this technique for H2S detection 

employed cytochrome oxidase-based inhibited enzyme electrodes, which demonstrated 

LODs as low as 1 ppm in the gas phase.161 The sensing electrode was a catalytic oxygen 

electrode based on the electrochemical reduction of cytochrome C, in the presence of 

cytochrome oxidase, on a gold electrode modified with bis(4-pyridyl) disulphide. Since 

the current varied with the concentration of active enzyme, the electrode was sensitive to 

any inhibitors of cytochrome oxidase (i.e., substances that block the enzymatic reaction). 

H2S is one of these substances; when it binds to the oxidase, it inhibits enzymatic action 

by coordinating to the metal ions in the molecule. Enzymatic inhibition-based sensors 

are particularly sensitive because a single inhibitor molecule is sufficient to impair the 

catalyst—thereby preventing the reaction of many molecules of substrate. The result is an 

amplification effect in the detection of inhibitors like H2S.161

Since this first application of enzyme inhibition-based detection of H2S, focus has shifted 

to horseradish peroxidase (HRP)-modified electrodes. One such sensing scheme, reported 

by Yang et al., is an amperometric, three-electrode system with an HRP modified 

self-assembled monolayer (SAM)–Au electrode as the working electrode, SCE as the 

reference electrode, and Pt foil as a counter electrode.162 Benzoquinone acts as an electron 

mediator. Through a multi-step catalytic process, the substrate (0.1 M H2O2) interacts with 

HRP(Fe3+) to generate an intermediate and water. In the absence of sulfide, the reaction 

progresses; eventually, hydroquinone (previously reduced from benzoquinone) is oxidized 

back to benzoquinone, donating two electrons to the electrode and generating a measurable 

reduction current. When present, sulfide coordinates with the intermediate that is generated 

in the first step of the reaction.163 This coordination impairs reaction progress, reducing the 

sensor current in a concentration-dependent manner. Yang et al. used an applied potential of 

−150 mV for amperometric measurements, and the group reported a detection limit of 0.3 

μM for H2S.162

A related approach, also based on the inhibition of enzymatic activity by H2S and the 

concentration-dependent reduction of current strength, again yielded a 0.3 μM detection 

limit—though this approach involved a screen-printed working electrode, slightly cheaper 

and more accessible than the previous method, modified with Coprinus cinereus peroxidase 

(benzoquinone served again as an electron mediator).164 The linear range, 1.09-16.3 μM, 

was also slightly greater than that of Yang and colleagues. Building upon the SAM example, 

Liu and colleagues reported a multilayer film-modified biosensor, constructed via layer-

by-layer (LBL) biospecific binding of concanavalin A and horseradish peroxidase on the 

surface of a gold electrode.165 Again, the amperometric signal resulted from inhibition of 

enzymatic activity in the presence of sulfide. This response is illustrated in Figure 13; 

a CV scan was obtained in PBS with only hydroquinone (green). The addition of H2O2 

increased the current response as expected (red); H2O2 is reduced by the HRP enzyme. 

Upon the introduction of sulfide, sulfide attacks the heme group of the HRP and blocks its 

active site. The reduction of H2O2 is accordingly inhibited, and the percent inhibition of 

the current by sulfide is proportional to the concentration of sulfide in solution (black). The 

limit of detection—0.05 μM—was much improved from previous reports. (All amperometric 
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measurements were carried out at an applied potential of −0.150 V vs. Ag/AgCl in the 

present of 0.2 M hydroquinone).165

Polarographic (amperometric) detection methods for the detection of H2S are among 

the most broadly applied methods for direct, real-time sensing in-vivo. Electrocatalytic 

electrode modifications play a significant role in determining the selectivity and sensitivity 

of amperometric sensors, and nanocomposite-based electrode modifications are one 

particularly common form. These materials provide the benefit of high surface area, low cost 

(relative to many other electrode modifications), and a variety of tunable morphologies.166 

In particular, a class of Au nanomaterials show promising catalytic effects for the 

electrochemical detection of H2S.167 In one application, Au@Ag core-shell nanoparticles 

demonstrated excellent conductivity and sensitivity enhancement; Zhao and colleagues 

reported oxidation of the nanoparticles to Ag2S in the presence of H2S, initiating a decrease 

in the differential pulse voltammetry (DPV) peak at 0.26 V with a LOD of 0.04 nM.167

In another example of electrocatalysts for the detection of H2S, low-potential sensing 

of H2S with a detection limit of 0.3 μM and linear dynamic range of 1.25–112.5 μM 

was achieved through the application of carbon nanotubes to a glassy carbon electrode. 

The oxidation of sulfide began around −0.3V(vs. Ag/AgCl, pH 7.4 (observed via cyclic 

voltammetry)—a 400 mV decrease in the required overpotential compared to an ordinary 

carbon electrode.21 In another application, various concentrations of functionalized single 

wall carbon nanotubes (f-SWCNT) were incorporated with polyaniline via electrochemical 

polymerization of Aniline monomer with sulfuric acid. This sensor is one example 

of electrode modification with conductive polymers, which tend to be associated with 

easy electrode preparation, low cost, environmental stability, and controllable electrical 

conductivity.168 While conductive polymers typically suffer from low sensitivity, the present 

example incorporated the polyaniline conductive polymer with carbon nanotubes—thereby 

enhancing the surface-to-volume ratio of these sensors and directly improving the sensing 

capacity. H2S partly dissociated into H+ and HS−, resulting in the partial protonation of the 

polymer and the removal of electrons from its aromatic rings. The electron transfer was then 

observed via changes in the work function of the polymer (and, accordingly, the resistance 

of the sensor). The sensitivity increased with f-SWCNT content, and since the gas sensing 

depends on H2S adsorption (which decreases as temperature increases), the gas sensing 

response decreased with increasing temperature.169

A physiologically applicable example of nanomaterial-modified H2S sensors involves 

PdCu alloy “nanoflowers”. The high surface area-to-volume ratio (characteristic of most 

nanomaterials) facilitated chemical reaction between copper oxide (CuO and Cu2O) and 

hydrogen sulfide (including H2S and HS−) in a neutral solution (pH 7.4). In the presence 

of Na2S, copper and its oxide were converted into Cu2S and CuS, resulting in an increase 

in the oxidation peak current of Cu2S-CuS with increasing concentrations of Na2S (sulfide). 

The Cu2S-CuS species were oxidized to generate current responses via CV, with an initial 

peak at 0.05 V resulting from the chemical reaction between PdCu alloy nanoflowers and 

hydrogen sulfate, forming Cu2S and generating the oxidation current. The detection limit for 

the sensor was reported as 0.2 μM, with a linear range of 0.4 μM to 400 μM.170
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Carbon nanotubes have been frequently employed as scaffolding for electrocatalytic 

materials, in addition to serving as electrocatalysts themselves. In 2021, Jeromiyas and 

colleagues functionalized carbon nanotubes with a layer of Gd doped molybdenum selenide 

for the sensitive and selective detection of hydrogen sulfide.119 Molybdenum diselenide 

(MoSe2) is a two-dimensional transition metal dichalcogenide (2D TMD), which can 

enhance electrochemical sensing by virtue of appreciable conductivity, large surface area, 

and ultrathin-layered structures.171 The authors chose to incorporate this material with 

carbon nanofibers (CNFs) to avoid the issue of easy agglomeration between sheets of 

MoSe2, which impairs charge transfer. This CNF scaffolding also facilitated conductivity 

and enabled easy application to electrode surfaces.172 The resulting sensor detected 

H2S within a linear concentration range of 12.5 nM–1.2 mM with an LOD of 1 nM, 

making it one of the most sensitive electrochemical devices reported recently for the 

detection of H2S.173 In another recent example, gold-nanowires were incorporated with 

carbon nanotubes to form an electrocatalyst on a flexible, poly(dimethylsiloxane) (PDMS) 

substrate. This stretchable sensor was able to detect H2S with a broad linear range from 5 

nM to 24.9 μM, and successfully monitored the release of H2S from HeLa cells cultured on 

the flexible sensor. Sensor performance was maintained when the film was stretched, giving 

the device potential applicability for a variety of physiological studies.101

In a similar vein, one photoelectrochemical sensor with a comparably broad linear range 

of detection was reported by Yu and colleagues. In this sensor, the signal originated from 

a charge transfer process that occurs between the analyst (H2S), the photoelectric material, 

and a glassy carbon electrode. H2S from endogenous and exogenous sources reacts with 

Cd2+, which the group deposited onto the electrode via treatment with thioglycolic acid 

during electrode construction. The reaction resulted in covalent grafting of the resulting 

CdS onto TiO2 nanotubes to form CdS nanoparticles. Photocurrent was then generated 

when excited electrons are transferred form CdS nanoparticles to TiO2 under irradiation at 

420 nm. Without Cd+ modification, the TiO4 nanotubes absorbed only UV light (due to a 

relatively large band gap of 3.0–3.2 eV). The generation of CdS upon exposure to sulfide 

decreased this band gap (2.4 eV), allowing photoelectrochemical response within the visible 

range. The method was employed for the detection of H2S from cancer cells, with a limit of 

detection at 0.3 μM and linear range of 10 nM–106 nM.174

While many of the previous examples detect H2S that is released from isolated cells and 

tissues or injected into simulated biological fluid, an online electrochemical system (OECS) 

developed by Wang and colleagues demonstrates one of the most recent examples of real-

time hydrogen sulfide detection in a live, behaving animal. The sensor operated through 

catalysis of the oxidation of free sulfur (H2S and HS−) by hexaammineruthenium(III) 

(Ru(NH3)6
3+) to elemental sulfur. The authors proposed the use of ammineruthenium(III) 

because of its ability to oxidize both H2S and HS− in the neutral solution; the standard 

potential of Ru(NH3)6
3+ is higher than those of sulfide (Figure 14a). Since it has not 

been determined whether H2S or HS− (or both) perform signaling roles in the brain, the 

authors sought an electrocatalyst that would be capable of facilitating the detection of “free 

sulfide” in both forms, at a potential that is lower than those for the oxidation of potential 

redox-active interferents.175 The sensor yielded a detection limit of 0.17 μM and operates 

within a linear range of 0.5 to 10 μM—notably narrower than some in-vitro methods, but the 
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biocompatibility of the device is promising. As illustrated in Figure 14b, fluid was sampled 

from the hippocampus of the guinea pig with microdialysis probes. The microdiasylate 

then flowed into a microchannel located on the surface of a polydimethylsiloxane (PDMS) 

chip. Here, the microdiasylate mixed with continuously perfused ammineruthenium(III), 

and the device performed continuous electrochemical detection as the fluids flowed across 

indium tin oxide (ITO) working, counter, and reference (Ag/AgCl) electrodes. The system 

detected H2S within seconds and maintained a current response for just under an hour. The 

demonstration served as a proof-of-concept model for the biological applications of the 

device.175

In sum, a review of electrocatalytic sensor modifications has made it clear that 

electrocatalysts occupy a critical role in the development of high-performing sensors. 

In a growing number of cases, tunable electrocatalytic properties of electrode-modifying 

materials are enhancing both the sensitivity and the selectivity of detectors—without 

restricting access to the surface of the electrode. The use of nanoscale structures as 

scaffolding for electrocatalysts appears to have grown rapidly in recent years. Many, if 

not most, reports of electrochemical sensors for gasotransmitters incorporate some form of 

nanotechnology—often due to the ease of interaction between nanoparticles and similarly 

scaled biological molecules. At the forefront of electrocatalytic sensor modifications are 

tunable materials, often the result of new chemical procedures that afford researchers the 

capability to endow their material with analyte-specific catalytic properties. Biologically 

inspired metal porphyrins and metallophthalocyanine materials work much in the way that 

a heme-containing enzyme might function, deriving analyte-specific targeting capabilities 

from tunable properties of its cyclic organic structure and conductive metal nodes (though 

not always simultaneously). Future development in electrochemical detection methods for 

gasotransmitters will depend on creative development in the tunability, accessibility (cost), 

and miniaturizability, among other elements, of electrode-modifying catalytic materials.

ELECTROCHEMICAL MULTI-ANALYTE SENSING

In recent years, in-vivo detection of endogenous gases has emerged as a promising and 

largely untapped avenue for clinical diagnosis, treatment, and recovery. One central factor 

in this transition has been the development of increasingly sensitive and selective detection 

mechanisms, often operating via electrochemical means.176 Despite these advancements, 

in-vivo detection remains limited by the challenges of sensor insertion, stability in 

physiological conditions, and cytocompatibility. Such challenges have been sufficiently 

addressed for in-vivo sensing in a number of gasotransmitter-related applications, but most 

of these instances involve the detection of single analytes20,61,177—despite well-documented 

knowledge of interaction between gasotransmitters during endogenous signaling.178 Multi-

analyte sensing has the capacity to provide more complete physiological insight while 

avoiding the duplication of challenges associated with sensor design and insertion. In this 

section, recent advancements and future implications for the development of multi-analyte 

sensors are addressed.

Particularly in the case of NO and CO, similarities in function accompany similarities 

in form; both gasotransmitters are characterized by small size, charge variability, 
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lipopermeability, short lifetimes, and an affinity for heme binding, for example. The gases 

also aid in many of the same physiological functions, namely neurotransmission and 

vasodilation.7 Another significant similarity between the pair, particularly in electrochemical 

sensing, is their similar oxidation potentials. In one example based on amperometric 

detection of NO and CO oxidations, CO was oxidized at one of the modified working 

electrodes only within the potential region between the onsets of oxidation (+0.20 V vs 

Ag/AgCl) and reduction (−0.05 V) of NO, making the selective detection of CO over NO 

based on applied potentials seemingly impossible. Selective detection of CO was achieved 

by applying a very minimal overpotential of +0.2 V in addition to a xerogel membrane, 

which limited the diffusion of NO enough to provide CO-selectivity.116

These similarities lend themselves to the development of numerous multi-analyte detection 

strategies for NO and CO, though small differences between the species often make these 

dual-detection possible. NO, for example, is a free radical; it has an unpaired electron 

that is readily donated to form the nitrosonium ion, facilitating the formation of numerous 

NO–metal complexes.179 In contrast, CO is a stable gas (not a free radical); it does not 

undergo many of the oxidative and reductive reactions that are characteristic of NO. In 

biological settings, CO binds preferentially to ferrous heme, while NO binds both ferrous 

and ferric hemoproteins—just one example of the differences in binding characteristics 

of the two molecules.178–180 Another example involves differential interactions with the 

enzyme soluble guanylate cyclase (sGC), a pathway by which both gases are thought to 

carry out many of their biological functions. While both NO and CO bind to the iron atom 

of the enzyme’s heme moiety, NO binds to the heme iron, breaking an Fe-ImH (imidazole-

histidine sidechain) bond and resulting in a ferrous, five-coordinate nitrosyl heme that is 

associated with a 100-400 fold increase in sGC activity. In contrast, CO leaves the Fe-ImH 

bond intact when it binds to the sGC heme group, resulting in a a six-coordinate complex 

that only weakly increases the activity of sGC (about 1-6 fold).181 These differences lay the 

groundwork for in-vivo interaction between the two species7,182 and inform strategies for 

selective detection.

Differences between NO and CO mediate their electrochemical detection in dual-sensing 

architectures. As one example, CO has been found at higher concentrations than NO in some 

biological settings.19,23 This difference enables detection schemes wherein low sensitivity to 

both CO and NO is sufficient for the detection of CO while functionally selective against 

NO due to low signal, as discussed by Ha and colleagues. In their sensor, a miniaturized, 

solid-state electrode modified with electroplated gold is overlaid with a fluorinated xerogel 

membrane (see Figure 15 for construction). This dual sensor has proven effective for real-

time, in-vivo CO and NO detection in the cortex of a rat. Ongoing efforts in the dual sensing 

of CO and NO, like those of single-analyte detectors, seek to improve real-time applications 

in physiological conditions by reducing response time and increasing the work range of the 

sensors.23,116,122

While commonalities between CO and NO lend themselves to construction of dual-analyte 

sensing mechanisms, progress towards analytical sensors for simultaneous detection of all 

three gasotransmitters remains limited. No devices for simultaneous monitoring of NO, 

CO, and H2S in liquid states could be identified, which remains a major unresolved 
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research challenge. One promising directions for multianalyte detection relies on the use of 

modular, molecularly precise electrode materials such as MOFs and COFs. Phthalocyanine-

based framework materials recently developed by our group demonstrate ppb-ppm sensing 

capacities for NO, H2S, and CO in the gas phase. These materials generate selectivity 

via their highly tunable nature, since modifications to MOF linkers and metal nodes can 

significantly alter the material’s sensing properties.151,152,183 Mechanistic studies indicate 

the importance of the (exchangeable) metal linker and the modifiable MPc units in the 

sensing response, and corroborate the prediction that these tunable MPc materials will likely 

play an important role in the future of multi-analyte electrochemical detection. In particular, 

the differential responses of multiple layered, conductive framework materials in sensors 

arrays have already been shown to effectively differentiate between a variety of analytes in 

gas phase detection.151,183–186 With further development, these materials may be promising 

candidates for biologically relevant detection of gasotransmitters in the future.

Another example of multi-analyte sensing capabilities can be seen in the work of Li 

and colleagues, who developed a multi-chamber electrochemical microsystem for the 

simultaneous detection of NO, H2O2, ONOO−, and NO2
−. While not all of these endogenous 

species act as gasotransmitters, the device displayed promising mechanistic principles for 

the potential application to a broader range of species. The microsystem consisted of a 

glass substrate equipped with four sets of microband electrodes, each of which includes a 

platinum-black coated working electrode, Ag/AgCl reference, and a Pt counter electrode. 

The four electrodes were divided between four wells, where amperometric responses were 

monitored for the simultaneous detection of one species per well. This amperometric 

microchip-based design from Li’s group, which demonstrated excellent reliability and 

compared appropriately to single-analyte detection of the same species, represents one of the 

most promising methods for large-scale, real-time, in-vivo detection of multiple endogenous 

species with a single device.187

While the development of multi-analyte sensors remains relatively nascent, especially with 

respect to gasotransmitters, researchers expect their prevalence to increase over the coming 

years;31 future advancements in multi-analyte sensing have the potential to illuminate poorly 

understood pathways for interaction between gasotransmitters, expedite detection processes, 

and greatly improve the feasibility of in-vivo sensing devices by reducing measures of 

invasiveness-per-analyte.

CONCLUSIONS AND OUTLOOK

Each of the detection methods described in this review presents its own set of advantages 

and disadvantages. To arrive at a conclusion regarding the most promising method(s) 

for the direct, real-time detection of gasotransmitters, a previously defined set of 

criteria are presented. According to Griveau and Bedioui,141 in-situ biologically relevant 

gasotransmitter detection requires sensing mechanisms that satisfy the following conditions: 

First, sensors should have rapid response times (both NO and H2S are quite reactive in 

the physiological setting, with short half-lives and involvement in numerous fast-acting 

metabolic pathways). Second, sensors should have low—at least sub-nanomolar—LODs. 

Third, sensors should be sufficiently selective against common biological interferents. 
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Fourth, sensors should be capable of real-time detection. Finally, sensors should be non-

invasive and “biocompatible”—sample destruction should be avoided.

In sum, the studies that have been reviewed herein converge repeatedly on three themes 

of electrochemical detection for physiologically relevant analytes. First, modification at 

the electrode surface enables finely tuned sensitivity and selectivity of electrochemical 

sensors. These electrode-modifying procedures and materials—whether they take the form 

of electrocatalysts, perm-selective membranes, or some combination of the two—constitute 

the forefront of sensor development. Secondly, the miniaturization of sensors aids in 

minimally invasive sensing, which is critically important in the detection of gasotransmitters. 

Already, developments like nanoscale scaffolding materials and microelectrode arrays are 

facilitating this transition to minimally invasive detection. Third, improvements in the 

quality and availability of wireless technology are poised to enhance the clinical relevance of 

many electrochemical sensors. Wireless capabilities combat the need for physical attachment 

to external equipment, and the potential for insertable detection systems with real-time 

monitoring capabilities should be considered in evaluations of stability and reliability of 

future detection platforms.

One alternate approach to wireless, non-invasive detection of gasotransmitters is the 

development of sensing platforms for exhaled air. Although not directly related to their 

endogenous functions, the concentrations of gasotransmitters in exhaled air can be indicative 

of certain diseases and serve as a useful diagnostic tool.149,150 Chemiresistive sensing 

mechanisms for exhaled gasotransmitters avoid the issue of invasiveness entirely; investing 

in these platforms should be considered just as valuable as investing in the miniaturization 

of existing liquid-phase detection methods. Gas-phase sensing can also be conducted with 

swallowable capsules to monitor gasotransmitters in the digestive tract.188

Importantly, advancements in materials chemistry hold promise as the next frontier of sensor 

development. In the past decade, great leaps in sensor performance have stemmed from the 

synthesis of new materials, the controlled growth of nanostructures, novel applications of 

existing materials as electrocatalysts or perm-selective membranes, and creative mimicry 

of biological machinery. New chemistry will likely be required to address the challenges 

posed by multi-analyte detection needs. Specifically, materials that can be easily tuned to 

tailor their electrocatalytic characteristics towards a given target analyte hold great promise; 

they afford maximal versatility and selectivity with minimal restructuring of the underlying 

conductive frameworks that have already demonstrated sound detection capabilities. In 

tandem with the development of these tunable materials, efforts to elucidate the mechanisms 

of material-analyte interactions are central to rational sensor design. Spectroscopic and 

computational studies of both new and existing sensors will pave the way for efficient 

progress in the field, as trial-and-error methods are displaced by the intentional development 

of mechanism-centered electrocatalysts and membranes.

The array of chemical transduction mechanisms for electrochemical detection of 

gasotransmitters is broad. Both semi-permeable membranes and electrocatalyst deposition 

(often together) have proven successful in affording adequate sensitivity and selectivity. 

Now, the practical application of these methods in physiological conditions represents a 
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new and exciting next challenge in the field.176 Miniaturizable and biocompatible sensing 

devices with replicable procedures for synthesis and fabrication, especially those capable of 

multi-analyte detection, will likely constitute the next frontier for gasotransmitter detection.
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Figure 1. 
Endogenous synthesis pathways for NO via nitric oxide synthase isoenzymes nNOS, eNOS, 

and iNOS. The three synthesis pathways begin in different bodily regions, but each includes 

catalysis of L-arginine oxidation to generate NO.
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Figure 2. 
CO synthesis in reticuloendothelial cells of the liver, spleen, and bone marrow via the 

degradation of hemoglobin by heme oxygenase (HO).
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Figure 3. 
Pathways of biosynthesis for H2S. H2S is synthesized via L-cysteine catalysis in the 

mitochondria and cytosol by CAT and 3-MST, while CBS and CSE catalyze its production 

exclusively in the cell cytosol.
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Figure 4. 
The impact of ligand geometry on the heme pocket of sperm whale myoglobin. Distinct 

positional changes at the distal histidine induced by different ligands – O2, CO, and NO – 

are shown. Each structure was determined by x-ray crystallography, and each structure is 

superposed on another. Hydrogen bonds, and interatomic distances <3.0 Å are represented 

by lines. Reprinted with permission from Ref. 72. Copyright 1998 John Wiley and Sons.
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Figure 5. 
Examples of membrane-modified (a,b) and electrocatalyst-modified (c) electrochemical 

sensing devices. (a) and (b) show the channel construction (a) and overall device architecture 

(b) of an amperometric NO sensor coated with xerogel polymer membrane, demonstrating 

an 840 pM LOD and tested in blood and in-vivo monitoring for sepsis onset in a 

rodent model. The bottom device (c) is a glassy-carbon electrode (GCE) modified with a 

metallophthalocyanine (MPc) electrocatalyst. Differential pulse voltammetry showed ~1.5x 

signal amplification for NO compared to bare GCE, and constant potential amperometry 

showed enhanced MPc-induced selectivity for NO over common interferents (e.g., NO2
−, 

ascorbic acid (AA), and CO). (a,b) Reproduced from Ref. 87. Copyright 2013 American 

Chemical Society. (c) Reprinted with permission from Ref. 88. Copyright 2018 Elsevier.

Herrald et al. Page 43

ACS Sens. Author manuscript; available in PMC 2024 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
(a) Structures of fluoroalkoxysilanes applied by Schoenfisch and 

colleagues: trifluoropropylt-rimetlioxysilane (3FTMS), nonafluorohexyltrimetlioxyslane 

(9FTMS), (tridecafluoro-1,1,2,2-tetrahydrooctyl)trimethoxysilane (13FTMS), 

(heptadecafluoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane (17FTMS). (b) NO permeability 

(bars, left axis) and selectivity over nitrite (points, right axis) as a function of the type 

of fluoroalkoxysilanes (20%, balance MTMOS). NO permeability is greatest when Pe
NO 

is high, and NO selectivity is the best when log KNO, NO2− is most negative; the 17FTMS 
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membrane demonstrates the most desirable sensing characteristics. (The dashed line 

indicates NO selectivity of the bare Pt electrode over nitrite, and data are represented as 

means ± SD.) Reproduced from Ref. 110. Copyright 2008 American Chemical Society.
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Figure 7. 
Schematic diagram of NO/CO dual microsensor from Ref. 23. The dual microelectrode is 

composed of two working electrodes, WE1 and WE2, with dimensions a1 = 125 μm, a2 

= 12.5 μm, b = 200–250 μm, and d = 30–50 μm. Reproduced Ref. 23. Copyright 2007 

American Chemical Society.
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Figure 8. 
Redox chemistry of a polarographic H2S sensor with H2S-permeable silicone polymer 

membrane. Reprinted with permission from Ref. 97. Copyright 2005 Elsevier.

Herrald et al. Page 47

ACS Sens. Author manuscript; available in PMC 2024 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Metalloporphyrins and metallophthalocyanines used for NO detection. (a) Ni-porphyrin 

complex incorporated into an EPF for NO sensing. (b) Metallophthocyanine macrocycles 

explored for NO detection.
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Figure 10. 
The structure and synthesis of (a) NiPc and (b) NiNPc MPc-based two-dimensional MOFs. 

A 2 x 2 square grid form in eclipsed stacking mode is displayed, including both a top view 

(middle of figure) and side view (bottom of figure). Reprinted from Ref. 151. Copyright 

2019 American Chemical Society.
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Figure 11. 
(a) CV response of the NporMOF(Fe)-modified GCE in 10 mM phosphate buffer (PB), pH 

2.5 (black) and 100 μM NaNO2 added to buffer. (b) Current response of NporMOF(Fe) 

electrode in constant potential amperometry experiment to NaNO2 (20 μM) and 21 

interferents (all 200 μM): HClO, NaCl, KCl, MgCl2, CaCl2, Fe2+, Fe3+, glutathione (GSH), 

cysteine (Cys), ascorbic acid (AA), uric acid (UA), urea, glucose, arginase (Arg), glutamic 

acid (Glu), glycine (Gly), leucine (Leu), lysine (Lys), threonine (Thr), and valine (Val). All 
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experiments conducted at −0.55 V in 10 mM PB, pH 2.5. Adapted with permission from 

Ref. 115. Copyright 2021 Royal Society of Chemistry.
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Figure 12. 
The current sensitivities of Au deposits to CO and AA along with the corresponding ESAs 

(electrode surface areas) depending on the deposition potential of Au (n = 5). Reproduced 

from Ref. 94. CC BY 4.0.
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Figure 13. 
Cyclic voltammograms of Au/MPS/PAH/PSS/PAH/(Con A/HRP)4 electrode at different 

stages: the electrode in 0.2 mM PBS (pH 6.5) containing 1.0 mM hydroquinone; with 1.0 

mM H2O2 added; and with 18.0 μM sulfide added; scan rate for all scans was 100 mV/s. 

Adapted with permission from Ref. 165. Copyright 2008 Elsevier.
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Figure 14. 
(a) Potentials of typical species related to hydrogen sulfide; (b) Schematic of the microchip-

based online electrochemical system for measurement of hydrogen sulfide; Reproduced 

from Ref. 175. Copyright 2017 American Chemical Society.
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Figure 15. 
An example multi-analyte detection from Ha and colleagues. (a) Schematic illustration for 

the preparation steps of an insertable NO/CO dual microsensor. (b) Cross-sectional views of 

a dual microelectrode during a course of the NO/CO dual sensor preparation. Reproduced 

from Ref. 116. Copyright 2016 American Chemical Society.
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