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ABSTRACT: Hydrogen sulfide (H2S) is an important biological
mediator across all kingdoms of life and plays intertwined roles in
various disciplines, ranging from geochemical cycles to industrial
processes. A common need across these broad disciplines is the
ability to detect and measure H2S in complex sample environ-
ments. This Perspective focuses on key advances and opportunities
for H2S detection and quantification that are relevant to chemical
biology. Specifically, we focus on methods for H2S detection and
quantification most commonly used in biological samples,
including activity-based H2S probes, the methylene blue assay,
the monobromobimane assay, and H2S-sensitive electrode
measurements. Our goal is to help simplify what at first may
seem to be an overwhelming array of detection and measurement
choices, to articulate the strengths and limitations of individual techniques, and to highlight key unmet needs and opportunities in
the field.
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■ INTRODUCTION

Hydrogen sulfide (H2S) is a small gaseous molecule that is
relevant across a wide range of fields including industry,
geochemistry, biology, and chemistry (Figure 1).1−5 H2S is a
common byproduct from a variety of industrial processes,
including adhesive and fertilizer manufacturing, oil and gas
refinement, and wood pulp and paper processing. In addition

to its classic malodorous rotten egg smell, high levels of H2S
pose health and safety risks to humans and significant
corrosion risks to industrial equipment. H2S levels as low as
0.01 ppm in air can be detected by the human nose, with
higher concentrations of 20 ppm leading to lung and eye
irritation. Further elevated concentrations of ∼300 ppm cause
eye damage, and levels of >700 ppm lead to severe
complications including respiratory failure and death.6 In
addition, olfactory fatigue resulting in the loss of the ability to
smell H2S often occurs at ∼100 ppm. To put these levels in
perspective, concentrations of 20−200 ppm of H2S are often
found in raw gasifier gas in the petroleum industry and can
increase depending on factors such as feedstock composition.
In pulp and paper manufacturing, flue gas produced from black
liquor gasification can contain up to 2000 ppm sulfur content,
where H2S is also present and is scrubbed and/or oxidized
significantly prior to release.7 Moving away from anthropo-
genic generation, H2S is a common component of volcanic
gases, hot springs, swamps, and hydrothermal vents. Back-
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Figure 1. General schematic of broad fields in which H2S plays an
important role.
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ground H2S levels in air typically range from 0.1 and 0.33 ppb,
and increased H2S levels of 0.1−0.5 ppm are common in dilute
volcanic plumes.8,9 Each of these naturogenic sources provides
important reservoirs of reduced sulfur in the global sulfur cycle
feeding into processes ranging from sulfide mineralization to
various oxidation processes, generating elemental sulfur (S8)
and sulfate (SO4

2−). This geochemical sulfur cycle also
intersects with complex microbial sulfur cycling processes
involved in anaerobic respiration, ranging from dissimilatory
sulfate reduction in which SO4

2− serves as the terminal
electron acceptor in the production of H2S, to sulfur oxidizing
chemolithotrophic bacteria that oxidize H2S to support carbon
fixation.10−12

Moving to more complex eukaryotic systems, H2S also plays
key roles in signaling and redox homeostasis in fungi, plants,
and mammals. Highlighting contemporary roles in mammalian
physiology, H2S plays critical roles in hypertension, angio-
genesis, neuromodulation, aging, and other pathways�all of
which have garnered significant interest as potential bio-
markers or targets for pharmacological intervention.4,13,14

Concentrations of free H2S/HS− in mammalian systems have
been heavily debated in the literature and significantly refined
with improved analytical approaches and techniques, with
currently accepted values being in the low to mid-nM range in
human serum and plasma. Within each of the diverse fields
described above, the fundamental chemistry of H2S and related
reactive sulfur species (RSS) provides a foundational platform
on which these complex molecular processes can be under-
stood at an atomistic level. More practically, insights into this
fundamental chemistry have also been leveraged to provide
new and evolving approaches for the detection and
quantification of H2S and related species in complex
environments.

Mirroring the breadth of environments in which H2S is
found, the specific needs for H2S measurement vary
significantly and depend on sample type, required detection
limit, temporal resolution, and many other factors. For
example, in industrial environments where H2S is present or
generated, the rapid detection of high H2S levels in air that
exceed regulatory or safety limits for human health constitutes
a critical component of life safety monitoring. In such
environments, the use of electronic H2S sensor devices that
monitor H2S levels in the gas phase and alarm when operating
exposure or operating limit thresholds are exceeded is
commonplace. In addition to safety concerns, H2S measure-
ment is also important in many sectors to ensure product
quality. For example, low levels of H2S are present in many
food and beverage products, such as wine, beer, milk, cheese,
and other foodstuffs,15−18 but higher levels may result in
unwanted flavor and aroma profiles or inform on production
problems. Depending on the specific product or food matrix,
H2S detection can range from quantitative analytical measure-
ment of total or dissolved sulfide to a qualitative sensory panel
for detection of “off” odors. Expanding to other environments,
H2S measurements are also commonly carried out on
environmental and biological samples, often with significantly
varied target concentration ranges, matrix types, and
accompanying analytical methods. Sample matrix and complex-
ity also further complicate these methods, and there are
different needs and requirements for bulk/homogenized
samples, versus other applications with intact cells or tissues.
In addition, sample storage is also an important consideration
based on both the volatility of H2S and its propensity to be

oxidized into other RSS. Building from this broad palette of
measurement approaches, our goal in this Perspective will be
to focus on key advances and opportunities for H2S detection
and quantification relevant to chemical biology. Based on the
breadth of the field, we will aim to provide representative and
selective examples of different chemistry and approaches rather
than comprehensive coverage of this rapidly expanding area.
Specifically, our goals are to help simplify what at first may
seem to be an overwhelming array of detection and
measurement choices, to articulate the strengths and
limitations of individual techniques, and to highlight key
unmet needs and opportunities in the field.

■ ENDOGENOUS H2S GENERATION AND PROBING
BIOLOGICAL FUNCTION

H2S is commonly referred to as a “gasotransmitter” along with
nitric oxide (NO) and carbon monoxide (CO), meaning that it
is an endogenously produced gaseous molecule that acts on
molecular targets at physiologically relevant concentrations
within the same organism in which it was generated.19 Both
enzymatic and nonenzymatic pathways contribute to endog-
enous H2S generation, which adds an additional level of
complexity to the H2S landscape. Enzymatic H2S generation
stems primarily from cystathionine-β-synthase (CBS), cys-
tathionine-γ-lyase (CSE), and 3-mercaptopyruvate sulfurtrans-
ferase (3-MST)/cysteine aminotransferase (CAT), which use
homocysteine (Hcy) or cysteine (Cys) to generate H2S
(Figure 2).13 H2S can also be formed through nonenzymatic
pathways occurring through the reduction of reductant-labile
sulfide sources, including polysulfides, persulfides, and
thiosulfate. Importantly, these different generation manifolds
allow for both tight spatiotemporal H2S regulation through

Figure 2. Selected pathways for the generation of endogenous H2S in
mammalian systems.
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enzymatic synthesis as well as more general H2S modulation by
the redox-labile RSS pools in response to different stimuli.20,21

Once generated, H2S is involved in a broad array of biological
and physiological processes including vasodilation, neuro-
modulation, angiogenesis, and cytoprotection from reactive
oxygen species.22−27 Highlighting the importance of biological
regulation of basal H2S levels, dysregulation of endogenous
H2S has been observed in different disease states such as
asthma, Alzheimer’s disease, diabetes, cancer, and other
pathophysiological conditions.28−32

Our understanding of the multifaceted roles of H2S in
biology has benefited from the use of different approaches to
probe different aspects of RSS biology. For example, the use of
enzymatic knock out (KO) models, exogenous delivery, and
endogenous detection serve as key investigative pillars to study
and support the roles of H2S in chemical biology. CSE
knockout mice have served as the most commonly used KO
model for H2S investigations,33 although 3-MST and CBS KO
models are also available.34,35 While KO models provide
insights into how reduced H2S generation impacts specific
biological functions, the development of H2S releasing
compounds (H2S donors) has provided a complementary set
of tools to determine responses to elevated H2S levels, or
replacement/rescue of H2S levels in deficient systems.36−38

Importantly, many classes of H2S donors provide a slow release
of H2S, which better matches endogenous H2S production,
rather than a single bolus of H2S release from sulfide salts like
NaSH or Na2S, which often provide a toxicological rather than
pharmacological profile. Complementing these tools for H2S
modulation, new approaches for H2S detection and quantifi-
cation have been integral to understanding endogenous H2S
regulation in different systems, disease states, and responses to
various stimuli. Despite the importance of H2S measurement in
biological contexts, the dynamic environment and low levels of
H2S present in complex biological media has made H2S
detection, measurement, and quantification particularly
challenging. In many ways, the expansion of H2S as an
important biomolecule has necessitated the need for new
approaches for H2S measurement in complex environments,
leading to new platforms for both qualitative and quantitative
investigation into H2S and adjacent RSS pools.

■ BASIC PROPERTIES OF H2S AND INTERACTIONS
WITH ADJACENT RSS POOLS

H2S is a weak acid, with pKa(1) = 7.0 for the equilibrium H2S
⇌ HS− + H+ and pKa(2) > 14 for the equilibrium HS− ⇌ S2−

+ H+. These pKa values mean that, at physiological pH, about
80% of H2S is speciated as hydrosulfide (HS−) with the
remainder being the diprotic H2S form. Dianionic S2− was
previously considered to be part of this speciation at <1%;
however, recent studies have shown that S2− is not present in
aqueous solutions.39 In general, we will use the term “H2S” to
encompass the H2S + HS− speciation found in aqueous
samples, unless a specific protonation state is required for
clarity. The ability of H2S to readily access two distinct
protonation states provides unique reactivity not available to
NO or CO. For example, diprotic H2S is more lipophilic,
which likely facilitates membrane permeability and trans-
location across hydrophobic environments. In contrast, HS− is
more hydrophilic, which facilitates diffusion in aqueous
environments, and is also a potent nucleophile, which enables
reactions with other electrophilic RSS. These physicochemical
properties of H2S contribute to its fundamental reactivity in

biology and also provide the foundation for chemical methods
for detection and quantification.

Although the primary focus of this Perspective is on H2S
measurement, a basic understanding of adjacent RSS pools is
also important for appreciating the complexity and potential
pitfalls of different analytical approaches (Figure 3). In general,

sulfur oxidation states in biological RSS range from −2 to +6,
which highlights the complexity of the RSS redox land-
scape.40−42 The sulfur atoms in H2S, thiols, and iron−sulfur
clusters are the most reduced forms of sulfur and have
oxidation states of −2, whereas the sulfur atom in SO4

2− has an
oxidation state of +6. Interspersed between these end points
are other important RSS, including species that comprise the
redox labile or sulfane sulfur pool. These pools typically
contain partially oxidized sulfur in the −1 or 0 oxidation state,
which can readily be reduced to H2S by biological reductants.
Common examples of such species include organic polysulfides
(RS(S)nSR), inorganic polysulfides (HS(S)nSH), and persul-
fides (RSSH). These partially oxidized sources of sulfur not
only offer an important storage pool for redox labile sulfide,
but also comprise an important component of RSS signaling
and action.43 As a simple example, protein persulfidation, in
which a cysteine residue undergoes an oxidative post-
translational modification to form cysteine persulfide, is now
recognized as an important pathway associated with H2S
signaling and modification of enzyme activity.43−45 Moreover,
the RSS pool also plays an important role in redox buffering
and stress response mechanisms. Readers interested in the
intricacies of these biological sulfur pools are referred to a
number of contemporary reviews,40,43,46−50 and our intent is to
focus on H2S measurement as one piece of this greater puzzle.

■ COMMON METHODS FOR DETECTION AND
QUANTIFICATION

A wide array of tools for H2S measurement are available, and
while this abundance is useful, it also poses the challenge of
matching the method with the measurement need. At the most
basic level, the sample types, specific environments, exper-
imental requirements, and concentration ranges all contribute
to the selection of a specific H2S measurement method. Some
of the most common approaches for H2S detection and
measurement relevant to chemical biology are listed in Table 1,
each of which is described in more detail later in this
Perspective.

Figure 3. Schematic summary of the different RSS pools.
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Perhaps the most common H2S detection method, at least
from the number of publications within the past decade, is
activity-based fluorescent probes. These probes translate a
H2S-specific chemical reaction, often utilizing its nucleo-
philic,51,52 reductive,53,54 or metallophilic55,56 nature to
generate a fluorescent response from a specifically designed
fluorogenic system. This approach is not limited to fluorescent
reporters and has also been used to develop colorimetric,
chemiluminescent, photoacoustic, and other types of reporting
mechanisms. Different approaches that covalently trap the
sulfur atom from H2S in a specific product, such as in the
methylene blue (MB) or monobromobimane (mBB) trapping
methods, are also available. The MB assay relies on a H2S-
specific reaction to generate the final MB dye, which can be
measured and quantified by UV−vis spectroscopy. By contrast,
the mBB method labels all sulfhydryl nucleophiles and relies
on high-performance liquid chromatography (HPLC) analysis
to provide accurate quantification of the fluorescent product
derived from H2S. Using different chemistry, a common
approach for quantification, particularly with high temporal
resolution, is the use of amperometric H2S sensitive electrodes.
These electrodes function by coupling H2S oxidation within
the electrode to quantifiable signal at the working electrode.57

Each of the methods for H2S detection and quantification
outlined above is discussed in greater detail in this Perspective.

One challenge in H2S detection and measurement is that
there is not a single “gold standard” method that applies
broadly across sample types or disciplines. For example, the
simple detection of H2S in the headspace of an experiment can
be accomplished using colorimetric test strips, whereas
observing H2S generation in response to a specific stimulus
in live cells or tissues may require specialized fluorescent
probes. By contrast, measuring different basal H2S levels and
labile pools of H2S in specific tissues requires complex trapping
and analytical protocols, whereas the measurement of
quantitative rate data may require H2S-responsive electrodes.
Our discussion below will focus on detection approaches using
fluorescent probes and also quantification approaches, such as
the MB assay, mBB method, and H2S-responsive electrodes.
We will highlight the development of these methods and how
they have impacted the field with the goal of providing benefits

and pitfalls of each method and also highlighting further
needed advances in the field.

■ DETECTION APPROACHES
A common approach for H2S detection is the use of activity-
based fluorescent probes, many of which can be easily prepared
or purchased from commercial suppliers. When used in
combination with fluorescence microscopy, such probes enable
H2S detection in complex environments, including live cell or
tissue culture experiments, with a high spatiotemporal
resolution. In general, these probes function by using H2S to
remove a protecting group on the chromophore and generate a
fluorescent response upon reaction with the analyte. The
selectivity of such probes for H2S over other analytes is
intrinsically tied to the fundamental H2S-selective chemistry
from which each probe is designed and also to the types and
concentrations of potentially competing analytes. In addition,
different probes have varying response rates and respond
differently to specific interferants. Ideally, such probes will have
high selectivity for H2S over other thiols, such as Cys or GSH,
which are generally found in much higher concentrations (up
to 5−10 mM for GSH) than H2S. Careful selectivity
investigations for H2S over other RSS, particularly polysulfides
and persulfides, have not been investigated in detail across the
different classes of activity-based probes and would be a useful
addition to the field. In addition, because activity-based
fluorescent probes react irreversibly with H2S, they function
as chemodosimeters for accumulated signal rather than real-
time reversible sensors for analyte fluxes. Although chemical
approaches to develop cyclable and analyte-replacement
fluorescent probes for H2S have been reported, these have
not yet produced reversible responses in biologically relevant
complex environments.44,58−61 A recent and innovative
application in this area is reversible binding and fluorescent
response using a recombinant hemoglobin I system from the
clam Lucina pectinata, although this approach has not yet been
used broadly.59 In general, turn-on fluorescent probes are
useful for visualizing low concentrations of analytes, partic-
ularly in response to specific stimuli, but also have limitations
for quantification in complex environments due to inherent
assumptions of probe loading and homogeneity, as well as
difficulties in directly assessing potential interferent concen-

Table 1. General Summaries of H2S Measurement Approaches Using Fluorescent Probes, Methylene Blue,
Monobromobimane, and Electrode Approaches

method detection limit sample types benefits limitations

fluorescent probes probe dependent aqueous media tunable emission wavelengths selectivity, rate dependent on sensing chemistry
biological fluids compatible with live cells and tissues signal accumulation measurements
cell and tissue culture subcellular targeting difficult for quantification
in vivo applications different detection methods available not reversible

methylene blue (MB) ∼2 μM aqueous media simple, high-throughput method limited detection range
biological fluids low-cost reagents and instrumentation extracts acid-labile sulfide
cell lysates adaptable to different applications potential bleaching by ros

relatively short analysis time does not provide real-time measurement
monobromobimane (mBB) ∼2 nM aqueous media high sensitivity strict sample preparation and storage needs

biological fluids separation of labile sulfide pools expensive reagents
cell lysates stable trapped sulfide product does not provide real-time measurement

use with complex biological samples time required for sample analysis
electrode 5−300 nM aqueous media real-time measurement frequent calibration required

biological fluids reversible responses sensitive to solution components
cell lysates simple experimental setup reproducibility across devices

high sensitivity electrode lifetime
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trations. Some of these limitations can be overcome, however,
by the use of ratiometric probes. Such probes provide
fluorescent signals at different wavelengths both prior to and
after reaction with the analyte, which allow for both cellular
uptake and reaction with an analyte to be observed directly.
These characteristics address some of the challenges with
different probe loadings and homogeneities within a sample for
turn-on-based probes, although care must be taken to not
exceed the dynamic range of a ratiometric system to facilitate
accurate measurement.

The development of activity-based fluorescent probes for
H2S has expanded tremendously in the past decade and now
encompasses a diverse palette of approaches and probes that
respond to H2S in different environments. Our goal is not to
cover this area comprehensively but rather to highlight key
advances and approaches as they relate to H2S detection and
measurement. We refer those interested in recent H2S activity-
based probe design to a number of excellent reviews on the
topic.62−64 In general, most fluorescent- and colorimetric-
activity-based probes for H2S can be grouped into those based
on H2S-mediated reduction, addition to electrophiles, and
metal precipitation (Figure 4).

One of the most common approaches for H2S fluorescent
probe development is the use of H2S-mediated reduction of
aryl azides to amines to generate a fluorescence re-
sponse.53,54,65,66 A major benefit of this approach is that
azide-based scaffolds are generally compatible with biological
systems and can be easily prepared from the parent amine-
based fluorophores. This synthetic ease of incorporation and
high biological compatibility are evident from the breadth of
papers reporting azide-based probes. This general design
simplicity has allowed for a broad palette of probe colors,
including near IR (NIR) dyes,65,67−69 targeted probes for
subcellular organelles,70−73 and combined approaches with
other analytes to generate dual-responsive probes.71,74 In
addition, azide based probes are generally selective for H2S
over other sulfhydryl containing nucleophiles, although dithiol

reductants like dithiothreitol (DTT) or phosphine-based
reductants like tris(2-carboxyethyl)phosphine (TCEP) result
in rapid azide reduction. Despite the breadth of azide-based
probes, specific limitations should be taken into account. For
example, many aryl azides are inherently photosensitive and
can be photoreduced to the parent amine.75 Such consid-
erations are particularly important for fluorescent imaging
experiments in which high intensity excitation light is used,
which makes control experiments particularly important for
understanding the potential magnitude of photoactivation
under the experimental conditions. Similarly, aryl azides can be
reduced by certain reductases, which may contribute to
background signal in certain contexts.76 The mechanism of
H2S-mediated azide reduction requires two equivalents of H2S,
proceeds by the initial attack of HS− on the azide, and results
in polysulfide formation.77 In general, the rates of H2S-
mediated azide reduction are relatively slow (typically
requiring up to an hour for full probe activation at reasonable
fluorophore and H2S concentrations), although sometimes
these rates appear faster in the literature due to the use of high
probe and H2S concentrations or by the use of organic
cosolvents.

The high nucleophilic character of HS− has also been used
to develop different types of electrophilic probes for H2S.
Common approaches within this class include SNAr cleavage of
electron poor aromatics, disulfide exchange reactions, additions
to break conjugation, tandem Michael additions, and
nucleophilic addition to conjugated systems.51,52,61,78−86

Selected examples of these approaches are listed in Figure 4.
In general, most of these probes function by H2S-mediated
cleavage of an electrophilic quenching group, which results in a
turn-on response. SNAr cleavage approaches include common
2,4-dinitrophenyl (2,4-DNP) ether and sulfonyl ester mo-
tifs,80−82 which react more quickly with the highly nucleophilic
HS− than competing thiols, and also nitrobenzofurazan (NBD)
motifs that have been optimized for selectivity for H2S over
thiols.83−86 A variety of probes based on these electrophilic
protecting groups have been developed across a wide array
emission wavelengths,87,88 and also with subcellular targeting
motifs.81,89,90 One approach to improve the selectivity of
electrophilic probes for H2S over competing thiols has been
the development of probes with two electrophilic sites.51,78,79

Such probes, which often rely on disulfide exchange and
tandem Michael addition, provide a high selectivity for H2S
over competing thiols because H2S can participate in two
sequential nucleophilic attacks, whereas Cys or GSH cannot.
One limitation of this approach is that even though the
response is selective for H2S over thiols, other thiols can still
react with and consume the probe, meaning that higher
concentrations of probe may be needed to overcome basal
thiol concentrations, which has an impact on overall cellular
thiol levels.

In addition to using the nucleophilic character of H2S to
generate an optical response, different probes have also been
developed that leverage the metallophilicity of H2S to remove a
coordinated metal from a sensor. The most common approach
in this class of probes has been to use a metal chelator to bind
Cu2+, which results in fluorescence quenching of the
fluorophore.55 Upon treatment with H2S, the Cu2+ is removed
from the chelator to form CuS and the fluorescence of the
system is restored. The use of Cu2+ precipitation is the most
common approach in this class of compounds due to the
additional paramagnetic quenching from Cu2+, although other

Figure 4. General scheme for the primary approaches for activity-
based probes for H2S detection.
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metal ions have also been used. A variety of H2S probes based
on Cu2+ precipitation have been reported, including probes
that function in the NIR, probes with ligated peptides, and
probes coupled to lanthanide luminescence chromo-
phores.91−94 Sulfide coordination to metals is also an emerging
area in fluorescent probe development although this approach
is less prevalent than metal precipitation.95,96 One advantage of
the metal precipitation approach is that the response time is
significantly faster than that of the reduction or electrophile
based approaches. For example, in the initial report of a
fluorophore with pendant Cu2+-cyclen complex, addition of
NaSH resulted in an almost instant fluorescence response.55 In
addition, the selectivity for H2S over other species is often high
based on the low solubility of metal sulfides. One of the
limitations of this approach is that each of the metal-binding
ligands has a specific Ka for different metal ions, meaning that
the amount of metal ions bound will depend on the probe
concentration. In addition, adding metal ions, even if tightly
bound, may have unintended impacts in cellular environments
based on the role of different metal ions in different biological
pathways. For redox active metals, it is also possible that metal
redox state could be modified by cellular reductants or that
exchange with labile pools of other metals, such as Zn2+ could
occur and modify the fluorescence response.55,97,98

■ QUANTIFICATION APPROACHES
Complementing activity-based probes for H2S detection that
primarily provide qualitative measurement data when used in
complex environments, a variety of quantitative trapping
methods for H2S have also been developed. The goal of
these tools is to provide a robust method for accurately
measuring the H2S present within a complex sample. Although
our goal is to highlight the use of these approaches on
biological samples, many of the same examples and approaches
can be applied in environmental, food, and beverage samples.
In general, our focus in this section will be on quantification
approaches within biological samples that rely on direct H2S
trapping, followed by analytical measurement. Some of these
approaches share fundamental principles similar to those of
activity-based probes, but a common difference is that most
chemical methods for quantification sequester the sulfur atom
from H2S into a chromogenic product, which can be quantified
when measured against a calibration curve. In this section, we
focus on two commonly used chemical methods for H2S
trapping and quantification as well as one electrochemical
method.
Methylene Blue Assay

The methylene blue (MB) assay is the most commonly used
method for H2S measurement in chemical biology, in part due
to its ease of use and low instrumentation requirements for
sample analysis. Using a modified method that was first
reported in the 1940s,99 the MB assay relies on the reaction of
p-dimethylamino aniline with sulfide under acidic conditions in
the presence of a FeCl3 catalyst to form the MB dye (Figure
5). Because this method effectively traps the S atom from the
sulfide in the MB product, the MB absorbance at the end of
the assay is directly proportional to the amount of sulfide
trapped by this method. The MB dye has a high extinction
coefficient (λmax = 664 nm, ε = 95,000 M−1 cm−1 in water) in
an absorbance window that is typically devoid of absorbances
from other biological components in solution. One benefit of
this method is that it can be used in many types of

environments ranging from environmental water samples to
H2S donor experiments to cell lysates or other biological
media. The MB method can be used to measure H2S levels at
different time points from a sample that is generating H2S, or
by measuring the total sulfide within a specific sample.

Although the MB method is effective for trapping and
measuring sulfide, one drawback of comparing MB data from
different reports is that slight modifications used in the general
procedure, such as aerobic versus anaerobic incubation, overall
incubation time, or sample volume size, can impact overall
measurements (vide inf ra). In theory, proper calibration curves
under the exact experimental conditions used for the target
measurement can abate these differences, but in many cases
sufficient experimental details are not provided to discern small
differences in MB method procedures. In brief, the MB assay is
typically performed by removing aliquots from a H2S-
containing sample and introducing them into cuvettes or a
96-well plate containing a “MB cocktail” solution. In our
hands, when analyzing 500 μL sample aliquots we use an equal
volume of the “MB cocktail” solution, which is prepared by
combining 200 μL of 30 mM FeCl3 in 1.2 M HCl, 200 μL of
20 mM N,N-dimethyl-p-phenylenediamine salt in 7.2 M HCl,
and 100 μL of 1% Zn(OAc)2 in water. In general, if differently
sized aliquots are used, we recommend using an equal volume
of the MB cocktail while keeping the 2:2:1 ratio of the three
solution components. After incubation of the MB reaction for
1 h at room temperature while protected from ambient light,
the absorbance of the sample is measured by UV−vis
spectroscopy, and the H2S concentration is calculated by
comparison of the absorbance at 670 nm with a calibration
curve generated from NaSH or Na2S run in parallel under
identical experimental conditions. Depending on the sample
size, this method is applicable to individual cuvette measure-
ments or higher-throughput 96-well plates, although appro-
priate control experiments should be performed to confirm
that H2S volatilization between adjacent wells is not occurring.

An additional benefit of the MB method is its simplicity.
Both UV−vis and plate reader instruments are relatively
common in analytical or research environments; the required
reagents are inexpensive, and the MB cocktail solutions can be
stored in an amber bottle protected from light for future use.
Despite this simplicity, there are also a number of drawbacks to
the MB assay. One key limitation is the relatively modest
detection limit of 2 μM,100 which is above the generally
accepted mid-nM levels of free H2S in most biological systems.
For example, measurements of plasma H2S levels in mice
showed that the MB assay is insufficient to differentiate
between H2S levels in wildtype and CSE−/− mice.100,101

Figure 5. Schematic of the methylene blue method for H2S
quantification.
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Despite this limitation, the MB assay has been used broadly to
detect and quantify H2S in biological samples. Significant
caution should be used, however, when interpreting results of
H2S quantification near (or below) the limits of the method,
but in general, this method can be useful in measuring
differences between samples or accumulation over time. The
relatively limited working absorbance range of UV−vis and
plate reader spectrophotometers also provides a practical
concentration range window that may require sample dilution,
depending on the application. A second challenge with using
the MB assay in biological applications is that the acidic
conditions required for MB formation release sulfide from
acid-labile sources, such as iron−sulfur clusters, which may
lead to an overestimation of H2S levels. The MB chromophore
also has inherent limitations. For example, the primary
absorbance used to quantify MB in solution corresponds to
the MB dye (MB+), but other species are also present in
solution, including the protonated monomer (MB2+), dimer
((MB+)2), and trimer ((MB+)3), which can complicate analysis
and highlight both the need for pH control and also a narrow
concentration range for accurate quantification.102 In addition,
MB can also be reduced by reductants like NADPH to form
colorless leucomethylene blue or decomposed by oxidants like
H2O2, both of which can have deleterious impacts on H2S
measurements using the MB method.103

Monobromobimane Method
A significant advance in H2S quantification, particularly for
biological samples, was the development of H2S trapping
methods that allowed for measurement by fluorescence rather
than absorbance, which significantly improved the detection
limit. By adapting common methods for thiol labeling,
researchers developed the monobromobimane (mBB) method
for sulfide quantification (Figure 6a).100,104 Much like the MB

method, the mBB method traps the S atom from H2S in a
stable, quantifiable product. Specifically, the mBB method uses
an excess of mBB at a basic pH (9.5) to trap H2S as the
fluorescent sulfide dibimane (SdB) product. The resultant SdB
product can then be quantified by HPLC against an SdB
standard, reaching a low detection limit of 2 nM. Importantly,
the HPLC analysis step is required, because the mBB also

labels other thiols, such as Cys or GSH, to form fluorescent
products.

One important aspect of the mBB method is that workflows
have been developed to allow for separation and quantification
of free, acid-labile, and reductant-labile sulfide pools from the
sample, which provides a significant advance over the MB
method (Figure 6b). Detailed procedures for analytical
separation of these pools have been published previously and
we refer the reader to detailed methods on this approach.101

Summarizing this approach briefly, free H2S can be measured
by adding the sample (30 μL) into an amber vial containing
100 mM Tris-HCl buffer (70 μL, pH 9.5, 0.1 mM DTPA),
followed by the addition of excess mBB (50 μL, 10 mM in
MeCN). After incubating for 30 min, the reaction is quenched
with 5-sulfosalicylic acid (50 μL, 200 mM) to acidify the
solution, stop the labeling reaction, and to precipitate any
remaining soluble proteins. Subsequent HPLC analysis and
comparison against a calibration curve with a SdB standard (λex
= 390 nm, λem = 475 nm) allows for H2S quantification.
Because this method is run at basic pH during the labeling
step, acid-labile sulfide is not released or quantified by this
method.

To measure the acid-labile sulfide directly, the above
procedure is modified to first incubate the sample in acidic
phosphate buffer (100 mM, pH 2.6, 0.1 mM DTPA) in a
sealed vial to both release any acid-labile H2S and also to
volatilize all of the H2S to the headspace. The remaining
solution is then removed by syringe, and pH 9.5 buffer is
added followed by mBB to trap the H2S as SdB. HPLC analysis
of the SdB product provides the total acid-released sulfide,
which is the sum of the free and acid-labile H2S concentrations.
The acid-labile component can be calculated by measuring the
acid-released sulfide (acid-labile + free H2S; red path in Figure
6b) and subtracting the free H2S (black path in Figure 6b) .
Similarly, the reductant-labile sulfide can be quantified by
measuring the total sulfide (acid-labile + reductant-labile + free
H2S; blue path in Figure 6b) and subtracting the acid-released
sulfide (acid-labile + free H2S, red path in Figure 6b). To
measure the total sulfide, the same procedure is followed for
measuring acid-labile sulfide, but in the first incubation step at
pH 2.6, 1 mM TCEP is added to fully reduce any sulfane sulfur
species to H2S. To accurately separate and measure these three
pools, careful attention to sample preparation and storage is
needed. Changes in light exposure, pH, and degassed buffer
can cause inconsistencies in results.105 Moreover, the presence
of trace metals can also impact the results, which can be abated
by the storage of samples with diethylenetriaminepentaacetic
acid (DTPA) to chelate any free metals.

As highlighted above, a key advance of the mBB approach is
both the separation of different sulfide pools and also the low 2
nM detection limit, which has made the mBB method useful
for the measurement of H2S in biomedical samples. In
addition, this method allows for investigation where sulfide is
distributed between different sulfur pools in different sample
populations or disease states.106−108 Highlighting a direct
comparison with the MB method, the mBB method is
sufficiently sensitive for direct measurement, quantification,
and differentiation between H2S levels in plasma of wildtype
and CSE−/− mice.100,101 The usefulness of the mBB method is
reflected in the breadth of applications and complex samples,
including blood/plasma, cell and tissue lysates, and other
biological materials.

Figure 6. (a) General schematic for the reaction of mBB to form SdB
in the presence of H2S. (b) Summary of the workflow for the mBB
method for H2S quantification including the general approach for
separating sulfide sources from the acid- and reductant-labile sulfur
pools.
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The reagents in the mBB method are significantly more
sensitive than those in the MB assay and can be degraded by
both light and radical processes. These details significantly
increase the sample storage complexity, particularly when
sample storage is required prior to measurement. In addition, a
sufficient excess of mBB is required to not only increase the
rate of SdB formation but also to label any other reactive thiol
groups that may be present in solution. When comparing the
mBB method to methods such as the MB assay, the mBB
method is significantly more cost and infrastructure intensive.
The mBB trapping agent is significantly more expensive
(∼$3,500/g from Cayman Chemicals) than the N,N-dimethyl-
p-phenylenediamine dihydrochloride (∼$6/g from Aldrich)
used in the MB assay, making sample size a key consideration
when comparing these assays. In addition, HPLC instruments
with fluorescence detectors are typically more expensive and
more specialized than UV−vis instruments or plate readers and
also often require significant method optimization for suitable
peak separation and analytical measurements.

Sample preparation and sample uniformity are also
important considerations for this method, and small deviations
can cause large changes in the measured H2S levels. For
example, changing the pH of the mBB labeling reaction from
of 9.5 to 8.0 significantly decreases the rate and amount of SdB
product formation.109 Additionally, common reagents such as
2-mercaptoethanol and N-ethylmaleimide cannot be present in
the sample because they disrupt the SdB forming reac-
tion.100,101 Similarly, mBB solutions, both prior to analysis and
during analysis, need to be protected from light to avoid
unwanted photodebromination to form bimane and also must
be protected from free metal ions, particularly iron, to prevent
radical decomposition of mBB. These and other considerations
have been investigated in detail in recently published work.105

H2S-Sensitive Electrodes

Unlike the earlier examples that couple an H2S reaction to
different chromophores, H2S-sensitive electrodes couple the
oxidation of H2S at an electrode with a quantifiable output
signal. Importantly, this approach allows for both quantifica-
tion and real-time measurements. Such real-time feedback is
not possible with the MB and mBB methods, both of which
require incubation times before analysis. Because of these
characteristics, H2S-sensitive electrodes provide additional
temporal information that is otherwise unavailable for most
activity-based labeling techniques. Commercial H2S electrodes
are available from multiple vendors and typically function
through proprietary components or designs, although the same
general principles apply for detection. In the general electrode
design, H2S passes through a silicone membrane surrounding
the electrode into a basic solution inside to electrode to form
HS−. This membrane provides initial selectivity for H2S and
also leverages the differential permeability of H2S and HS−.
The HS− trapped within the electrode is then oxidized by
[Fe(CN)6]3− to form [Fe(CN)6]4−, and the reoxidation of
[Fe(CN)6]4− at the working electrode generates a response
signal that corresponds directly to HS− concentration, which
can be quantified by comparison to an appropriate calibration
curve. H2S electrodes are an attractive option for H2S
measurement because they allow for real-time feedback, with
both H2S increases and decreases being readily measurable.
Under optimized conditions, commercial electrodes report
detection limits as low as 5−300 nM. Unlike the MB or mBB
quantification methods, H2S-responsive electrodes allow for

almost immediate, real-time responses to H2S in solution,
making this approach convenient for measuring fast changes or
responses to specific stimuli. As mentioned above, the signal
reversibility of H2S electrodes provides an additional advantage
over the MB, mBB, or fluorescent probe methods and enables
the measurement in dynamic systems.

An additional benefit of electrode measurements is that the
experimental setup is relatively simple. Because the electrode
reports on real-time concentrations, the measurement vial
should be closed to outside air both to avoid H2S oxidation
and also to limit H2S volatilization and release. This is usually
accomplished by using a septum seal with holes for the
electrode, grounding wire, and any needed additions by
syringe. In our hands, electrode measurements are sensitive to
changes in light and temperature, as well as nearby vibrations,
which should all be minimized during the course of an
experiment. For all electrode measurements, the electrode
needs to equilibrate in the measurement solution before
aliquots of the H2S-containing sample are added. In addition,
solution homogeneity is important, and efficient stirring with a
crossed stir bar can help to maintain rapid mixing. Individual
injections of the H2S containing sample generate an electrode
response, which can be quantified against an H2S calibration
curve obtained under identical experimental conditions. In our
experience, new calibration curves should be collected on the
same day as a quantification experiment to minimize possible
external factors influencing the signal readout.

Despite the general ease of use and reversible signal, H2S
electrodes also have several drawbacks that may limit their
utility in different contexts. For example, most electrodes have
minimal tolerance to organic solvents, which may not be a
problem for biological samples but may limit their utility for
measuring H2S release from synthetic compounds with limited
water solubility. In addition, electrode sensitivity typically
decreases during the electrode lifetime, which may provide
complications if measurements are needed near the lower
detection limit of the electrode. Much like the MB and mBB
methods, H2S electrodes also require calibration prior to use
against NaSH or Na2S standards, which is required frequently
due to electrode drift and high electrode sensitivity to
components in the solution or pH (vide inf ra). Additionally,
H2S electrodes have a finite lifetime, which in our experience
has been ∼1 year, requiring fairly frequent replacement, which
can be challenging for longer studies. We have also observed
significant variance in electrode performance between electro-
des, even from the same manufacturer, which also highlights
the importance of frequent calibrations.
Additional Methods

In addition to the above methods described in detail, a number
of other approaches have been commonly used to detect or
monitor H2S in complex systems and can be particularly useful
in different contexts. For example, lead acetate (Pb(OAc)2)
test strips provide one of the simplest methods of H2S
detection and are frequently used for H2S detection in water
samples and in the headspace of bacterial cultures. In such
systems, test strips impregnated with Pb(OAc)2 react with
H2S, which results in the conversion of colorless Pb(OAc)2 to
black lead sulfide (PbS). Benefits of this method include the
broad availability of Pb(OAc)2 strips, the low cost of this
method, and low infrastructure requirements for measure-
ment.110,111 In some cases, the general range of H2S
concentrations (typically in ppm in water) can be estimated
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based on the color level of the test strip after a specific amount
of test time. Related methods have also been used to measure
H2S generation in bacterial cultures.112 This approach has also
been modified for H2S detection in air by using Pb(OAc)2
cassettes, which can be used to monitor H2S in different
industrial environments. In general, this method has been
primarily used in environmental testing and bacterial cultures,
with few applications in more complex eukaryotic systems.

Sulfide levels can also be measured directly by UV
spectrophotometry from the absorbance of HS− from 214−
300 nm with a detection limit of ∼0.6 μM.113 This method
typically requires spectral deconvolution to remove other
absorbances from competing species with known absorbance
profiles and subsequent fitting of the data to calculate H2S/
HS− concentrations. This method may also have interference
from other anions or oxidized sulfur species. In general, this
method is best suited at basic pH ranges of 8−9 and for natural
water samples rather than samples with high levels of organic
materials.

Chromatography methods have also been used for H2S
detection and quantification in complex matrices. In particular,
gas chromatography (GC) with sulfur selective detectors has
been useful for accurate quantification of low levels of H2S as
well as other sulfur species. Such detectors include flame
photometric detectors (FPD),114 pulsed-flame photometric
detectors (PFPD),115 and sulfur chemiluminescent detectors
(SCD),116 each of which provides greater sensitivity to sulfur
containing molecules than more standard thermal conductivity
detectors (TCD) or flame ionization detectors (FID). In
general, these methods measure H2S levels in the headspace of
a sample, which requires information about the pH-dependent
speciation and partitioning of H2S between the liquid and gas
phases of the sample. One benefit of GC measurement is that
it also allows for simultaneous detection and potential
quantification of other volatile sulfur-containing gases in the
sample, which has been demonstrated previously in various
sample types, including environmental, food, and enzyme-
derived systems.117−120

Additionally, chromatographic H2S measurement has been
used in tandem with electrophilic labeling approaches to detect
and quantify H2S and low molecular weight polysulfides using
mass spectrometry (MS). In these approaches, H2S and other
sulfhydryl containing species are labeled with an electrophile
prior to analysis by liquid or gas chromatographic separation
followed by MS measurement. Some labeling agents include
mBB,121 ethyl iodoacetate,122 N-ethylmaleimide,123 and NBD
ethers.124 This approach is also compatible with tandem MS/
MS experiments and the use of stable isotope labeled internal
standards, which further enhance the analytical value of this
approach. In general, the use of chromatography in parallel
with tandem MS/MS is attractive due to its low nM detection
limits, application to various biological thiols, and use in
biological media. In addition, chromatographic approaches for
sulfide detection using flow gas dialysis coupled with
electrochemical quantification by ion chromatography have
been reported.125,126 This method reports good recovery of
sample (95−99%) and has been used to measure post-mortem
sulfide levels in rat and human brain tissue, although the
required gas dialysis pretreatment step increases the complex-
ity of this approach.

■ ANALYTICAL COMPLEXITY AND SENSITIVITY
One theme hidden in many methods for H2S measurement is
the trade-off between the analytical “cost” and the specificity of
the method (Figure 7). For example, methods such as the MB

assay have lower infrastructure requirements and can be easily
performed in most laboratory environments using inexpensive
reagents and common instrumentation. On the other hand,
GC or HPLC methods are more sensitive with lower detection
limits but require more complex and expensive technology. In
general, one singular method is not “perfect”, and the choice of
approach should depend not only on experimental availability,
but also and more importantly on the specific application in
question.

■ REPRODUCIBILITY
The methods described above have been used in thousands of
studies to detect, measure, and/or quantify H2S. Despite this
breadth of usage, a clear growth opportunity for the field is
interlab and interfield reproducibility, which requires a critical
eye to the outcomes of measurements. A simple example of
these challenges can be found in early literature from the
biomedical H2S literature that claimed H2S levels of 20−50
μM H2S levels in blood or plasma.127 Although these data were
supported by analytical measurements at the time, they were
also highly illogical because the H2S detection limit of the
human nose is ∼1 μM. More broadly, better stewardship of
analytical procedures and experimental details is needed for the
field to communicate and work together more cohesively. As
analytical approaches change and evolve, knowing precisely
how prior work was carried out is crucial for interpreting past
results. Based on these needs, our goal here is to highlight a
few relatively simple steps that researchers can use to better
provide the context in which H2S measurements were made,
allow for better interpretations of the results, and improve
reproducibility throughout the field.

A simple first step is better standardization of analytical
procedures, including how concentration units are reported.
Based on the breadth and diversity of experimental require-
ments for H2S measurement in different systems, it is
impossible to have a single uniform method that meets all
needs. Because slight modifications to standard methods are
common and often necessary in different systems, we strongly
advocate that researchers should provide the experimental
details of how H2S measurements were performed (including
required sample dilution, quantified protein levels, storage
times, etc.) rather than referring to methods in prior published
work without providing additional details that are specific to
current investigation. In addition, we strongly encourage
researchers to include a representative H2S calibration curve
in the Supporting Information when H2S quantification is
reported within a manuscript.

Figure 7. Overview of the trade-off between sensitivity and
experimental complexity for common approaches for H2S measure-
ment.
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Adding to the above general challenges related to data and
experimental stewardship, significant challenges in H2S
measurement are tied to its fundamental properties. H2S is
volatile and readily oxidized and also participates in broad
chemistry, often resulting in irreversible chemistry that
consumes or functionalizes this reactive molecule. Based on
these sensitivities, buffers and analysis stock solutions should
be degassed to remove oxygen, and care should be taken to not
introduce dissolved metal ions prior to incubation with H2S-
containing samples to prevent unanticipated H2S oxidation.
These challenges may not be fully appreciated or adequately
accounted for by researchers who are first entering the field,
especially based on the large disparity of H2S concentrations
reported in the literature in various contexts. In the last section
of this Perspective, our goal is to provide selected examples of
how seemingly small changes in an analytical procedure can
significantly impact outcomes. This is by no means a
comprehensive or exhaustive list but rather is meant to
illustrate how seemingly innocuous changes can significantly
impact reproducibility.

In the previous sections, we highlighted the importance of
measuring and providing H2S calibration curves for each of the
analytical methods to help improve interfield reproducibility.
With a similar goal in mind, we used an H2S-sensitive electrode
as an illustrative example to highlight the importance of
measuring the calibration curve under the exact experimental
conditions being used for analysis. In our hands, H2S
electrodes are often more sensitive to different solution
components than other measurement approaches; therefore,
the magnitude of these differences may scale differently across
various analytical techniques. In the first example, we measured
the H2S calibration curves at different pH values. Based on the
detection chemistry of H2S responsive electrodes, namely that
H2S is the species that crosses the electrode membrane, the pH
of solution impacts the speciation of H2S versus HS−, meaning
that at more acidic pH values more H2S is quantified (Figure
8a).57 Highlighting the impact of pH, even the smaller change

from a pH of 7.0 to 7.4 results in a 2-fold change in the slope
of the H2S calibration curve. These data highlight the need to
not only know the pH of a solution being investigated, but also
to accurately replicate this pH when obtaining the calibration
data. Although large changes in pH between samples are
generally unlikely, changes in other components are much
more common. For example, enzymes, amino acids, thiols, or
organic solvents may all be present at different levels

depending on the experiment being performed. Importantly,
the presence of such species also can have significant impacts
on H2S-sensitive electrode calibration curve data. As an
example of this influence, we demonstrate that even the
presence of glutathione (GSH) at levels that would commonly
be found in different biological samples significantly affects the
slope of electrode calibration curves (Figure 8b).

One common component of most analytical methods for
H2S measurement requires either removing sample aliquots
during time course experiments or diluting samples to match
the concentration range of the analytical technique being used.
Unlike many analytes that are targeted in chemical biology,
H2S is a gas, which means that the partitioning between the
liquid and gas phases is impacted by the amount of headspace
in a sample vial. Therefore, changes in the sample headspace
can also change H2S concentrations in solution. A practical
example of this problem is observed when changes in measured
H2S levels occur due to headspace alteration in the experiment.
To demonstrate this challenge in the MB method, Figure 9

shows how increasing the headspace volume decreases the
amount of H2S quantified in solution due to re-equilibration
between the solution and the headspace. In this example,
varying amounts of an identical H2S solution were added to
three 20 mL vials so that each vial had 0 (A), 10 (B), or 15 (C)
mL of headspace and equal H2S concentrations. After
incubation for 15 min to allow for equilibration between the
solution and the headspace, an aliquot of the solution was
removed and analyzed using the MB assay. As shown in Figure
9, this change in headspace results in significant differences of
measured H2S in each solution sample with less than half of
the initial H2S concentration (A) measured in the vial with the
largest headspace (C). Taken together, this simple experiment
shows the importance of minimizing changes in headspace
during H2S analyses.

■ OUTLOOK AND NEEDED ADVANCES
In many ways, the sheer number of published reports on H2S
detection provides an erroneous view that H2S measurement in
biological samples is a “solved problem,” and many
opportunities exist to significantly advance the measurement
science of this complex analyte. The past decade has seen a
rapid evolution of tool and method development that has had
major impacts in understanding the biological roles of H2S,
including significantly refining the accepted endogenous levels
of H2S and related RSS. The quest by many researchers to
develop new tools for H2S detection has also advanced the
fundamental chemistry of H2S reactivity, which in some cases
has translated directly to an increased understanding of the
biological reaction chemistry of H2S and related species.

Figure 8. (a) H2S responsive electrode response to different H2S
concentrations at pH values from 6.0 to 8.0. (b) H2S responsive
electrode response to different H2S concentrations in the presence of
different concentrations of GSH.

Figure 9. Increasing the sample headspace can impact measured H2S
concentrations in solution based on partitioning of H2S between the
solution and gas phases of the sample.
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Despite these advances, there are still major hurdles that need
to be overcome to bridge the gap between innovation and
impact and enable further use of these important measurement
approaches to address biological problems.

One significant gap in the available toolbox for H2S
measurement is associated with the properties of available
activity-based probes for H2S detection. For example,
reversible indicators that function in complex environments,
such as live cells or tissues, remain a key and unmet need.
Although the available activity-based chemodosimeter ap-
proaches provides valuable tools for in cellulo and in vivo
applications, this impact would be exponentially expanded
from the development of reversible platforms for detection.
Such tools would allow for new insights into the real-time
dynamics of H2S generation and consumption akin to what can
be investigated using available reversible probes for analytes
like Ca2+ or Zn2+. Fast-responding, ratiometric, activity-based
probes may help to bridge part of this gap but are still limited
by reversibility challenges. In addition, analyte-replacement
approaches move toward addressing challenges with analyte
consumption, but have limitations for quantification due to the
need to be able to stop the replacement or amplification step.

Similarly, having real-time tools that allow for visualization
and measurement of changes in RSS speciation would
significantly advance our understanding of RSS translocation
and trafficking. The development of such tools relies directly
on our ability to design platforms that couple reversible H2S/
HS− binding to an optical response in the presence of a broad
milieu of competing analytes. This challenge is a major one
and will require a better understanding of the fundamental
molecular recognition that governs reversible H2S/HS−

interactions on both organic and inorganic platforms.
More broadly, there is also a significant need to standardize

analytical methods that allow for a better comparison of H2S
levels across different studies and disciplines. This need will in
part depend on coalescence of different subfields around
specific measurement approaches and also better stewardship
of experimental procedures and data used for different types of
measurements. It is unlikely that one specific method will even
be appropriate for all sample types, but small advances in
measurement approaches that contribute positively to
reproducibility are poised to make a significant impact. One
example of such an advancement would be new materials that
allow for better H2S separation and detection, which could
enable higher biological compatibility with electrode measure-
ment approaches. Similarly, labeling reagents that require less
careful handling but maintain high H2S detection fidelity across
biologically relevant concentration ranges would significantly
simplify measurement and reproducibility. More broadly, the
advent and refinement of “low tech” H2S measurement
approaches that allow for rapid quantification of endogenous
H2S levels in biological specimens could revolutionize how
H2S is measured in biomedical environments. Furthermore,
such approaches would be valuable in bridging the gap
between currently available methods and effective point-of-care
measurements needed to incorporate H2S or RSS analysis into
a more standard panel of biomarkers that can be easily
monitored from various biological samples.

Approaches for H2S measurement have seen a resurgence in
the past decade due to the increased appreciation for the
central and complex roles of H2S in eukaryotic biology. In
many ways, this field is rapidly maturing and will benefit from a
renewed focus on detection approaches that solve specific

unmet challenges with the goal of maximizing impact. As this
transition occurs, there are bound to be growing pains and
unanticipated wrong turns due to the inherent complexity of
the systems being investigated, but we are confident that the
fundamental advances from the past decade provide a strong
foundation for future growth and innovation. The complexity
of these challenges will require future advances to incorporate
multidisciplinary approaches that not only focus on the
fundamental detection chemistry, but also on the method
compatibility with specific environments, matrices, and
experimental requirements.

■ EXPERIMENTAL DETAILS

General Procedure for H2S Calibration Curves

A 10 mM NaSH stock solution was prepared under N2 in
deoxygenated PBS buffer (140 mM NaCl, 3 mM KCl, 10 mM
phosphate) with a pH of 6.0−8.0 depending on the calibration
curve, which was then further diluted to 1.0 mM. A Unisense
SULF-500 electrode tip was placed through a split-top septum
into 20 mL of degassed PBS buffer (pH 6.0 to 8.0), and the
signal was allowed to stabilize. In calibration experiments with
GSH, stock solutions of GSH were made in PBS pH 7.4 buffer
and added to 20 mL of PBS buffer (pH 7.4), forming final
concentrations of 500 μM to 10 mM, and the signal was
allowed to stabilize. Finally, additions of 1.0 mM NaSH were
added to the vial (5, 10, 20, 40, 60, and 80 μL), allowing for
signal stabilization between each addition.
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