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Small-molecule fluorescent probes for imaging
gaseous signhaling molecules: current progress and
future implications
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Endogenous gaseous signaling molecules including nitric oxide (NO), carbon monoxide (CO) and hydrogen
sulfide (H,S) have been demonstrated to perform significant physiological and pharmacological functions
and are associated with various diseases in biological systems. In order to obtain a deeper insight into
their roles and mechanisms of action, it is desirable to develop novel techniques for effectively detecting
gaseous signaling molecules. Small-molecule fluorescent probes have been proven to be a powerful
approach for the detection and imaging of biological messengers by virtue of their non-invasiveness,
high selectivity, and real-time in situ detection capability. Based on the intrinsic properties of gaseous
signaling molecules, numerous fluorescent probes have been constructed to satisfy various demands. In
this perspective, we summarize the recent advances in the field of fluorescent probes for the detection
of NO, CO and H,S and illustrate the design strategies and application examples of these probes.
Moreover, we also emphasize the challenges and development directions of gasotransmitter-responsive

rsc.li/chemical-science

1. Introduction

Nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide
(H,S) are well known for their toxic effects and environmental
hazards. However, emerging evidence has suggested that they
display a range of physiological and pathological functions as
well as participating in various signaling pathways in biological
systems (they are called gaseous signaling molecules or gaso-
transmitters)." For example, NO possesses the functions of
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fluorescent probes, hoping to provide a general implication for future research.

regulating neurotransmission and vascular tone, inhibiting
blood platelet activation, and relaxing blood vessels; CO has
important physiological functions in the cardiovascular,
nervous, and gastrointestinal systems; the functions involving
H,S include vasorelaxation regulation, apoptosis, neuro-
modulation and inhibition of insulin signaling.” Meanwhile,
abnormal metabolism of gasotransmitters may lead to various
physiological diseases, including cardiovascular disease,
hypertension, Alzheimer's disease, diabetes, ischemia reperfu-
sion, heart failure, etc.’* Recently, studies also showed that these
gasotransmitters represent potential therapeutic agents in
clinical applications.* For instance, NO is routinely applied as
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a therapeutic agent in infants suffering from pulmonary
hypertension, H,S is in early-stage clinical development as an
intravenous pharmaceutical agent, and CO is an agent against
various diseases associated with oxidative stress.> Although the
gasotransmitters are clearly involved in numerous diseases and
have multitudinous efficacy, their roles and mechanism of
action are still ambiguous. Considering the significant physio-
logical roles and promising therapeutic actions of gaseous
signaling molecules, it is essential to develop a highly efficient
technique for tracking them in biological systems.

So far, various methods have been reported for the detection
of signaling molecules. These methods, including gas chro-
matography (GC), colorimetry, electron paramagnetic reso-
nance and electrochemistry, require complex procedures to
handle samples that are detrimental to biological samples and
it is difficult to monitor the state of gasotransmitters in real-
time.*® Owing to the characteristics of excellent sensitivity and
selectivity, simple operation and real-time monitoring and
noninvasive observation of the detected object in situ, fluores-
cence detection technology has gained much attention.®
Accordingly, based on the intrinsic properties of the gaseous
signaling molecules, abundant specific responsive fluorescent
probes have been designed and reported.

To the best of our knowledge, there are several reviews that
describe one of the gaseous signaling molecules (e.g. NO,"
CO,™" and H,S).”>** However, a systematic and comprehensive
overview of all gaseous signaling molecules, especially based on
the small-molecule fluorescent probe category, is still rare.**”
In the last few years, gasotransmitter-responsive fluorescent
probes, especially those for detecting CO, have been developed
and reported rapidly. Therefore, a systematic and timely survey
of the progress in this active research field is urgent. This review
systematically and specifically summarizes the recent develop-
ment of fluorescent probes for the detection and imaging of NO,
CO and H,S in biological systems. This review is divided into
three parts according to the analytes including NO-responsive
fluorescent probes, CO-responsive fluorescent probes and
H,S-responsive fluorescent probes. In each subsection, the
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design concept, recognition mechanisms and application of the
representative examples of fluorescent probes for NO, CO and
H,S are discussed in detail. Finally, a discussion regarding the
potential challenges and directions of gasotransmitter-
responsive fluorescent probes for future development is also
provided briefly.

2. Nitric oxide (NO)-responsive
fluorescent probes

NO is synthesized using r-arginine, NADPH and oxygen with
three different NO synthase (neuronal, inducible, and endo-
thelial NOS) catalysts. In addition to endogenous NO, scientific
researchers have built various types of exogenous NO donors
such as the NOC series and light-controlled release NO series.
However, excess intracellular NO may react with superoxide
radicals to generate peroxynitrite anions (ONOO™), which are
a robust oxidant that can destroy proteins, lipids, DNA and so
on.>* Therefore, the development of various effective fluores-
cent probes is desirable to investigate the ambiguous roles and
disease-associated biochemical pathways of NO in biosystems.
Based on the recognition mechanisms of NO, fluorescent
probes are divided into the following four categories.

2.1 o-Phenylenediamine (OPD)-based reactions

o-Phenylenediamine (OPD) has a strong electron-donating
ability, and its electron will be transferred to the HOMO of
the excited state fluorophores, which will make the excited state
fluorophore electron unable to return to its ground state (PET
process), resulting in fluorescence quenching. Due to the strong
nucleophilicity of amino nitrogen, it reacts with NO to form
benzotriazole in the presence of O,, which possesses a weaker
electron-donating ability than OPD, thereby inhibiting the PET
action and recovering the fluorescence signal.

Based on this strategy, Nagano reported NO-responsive
fluorescent probe 1 (ref. 18) with BODIPY as the fluorophore
and OPD as the recognition group. Due to the presence of PET,
the probe had a low quantum yield (0.02); however, its
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fluorescence quantum yield sharply increased to 0.74 after
reaction with NO (the PET process was suppressed).

Fluorescent probes with excitation and emission in the near-
infrared region (NIR, 650-900 nm) have attracted more and
more attention due to their low light damage, strong tissue
penetration and low background fluorescence. Subsequently,
Nagano constructed an example of NIR fluorescent probe 2 by
introducing OPD in the middle position of the cyanine dye
skeleton.” The maximum absorption and emission wave-
lengths of the probe were at 767 and 785 nm, respectively. It
reacted rapidly with NO and was used to detect NO in rat
kidneys. Considering the important role of lysosomes in cells,
a lysosome-targeted and two-photon NO fluorescent probe 3
was designed for the first time by Xiao et al.*® with 1,8-naph-
thimide as the fluorophore due to its outstanding two-photon
(TP) properties, easy modification and stable structure and 4-
(2-aminoethyl)morpholine as the lysosomal targeting group.
Probe 3 specifically recognized NO under acidic conditions (pH
5.0). In the presence of NO, the fluorescence intensity of the
probe exhibited a 16-fold enhancement. Co-localization exper-
iments showed that the probe can specifically localize in lyso-
somes. For the first time, endogenous NO has been captured in
the lysosomes of macrophage cells. Liu's group reported a far-
red emissive two-photon excitable probe 4, using Nile Red as
the fluorophore for the detection of NO in biological systems.*
The probe can specifically detect NO with a fast response time
(180 s) and a limit of detection as low as 46 nM and could be
used to visualize the NO generated in a lipopolysaccharide
(LPS)-induced inflammation process for the first time. The
same group reported a quinoline-based two-photon fluorescent
probe (probe 5)*> which has a large two-photon absorption cross
section value of 52 GM. By using two-photon microscopy, probe
5 can detect NO in living cells and rat hippocampal slices at
a depth of 90-180 um.

Different from that of the PET-based fluorescent probes
above, the fluorescence sensing mechanism of several probes is
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based on the “open-loop” response of the rhodamine lactam
spiral ring. As shown in Fig. 1, Zeng and Xu reported a rhoda-
mine spirolactam based probe for NO using the spiro ring
opening reaction.” First, diazotization of the amino group in
probe 6 was caused by attack by NO, resulting in the opening of
the spiro ring to generate the rhodamine B acylbenzotriazole
intermediate. The rhodamine B tertiary amide exhibited strong
absorption and emission characteristics and was further
hydrolyzed to form rhodamine B and benzotriazole due to its
instability in aqueous solution. In 2018, Zhang et al. fabricated
a hepatocyte-targeting fluorescent probe 7 for the first time.** In
this work, a galactose unit was selected not only as the hepa-
tocyte targeting moiety, but also to improve the water solubility
of probe 7. Taking advantage of the meritorious properties, the
probe was successfully applied to visualize hepatocellular NO in
both HepG2 cells and zebrafish.

It is known that the fluorescence properties of traditional
rhodamine dyes are sensitive to the pH of the solution. To
overcome this problem, Wang and co-workers prepared a Si-
rhodamine (SiR)-NO probe which featured excellent NIR emis-
sion and a pH-independent spiro ring.>® Probe 8 showed almost
no fluorescence signal in a buffer solution with a pH range from
2.0 to 12.0, and an approximate 800-fold fluorescence
enhancement of the probe toward NO was observed at pH 5.0.
Thanks to the low background fluorescence, probe 8 exhibited
higher sensitivity than probe 6, especially in an acidic envi-
ronment. To achieve lysosome targeting, a morpholine group
was incorporated into the probe.

However, the rhodamine B acylbenzotriazole intermediate,
generated from the initial reaction of probe 6 with NO, suffers
from slow hydrolysis, which results in a relatively long fluores-
cence response time of the probe to NO (about 30 min). And the
intermediate may encounter cysteine-induced native-chemical-
ligation and cyclization cascade reactions, generating non-
fluorescent rhodamine lactam. To address this issue, Guo
et al. reported an OPD locked Si-rhodamine deoxylactam as
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Fig. 1 Sensing mechanism of o-phenylenediamine-based fluorescent probe 1 and the structure of representative examples.
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a NIR fluorescent probe for detecting NO in vitro and in vivo
(probe 9).° The probe can effectively avoid the interference of
intracellular Cys in the detection of NO. The meritorious
advantages enabled the probe to visualize endogenous NO in
living cells and mouse models.

Multiple reactive species (e.g. H,O, and NO) may play
interrelated roles in complex physiological processes. A single
fluorescent probe 10 that is capable of simultaneously detecting
endogenously generated NO and H,0, in living cells was pre-
sented by Lin's group.”” The boronate group was introduced in
the fluorescent dye which consisted of 7-hydroxycoumarin and
rhodamine through a rigid piperazine linker and served as
a H,0, reactive site. By observing the changes in the indepen-
dent fluorescence emission channels, the situation of the ana-
lytes can be effectively observed. This work established
a strategy for monitoring multiple biological species using
a single fluorescent probe with multiple recognition sites.

However, there are still some issues that need our attention.
Generally, a benzotriazole product is formed upon reacting OPD
with NO. As benzotriazole is sensitive to pH, its deprotonation
at physiological pH may result in the formation of an electron-
rich triazolate, which may lead to fluorescence quenching
through the acceptor-excited photo induced electron transfer (a-
PET) mechanism.>®

To overcome this deficiency, Guo developed a mitochondria-
specific fluorescent probe for NO through conjugating a pyronin
dye with one of the amino groups of OPD (probe 11).*® In the
process of detecting NO, the benzotriazolate-induced fluores-
cence quenching action via the PET process under physiological
conditions was suppressed due to the absence of the NH
protons in the generated triazole. Surprisingly, the triazole
produced by the reaction of the probe with NO will further serve
as a tool to detect Cys and GSH through green and red channels.
With the help of intracellular Cys and GSH, the probe can detect
the exogenous and endogenous NO of mitochondria in cells
through two different emission channels.

Subsequently, two fluorescent probes were reported for
specifically detecting NO by adopting a similar construction
strategy to that reported by Guo. In 2016, Kumar developed
a lysosomal-targeting fluorescent probe 12 for the visualization
of exogenously and endogenously generated NO in living cells.”
The probe was also applied to monitor the NO levels in the
hippocampus region of the rat brain after stimulating the tissue
with N-methyl-p-aspartate (NMDA). Similarly, by using methyl
sulfonamide as an endoplasmic reticulum (ER)-targeting group,
Li and co-workers constructed an effective fluorescent probe for
imaging intracellular NO (probe 13).** More importantly, probe
13 was applied for investigating the relationship between
tunicamycin-induced ER stress and the level of NO in living
cells and tissues, which was beneficial for exploring the physi-
ological role of NO during ER-stress and its associated diseases.

In 2017, Bhuniya et al. designed and synthesized a Raman-
active fluorescent probe 14 based on the BODIPY fluo-
rophore.** In the presence of NO, the probe was transferred to
benzotriazole which showed an increased emission signal at
527 nm and a characteristic intense Raman band centred at
1440 cm ™' for -N=N-. And in order to prevent NO probes from
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being affected by thiols, especially Cys and GSH, Zhu developed
a fast and selective NIR fluorescent probe 15 for real-time and in
vivo targeted tracing of endogenous NO.** The probe was con-
structed by directly conjugating a silicon-substituted xanthene
NIR unit and OPD group and had significant features for
selective NO detection, including a fast NIR response at 710 nm
within 1 min and specific localization in mitochondria. This
excellent probe may provide the possibility to explore more
physiological functions of NO in biosystems.

2.2 N-Nitrosation of aromatic secondary amine

The nitrosamine detection mechanism of NO is mainly based
on the nitration of an aromatic secondary amine to form
a stable nitrosated compound. Generally, the initial fluores-
cence state of this type of probe is quenched due to the PET
process. In the presence of NO, the inhibition of the PET effect
resulted in the turn-on of probe fluorescence. In 2016, Guo used
the N-nitrosation mechanism of electron-rich aromatic
secondary amines under aerobic conditions to construct two
fluorescent probes for the detection of NO for the first time
(probes 16 and 17).** The two probes also displayed a fast
fluorescence response time (within seconds), excellent sensi-
tivity (nM level) and selectivity toward NO over others analytes
(ROS, thiols, methylglyoxal and so on). Using the developed
probes, the stimulation-induced NO in RAW264.7 murine
macrophages and the endogenous NO in endothelial cells after
oxygen—glucose deprivation (OGD) was imaged (Fig. 2).
Subsequently, in 2018, the same group reported two novel
fluorescent probes 18 and 19 which possessed the ability to
detect NO and ONOO™ simultaneously through replacing the
reactive group N-benzyl-4-hydroxyaniline in probe 17 with N-
benzyl-4-methoxyaniline.** These probes can distinguish M1
macrophages from M2 macrophages in terms of their difference
in inducible NO synthase (iNOS) levels. More importantly, the
authors used probe 18 as a tool to perform repolarization
assessments of tumor-associated macrophages from the pro-
tumoral M2 phenotype to the anti-tumoral M1 phenotype and
image the NO communication in immune-mediated M1
macrophages which phagocytose cancer cells. These results
showed that these fluorescent probes may play an important
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Fig. 2 Sensing mechanism of N-nitrosation of aromatic secondary
amine-based fluorescent probe 16 and the structure of representative
examples.
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role in cancer immunotherapy research and anticancer drug
screening.

The first “NIR-to-NIR” probe based on a silicon-thodamine
(SiR) scaffold for the detection of NO with 4-methoxy-N-meth-
ylaniline as the NO recognition group was designed by Liu in
2017 (probe 20).*>* The main absorption band of the probe was
centered at 651 nm and the emission wavelength after reaction
with NO was 672 nm. The absorption and emission of the probe
were in the NIR region, which enabled the probe to visualize NO
in situ in a mouse model of xenograft tumor and reveal the
process of NO production in tumor development. To gain
a deeper imaging depth and higher signal-to-noise (S/N) ratio in
fluorescence imaging, a benzo[g]coumarin derivative (8-(dime-
thylamino)-2-oxo-2H-benzo[g]chromene-3-carboxylic acid) was
used as a red-emissive TP fluorophore by Liu (probe 21).*® The
probe was successfully applied to monitor the changes of the
NO content in a mouse kidney ischemia-reperfusion injury (IRI)
model for the first time. Most of these fluorescent probes are of
the “off-on” type because of their PET response mechanism.

2.3 2-Amino-3-dialkylaminobiphenyl (AD)-based cyclization

In addition to the above strategies, researchers have found that
the reaction of NO with mono-substituted biphenyl compounds
to generate diazoles can also be applied for detecting NO.
Anslyn et al. introduced a novel sensing mechanism for NO
detection.”” As shown in Fig. 3, 2-dimethylaminophenyl-5-
cyano-a-naphthylamine (probe 22) serves as both the fluo-
rophore and NO receptor. It combined with NO to form an
electron-deficient nitrosamine, followed by an electrophilic
aromatic substitution reaction to produce a hydroxyhydrazine
derivative. Finally, the derivative eliminated H,O to generate
a stable six-membered cyclic compound AZOs5,. Upon addition
of NO, the absorption wavelength red-shifted from 352 nm to
450 nm and the fluorescence intensity was significantly
enhanced with a 1500-fold turn-on signal from a dark back-
ground. The high specificity, facile synthesis and cell
membrane permeability make it a superior probe for both intra-
and extra-cellular NO detection.

Similarly, Guo et al. synthesized a novel fluorescent probe for
detecting NO by using 2-amino-3’-dimethylaminobiphenyl (AD)
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Fig. 3 Sensing mechanism of 2-amino-3-dialkylaminobiphenyl (AD)-
based fluorescent probe 22 and the structure of representative
examples.
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as the NO-binding site and fluorescence quencher via the PET
mechanism (probe 23).*® Once the probe reacts with NO, the
above-mentioned PET process is blocked due to the absence of
an electron-donating amino group in the product, resulting in
fluorescence recovery. This probe can quickly and selectively
detect NO with a detection limit as low as 30 nM and can be
applied to the visualization of NO in cells.

Ratiometric probes provide a built-in correction function to
reduce experimental artifacts caused by factors such as instru-
mentation, concentration and photobleaching. Utilizing this
strategy, Zhang developed a ratiometric two-photon fluorescent
probe for imaging NO (probe 24).*° Through the Suzuki reac-
tion, 3-dimethylaminobiphenyl was incorporated into the
naphthalimide scaffold as a NO-recognizing group. It can
successfully detect the NO level in living cells, tissues and an
inflammatory mouse model without interference from other
active oxygen and nitrogen species. Yoon's group also reported
an excited-state intramolecular proton transfer (ESIPT) based
fluorescent probe (probe 25)*° for ratiometric monitoring of NO
invitro and in vivo. Different from probe 22 reported by Anslyn,*
Song constructed a two-photon fluorescent probe 26 ** by 3-
dimethylaminophenyl linking at 6-position of 5-aminoquino-
line for rapid detection of both NO and NO, . In the presence of
analytes, the major azoic regioisomer displays ICT emission
(540 nm) and a two-photon absorption section (3¢ = 57 GM),
resulting in a turn-on fluorescence response. All these advan-
tages of the probe make it suitable for imaging exogenous and
endogenous NO in RAW 264.7 cells under one- and two-photon
excitation. This type of fluorescent probes can effectively resist
some common interferences such as dehydroascorbic acid
(DHA), ascorbic acid (AA), glutathione (GSH) and certain
phenolic compounds.

2.4 Metal-ligand complex-based fluorescent probes

Metal-ligand complex-based fluorescent probes are another
widely used type for detecting NO. In these probes, para-
magnetic or heavy atom effects of transition metals can quench
the fluorescence signal of fluorophores. After the probes react
with NO, the reduction and/or release of the transition metal
may prevent fluorescence quenching, thereby restoring the
fluorescence emission of the probes.

A rhodamine-Cu(u) complex, probe 27, was designed by
Duan et al. for detecting NO.* It was synthesized by incorpo-
rating a tris(2-aminoethyl) amine(tren) moiety which served as
an efficient Cu®" chelator to rhodamine B dye. The Cu(n) center
was coordinated to three nitrogen donors and one chloride
anion in planar square geometry. One possible sensing mech-
anism is that NO may react with Cu®" to generate Cu* and NO,
which then caused the spiral ring to open and liberate the
rhodamine fluorophore (Fig. 4). It featured a 700-fold fluores-
cent enhancement and a detection limit of 1 nM toward NO
without being affected by ONOO ™, NO, , NO;~, CIO™ and H,O0,.
This probe can be applied for monitoring intracellular NO.

Lippard et al. reported a series of seminaphthofluorescein-
based fluorescent probes 28a-d for imaging NO in living
cells.®® In the presence of NO under anaerobic conditions, the
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Fig. 4 Sensing mechanism of metal-ligand complex-based fluores-
cent probe 27 and the structure of representative examples.

Cu(u) complex fluorescent probes will generate about 20-45 fold
enhancement in their fluorescent intensity when the excitation
wavelengths are in the range of 535 to 575 nm and achieve
emission maxima between 550 and 625 nm. The mechanism of
this detection may be that the Cu®>" complex of the probes was
reduced to Cu' in the presence of NO, followed by the elimi-
nation reaction and then nitrosation of the secondary amine
moiety. The high selectivity and low cytotoxicity of these fluo-
rescent probes has enabled them to be successfully used to
image NO in Raw 264.7 macrophages. Another two Cu(u)
complexes with a tridentate N-donor ligand (probes 29 and
30)*** were reported by Mondal and Ali, respectively. These
complexes can also be applied as turn-on NO tools.

High sensitivity is an important index for fluorescence
detection. The detection limits (LODs) of NO probes discussed
in the subsections are summarized and shown in Table 1.

3. Carbon monoxide (CO)-responsive
fluorescent probes

Carbon monoxide (CO) is endogenously generated in mamma-
lian tissues during the oxidative catabolism of heme by the
heme oxygenase enzymes (HO-1, HO-2 and HO-3) and is
thought to be the second gaseous messenger. In a similar way to
NO, CO may also act as a neurotransmitter by regulating cyclic
guanosine monophosphate (cGMP).***” Exogenous CO deliv-
ered at low concentrations has shown therapeutic potential as
an anti-inflammatory agent. Thus, it is necessary to develop
highly effective and sensitive fluorescent probes for detecting
CO in biological samples. At present, novel carbon monoxide
releasing molecules (CORMs) are usually utilized to investigate

Table1 LODs of fluorescent probes toward NO
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CO in biological systems. According to the detection mecha-
nism, the design of CO fluorescent probes can be divided into
the following strategies.

3.1 Transition metal-mediated carbonylation reaction

Palladium and rhodium ions can coordinate with various
ligands (e.g. fluorophores) to form complexes due to their
strong coordination ability. Generally, palladium and rhodium
ions may quench the fluorescence of the ligand dyes via heavy-
atom electronic effects. In 2012, Chang et al. reported a reac-
tion-based fluorescent probe for selective imaging of CO in
living cells using palladium-mediated carbonylation (probe
31)."® The cyclopalladated species displayed low fluorescence
quantum yield (¢ = 0.01) due to the heavy atom quenching
effect of palladium ions. Once the probe was bound to CO, it
underwent a carboxylation reaction to release Pd(0), accompa-
nied by the fluorescence recovery of the BODIPY ligand (¢ =
0.44). Moreover, it showed higher selectivity for CO than for
other interfering species and was successfully used to image
changes of CO in HEK293T cells. Notably, this was the first
fluorescent probe for the detection of CO which provided
possibilities for investigating the function of CO and guidance
for developing other CO probes in the future.

In 2014, Lin's group described the first carbazole-coumarin
(CC)-based two-photon turn-on fluorescent probe 32,* which
was capable of detecting CO in living tissues. By fusing carba-
zole with coumarin, the authors synthesized a novel platform,
which exhibited a push—-pull nature and remarkable two-photon
properties. Probe 32 showed very weak fluorescence in PBS
buffer because of the heavy atom quenching effect of palladium.
Upon bonding with CO, a maximal fluorescence enhancement
(11-fold) was observed, which was superior to that reported
previously. However, unlike the palladium-mediated carbonyl-
ation of the probe reported by Chang, this probe's response to
CO was based on the protonolysis of its Pd-C bond. It was
successfully applied for imaging exogenous CO in mouse liver
tissue with a penetration depth of 180 um for the first time.

Studies have shown that HO-1 expression is upregulated
under hypoxic conditions to protect the cells from hypoxia-
induced damage. And as one of the products of the catabo-
lism of heme by HO-1, CO will suppress hypoxia-induced ROS
by increasing its level in cells. Tang et al. developed two fluo-
rescent probes 33a and 33b based on azobenzene-
cyclopalladium for imaging of endogenous CO under hypoxic
conditions (probes 33).>° Compared with probe 33a, probe 33b

Probe LOD Probe LOD Probe LOD Probe LOD

1 No 8 32.6 nM 15 No 24 21 x 10° nM
2 No 9 0.12 nM 16(17) 4.8 nM 25 17 nM

3 5 nM 10 No 18(19) 0.4 nM 26 15 nM

4 46 nM 11 12 nM 20 14 nM 27 1 nM

5 84 nM 12 3.63 nM 21 37 nM 28 No

6 3 nM 13 3.3 nM 22 30 nM 29 10 nM

7 1.62 nM 14 9.5 nM 23 30 nM 30 1.6 nM
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displayed more advantages including better sensitivity, faster
response time and higher fluorescence enhancement. Encour-
aged by these merits, probe 33b was used to directly visualize
the intracellular CO upregulation under hypoxic stress and
oxygen-glucose deprivation/reperfusion (OGD/R) conditions for
the first time. This research provides a theoretical and practical
approach to investigate endogenous CO in physiological
processes.

Similarly, Wang et al. designed a benzimidazole functional-
ized palladacycle for the detection of CO (probe 34).>' The
carboxyl group was incorporated into the benzimidazole moiety
to improve the water solubility of the probe. The experiments
demonstrated that probe 34 showed a high cellular uptake
speed and can be applied for imaging CO (Fig. 5).

The aforementioned fluorescent probes suffered from short
emission wavelengths and are usually used to detect CO in
living cells. The detection of endogenous CO in living animals
remains an unmet challenge. More importantly, these probes
possess relatively small flexible ligands and unstable coordi-
nation structures, which may result in high background fluo-
rescence. In 2017, Lin et al. reported a novel NIR CO fluorescent
probe 35 based on the Nile Red dye.”* Probe 35 exhibited
extremely low background fluorescence (® = 4.69 x 10 %) at
660 nm mainly due to the strong quenching effect of Pd in the
complex and its high stability in aqueous solution. Compared
with reported Pd-based fluorescent probes showing a 10-fold
increase in fluorescence, probe 35 exhibited about a 60-fold
fluorescence turn-on response. It was applied for tracking
exogenous CO in HeLa cells and endogenous CO induced by
hypoxic conditions in Raw 264.7 cells and zebrafish embryos in
one- and two-photon modes. Encouraged by the NIR emission

33a: ACP-1 R=H
33b: ACP-2 R=CH,

Fig. 5 Sensing mechanism of transition metal-mediated fluorescent
probe 31 and the structure of representative examples.
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wavelength of the probe, the authors investigated the CO
changes in living organs that were treated with different stim-
ulants. Notably, it was successfully used to monitor CO in living
mice for the first time. This work provides a NIR tool for CO
exploration in vivo.

Subsequently, Zhang et al. constructed a cell-membrane-
anchored fluorescent probe 36 by introducing a long hydro-
phobic chain containing a polar head into traditional Nile Red
dye.>® It rapidly bound to the cell membrane (within 1 min) and
displayed a long retention time. CO released from living cells
under LPS and heme-stimulated conditions and during the
drug-induced hepatotoxicity process could be effectively visu-
alized by using this probe for fluorescence bioimaging. The
imaging experiments of the probe also proved that cancer cells
release more CO than normal cells and the liver was the main
organ for CO production in mice.

Different from the palladium complexes, Wilton-Ely re-
ported a ruthenium(u) vinyl complex that was capable of
selectively detecting CO in vitro and ex vivo (probe 37).>* The
weak fluorescence emission properties of this probe
were attributed to the quenching of 5-(3-thienyl)-2,1,3-
benzothiadiazole (TBTD) by the ruthenium(u) atom (the
heavy atom effect). In the presence of CO, it undergoes
a displacement with the TBTD in the complex, so that the
fluorophore is separated from the complex, thereby gener-
ating an obvious enhancement in the fluorescence intensity.
Notably, the CO in cells that were collected from the exudates
of an air pouch inflammation mouse model was also
successfully detected by using this probe as an imaging tool.

3.2 Tsuji-Trost reaction

The CO fluorescent probes mentioned above had rigorous
requirements on the structure and coordination ability of flu-
orophores. In the presence of palladium, allyl compounds are
attacked by nucleophiles (such as compounds containing N and
O atoms) followed by a nucleophilic substitution reaction,
which is named the Tsuji-Trost reaction.> Utilizing this reac-
tion as a design strategy, researchers have developed a large
number of CO-responsive fluorescent probes in recent years
(Fig. 6).

In 2015, Dhara et al. reported a coumarin-based fluorescent
probe 38 for the detection of CO through a Pd(0)-mediated
intramolecular cyclization-elimination reaction.*® The weak
fluorescence intensity of the probe was obtained by protecting
the hydroxyl group of coumarin via allyl-functionalized carba-
mate. The proposed detection mechanism may involve the
following processes. The allyl of probe 38 was first eliminated
through a Pd(0)-initiated nucleophilic substitution reaction,
resulting in a secondary amine structure. Then an entire cycli-
zation—elimination occurred spontaneously to generate the 7-
hydroxycoumarin dye and release N,N'-dimethylimidazolidi-
none, which ultimately resulted in enhanced fluorescence. In
the titration experiments, PdCl, and a CO donor (CORM-3) were
added simultaneously into the testing buffer to in situ form the
Pd(0) species. This was used for detecting CO in vitro and
imaging exogenous CO in A 549 cells. This research provided
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Fig. 6 Sensing mechanism of fluorescent probes based on the Tsuji—-Trost reaction and the structure of representative examples.

a novel approach and a general strategy for developing CO-
responsive fluorescent probes.

In the next few years, Feng's group reported various fluo-
rescent probes based on the Pd(0)-mediated Tsuji-Trost reac-
tion.””*® In 2016, they reported a readily available fluorescent
probe 39 (ref. 57) based on the allyl chloroformate functional-
ized fluorescein for the detection of CO. The probe showed near-
zero background fluorescence. This was the first fluorescent
probe that could be used to visualize the CO produced by heme
stimulation in A 549 cells. However, the fluorescence intensity
increased spontaneously over time in the testing system and
probe 39 was sensitive to pH and UV light. The main reason was
that the allyl-carbonate group lacked sufficient stability in
buffer. Subsequently, by using allyl ether instead of allyl-
carbonate as the protective unit and recognition site, Feng
et al. reported a second generation fluorescein-based CO-
responsive fluorescent probe (probe 40).°® This probes exhibi-
ted superior stability compared to probe 39 and excellent
sensing performance for CO. It is worth noting that this was the
first fluorescent probe that utilized allyl ether as the reaction
site for CO, which will provide more options for developing
effective CO-detecting fluorescent probes. By functionalizing 3-
benzothiazolyl-7-hydroxycoumarin (BTHC) with an allyl chlor-
oformate group, Feng et al. also constructed another CO
signaling molecule (probe 41).>° And it can be applied in a low
dosage (1 uM level) for bioimaging CO in cells.

Thanks to these results, they reported the first colorimetric
and ratiometric fluorescent probe 42 for effectively detecting CO
in vitro and in cells.®® Attachment of a CO-specific carbamate
derivative to the amino unit of naphthalimide will restrict its
intramolecular charge transfer (ICT) effect and eventually lead
to a blue shift in emission wavelength (472 nm). When CO was
added, the allyl acetate group was eliminated and amino-
naphthalimide was released simultaneously through the
Pd(0)-initiated Tsuji-Trost reaction; as a result, the ICT process
was restored and the emission wavelength was red-shifted to
545 nm. The probe could colorimetrically and ratiometrically
detect CO in solution with high selectivity and sensitivity. The

5134 | Chem. Sci, 2020, 11, 5127-5141

test paper system made with this probe could detect CO in the
air with the naked eye.

In recent decades, dicyanomethylene-4H-pyran (DCM) and 2-
dicyanomethylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran
(TCF) derivatives have been widely used for developing donor-
m-acceptor (D-m-A) structured fluorescent probes which
exhibit large Stokes shifts from the ultrafast ICT process and
long emission in the NIR region due to their efficient strong
electron-withdrawing ability. By regulating the ICT process,
some fluorescent probes have been constructed by researchers
to detect CO (probes 43-45).** These probes exhibit signifi-
cant colorimetric changes, high selectivity and sensitivity
toward CO, which can be effectively used to visualize CO in vitro,
in living cells or in vivo.

In 2019, Mondal et al. reported a water-soluble fluorogenic
molecular platform for imaging CO in biofluids (probe 46).%
Resorufin was selected as the fluorophore based on its excellent
water solubility, good biocompatibility and easy availability.
Instead of using CO release molecules (CORMs), the author
used CO gas (dissolved in solution and living cells) to investi-
gate the detection capability of the probe. The results demon-
strated that it showed admirable selectivity and sensitivity over
other ROS, RNS and fatty acids. The nanomolar detection limit
(62 nM) implies the ability of the probe to detect CO in physi-
ological concentrations (i.e., 0.0019-0.1 uM).

Since most of the reported CO-responsive fluorescent probes
accumulate in biological samples, they suffered from the
undesirable aggregation-caused quenching (ACQ) effect, which
makes their fluorescence intensity much weaker than that in
solution. Thus, Tang et al. designed the Tsuji-Trost reaction-
based fluorescent probe 47 (ref. 65) with aggregation-induced
emission (AIE) characteristics for detecting and imaging CO.
The relatively weak fluorescence emission was induced by fast
nonradiative decay promoted by the cis-trans isomerization of
the C-C bond of the alkene linker. Upon bonding to CO, the
probe would be converted to a phenolate intermediate followed
by a rapid cyclization reaction, thus restricting the rotation of
the C-C bond, resulting in an enhancement in the fluorescence

This journal is © The Royal Society of Chemistry 2020
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intensity. The excellent selectivity, sensitivity, and fast response
of the probe toward CO made it capable of real-time detection
and visualization of CO in vitro and in living systems. This is
probably the first AIE fluorescent probe to detect CO.

Zhang et al. reported an example of a colorimetric and NIR
fluorescent probe by functionalizing naphthofluorescein with
an allyl chloroformate group for the detection of CO in living
cells (probe 48).°° In 2017, Feng's group also synthesized
a colorimetric and NIR fluorescent probe 49 for CO detection.*”
The hydroxyl group of the modified hemicyanine dye was pro-
tected by a carbonate unit, which reduced the electron donating
ability of the hydroxyl group and the ICT process of the entire
molecule, resulting in a weak fluorescence emission of the
probe. When the protective group was removed by the Pd(0)-
activated Tsuji-Trost reaction, the probe showed a significant
fluorescence enhancement. The NIR fluorescence signal
response made it superiorly suitable for bioimaging CO in living
animals. Recently, they also designed a novel NIR fluorescent
probe based on a unique cyanine fluorophore for rapidly
detecting CO (probe 50).°® When the allyl ether of the probe was
eliminated by a CO-activated reaction, a unique conjugated -
electron system was generated which has a similar conjugation
pattern and NIR emission properties to Cy7. The cell imaging
results showed that more endogenous CO was produced under
oxidative stress conditions.

3.3 Nitro reduction

In biological imaging, using heavy atoms or additives is still an
alternative. In order to overcome the above issues, the following
methods for CO detection were developed. Because CO has
a strong reducing ability, it can reduce the nitro group to an
amino group under certain conditions. The main difference
between this strategy and the abovementioned methods for
detecting CO is that it does not require palladium ions or the
addition of a third substance. Based on this strategy, a series of
fluorescent probes have been reported for sensing CO in solu-
tion and in biological samples (Fig. 7).

In 2017, Dhara et al. reported a lysosome-targeting fluores-
cent probe 51 for the detection of CO based on a new recogni-
tion site.®® The probe consisted of the following three parts: 1,8-
naphthalimide (acted as an ideal fluorophore), a morpholine

=N N~
e’ Eu**/Tb™ \S
€0, "0,C
| N/YOH N/—o 2 00Ny
o “q

CORM3-green Mito-NBTTA-Tb**/Eu’*
5

Fig. 7 Sensing mechanism of fluorescent probe 51 based on nitro
reduction and the structure of representative examples.
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unit (served as the lysosome-targeting moiety) and a nitro group
(a novel CO-responsive site). Probe 51 exhibited very weak
fluorescence intensity (¢ = 0.0016) due to the PET quenching
effect of the nitro group on the 1,8-naphthalimide. Once it
reacted with CO, the nitro group was reduced to a strong
electron-donating amino group which made LysoFP-NH,
exhibit a strong ICT process (¢ = 0.1025); as a result, the fluo-
rescent intensity at about 525 nm was increased 75 times. The
probe was mainly located in the lysosome and could monitor
the changes of the CO level in MCF-7 cells.

Then two examples of fluorescent probes, NIR-CO and
CORM3-green, based on the nitro group reduction reaction
were reported by Zhu and Feng, respectively (probes 52 and
53).7%"" Probe 52 was synthesized with TCF derivatives and
designed through regulating the ICT process of the probe.
When the nitro group of the probe 52 was directly reduced by
CO to an amino group, the inhibited ICT process was released,
which caused the probe to generate an off-on NIR fluorescence
signal (665 nm). More importantly, the down-regulation of HO-1
suppressed by high glucose (HG) in zebrafish and the up-
regulation of HO-1 induced by transient glucose deprivation
(TGD) in living cells were visualized for the first time by imaging
the glucose-caused changes of CO levels. Probe 53 was based on
the ESIPT mechanism. When the nitro group of phthalimide
was transformed into an amino group in the presence of CORM-
3, the ESIPT process was activated to generate a fluorescence
signal. Utilizing it as tool, the authors investigated CORM-3 in
solution, in living cells and in animals.

In 2019, Yuan et al reported a mitochondria-targeting
ratiometric time-gated luminescence probe for CO based on
lanthanide complexes (probe 54).”> When the probe reacted
with CO, the nitro group was reduced to an amino group fol-
lowed by the 1,6-rearrangement-elimination reaction and
liberation of the 4-nitrobenzyl moiety, resulting in an
enhancement of Tb** emission at 540 nm and reduction of Eu**
emission at 610 nm. Triphenylphosphonium served as a mito-
chondria-anchoring unit to enable the probe to be accumu-
lated in the mitochondria of cells. The exogenous and
endogenous CO in living cells, liver tissue slices, Daphnia magna
and mice was successfully visualized by fluorescence imaging of
probe 54.

However, a recent study by Wang et al.”® found that the CO
fluorescence probes based on the nitro-reduction reaction were
not responsive to CO from all sources. The ruthenium carbonyl
moiety (ruthenium core for activating the reduction action) was
essential to causing the signal response of nitro reduction-
based fluorescent probes. As a result, this type of probe can
only detect CO derived from ruthenium-based CO releasing
molecules (CORM-2 or CORM-3) and not other general CO
sources (e.g. CO gas or metal-free organic CO donors). Accord-
ingly, it is necessary to use multiple CO sources to evaluate the
signal response of fluorescent probes for CO.

3.4 Other mechanisms

In addition to the three mechanisms for detecting CO described
above, Zhou et al. reported a novel recognition site in 2019.7* As
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shown in Fig. 8, the probe 55 was designed by incorporating 2-
(hydrazonomethyl)-pyridine as a CO-responsive group in lactam
form. Rhodamine B was selected as the fluorophore due to its
high fluorescence quantum yield, good biocompatibility and
accessibility. The possible mechanism proposed was that the
probe first reacted with CO to generate an intermediate I1 with
a three-membered ring, followed by isomerization after
combining with a proton to form I2 bearing a four-membered
ring, which was finally converted into rhodamine B and by-
product P2 via interaction with water. In addition, according
to the energy distribution diagram, the Gibbs free energies of all
reactions were negative except for the first step, which indicated
that all the reactions from probe 55 to RhB were thermody-
namically feasible. Various biologically relevant species
including ROS, RNS and heavy metal ions (Hg>", Cu®>" and Fe*")
could lead to negligible fluorescence changes. With satisfactory
results, it was used to image both exogenous and endogenous
CO in HepG2 cells. Notably, this work provided a novel recog-
nition mechanism for constructing more effective and CO-
reactive fluorescent probes. Besides, the detection limits
(LODs) of CO probes discussed in the subsections are summa-
rized and shown in Table 2.

4. Hydrogen sulfide (H,S)-responsive
fluorescent probes

Hydrogen sulfide (H,S) is confirmed as the third endogenous
gas signal molecule after NO and CO. Endogenous H,S is
mainly derived from both the enzymatic hydrolysis of L-cysteine
and non-enzymatic production. The related enzymes for H,S
synthesis in mammalian systems are as follows: cystathionine
beta synthase (CBS), cystathionine gamma lyase (CSE), cysteine
aminotransferase and mercaptopyruvate sulfurtransferase
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Fig. 8 Sensing mechanism of fluorescent probe 55.

Table 2 LODs of fluorescent probes toward CO

Probe LOD Probe LOD Probe LOD Probe LOD
31 1000 nM 38 7.77 nM 45 3.2 nM 52 6.1 nM
32 653 nM 39 37 nm 46 62 nM 53 16 nM
33 720 nM 40 46 nM 47 30.8 nM 54 440 nM
34 60 nM 11 25 nM 48 255 nM 55 10 nM
35 50 nM 42 58 nM 49 3.2 nM

36 230 nM 43 57 nM 50 15.8 nM

37 No 44 38 nM 51 600 nM
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(CAT/MST). In biosystems, H,S can undergo thiolation with
cysteine derived from the translation of downstream proteins
and then attach to the iron centre of heme.>** Owing to the
biological significance of H,S, it is important to develop effec-
tive detection methods for the study of H,S. According to the
detection mechanism, the design of H,S fluorescent probes can
be divided into the following strategies.

4.1 Azide reduction

Organic azide units have been extensively applied as an
important functional group in biorthogonal reactions, referring
to those chemical reactions that can be performed in living cells
or tissues without interfering with the native biochemical
reactions in biosystems. In the synthesis of complex organic
molecules, the electron withdrawing azide groups can be con-
verted into electron donating amino moieties via the H,S-
mediated chemoselective reduction reaction. Accordingly,
incorporation of the azide trigger into various fluorophore
scaffolds may provide a novel strategy for detecting H,S by
changing the electronic distribution of the whole molecule. Cho
and co-workers reported a ratiometric TP fluorescent probe for
mitochondrial H,S by using 4-azidobenzyl carbamate as the
response site and 6-(benzo[d]thiazol-2'-yl)-2-(methylamino)
naphthalene as the fluorophore (probe 56).”” Upon addition of
H,S, the aryl azide was reduced to aniline that underwent
intramolecular elimination to release azaquinone methide and
the fluorophore (Fig. 9), resulting in the change of the fluores-
cence emission wavelength. The difference of endogenous H,S
levels which were generated by different expression levels of
cystathionine B-synthase (CBS) in wild-type and DJ-1-knockout
astrocytes and brain slices was effectively visualizing through
two-photon microscopy ratiometric imaging of probe 56.

In 2016, Pluth designed an organelle-targeted fluorescent
probe for detecting differential subcellular donation of H,S by
incorporating SNAP-tag (benzylguanine-ligated substrates in
combination with AGT fusion proteins to cause subcellular
localization ability) into naphthalimide dye.” In addition to
imaging endogenous H,S in Chinese hamster ovary cells, probe
57 was also applied to investigating the subcellular H,S distri-
butions supplied by various H,S donors such as ADT-OH, dia-
llyltrisulfide (DATS), AP39 and GYY4137. A recent study has
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Fig. 9 Sensing mechanism of fluorescent probe 56 based on azide
reduction and the structure of representative examples.
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shown that H,S was overexpressed in cancer cells compared to
normal cells due to the higher level of H,S related synthetases
CBS and CSE in cancer cells. Bhuniya et al. constructed a turn-
on biorthogonal fluorescent probe 58 for imaging endogenous
H,S generation in cancer cells.”” Notably, Mito-HS could quickly
detect (15 min) the formation of endogenous H,S in cancer cells
(HeLa, MDA-MB-231 and DU145) for the first time without any
external stimulants. Due to the ability of probe 58 to track
endogenous H,S in cancer cells, it may be a potential effective
tool to distinguish cancer cells from normal cells. By extending
the conjugated system of the naphthalene coumarin analogue,
Lin et al. synthesized a novel two-photon fluorescent probe 59
for sensing H,S near the nucleolus region of living cells.” The
probe was also successfully used for fluorescence imaging of
H,S in zebrafish and mouse models.

The activity of phosphatase, an important hydrolase, is
dynamically regulated by other upstream signal molecules such as
ROS and gasotransmitters (e.g. H,S). In 2019, Zhang constructed
a two-response site fluorescent probe for simultaneously sensing
H,S and phosphatase via two independent fluorescence signal
channels (probe 60).” The H,S-responsive fluorophore coumarin
derivative (emission at 445 nm) was linked to rhodol (emission at
545 nm) which served as a phosphate-reactive dye. More impor-
tantly, through combination with the FRET signal between rhodol
and coumarin fluorescence signals, the authors established
a three-channel strategy to detect and image H,S and phosphatase
activity and investigate the correlation between them in living
cells. The results revealed that intracellular H,S was vital for
maintaining the high activity of phosphatase.

4.2 Nitro reduction

Similar to azide reduction, H,S can also reduce nitro groups to
amino groups, which was used as a new strategy to construct
fluorescent probes for the detection of H,S. However, unlike the
ICT process of azide reduction, this approach of probes is
generally based on the PET quenching mechanism due to the
strong electron-withdrawing properties of nitro groups. Cheng
et al. developed a NIR fluorescent probe 61 (ref. 80) for specif-
ically detecting H,S in cells via equipping a heptamethine
cyanine fluorophore with m-nitrophenol (a strong electron-
withdrawing group). Probe 61 displayed a low fluorescence
signal due to the donor-excited PET process from the fluo-
rophore to m-nitrophenol. In the presence of H,S, the nitro
group was reduced to an amino group (Cy-NH,) under mild
conditions, inhibiting the PET process and resulting in
a significant enhancement in the fluorescence signal of the
probe. The probe exhibited high selectivity and sensitivity for
H,S and was utilized to monitor the H,S changes in RAW 264.7
cells. In 2017, Hua et al. reported a series of N-annulated
perylene-based colorimetric and ratiometric NIR fluorescent
probes for the detection of H,S in biological samples (probe
62).5' By incorporating different functional groups into the
fluorophore, the targeted probes (Mito-NPNM and Lyso-NPNM)
were successfully applied to ratiometrically visualize endoge-
nous H,S in the mitochondria and lysosomes of cells, respec-
tively (Fig. 10).

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Sensing mechanism of fluorescent probe 61 based on nitro
reduction and the structure of representative examples.

4.3 Nucleophilic attack approach

Since the pKa of H,S is 7, it mainly exists in the form of anionic
HS™ under physiological pH conditions, which endows it with
excellent nucleophilicity and allows it to participate in chemical
reactions as a nucleophile. Taking advantage of the strong
nucleophilic nature of H,S, several types of fluorescent probes
have been reported for the detection of H,S. The main challenge
of this strategy is the selective detection of H,S without inter-
ference from other nucleophilic thiols found in biological
systems, especially cysteine and glutathione (at millimolar
levels). Generally, these probes are designed with functionalized
electrophilic units that are used to change the fluorescence
properties of the entire molecules and serve as H,S recognition
sites. We will focus on the following detection mechanisms.

The 2,4-dinitrophenyl ether group has been extensively
employed as both the responsive moiety for H,S and the fluo-
rescence mediator. In 2019, Wu et al. reported a turn-on opto-
acoustic probe 63 based on the benzothiazole-xanthene dyad
for imaging metformin-induced generation of H,S and liver
injury.® The fluorescence signal of NR-OH was quenched by 2,4-
dinitrophenyl ether due to its strong electron-withdrawing
ability. Upon addition of H,S, 2,4-dinitrophenyl ether was
eliminated and transformed into electron-donating hydroxyl,
generating the turn-on fluorescence and optoacoustic signals.
The overdosed metformin-induced liver injury in the mouse
model was visualized using probe 63 via the detection of
endogenous hepatic H,S. More importantly, with the help of
orthogonal-view 3D multispectral optoacoustic tomography
(MSOT) images, the probe was successfully employed to
distinguish, accurately locate and visualize the volume of liver
injury.

In addition, another nitro group, 7-nitro-1,2,3-
benzoxadiazole (NBD), also has the ability to serve as a H,S-
responsive site through thiolysis induced by H,S via the
nucleophilic aromatic substitution mechanism. Utilizing this
group, Zhang et al. synthesized a NIR (emission at 796 nm)
fluorescent probe 64 (ref. 83) for selectively detecting H,S in
cells and in vivo. By using this probe as an imaging tool, the
endogenous H,S in colon cancer cells (HCT116, HT29) and
tumors could be imaged successfully. Meanwhile, the fluores-
cence experiments indicated that higher levels of H,S were
produced in the liver of mice.

As a robust nucleophile, HS™ can undergo a nucleophilic
addition reaction at the electrophilic centre, which mainly
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disturbs the extended 7 conjugate structure and then causes
changes in the fluorescence signal of probes. Utilizing a mer-
ocyanine derivative as the H,S reaction group, He et al. reported
a novel fluorescent probe 65 for selective ratiometric imaging of
H,S in the mitochondria of living cells.®* As designed, the
indolenium C-2 atom of the probe would be attacked by H,S as
an electrophilic agent which may eliminate the properties of
merocyanine but retain the fluorescence signal of coumarin.
This research provided a reliable and effective principle for
designing H,S ratio fluorescent probes through the nucleo-
philic addition of HS™ to merocyanine derivatives.

Unlike conventional thiols, H,S can theoretically be consid-
ered an unsubstituted thiol, which may perform nucleophilic
reactions twice. However, other (e.g. Cys and GSH) thiols only
undergo nucleophilic reaction once. Using this difference, Xian
et al. reported a novel recognition group containing bis-
electrophilic enters for specifically reacting with H,S without
being affected by thiols.*® As shown in Fig. 11, probe 66
(disulfide-containing probe) first underwent nucleophilic attack
by H,S to generate a free SH containing intermediate followed
by a spontaneous secondary nucleophilic cyclization to release
the fluorophore. This probe could effectively and quickly sense
H,S in aqueous solution and living cells.

Another strategy that utilizes the dual nucleophilic capa-
bilities of H,S is the tandem Michael addition mechanism,
which was originally reported by He's group (probe 67).%¢
During molecular design, the probe was functionalized by
introducing an aldehyde group which was employed in the first
nucleophilic reaction of H,S to generate a hemithioacetal
intermediate containing an exposed thiol. Subsequently, the
thiol will undergo a Michael addition to the proximal a, B-
unsaturated ester to form a thioacetal, leading to a turn-on
increase in the fluorescence signal. Although the first step
could be performed when thiol was added, the formed inter-
mediate could not undergo Michael addition and reversibly
yielded the original probe. It showed high selectivity for H,S
and was applied to investigate the function of H,S in biological
systems. A similar approach was used by Tang et al to
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construct a cyanine-based NIR ratiometric fluorescent probe
for H,S detection (probe 68).*” As shown in Fig. 11, it was
synthesized by linking 2-carboxybenzaldehyde and heptame-
thine cyanine to form an ester which supplied an effective
reactive group. Similar to that reported by He, the formed
sulfhydryl group (qHS-Cy) would attack the carbonyl to yield
hydroxy cyanine, which transformed into its keto form under
physiological conditions (ketone-Cy). The endogenously
produced H,S in human A549 cells was detected and imaged by
HS-Cy.

4.4 CusS precipitation

The selective detection of H,S is also achieved by the reaction
with Cu® chelated by fluorophores to generate a CuS precipi-
tate. Generally, the paramagnetism of Cu®" in the fluorescent
probe will cause fluorescence quenching. Based on this
approach, Nagano et al. reported an azamacrocyclic Cu®*
complex (probe 69)* for highly selective and sensitive detection
and imaging of H,S in live cells. The fluorescein was function-
alized by incorporating a cyclen azamacrocycle that will bind
Cu”" to cause low background fluorescence. Upon addition of
H,S, the paramagnetic Cu®>" will be released from the azama-
crocyclic ring by generating CuS, resulting in fluorescence
enhancement. Cyclen was selected as the chelator because it
had a stronger stable complex with Cu®". As a result, high
concentration of GSH could not induce a distinct response in
the fluorescence signal (Fig. 12).

Based on the CuS precipitation strategy, Yuan designed
a novel Cu*"-coupled lanthanide complex (probe 70)** for the
ratiometric time-gated luminescence detection of H,S in vitro
and in vivo. By functionalizing triarylboron with cyclen and
diphenylamine, Yang et al. constructed a two-photon fluores-
cent probe for sensing H,S (probe 71).°° Notably, the H,S-
induced finite aggregation of the probe would increase its
photostability and lead to changes of the fluorescence lifetime.
Meanwhile, the H,S distribution in NIH/3T3 cells was
successfully visualized by utilizing fluorescence lifetime
microscopy.
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Sensing mechanism and structure of fluorescent probes 63—-68 based on the nucleophilic reaction.
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Fig. 12 Sensing mechanism of fluorescent probe 69 based on CuS
precipitation and the structure of representative examples.

4.5 Coordinative-based strategy

Reaction-based H,S fluorescent probes are mostly irreversible
and can only be used as one-pot tools, which is undesirable for
the measurement of real biological samples since it may upset
the balance of the analytes under physiological conditions. In
recent years, transition metal complexes characterized by H,S
or HS™ binding to the metal center have been gradually devel-
oped as effective sensors for detecting HS™ or H,S.”* The
process of H,S detection and release was realized by coordina-
tion or discoordination with a metal complex, constructing
a reversible detection approach. For example, Pellecchia et al.
reported a copper porphyrin complex for sensing H,S in
aqueous solution (probe 72) (Fig. 13).°> The verification experi-
ments demonstrated that the fluorescence response in the
presence of H,S was attributed to the combination of the ana-
lyte with the copper center. In 2018, they also synthesized
a fluorescent pyridoxal-based Zn(u) receptor (probe 73)* for
detecting HS™. This strategy is highly desirable and may
become a promising approach to construct more reversible

Fig.13 Representative fluorescent probes based on the coordination-
based approach.

Table 3 LODs of fluorescent probes toward H,S

Probe LOD Probe LOD Probe LOD Probe LOD

56 400 nM 61 No 66 60 nM 71 47 nM
57 No 62 139 nM 67 No 72 1000 nM
58 24.3 nM 63 40 nM 68 5-10 nM 73 No

59 47 x 10° nM 64 39.6 nM 69 No

60 1 nM 65 1000 nM 70 190 nM

This journal is © The Royal Society of Chemistry 2020
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probes for sensing H,S in biological samples. Besides, the
detection limits (LODs) of H,S probes discussed in the
subsections are summarized and shown in Table 3

5. Conclusions and perspectives

In this perspective, we systematically summarized the recent
progress in fluorescent probes for bioimaging gaseous signal-
ling molecules including NO, CO and H,S. The detection
strategies, respective response mechanisms and imaging
applications of representative fluorescent probes for each gas
molecule were also discussed in detail. Great achievements
have been made in this research field. For instance, in order to
avoid the influence of MGO in NO detection, single-substituted
OPD and N-nitrosation of aromatic secondary amines were
successively reported in the molecular designing. Utilizing the
reduction capacity of CO, researchers developed various CO-
recognition probes through introducing the PdCl,-mediated
Tsuji-Trost reaction and Ru-based nitro reduction. By
designing a reasonable electrophilic structure, such as 2,4-
dinitrophenyl ether, tandem Michael addition or NBD group,
many reported probes could effectively detect H,S without
interference from thiols.

Despite the rapid development and application of fluores-
cent probes for the detection of gasotransmitters, there are still
many issues to be addressed in future work. Firstly, it is well
known that gaseous signalling molecules usually suffer from
ultralow concentration, short lifetime, complex physical envi-
ronments, distribution in specific regions, etc. Therefore, there
is an urgent need to develop fluorescent probes with ultra-high
sensitivity and selectivity, ultra-fast response, and efficient
positioning capabilities. Secondly, studies have shown that
while a gas molecule exerts a physiological role alone, it also
works in coordination with other gasotransmitters or regulates
the level of others. For example, CO and H,S will interact to
generate a new mediator nitroxyl (HNO), which has important
functions in signaling pathways and regulates vascular tone.
Thus, the development of multifunctional, multi-recognition
site fluorescent probes is essential to investigate the mutual
regulation and interaction between three gaseous signalling
molecules. Thirdly, compared to the visible (400-700 nm) and
NIR-I (700-900 nm) emission, the second near-infrared (NIR-II)
window (1000-1700 nm) possesses intrinsic properties such as
deeper penetration, a higher S/N ratio and excellent imaging
temporal and spatial resolution. The development of effective
and gasotransmitter-responsive fluorescent probes in the NIR-II
region is still a promising strategy for investigating more
physiological processes. Finally, due to its ability to reduce
bacterial infections and regulate inflammation, NO has the
potential to be a promising wound therapeutic agent. And CO
has emerged as another therapeutic agent against various
diseases associated with oxidative stress. Since traditional NO
and CO donors are non-fluorescent, effective monitoring of gas-
based therapy is a challenging task. Thus, combining the fluo-
rescence detection of NO and CO with gasotransmitter-
mediated disease treatment is of great significance for the
future. We hope that the principles summarized in this
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perspective will give useful insights into the future development
of gasotransmitter probes for bioimaging applications.
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