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Reactive sulfur species (RSS) and reactive selenium species (RSeS) are important substances for the main-
tenance of physiological balance. Imbalance of RSS and RSeS is closely related to a series of human dis-
eases, so it is considered to be an important biomarker in early diagnosis, treatment, and stage
monitoring. Fast and accurate quantitative analysis of different RSS and RSeS in complex biological sys-
tems may promote the development of personalized diagnosis and treatment in the future. One way to
explore the physiological function of various types of RSS and RSeS in vivo is to detect them at the molec-
ular level, and one of the most effective methods for this is to use fluorescent probes. Nucleophilic aro-
matic substitution (SNAr) reactions are commonly exploited as a detection mechanism for RSS and RSeS
in fluorescent probes. In this review, we cover recent progress in fluorescent probes for RSS and RSeS
based on SNAr reactions, and discuss their response mechanisms, properties, and applications.
Benzenesulfonate, phenyl-O ether, phenyl-S ether, phenyl-Se ether, 7-nitro-2,1,3-benzoxadiazole
(NBD), benzoate, and selenium-nitrogen bonds are all good detection groups. Moreover, based on an inte-
gration of different reports, we propose the design and synthesis of RSS- and RSeS-selective probes based
on SNAr reactions, current challenges, and future research directions, considering the selection of active
sites, the effect of substituents on the benzene ring, and the introduction of other functional groups.

� 2020 Published by Elsevier B.V.
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1. Introduction

Reactive sulfur species (RSS) and reactive selenium species
(RSeS) are important substances in the redox systems of organisms
[1,2]. The former include glutathione (GSH), cysteine (Cys), homo-
cysteine (Hcy), hydrogen sulfide (H2S), thiophenol (PhSH), polysul-
fide (H2Sn), sulfite (SO3

2�), and bisulfite (HSO3
�) [3–6]. The latter

include selenocysteine (Sec), hydrogen selenide (H2Se), selenite
(SeO3

2�), and selenate (SeO4
2�) [7,8]. Proteins containing cysteine

or selenocysteine bear thiol or selenol groups, which affect their
folding and function [1,9]. The functional sites of some proteins
are composed of selenol or thiol groups, such as thioredoxin oxi-
doreductase (TrxR), selenoprotein P (Seleno P), and glutathione S
transferase (GST) [9,10]. These proteins are not only the important
part of the redox system of the body, but also facilitate the trans-
port of some important elements, such as sulfur, selenium, and
mercury [11–13]. Both sulfur in RSS and selenium in RSeS can
adopt a variety of oxidation states ranging from �2 to +4, endow-
ing both classes of species with variable reactivity [10,14,15].
Therefore, RSS and RSeS mediate many redox reactions and physi-
ological processes, offering disease diagnosis and treatment
options [16,17]. In recent years, the biology of RSS and RSeS has
become a major focus of research.

RSS and RSeS are widespread in cells and organisms, and are the
first line of defense of the body’s antioxidant barrier [15,17]. Small-
molecule thiols and selenols with redox activity are key factors for
regulating cell function and body balance by maintaining a steady
redox state of the microenvironment and buffering significant
redox state changes [2]. Cells have a perfect regulatory system to
maintain their redox balance. Abnormal levels of RSS and RSeS
result in poor health, reduced immunity, and other factors that
may cause various diseases, such as neurodegenerative diseases,
cardiovascular diseases, diabetes, muscle diseases, and AIDS in
HIV patients [18,19]. PhSH belongs to a class of highly toxic and
highly polluting compounds. According to reports, exposure to
PhSH in liquid or vapor form can cause a series of serious health
problems, including central nervous system damage, impaired
breathing, muscle weakness, hind limb paralysis, coma, and even
death. It appears that timely suppression and detection of PhSH
are very important [3,4].

Aromatic electrophiles are a class of thiol/selenol inhibitors,
mainly bearing strongly electron-withdrawing groups (such as
nitro, trifluoromethyl, methoxy, etc.) on the benzene ring other
than halogens (F, Cl, Br), making it easier for halogens to attack
thiol/selenol, forming the corresponding HX (X = F, Cl, Br). At the
same time, the Se/S is arylated through a covalent bond to block
2

the thiol/selenol, affecting the function and structure of the pro-
tein. 2,4-Dinitrochlorobenzene (CDNB), p-nitrochlorobenzene
(CNB), p-nitrobromobenzene, p-methoxychlorobenzene, and o-
trifluoromethylfluorobenzene are small molecules of this type.
Since phenyl itself also has an electron-withdrawing effect, fluo-
robenzene, chlorobenzene, and so on, can also be used as elec-
trophiles [20–22].

Aromatic small-molecule electrophiles can form a covalent
bond with Cys or Sec at the active site of an enzyme to irreversibly
inhibit enzyme activity [23]. CDNB and CNB are often used to
determine substrate levels of GST [24,25]. This effect of CDNB
has also been used in cell culture experiments and animal model
experiments. For example, as a depleting agent of GSH, CDNB can
be used to monitor the formation of glutathione S-conjugate in
the liver and determine its activity. The high proliferation and
metabolism of cancer cells makes them produce more reactive
oxygen species (ROS) than normal cells. This leads to an imbalance
of the redox system in the cell, which in turn leads to oxidative
stress [26–28]. In order to combat the harmful effects of ROS and
oxidative stress, the content of Trx in the redox system becomes
raised [29]. CDNB has the potential to act as an immunostimulant
in the treatment of various diseases [30].

With reduced nicotinamide adenine dinucleotide phosphate
(NADPH), CDNB can be used as a specific irreversible inhibitor of
thioredoxin reductase (TrxR) and improve the activity of NADPH
oxidase in the modified enzyme [31]. Without NADPH, CDNB has
no effect on TrxR activity, which indicates that CDNB only inhibits
the enzyme after blocking the active sites (thiol/selenol) of the
reduced TrxR [32–34]. The active site of reduced TrxR is covalently
modified by CDNB to produce the corresponding S-aryl derivative,
which irreversibly inhibits the activity of the enzyme [35]. TrxR is
an important part of the cell redox system [36]. CDNB can induce
apoptosis through irreversible inhibition of TrxR activity. There-
fore, TrxR is also an attractive target in the design of anticancer
drugs [37–41].

The mechanism whereby the aromatic electrophilic compound
inactivates the enzyme involves reaction of the active site (thiol/
selenol) with the electrophilic inhibitor to form S-C and Se-C bonds
[42,43]. Blocking of TrxR by p-nitrochlorobenzene and o-
nitrochlorobenzene may have a positive effect on the removal of
ROS. TrxR-SeH blocked by p-nitrobenzenesulfonyl chloride or o-
nitrobenzenesulfonyl chloride will be oxidized by ROS and release
the corresponding selenic acid, thus participating in the removal of
ROS from the body with the help of GSH [35,36]. Based on the
above-mentioned characteristics of aromatic electrophilic com-
pounds, they may also be used as detection groups of fluorescent



Table 1
Summary of SNAr fluorescence probes specific for RSS and RSeS detection.

Number of Probe Ex/nm Em/nm LOD Analyte Application Response time Solvent Reference

1a 460 560 2.0 pM GSH Water Sample 10 min HEPES:EtOH = 99.5:0.5 [135,136]
1b 450 580 2.0 pM GSH Water Sample 10 min HEPES:EtOH = 99.5:0.5 [135,136]

0.8 pM Sec Water Sample 5 min 100% PBS (pH 5.8)
2 337 520 6.5 lM Cys Water sample

Milk
27 min PBS:DMSO = 3:1 [137]

3 530 610 7 lM Totle biothiols Living cells 5 min 100% HEPES [138]
4 490 590 50 nM Sec Living cells 10 min 100% PBS [139]
5 435 585 43.8 nM H2S Living cells 15 min 100% PBS [140]
6 319 490 180 nM Cys Living cells 30 min PBS:DMSO = 97.5:2.5 [141]
7 370 502 62 nM Sec Living cells 3 min 100% PBS [129]
8 465 555 5 lM PhSH Water Sample 5 min 100% PBS [142]
9 550 593 68 nM Sec Living cells 3 min PBS:CH3CN = 99:1 [143]
10 635, 730 700, 785 2.95 lM Sec Living cells

Mice
4 min Saline:DMSO = 99:1 [144]

11 450 514 23 nM Sec Living cells 12 min PBS:CH3CN = 98:2 [146]
12 560 706 62 nM Sec Living cells 5 min PBS:DMSO = 1:1 [171]
13 480 534 0.05 nM H2S Living cells 10 min 100% PBS [172]
14 680 725 40 nM H2S Living cells

Mice
20 min PBS:DMSO = 9:1 [173]

15 452 550 55 nM H2S Living cells
zebrafish

5 min 100% PBS [174]

16 480 535 10 nM GSH Living cells 30 min HEPES:CH3CN = 4:1 [180]
390 462 3 nM Cys 6 min

17 780 805 330 nM GSH Living cells
Mice

20 min HEPES:DMSO = 99:1 [181]

18a 528 588 212 nM Cys Living cells 15 min 100% PBS [151]
19a 470 581 63 nM Hcy Living cells 30 min PBS:CH3CN = 1:1 [182]

44 nM Cys
19b 525 608 286 nM Cys Living cells 90 min PBS:CH3CN = 1:1 [182]
20 710 818 20 nM GSH Living cells 40 min 100% HEPES [183]
21 455 546 – Cys Living cells 10 min 100% PBS [185]

580 622 – GSH 2 min
22 488 620 2.6 nM Cys Living cells 5 min 100% PBS [188]
23 520 780 37 nM H2S Living cells

Mice
5 min 100% PBS [189]

24 471 518 27 nM GSH Living cells 100 ms PBS:DMSO = 3:1 [103]
25 582 610 2.5 nM H2S Living cells 20 min HEPES:Triton X-100:DMSO = 0.01:1:9 [104]
26 470 540, 585 130 nM Cys plasma 10 min 100% PBS [212]

585 70 nM GSH
27 382 455 150 nM H2S Living cells 500 s PBS:CH3CN = 99:1 [213]
28 470, 550 546, 609 4.25 lM Cys Living cells 12/15 min PBS:CH3CN = 4:1 [214]

5.11 lM Hcy 20 min
550 609 4.30 lM GSH 20 min
410, 550 485, 609 6.74 lM H2S 4/20 min

29 480 540, 630 1.45 lM Cys Living cells 10 min 100% PBS [215]
1.8 lM Hcy 20 min

30 730 796 39.6 nM H2S Living cells 10 min 100% PBS [219]
31 465 535 – H2S Living cells 30 min 100% PBS [220]
32 720 640, 785 0.2 mM Cys Living cells

Mice
5 min 100% HEPES [229]

33 490 515 71 nM H2S2 Water Sample
Living cells

20 min 100% PBS [230]

34 305 454 44 nM Cys Serum
Living cells

10 min 100% PBS [232]
52 nM Hcy

587 96 nM GSH
35 470 510 82 nM Cys Living cells 30 min PBS:CH3CN = 11:9 [235]
36 525 550 1.4 nM GSH Living cells 30 min 100% PBS [241]
37a 635 750 1.09 lM GSH living cells

tissue samples
3 min 100% PBS [242]

37b 0.48 lM
38 400 452 366 nM Cys Living cells 15 min HEPES:CH3CN = 3:1 [247]

588 1.07 lM GSH
39 543 582 1.14 lM H2S Living cells 60 min PBS:DMF = 7:3 [248]

405, 543 374, 582 2.43 lM Cys
374, 432, 582 4.78 lM Hcy
432, 582 2.43 lM GSH

40 600 810 26 nM GSH Living cells 30 min 100% HEPES [249]
41 730 736 500 lM GSH Living cells

Mice
15 min HEPES:DMSO = 9:1 [250]

42 780 805 630 mM GSH Living cells
Mice

20 min HEPES:DMSO = 99:1 [181]

43 620 713 53 nM H2S Living cells 3 min PBS:CH3CN = 1:1 [179]

(continued on next page)
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Table 1 (continued)

Number of Probe Ex/nm Em/nm LOD Analyte Application Response time Solvent Reference

Mice
44 470 525 – GST Living cells 10 min 100% PBS [153]
45–1-a 680 706 280 nM PhSH Living cells

Mice
30 min PBS:DMSO = 99:1 [267]

46 447 655 12 nM PhSH Water samples
Living cells

10 min HEPES:DMSO = 95:5 [273]

470 666 10 nM Sec Living cells
Mice

20 min 100% PBS [272]

469 650 80 nM PhSH Water Sample
Living cells
Zebrafish

7 min PBS:CH3CN = 4:1 [274]

47 455 658 3.4 nM PhSH Water samples 160 s PBS:DMSO = 4:1 [275]
455 666 6 nM H2S Living cells

Mice
1 min HEPES:DMSO = 4:1 [276]

48 523 644 53 nM S2� Living cells 30 min 100% PBS [278]
49 H2S Very slow [270]
50 550 676 29 nM PhSH Water samples

Living cells
8 min PBS:DMSO = 1:1 [277]

51 482 655 43 nM H2Sn Living cells 24 min PBS:DMSO:Tween 80 = 96.6:3:0.4 [271]
52 440 543 51 nM Cys Living cells 2 min HEPES: Ethanol = 1:2 [279]

543 16 nM Hcy 2 min
583 34 nM GSH 2 min

53 440 670 30 lM H2S Living cells 15 min PBS:DMSO = 7:3 [280]
54-S-1 440 540 35 nM Cys Living cells 30 min PBS:CH3CN = 7:3 [154]

547 46 nM GSH
543 50 nM Hcy

54-O-6 440 493 41 nM, Cys Living cells 30 min PBS:CH3CN = 7:3 [154]
47 nM GSH
65 nM Hcy

55 445 560 3.7 nM GST Living cells 30 min 100% HEPES [155]
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probes based on SNAr reaction, applicable for the detection of RSS
and RSeS in vitro, in cells, and in animals.

Fluorimetry is a simple, inexpensive, and fast method for
detecting analytes. The rise of the rapid detection field in recent
years has provided broad scope for the development of fluorimetry
[44–48]. In 2014, China formulated the ‘‘Proposal for Management
of On-Site Rapid Testing (POCT) in Medical Institutions (In Hospi-
tals)”, and in 2015 the rapid testing method was written into the
Food Safety Law of the People’s Republic of China and rapid testing
was further recognized [49,50]. In early 2020, large-scale out-
breaks of a new coronavirus (2019-nCoV) led to an urgent need
for rapid detection methods. Indeed, this became one of the most
widely reported and urgent needs for rapid detection [51].
Fig. 1. Benzenesulfonyl-based RSS/RSeS-specific fluo

4

Fluorescent probes have been widely studied and applied in
many fields. In particular, their capacity to be used in temporal
and spatial sampling and in vivo imaging applications makes them
suitable for monitoring physiological and pathological processes,
and they have continued to attract ever more attention in biomed-
ical research [52–56]. By modifying the fluorescent matrix, a fluo-
rescent probe can provide dynamic information about the location
and quantity of an analyte in different matrices, so that the analyte
can be easily studied [57–59]. Fluorescent probes can be used to
remotely measure analytes and can be used in environments and
samples that are difficult to access directly to avoid possible dam-
age when the analyte is taken out of its natural medium. Fluores-
cent probes have become important tools in chemical and
rescent probes and their detection mechanisms.
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biochemical research due to their non-invasiveness, high sensitiv-
ity, high selectivity, operability, low cost, rapid response, high time
resolution, and appropriate beneficial characteristics for easy sig-
nal detection [60–65].

RSS- and RSeS-specific fluorescent probes have long been used
for protein labeling [37,66–68]. For the purpose of drug simulation
and structural screening, researchers have synthesized various
RSS-specific fluorescent probes [69]. At the beginning of the 21st
century, researchers synthesized various types of highly selective
RSeS-specific fluorescent probes capable of operating under phys-
iological conditions by simulating the structure of RSS probes
and optimizing the detection environment. Fluorescent probes
based on SNAr reaction for RSS and RSeS have been hot spots in this
field [7,8,66].

Because RSS and RSeS are prone to deprotonation, and their
amounts in vivo are very small, the development of RSS- and
RSeS-specific fluorescent probes for intracellular or in vivo target-
ing is very challenging [7,8]. Observing the endogenous or exoge-
nous RSS and RSeS in cells or animals is an important application
of fluorescent probes [67,70–72]. RSS- and RSeS-specific fluores-
cent probes should be able to provide insight into changes in speci-
fic RSS and RSeS in healthy and diseased cells and biological
systems [73–75]. For the differentiation of different types of pro-
teins containing Cys or Sec, as well as the detection of RSS and RSeS
in blood, tissue, agricultural products, and food, the effect of thiols
on food flavor is worth exploring [76–79]. In this review, we first
briefly summarize the latest developments in the field of fluores-
cent probes for RSS and RSeS based on SNAr reactions. Thereafter,
based on the integration of different reports, we propose methods
for the design and synthesis of RSS- and RSeS-selective probes
based on SNAr reactions, current challenges, and future research
directions, considering the selection of active sites, the effect of
substituents on the benzene ring, and the introduction of other
functional groups.
2. Fluorescent probes for RSS and RSeS based on SNAr reactions

The reaction of an electrophilic aromatic compound and a fluo-
rophore can have a strong quenching effect on the probe [3,4].
Most fluorescent probes based on SNAr reactions for RSS and RSeS
can achieve the ‘‘off–on” effect after reaction with the analyte [7,8].
Benzenesulfonate [80–88], phenyl-O ether [89–98], phenyl-S ether
[99–102], phenyl-Se ether [103,104], 7-nitro-2,1,3-benzoxadiazole
(NBD) [105–111], benzoate, and selenium-nitrogen bonds are all
good detection groups [21,22] (see Table 1).
2.1. Benzenesulfonic acid as the detection group

Benzenesulfonamide and benzenesulfonate are the main reac-
tive groups of benzenesulfonic acid [20,112–120]. RSS and RSeS
can break the benzenesulfonamide or benzenesulfonate bond and
become bound to the aromatic part of the detection group with
the concomitant release of SO2. Due to the extinction of the
quenching group, the fluorescence is enhanced, thus providing
the test signal [121–128]. Compared with the benzenesulfonate
bond, the p-p conjugation effect of the benzenesulfonamide bond
makes it stronger and more difficult to break, so it is more suitable
to detect RSS with lower pKa values in a physiological environ-
ment, such as H2S, PhSH, and even Sec [129–134].

Hatsuo et al. have long been engaged in research on fluorescent
probes for thiols. They appended 2,4-dinitrobenzenesulfonyl to
rhodamine, and thereby synthesized two fluorescent probes
(Fig. 1, panels 1a and 1b) that could be used for thiol detection
at physiological pH [135,136]. The reaction rates of probes 1a
and 1b with GSH were 1.7 � 102 and 1.4 � 102 M�1 s�1, respec-
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tively, and the detection limits for GSH and Cys were both lower
than 2.0 pM, making these probes suitable as substitutes for the
Ellman reagent in the quantitative determination of thiols. In fur-
ther studies, Hatsuo et al. found that probe 1b, which was origi-
nally designed to detect thiols, reacted more quickly with
selenols in phosphate buffer at pH 5.8, with an emission intensity
ratio (ISeH/ISH) exceeding 200 [136]. The rate of reaction of this
probe with Sec was 7.4 � 102 M�1 s�1 and the detection limit
was 0.8 pM. However, this measurement method is incompatible
with biological environments.

Although many fluorescent probes have been used to detect
Cys, most of them have been used to image living cells, and detec-
tion methods based on fluorescent probes for Cys in foods need
further development. Yang et al. appended a 2,4-
dinitrobenzenesulfonyl moiety to fluorescein and applied the syn-
thetic probe (Fig. 1, panel 2) to the detection of Cys in milk and
water samples [137]. The probe proved to be highly selective and
could be used to detect Cys concentrations in the range 0–
400 lM. Its excitation and emission wavelengths of kex = 337 nm
and kem = 520 nmwere not affected in the range pH 6–9, the detec-
tion limit was 6.5 lM, the color of the solution changed from light-
yellow to yellow-green, and the detection of Cys using this probe
could be recognized by the naked eye.

(40-Hydroxy-2,20:60,200-terpyridine-6,600-diyl)-bis(methyleneni
trilo)tetrakis(acetic acid) (HTTA) is a functional ligand that can
form highly stable complexes with both Eu3+ and Tb3+ ions. Yuan
et al. found that the terbium(III) complex of this ligand (HTTA-
Tb3+) has a higher fluorescence quantum yield under physiological
conditions. However, its europium(III) complex (HTTA-Eu3+) has
only weak fluorescence due to the negative charge on oxygen
(terpyridine-O�) after deprotonation of the hydroxyl group on ter-
pyridine. By introducing a 2,4-dinitrobenzenesulfonyl (DNBS)
group on the HTTA structure, a ratio-based fluorescent probe
(Fig. 1, panel 3) for biothiols was synthesized [138]. Due to the
occurrence of photoinduced electron transfer (PET), NSTTA-Eu3+

and NSTTA-Tb3+ showed weak fluorescence. However, when
reacted with a thiol, due to departure of the DNBS group, the PET
function was lost, making the fluorescence of the terbium(III) com-
plex significantly enhanced, whereas the fluorescence intensity of
the europium(III) complex did not change significantly. Therefore,
the fluorescence intensity ratio of the terbium(III) complex to the
europium(III) complex (I540/I610) could be used as a fluorescence
marker to perform quantitative detection of thiols. Indeed, it has
been used for ratiometric imaging of thiols in several cell samples.
NSTTA-Tb3+/Eu3+ was used to detect thiols in 5 min with a detec-
tion limit of 7 lM.

Xu et al. have been studying polymer micelles for a long time,
using ring-opening polymerization (ROP) of cyclic carbonates to
synthesize amphiphilic polymers. Through modification with 2,4-
dinitrobenzenesulfonyl moieties, they synthesized a fluorescent
derivative of the drug doxorubicin (DOX) and polycarbonate
micelles (PMPC-DNS) capable of responding to Sec (Fig. 2, panel
4) [139]. The amphiphilic copolymer could self-assemble to give
a hydrophobic core with a hydrophilic shell at the periphery. It is
worth noting that the hydrophobic termini of the micelle are the
recognition sites for Sec. In the presence of Sec, the 2,4-
dinitrobenzenesulfonyl recognition site is activated, rendering it
hydrophilic and destabilizing the micelle, thereby releasing DOX.
In this way, Sec can be detected in cells and tissue. PMPC-DNS
formed spherical micelles with an average diameter of 118 nm in
aqueous solution. The critical micelle concentration (CMC) was
determined as 0.01245 mg mL�1. The drug loading efficiency
(DLE) and drug loading content (DLC) of the micelle for DOX were
6.5% and 7.63%, respectively. The PMPC-DNS probe was success-
fully applied for the imaging of endogenous Sec in HeLa cells and
live cervical tumors.



Fig. 2. Strategy for detection of Sec by probe 5 [139].

Fig. 3. Strategy for detection of H2S by probe 6 [140].

Y. Liu et al. Coordination Chemistry Reviews 427 (2021) 213601
Aggregation-induced emission dots (AIED) have various advan-
tages, such as high fluorescence, large Stokes shift, excellent light
stability, and good biocompatibility. Gao et al. developed a new
type of nanoprobe based on AIED for selective monitoring of
endogenous H2S levels in lysosomes (Fig. 3, panel 5) [140]. The pre-
pared AIED showed good water dispersibility, optical parameters
of kex = 435 nm and kem = 585 nm, a detection limit of 43.8 nM,
selectivity for H2S superior to that of other thiols, and excellent
long-term stability (>16 weeks). In addition, confocal fluorescence
imaging experiments confirmed that AIED mainly resided in lyso-
somes, permitting specific imaging of the levels of exogenous
and endogenous H2S in living cells.

Based on the simple synthesis of tetrastyrene (TPE), easy mod-
ification, and the special properties of aggregation-induced emis-
sion (AIE), Li et al. designed and synthesized a tetrastyrene-based
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fluorescent probe TPENNO2 for the specific detection of Cys
(Fig. 1, panel 6) [141]. The kinetic rates of reactions of this probe
with Cys, Hcy, and GSH, respectively, were determined. It was
found that the changes in their fluorescence responses with time
were different. Thus, Cys, Hcy, and GSH could be detected sequen-
tially according to different time sequences. The response time of
this probe to cysteine was 30 min, the detection range was 0–
500 lM, with kex = 319 nm and kem = 490 nm, and the limit of
detection was 0.18 lM. In addition, TPENNO2 could also be used
for the detection of thiols in live cells.

Fang et al. constructed a small library of selenol probes based on
the mechanism of SNAr. By adjusting the reactivity of the probes, a
fluorescent probe (Sel-green) with high selectivity for selenol
under physiological conditions was identified, and the relationship
between the probe structure and activity was established (Fig. 1,



Fig. 4. Strategy for detection of Sec by probe 11 [146].
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panel 7) [129]. 2,4-Dinitrophenyl is a strongly electron-
withdrawing group used for the recognition of thiol or selenol.
Moreover, 2,4-dinitrophenyl ether and 2,4-
dinitrobenzenesulfonamide have superior abilities to distinguish
between selenol and thiol than the 2,4-dinitrobenzenesulfonate
group. Sel-green has been used to quantify the content of Sec in
TxR and to detect Sec in HepG2 cells. When Sel-green was used
to stain cells to study the cytotoxicity of selenium compounds, it
was found that highly toxic compounds also showed a positive sig-
nal, indicating that their toxicity depends on their ability to metab-
olize into selenol in cells. The response time of the probe to Sec was
3 min, the detection range of selenium compounds under physio-
logical conditions was 0–100 lM, and the detection limit was
62 nM. Sel-green was the first probe capable of selectively recog-
nizing Sec under physiological conditions.

Wang et al. combined an NBD fluorophore with a 2,4-
dinitrobenzenesulfonyl group via a secondary amine group to syn-
thesize a probe (Fig. 1, panel 8) for specifically detecting PhSH
[142]. Since the pKa of PhSH is about 6.5, whereas that of an alipha-
tic thiol is about 8.5, in a physiological environment, the dissocia-
tion of high levels of PhSHwill generate the corresponding thiolate,
which can effectively react with benzenesulfonamide. Aliphatic
thiols are maintained in a neutral form with lower reactivity, such
that sulfonamide cleavage is very slow. The probe showed
kex = 465 nm and kem = 555 nm, and the detection limit for PhSH
was 0.2 � 10�5 M.

Yang et al. have long studied the pKa transformationmechanism
of the Schiff-base structure of hemicyanine, and developed a long-
wavelength fluorescent probe (MC-Sec) for the detection of selenol
by introducing a strongly electron-withdrawing 2,4-
dinitrobenzenesulfonyl group (Fig. 1, panel 9) [143]. The pKa value
of MC-Sec is 6.40. At physiological pH, it mainly exists in the form
of its Schiff base and shows no fluorescence. When Sec is added to
its solution, Sec and the probe MC-Sec undergo a nucleophilic sub-
stitution reaction, releasing the fluorophore with a higher pKa

value (pKa = 9.0). Therefore, under physiological conditions, the flu-
orophore mainly exists in the form of a protonated Schiff base,
which causes the absorption wavelength of the detection system
to be red-shifted and the fluorescence intensity to increase signif-
icantly. The probe showed high selectivity and sensitivity for the
detection of selenol, kex = 550 nm, kem = 593 nm, the detection
range was 0–70 lM, and the limit of detection was 68 nM. The
probe could be applied in serum and live cells.

Chen et al. synthesized a fluorescent probe, Mito-di NO2 (Fig. 1,
panel 10), for detecting selenol, by connecting a 2,4-
dinitrobenzenesulfonamide responsive group with a lipophilic
triphenylphosphine cationic mitochondrial targeting group to a
near-infrared (NIR) heptamethine cyanine fluorophore [144]. The
probe showed a rapid response to selenol within 4 min. Since the
introduction of a methyl group makes the amide bond form a ter-
tiary amine, a certain degree of steric hindrance can be generated,
but it is not affected by some macromolecular RSeS during detec-
tion. At the same time, it is more difficult to cleave than the above
sulfonamide bond, so it should be free from the interference of RSS,
ROS, RNS, metal cations, and anions. This probe could be used to
target mitochondria and quantify the selenol concentrations in
BRL 3A, RH-35, HL-7702, HepG2, and SMMC-7721 cell lines. It
has been successfully used to detect changes in the concentration
of selenium in a model of mitochondrial-related acute cell inflam-
mation induced by CS2, and to evaluate the protective effect of
selenium on acute/chronic hepatitis induced by CS2.

Carbon dots (CDs) have received much attention due to their
unique optical properties, high photostability, biocompatibility,
and low toxicity [145]. Li et al. used m-aminophenol as a carbon
source to synthesize and screen CDs with yellow-green fluores-
cence, and covalently coupled 2,4-dinitrobenzenesulfonyl to the
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surface of carbon quantum dots through a sulfonamide bond. A
CD-based fluorescent probe for specifically detecting Sec was
thereby obtained (Fig. 4, panel 11) [146]. The probe showed excel-
lent sensitivity and specificity for Sec. Preliminary studies showed
CD-DNS to be of low toxicity, to have optical parameters of
kex = 450 nm and kem = 514 nm at pH 4.94–9.18, and to show excel-
lent sensitivity and specificity for Sec with a limit of detection of
23 nM. This makes them suitable for fluorescence imaging of
exogenous and endogenous selenol in living cells.

2.2. Phenyl ethers as the detection groups

The use of phenyl ethers as the detection group is the main
research direction of fluorescent probes based on SNAr reactions
for RSS and RSeS [147–152]. Cleavage of the carbon-chalcogen
bonds in phenyl-O ethers, phenyl-S ethers, and phenyl-Se ethers
becomes increasingly facile as the atomic radius increases on going
from oxygen to sulfur to selenium. In addition, the introduction of
appropriate groups at different positions on the benzene ring can
also modulate the ease of dissociation of phenyl ethers [153–155].

2.2.1. Phenyl-O ether as the detection group
With phenyl-O ether as the reaction site of the probe, selenol or

thiol will break the phenyl-O ether bond, and thereby become
bound to the aromatic moiety of the detection group. The probe
is displaced by the quenching group, and the enhanced fluores-
cence provides the detection signal [156–160]. Response times of
phenyl-O ether groups to the detection group of RSS and RSeS
are longer, the selectivity is not high, but the fluorescence is strong
[161]. However, introducing electron-withdrawing groups at other
positions on the benzene ring of the detection group can shorten
response times and quench the fluorescence of the fluorophore
[162–166]. Therefore, for RSS and RSeS with low pKa values,
nitrophenyl-O ethers are good choices [167–170].

Feng et al. have studied the benzopyranonitrile moiety. A fluo-
rescent probe (Fig. 5, panel 12) for detecting Sec was synthesized
by introducing 2,4-dinitrophenyl ether into a benzopyranonitrile
fluorophore [171]. This probe was used to detect Sec in bovine
serum samples and exogenous and endogenous Sec in live cells.
The probe (kex = 560 nm, kem = 706 nm) showed good linearity
in the Sec concentration range 0.2–80 mM, with a detection limit
of 62 nM. Although the detection limit of this probe is slightly
higher, the larger Stokes displacement is more conducive to naked
eye observation.

Graphene quantum dots (GQDs) are endowed with excellent
solubility, biocompatibility, highly adjustable photoluminescence
(PL), excellent light stability, good cell permeability, easy function-
alization, and low cost. They are widely used in the field of fluores-
cent probes. The photoluminescence properties of GQDs are highly
sensitive to light-induced electron-transfer phenomena due to
their extremely small size and related quantum confinement



Fig. 5. Phenyl-O ether-based RSS/RSeS-specific fluorescent probes and their detection mechanisms.
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effects. Chen et al., based on the formation of phenyl-O ethers with
2,4-dinitrophenyl and tyrosine to functionalize GQDs, developed
H2S-specific fluorescent probes (Fig. 5, panel 13) and used them
to respond to the real-time dynamic changes of intracellular H2S
levels in response to stimulation imaging [172]. At physiological
pH, the detection limit was as low as 0.05 nM, and the maximum
linear response was as high as 30 nM, with optical parameters of
kex = 480 nm and kem = 534 nm.

Wu et al. have long studied thiol probes, introduced 2,4-
dinitrophenyl-O ether groups into external cyanine NIR dyes, and
synthesized H2S-specific dual-mode fluorescent probes (Fig. 5,
panel 14). These could be used to image endogenous H2S in
tumor-bearing HCT-116 mice [173]. More importantly, they could
also be used to monitor metformin-induced liver injury in mice by
detecting liver H2S. With the help of multispectral optoacoustic
tomography (MSOT), the probe could be successfully used to dis-
tinguish, accurately locate, and assess the volume of liver damage.
In addition, the probe NR-NO2 showed quite good response speci-
ficity, sensitivity to H2S, and good biosecurity; with optical param-
eters of kex = 680 nm and kem = 725 nm, its limit of detection was
40 nM.

Based on an assembly of tetrastyrene, 3-hydroxyflavone, and
2,4-dinitrophenyl-O ether, Wu et al. also designed and synthe-
Fig. 6. Strategy for detection o
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sized an H2S-specific fluorescent probe with aggregation-
induced emission (AIE) and excited-state intramolecular proton
transfer (ESIPT). A cationic liposome was used to encapsulate
the probe TPE-1, endowing it with enhanced biocompatibility,
water solubility, and cell uptake capacity (Fig. 6, panel 15)
[174]. The probe had a diameter of 72.31 nm, a polydispersity
index (PDI) of 0.218, a zeta potential of 56.9 mV, optical param-
eters of kex = 452 nm and kem = 550 nm, and a low detection limit
of 55 nM. At physiological pH, the cationic liposome nanoprobe
showed good stability and detection capability, reaching equilib-
rium within about 5 min. The detection mechanism shows that
cleavage of the phenyl ether bond occurs due to the nucleophilic
nature of H2S, the hydroxyl group is deprotected, intramolecular
proton transfer is restored, and an intramolecular hydrogen bond
is formed. As a result, internal rotation of the tetrastyrene struc-
ture is restricted, and the aggregate is fluorescent. The probe per-
mitted fluorescence imaging of endogenous H2S in cells and of
exogenous H2S in zebrafish.

2.2.2. Phenyl-S ether as the detection group
For probes that use phenyl-S ether as the reaction site, since

sulfur already occupies the binding site on the detection group,
when the analyte breaks the phenyl-S ether bond, both the analyte
f H2S by probe 15 [174].
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and the fluorophore are covalently bonded with sulfur; due to the
concomitant loss of the quenching group, the fluorescence of the
probe is changed, providing the detection signal [175–177]. The
appending of electron-withdrawing groups on the benzene ring
of the detection group can shorten response times. Compared with
the phenyl-O ether group, the phenyl-S ether group responds to
RSS more quickly [100,154]. At the same time, because the analyte
forms a covalent bond with the fluorophore rather than the detec-
tion group, the steric effect and covalent bond can be combined to
distinguish glutathione from Cys/Hcy [100,101]. However, when
the phenyl-S bond is strong, it is not only not less likely to react
with RSS, but also less likely to be oxidized by ROS. Fortunately,
because the valence state of S increases after oxidation, it is easily
reduced by S with a lower valence state, so it readily reacts with
RSS with lower pKa values [178,179].

Zhang et al. have studied BODIPY fluorescent probes for a long
time. By introducing a phenyl-S ether group at the 8-position of
BODIPY, they developed a selective fluorescent probe for detecting
GSH (Fig. 7, panel 16) [180]. The detection of two emission chan-
nels allowed the distinction of GSH from Cys and Hcy, with only
the latter two inducing intramolecular ammonolysis of thioether.
The probe could be used to detect GSH within 30 min, with
kex = 480 nm and kem = 535 nm, and the detection limit was
10 nM. Concomitantly, the detection of Cys and Hcy could also
be achieved within 6 min, with kex = 390 nm and kem = 462 nm.
Colorimetric or fluorescence observation can be conveniently
applied to measure the content of GSH in human plasma.

Chen et al. designed a fluorescent probe for detecting GSH based
on a cyanine dye as the fluorophore and 3,5-bis(trifluoromethyl)t
hiophenol as the detection group (Fig. 7, panel 17) [181]. The
detection limit of the probe for GSH was 3.3 � 10�7 M, with
kex = 780 nm and kem = 805 nm. After reacting with Cys or Hcy,
the emission wavelength of the probe was blue-shifted, and the
fluorescence intensity was weakened (kem = 740 nm, kex = 650 nm).
The probe was also used for imaging GSH in living cells and for flu-
orescence detection of GSH in SCC7 tumor-bearing mice.

Yang et al. introduced a triethylene glycol group at the 3-
position of the BODIPY framework through a click reaction to
improve its water solubility. At the 5-position, p-nitrothiophenol
or p-nitrophenol was introduced to synthesize fluorescent probes
for Cys (Fig. 7, panels 18a and 18b) [151]. The amino group of
Fig. 7. Phenyl-S ether and phenyl-Se ether-based RSS-speci
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Cys can undergo rapid intramolecular substitution through a
five-membered-ring transition state to generate amino BODIPY,
causing blue shifts in the absorption and emission spectra. The
six-membered-ring transition state of Hcy is similar, but the reac-
tion rate is slower, and it exists in the form of thiol-BODIPY, react-
ing with GSH in a certain time. The significant difference in the
photophysical forms of BODIPY substituted by amino and mer-
capto can be used to distinguish Cys from Hcy/GSH. Because the
phenyl-S ether bond is less stable than the 2,4-dinitrophenyl ether
bond, p-nitrothiophenol is more easily cleaved than p-nitrophenol.
Consequently, probe 18a shows faster reaction rates than probe
18b, and the former is more suitable for detecting thiols. The
detection range of 18a is 0–100 lM, with kex = 528 nm and
kem = 588 nm, and the detection limit is as low as 2.12 � 10�7 M.

Zhao et al. used 1,3,5,7-tetraaryl-substituted BODIPY com-
poundswith large steric hindrance and long absorptionwavelength
as fluorophores and 4-methoxyphenyl-S ether as a detection group
to assemble two fluorescent probes (Fig. 7, panels 19a and 19b) for
the detection of Cys and Hcy [182]. The detection of Cys and Hcy by
probe 19a was complete within 30 min, with kex = 470 nm and
kem = 581 nm. The detection range was 0–15 lM, and the limits of
detection were 44 nM for Cys and 63 nM for Hcy. The detection of
Cys by probe 19b was complete within 90 min, with kex = 525 nm
and kem = 608 nm. The detection range for Cys was 0–25 lM, and
the limit of detection was 286 nM. The slower rate for 19b was
attributed to the increased steric congestion of the 1,7-diphenyl
moieties in the conformationally restricted BODIPY dye. Both of
these fluorescent probes were successfully applied for the selective
imaging of Cys and Hcy in living cells.

Yin et al. combined the heptocyanine fluorophore with p-
aminothiophenol through a thioether bond to synthesize a fluores-
cent probe (Fig. 7, panel 20) for detecting GSH [183]. The probe
(kex = 710 nm, kem = 818 nm) showed a detection range of 0–
30 l,M its reaction reached equilibrium within 40 min, and the
limit of detection was 20 nM. The probe showed good water solu-
bility, biocompatibility, and cell permeability, coupled with low
cytotoxicity, making it an effective biomarker for monitoring GSH
levels in living cells.

In 2008, Burgess et al. reported a series of amine- and thiol-
regulated pyrrole dyes [184]. Interestingly, their aminopyridine
red dye had kex = 460 nm and kem = 540 nm, whereas their mercap-
fic fluorescent probes and their detection mechanisms.
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topyridine red dye had significantly red-shifted absorption and
emission wavelengths (kex = 598 nm, kem = 619 nm). Inspired by
this report, Guo et al. connected 4-methoxythiophenol with pyro-
chrome to design a probe (Fig. 7, panel 21) for detecting thiols
[185]. This probe could be deployed in phosphate-buffered saline
(PBS), and the simultaneous monitoring of two near-infrared
(NIR) channels allowed the selective detection of Cys/Hcy and
GSH. This was accompanied by fast reaction kinetics and an obvi-
ous fluorescence turn-on response. The reaction time of this probe
with Cys (Hcy) was 15 min, with kex = 455 nm and kem = 546 nm,
and the detection range was 0–60 lM. The reaction time with GSH
was 2 min, with kex = 580 nm and kem = 622 nm, and the detection
range was 0–1.0 mM. Because intracellular concentrations of Cys
and GSH are in the ranges 30–200 lM and 1–10 mM, respectively,
the probe is sufficiently sensitive to image biothiols in cells
[186,187].

In a follow-up study, Guo et al. introduced Si into the rho-
damine fluorophore and designed a cysteine-specific fluorescent
probe with 4-methoxythiophenol as the detection group (Fig. 7,
panel 22) [188]. The detection range of this probe for Cys was 0–
2 lM, with kex = 488 nm and kem = 620 nm, and the limit of detec-
tion was 2.6 nM. The probe initially reacted non-selectively with
Cys and GSH to form a fluorescent Cys adduct and a non-
fluorescent GSH adduct. However, the GSH in the latter could be
further replaced by Cys to produce more of the former, overcoming
the problem of probe consumption by GSH. Therefore, the presence
of GSH is not problematic for the specific detection of Cys. Impor-
tantly, the deployment of this probe not only proved that inhibit-
ing cysteine/glutamate antiporter (system xc�) is more effective
in sensitizing cancer cells to chemotherapy than inhibiting
glutamate-cysteine ligase (GCL), but also revealed a possible self-
protection mechanism of cancer cells. When extracellular Cys is
blocked, cancer cells can still survive by exporting intracellular
GSH/GSSG as a source of Cys to provide intracellular Cys to resist
harmful oxidative stress. The probe also confirmed that disrupting
self-protection is a more effective strategy for sensitizing cancer
cells to chemotherapy.

A near-infrared zone two (NIR-II) fluorescent probe can realize
high-resolution biological imaging with deep tissue penetration.
However, due to a lack of target specificity, existing NIR-II materi-
als usually have a poor signal-to-noise ratio. Zhao et al. encapsu-
lated an H2S-responsive fluorescent probe in a hydrophobic core–
shell silica nanocomposite so as to assemble an activatable NIR-II
nanoprobe to visualize colorectal cancer cells (Fig. 8, panel 23)
[189]. The detection range of this nanoprobe for H2S was 0–
10 lM, and the limit of detection was 37 nM, with kex = 520 nm
and kem = 780 nm. Although the maximum emission wavelength
was 900 nm, the emission spectrum was quite broad and extended
Fig. 8. Strategy for detection o
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to the NIR region II (1000–1300 nm). The probe reaction reached
equilibrium within 5 min, and could be used to monitor H2S and
related biological processes in real time. This nanoprobe showed
a specific and proportional fluorescence response to H2S, and could
be used to selectively identify H2S-rich colon cancer cells and to
distinguish live cell types based on their differences in H2S con-
tents in a two-color imaging mode. More importantly, H2S specif-
ically activates fluorescence in the NIR-II region, and the probe
can detect and distinguish cancer in vivo by taking full advantage
of the depth and spatial resolution of NIR-II imaging.

2.2.3. Phenyl-Se ether as the detection group
For probes that use phenyl-Se ether as the reaction site, when

the analyte breaks the phenyl-Se ether bond, since selenium
already occupies the binding site on the detection group, the ana-
lyte is forced to form a covalent bond with the fluorophore
[103,104]. At the same time, the fluorescence of the probe is
enhanced due to the loss of the quenching group, and this provides
the detection signal. The response of the phenyl-Se ether group to
RSS is faster than those of phenyl-O ether and phenyl-S ether.
Because the analyte forms a covalent bond with the fluorophore
instead of the detection group, steric hindrance and different com-
bination modes may be exploited to distinguish GSH, Cys/Hcy, H2S,
and so on. Phenyl-Se ether can also be oxidized by ROS, and the lat-
ter may be detected on the basis of the resulting fluorescence
changes. Conversely, RSS will reduce selenium and restore fluores-
cence [190,191].

Churchill et al. inserted a phenyl-Se ether moiety at the 4-
position of coumarin to synthesize a fluorescent probe capable of
specifically detecting GSH (Fig. 7, panel 24) [103]. This functional
group can quench the fluorescence of coumarin by PET and can
also act as a leaving group. The aldehyde group at the 3-position
also plays a dual role: it enhances the electrophilicity of the
Michael acceptor at the 4-position, while also inducing the cycliza-
tion reaction of the thiol and primary amine groups of Cys/Hcy.
When the probe reacts with GSH, the latter is inserted at the 4-
position of coumarin in the form of a thioether. Due to steric hin-
drance, the amino group of GSH can only attack the 3-position with
respect to the aldehyde group, causing GSH and the fluorophore to
form a ring structure, increasing the conjugation of the system.
Concomitantly, the amino group forms an internal hydrogen bond
with the adjacent carbonyl group, and the fluorescence is
enhanced. The limit of detection of the probe for GSH was
2.7 � 10�7 M, with kex = 471 nm and kem = 518 nm, the detection
range was 0–40 lM, and equilibrium was attained within 100 ms
(as determined by UV/Vis monitoring). Cys/Hcy will form a sec-
ondary amine group at the 4-position of coumarin. Cys/Hcy also
undergo a cyclization reaction with the aldehyde group in the 3-
f H2S by probe 23 [189].
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position, decreasing the fluorescence. The probe has also been suc-
cessfully used for imaging GSH in Hep3B cells.

Qin et al. introduced phenyl-Se ether groups at the 3- and 5-
positions of the BODIPY framework to synthesize fluorescent
probes (Fig. 7, panel 25) for detecting H2S [104]. In the presence
of excess H2S, the second phenyl-Se ether group of the probe was
substituted, and the fluorescence emission intensity was further
reduced. The detection range of this probe for H2S was 0–15 lM,
the limit of detection was as low as 2.5 nM, and the detection
reached equilibrium within 20 min, with kex = 582 nm and
kem = 610 nm. The fluorescence of the probe is shut down by
H2S, providing excellent sensitivity and selectivity for its detection.
It has been widely used in intracellular H2S detection and fluores-
cence microscopy imaging.

2.3. NBD as the detection group

Probes that use NBD as a reactive group can be mainly classified
into those with an NBD-O ether, an NBD-S ether, or an NBD-N bond
[111,192–196]. When forming the above structures, NBDwill show
different fluorescence emissions, making it suitable to distinguish
different RSSs [197–204].

2.3.1. NBD-O ether as the detection group
With NBD-O ether as the detection group of a probe, after the

RSS breaks the NBD-O ether bond, the fluorescence of the fluo-
rophore recovers, and the analyte concomitantly forms a covalent
bond with the NBD to achieve the purpose of detection [205–
207]. Since an NBD-S bond will quench the fluorescence of NBD,
H2S, PhSH, GSH, and thiol-containing proteins cannot restore it.
Therefore, NBD-O ether can be used for distinguishing Cys or Hcy
from other RSSs based on the fluorescence recovery of fluorophores
and the change of NBD fluorescence [208–211].

Ma et al. combined NBD with the hydroxyl group of resorufin
to synthesize a specific fluorescent probe for distinguishing GSH
from Cys/Hcy, which showed unique emission modes of Cys
and GSH at only one excitation wavelength (Fig. 9, panel 26)
[212]. Upon reaction with Cys/Hcy, this probe releases the amino
NBD and resorufin (kex = 470 nm, kem1 = 540 nm, kem2 = 585 nm),
but only one emission is seen after reaction with GSH (kem = 585-
nm). Evidently, the sulfur atom of GSH quenches the fluorescence
Fig. 9. NBD-based RSS-specific fluorescent p
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of NBD, but due to steric hindrance the amino NBD cannot be
formed. The limits of detection of Cys and GSH at kem = 585 nm
were determined as 0.13 lM and 0.07 lM, and the detection
ranges were 1–40 lM and 1–18 lM, respectively. The probe
was also applied for the detection of Cys and GSH in human
plasma samples, with recovery rates of 95–109% and 102–104%,
respectively.

Feng et al. introduced NBD-O ether, methyl, and aldehyde
groups at the 2-, 3-, and 5-positions, respectively, of a 2-(2-hydro
xyphenyl)benzothiazole (BHT) fluorophore, and thereby synthe-
sized a highly selective fluorescent probe for the detection of H2S
(Fig. 9, panel 27) [213]. The detection range of this probe for H2S
was 0–50 lM, the limit of detection was 150 nM, with kex = 382 nm
and kem = 455 nm, and the detection reaction reached equilibrium
within 500 s. Since a methyl group is present at the ortho position
of the NBD-O ether, there is a certain degree of steric hindrance,
which greatly slows the rates of the thiolysis reactions of Cys,
Hcy, and GSH. Therefore, probe 27 can also recognize H2S with high
selectivity and high sensitivity. Indeed, this probe has been used
for intracellular H2S detection and fluorescence microscopy
imaging.

Lin et al. synthesized a fluorescent probe for the specific detec-
tion of thiols through combining the hydroxyphenyl benzothiazole
merocyanine (HBTMC) fluorophore and the NBD fluorophore
(Fig. 9, panel 28) [214]. Cys/Hcy cleave the NBD-O ether, release
the HBTMC unit (kex = 550 nm, kem = 609 nm), and form amino
NBD (NBD-Cys/Hcy, kex = 470 nm, kem = 546 nm) through a
sequence of nucleophilic substitution and intramolecular rear-
rangement, lighting up in green and red. GSH can generate free
HBTMC1 and dark-colored thio-NBD (NBD-GSH) through a one-
step nucleophilic substitution reaction, eliciting only red emission.
H2S is a stronger nucleophile, and the ether bond will also be
cleaved, resulting in dark thiol-NBD (NBD-SH) and free HBTMC
(HBTMC1). HS� will further undergo an addition reaction with
the double bond of HBTMC1 to form an HBTMC derivative
(HBTMC-SH, kex = 410 nm, kem = 485 nm), resulting in a new blue
emission. On further adding H2S to a mixture of probe 28 and Cys/
Hcy or probe 28 and GSH, the intermediate products NBD-Cys/Hcy
or NBD-GSH will be further substituted, and HBTMC1 will be
attacked by HS– anions to produce dark NBD-SH and blue fluores-
cent HBTMC-SH, accompanied by quenching of the green and red
robes and their detection mechanisms.
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emission. In summary, probe 28 can distinguish Cys/Hcy, GSH, and
H2S by the change order of three clearly defined emission bands
(blue, green, and red). The limits of detection of this probe for
Cys, Hcy, GSH, and H2S were 4.25, 5.11, 4.30, and 6.74 lM, respec-
tively. The unique design of probe 28 may open the way to the
design of other fluorescent probes for distinguishing and sequen-
tially detecting biothiols, providing hope for revealing the interre-
lated effects of biothiols under various physiological and
pathological conditions.

2.3.2. NBD-S ether as the detection group
In contrast to the previous case, for probes with NBD-S ether as

the reaction site, after the NBD-S ether is cleaved by RSS, the fluo-
rescence of the NBD group is quenched by sulfur, and the analyte
and fluorophore are forced to form a covalent bond. The quenching
effect of sulfur depends on its distance from the fluorophore; if the
distance is larger than 0.6 nm, the quenching effect will be weak or
non-existent. The quenching ability of sulfur is only moderate,
much weaker than that of a nitro group. Only Cys/Hcy can form
a covalent bond with the fluorophore through the amino group
to restore the fluorescence [107,110,111].

Shao et al. appended NBD fluorophores on the surface of gold
nanoclusters to assemble a ratiometric fluorescent probe for the
detection of Cys and Hcy (Fig. 10, panel 29) [215]. The probe
reacted with Cys and Hcy to form amino NBD and gold nanoclus-
ters, with kex = 410 nm, kem1 = 485 nm, and kem2 = 540 nm. The
detection ranges for Cys and Hcy were 8.33–100 lM and
16.67–100 lM, with limits of detection of 1.45 lM and 1.8 lM,
respectively. The probe was also successfully used for fluorescence
imaging of Cys and Hcy in HeLa cells, giving good results.

2.3.3. NBD-N as the detection group
For probes with NBD-N as the reaction site, after an RSS breaks

the NBD-N bond, the fluorescence of the NBD group is quenched by
S, and the fluorescence of the fluorophore is enhanced due to
exposure of the amino group, which provides the detection signal
[216–218].

Yi et al. have long studied NBD fluorophores and thiol probes.
They connected an NBD fluorophore to a cyanine dye through a
piperazine moiety to synthesize an NIR fluorescent probe capable
of selectively detecting H2S in vivo (Fig. 9, panel 30) [219]. The
detection range of this probe for H2S was 0–100 lM, and the limit
of detection was 39.6 nM, with kex = 730 nm and kem = 796 nm (87-
fold fluorescence enhancement). Biological imaging results showed
that: (1) D-Cys can induce the production of endogenous H2S in liv-
ing cells and stimulate angiogenesis; (2) intravenous injection of
the probe into the tail of a mouse produces strong fluorescence
in its liver, and intraperitoneal injection of D-Cys can further
enhance the fluorescence from the liver; (3) intratumoral injection
Fig. 10. Strategy for detection of Cys/Hcy by probe 29 [215].
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of the probes allows the rapid and selective detection of endoge-
nous H2S in colorectal cancer cells (HCT116, HT29) in vitro and
in mouse tumor models. These results indicate that the probe
can be used as an effective tool for detecting H2S and even cancer
in living animal cells.

Yi et al. used trimethyl-lock containing quinone propionic acid
(Q3PA) as the detection group for human NADPH: quinine oxidore-
ductase 1 (hNQO1), NBD-N as a detection group for H2S, and naph-
thalimide as a fluorophore. These were assembled to form a
fluorescent probe showing dual responses to H2S and hNQO1
(Fig. 9, panel 31) [220]. The probe only showed enhanced fluores-
cence in the simultaneous presence of H2S and hNQO1; the single
components alone did not elicit a response. It showed high sensi-
tivity, excellent selectivity, and good biocompatibility, with
kex = 465 nm and kem = 535 nm. This allowed us to distinguish
the activation levels in HT29 and HepG2 cells from those in FHC,
HCT116, and HeLa cells, due to the significantly different endoge-
nous levels of H2S and hNQO1 in these cell lines.

2.4. Benzoate as the detection group

Common benzoate detection groups include 4-nitrobenzoate, 2-
fluoro-5-nitrobenzoate, 2-selenobenzoate and thiobenzoate. When
benzoate or thiobenzoate is used as the reaction site, the analyte
breaks the original ester bond and generates a new thiobenzoate.
At the same time, the probe is quenched by the quenching group.
The associated fluorescence changes provide the detection signal
[221–228].

2.4.1. Benzoate-O as the detection group
Chen et al. used heptamethine cyanine dye as the fluorophore

and 4-nitrobenzoate as the detection group (Cy-NB) to synthesize
an NIR ratiometric fluorescent probe (Fig. 11, panel 32) for detect-
ing Cys [229]. Its optical parameters were kex = 720 nm and
kem = 785 nm. Cys forms a thiobenzoate with the 4-nitrobenzoic
acid group. The p-electron system of the fluorophore is modified
upon conversion from the enol form to the ketone form, and a
spectral shift occurs; kex = 560 nm, kem = 640 nm. Using this prin-
ciple, Cy-NB could be used to detect the NIR ratio of Cys through
the fluorescence ratio (F640 nm/F785 nm). This probe could be used
to detect Cys within 5 min with a detection limit of 0.2 mM, and
could sensitively detect changes in Cys levels in mitochondria
under different oxidative stress states in HepG2 cells. The probe
was also used to detect changes in Cys levels in mice. The results
indicated that mitochondrial Cys could be viewed as a biomarker
for oxidative stress, offering potential for simple clinical
application.

By using the characteristics of the two -SH groups in H2S2, Xian
et al. designed and synthesized a fluorescent probe (Fig. 11, panel
33) containing two 2-fluoro-5-nitrobenzoate groups to detect H2Sn
(n > 1) [230]. H2S2 first underwent electrophilic reaction with flu-
orine, and then further underwent a bimolecular aromatic nucle-
ophilic substitution reaction (SN2Ar) with a benzoate group to
form a thioether, thereby turning on fluorescence. The fluorescence
intensity of this probe was linearly related to the concentration of
Na2S2 in the range 0.5–15 lM, and the limit of detection was
approximately 71 nM, with kex = 490 nm and kem = 515 nm. The
probe was successfully used to sensitively and selectively detect
H2Sn/H2S2 in aqueous buffer and cells, and also served to prove that
the formation of H2Sn may be related to the reaction of H2S and
ROS (such as ClO�).

2.4.2. Thiobenzoate as the detection group
The active site of thiobenzoate is also called a natural chemical

linkage (NCL), and this reaction has been widely used in peptide
synthesis [231–233]. The NCL of peptides involves reaction



Fig. 11. Benzoate-based RSS-specific fluorescent probes and their detection mechanisms.
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between a peptide a-thioester and an N-terminal cysteine peptide.
The main characteristics of the NCL response include: (1) a high
degree of chemical selectivity for thiols that is not disturbed by
other biologically relevant species, and (2) the reaction proceeds
in vivo and can be carried out in living cells. Thiobenzoate groups
are a type of natural chemical linking group used to detect thiols
[234].

Yang et al. combined rhodamine with p-nitrothiophenol to
assemble a fluorescent probe that responded to GSH and Cys/Hcy
(Fig. 11, panel 34) [232]. The probe (kex = 305 nm) reacted with
Cys/Hcy to form the corresponding deconjugated spirolactam
based on NCL. After adding Cys/Hcy, the fluorescence emission of
the thioester intermediate (kem = 587 nm) formed by the trans-
thioyl esterification reaction intensified, thus eliminating the 4-
nitrobenzene-induced PET quenching process. Over time, the
intramolecular S,N-acyl group shifted to form the corresponding
amide (kem = 454 nm). This amide was further spirocyclized to
obtain a colorless lactam under neutral conditions. The process
was completed within minutes. In the presence of GSH, only the
thiobenzoate group transfer reaction proceeded, thereby eliminat-
ing the PET process caused by the electron-deficient 4-
nitrobenzene moiety and thus the emission band of rhodamine
(kem = 587 nm). A large fluorescence enhancement was observed,
and the fluorescence intensity reached a stable level within
10 min. The detection ranges of this probe were 1–10 mM for
GSH and 30–200 lM for Cys, and the limits of detection for Cys,
Hcy, and GSH were determined as 44, 52, and 96 nM, respectively.
The probe was also successfully applied to the detection of GSH
and Cys in serum and cells.

Lin et al. designed a ratiometric fluorescent probe for the detec-
tion of thiols based on NCL (Fig. 11, panel 35) [235]. The probe con-
sisted of a rhodamine dye, a thiobenzoic acid ester group, and a
BODIPY dye. According to the NCL reaction, Cys attacks the elec-
trophilic carbon of the thioester group to form a new thiobenzoate,
which leads to cleavage of the dimer showing fluorescence
resonance energy transfer (FRET). Upon reaction of the probe
(kex = 470 nm) with Cys, the BODIPY group (kem = 510 nm) is
released, the emission intensity of the rhodamine group (kem = 590-
nm) decreases, and FRET is turned off. The detection range of the
probe for Cys was 0.1–100 lM, the detection limit was 82 nM, and
reactionequilibriumwas reached in30min. Theprobewasalsoused
for FRET-based ratiometric imaging of thiols in living cells.
Fig. 12. Phenylselenamide-based RSS-specific fluorescent probes and their detec-
tion mechanisms.
2.5. Phenylselenamide as the detection group

Ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one) is well
known as a glutathione peroxidase (GPx) mimic [236–238]. The
catalysis of GPx activity by this drug may be related to the cleavage
of Se-N bonds by thiols. A thiol can form selenium sulfide with the
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detection group; therefore, phenylselenamide can be used as the
active site of a probe for RSS [239,240]. Since GPx is a selenium
enzyme, such a group can be expected to be useful for RSeS
detection.

Tang et al. inserted m-trifluoromethylbenzylphenol into the
amine group of rhodamine to synthesize a fluorescent probe for
detecting thiols (Fig. 12, panel 36) [241]. When the probe reacts
with a thiol, it forms a selenium-sulfur bond with the detection
group, resulting in exposure of the amino group fluorophore, and
the fluorescence is turned on to realize detection of the thiol. This
probe (kex = 525 nm, kem = 550 nm) showed a good linear relation-
ship with the concentration of GSH, the detection range was
3.0–120 nM, and the limit of detection was 1.4 nM. This probe
was successfully applied to thiol imaging in HL-7702 and HepG2
cells with high sensitivity and selectivity.

Chen et al. inserted 2-nitrophenylselanyl and 3-(trifluorome
thyl)phenylselanyl groups into the secondary amine group of the
NIR fluorophore of heptamethrin, thereby synthesizing two fluo-
rescent probes (Fig. 12, panels 37a and 37b) for the detection of
thiols [242]. Probe 37a showed a linear response to GSH concentra-
tion at 750 nm, F750 nm = 16236.17 [GSH/lM] – 17657.72
(r = 0.9814), as did probe 37b, F750 nm = 6599.80 [GSH/lM] –
3179.94 (r = 0.9867). Both probes (kex = 635 nm, kem = 750 nm)
could be used to detect different levels of thiols in living cells
and tissue samples.

2.6. Other fluorescent probes based on SNAr reactions for RSS and RSeS

There have been many types of RSS- and RSeS-specific probes
reliant on small aromatic molecules as detection groups. Those
surveyed above are just some of the more mainstream detection
groups. There are many small aromatic molecules that can bind
to fluorophores and are attacked by RSS or RSeS. Below, we
describe some unusual cases [243–246].

Yang et al. synthesized a fluorescent probe for the detection of
thiols by connecting BODIPY and coumarin through an ether bond
(Fig. 13, panel 38) [247]. The BODIPY fluorophore was designed to
react with GSH and Cys to generate distinct products with different



Fig. 13. Other RSS-specific fluorescent probes and their detection mechanisms.
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photophysical properties, while the coumarin fluorophore served
as an internal standard. This probe showed green emission in aque-
ous solution. After adding Cys, the N-BODIPY fluorescence pro-
duced was weak (S-BODIPY: kem = 540 nm; N-BODIPY:
kem = 560 nm), and the free coumarin showed blue emission light
(kem = 452 nm). In the presence of GSH, monosulfide- and
disulfide-substituted BODIPY (kem = 558 nm, kem = 588 nm) and
coumarin (kem = 452 nm) were generated, such that different con-
centrations of GSH produced various emission colors. Interestingly,
the solution showed white fluorescence at a GSH concentration of
0.4 mM. The fluorescence intensity at 452 nm showed a good linear
relationship with Cys concentration in the range 0–100 lM. The
limit of detection was calculated as 3.66 � 10�7 M. The fluores-
cence intensity at 588 nm showed a good linear relationship with
GSH concentration in the range 0–1 mM, with a limit of detection
of 1.07 � 10�6 M. This probe was successfully used to detect Cys
and GSH in living cells.

Song et al. combined 7-diethylaminocoumarin and resorufin
through ether bonds to synthesize fluorescent probes for distin-
guishing and detecting different thiols (Fig. 13, panel 39) [248].
These probes reacted with H2S to release the red fluorescent resor-
ufin (kem = 582 nm) along with non-fluorescent mercapto-
coumarin, giving a strong red fluorescence signal. The probes
reacted with GSH, Cys, and Hcy to not only release the red-light-
emitting resorufin, but also the corresponding thiocoumarin
(C-S-GSH, C-S-Cys, or C-S-Hcy; kem = 432 nm), emitting green flu-
orescence. Through different degrees of intramolecular rearrange-
ment, C-S-Cys can be completely converted into a blue-fluorescent
C-N-Cys (five-membered ring, kem = 374 nm), and C-S-Hcy can be
partially converted into a blue-fluorescent balanced state C-N-Hcy
(six-membered ring, kem = 374 nm). Because the energy of a ten-
membered ring is kinetically high, C-S-GSH (kem = 432 nm) is very
stable and can only maintain green fluorescence. Therefore, the
probe was able to show different signal patterns for different bio-
thiols in solution and live cells, namely red for H2S, blue-red for
Cys, blue-green-red for Hcy, and green-red for GSH.

Kim et al. used heptocyanine as the fluorophore and nitroa-
zobenzene as the detection group to synthesize NIR fluorescent
probes (Fig. 13, panel 40) for distinguishing GSH from Cys/Hcy
[249]. After adding GSH, the fluorescence spectrum of the probe
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showed a significant red shift of its maximum (kex = 600 nm,
kem = 810 nm), whereas the addition of Cys or Hcy elicited a weak,
blue-shifted fluorescence response at kem = 747 nm. The limit of
detection for GSH was 26 nM. The probe was successfully applied
for cell imaging of GSH in mitochondria, showing a good response
to different amounts of mitochondrial GSH in cells, and may thus
be used as a mitochondrial GSH tracer.

Yoon et al. combined the heptamethine cyanine fluorophore
and the dansyl detection group through a piperazine linkage to
synthesize a fluorescent probe for detecting GSH (Fig. 13, panel
41) [250]. Their probe (kex = 730 nm, kem = 736 nm) showed high
selectivity for GSH, which could be detected within 15 min. The
amide group of GSH may form a hydrogen bond with the piper-
azine ring unit of probe 41. There may also be electrostatic interac-
tion between the indole cation of the probe and the carbonate
anion of GSH. The interaction between these moieties may cause
the thiol and sulfonamide groups to be closer together, which
may be the reason for the higher reactivity of GSH. Probe 41 can
be used to detect changes in the GSH concentrations in living cells
due to the oxidation promoted by increased H2O2 concentration. In
whole-body images of mice, strong fluorescence was observed in
various tissues, including liver, kidney, lung, and spleen.

Chen et al. synthesized a fluorescent probe for the detection of
GSH by linking two NIR fluorophores with p-benzenedithiol
(Fig. 13, panel 42) [181]. The limit of detection of this probe
(kex = 780 nm, kem = 805 nm) for GSH was 630 nM. When this
probe was reacted with Cys and Hcy, the emission wavelength
was blue-shifted (kex = 650 nm, kem = 740 nm) and the fluorescence
intensity decreased. The probe was also used to assess different
concentrations of GSH in living cells and for fluorescence detection
of GSH in SCC7 tumor-bearing mice.

Zhao et al. have studied thiol probes for a long time, and
recently functionalized the BODIPY fluorophore with sulfoxide
(Fig. 14, panel 43) [179]. Their probe was encapsulated in core–
shell silica nanoparticles to improve chemical selectivity. The
inherent molecular size sieving properties of the porous silica shell
prevented competing biothiols from entering the core molecular
probe, while allowing specific reactions with the small target
H2S. Therefore, this strategy avoids interference from coexisting
RSS and achieves highly chemically selective detection. Upon reac-



Fig. 14. Strategy for detection of Sec by probe 43 [179].
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tion with H2S, the sulfoxide group of the probe is converted into a
disulfide bond, and further reacts with H2S to displace the detec-
tion group, forming a thiol BODIPY. The absorption and emission
spectra showed a clear red shift (kex = 620 nm, kem = 713 nm).
The limit of detection of the probe was 53 nM, and the detection
range was 0–15 lM. The reaction rate proved to be proportional
to the content of Si in the porous shell. When the particle size
was 113 ± 10 nm, H2S was equilibrated within 3 min. This probe
was successfully used to detect estrogen-induced endogenous pro-
duction of H2S in cardiomyocytes and live mice.
3. Design strategy of fluorescent probes for RSS and RSeS based
on SNAr reactions

In this section, based on the integration of some reports, we
propose design strategies for RSS- and RSeS-specific fluorescent
probes based on SNAr reactions. The most important aspects are
the reaction sites, and the numbers and positions of substituents
on the benzene ring. We also consider the influence on the SNAr-
based detection groups of some substituents or bridging groups
based on other reaction mechanisms. In addition, a design strategy
for RSeS-specific fluorescent probes based on SNAr reaction is pro-
posed. Differences in spectral properties, substituent effects, and
detection targets caused by the appending different detection
groups to the same fluorophore are interesting. Indeed, there have
already been literature reports concerning the detection of RSS and
RSeS through optimization of molecular structure. Finally, we dis-
cuss some specific design strategies that are worthy of mention.

3.1. Probe design strategies with an ether linkage as the reaction site

When constructing SNAr-based RSS- and RSeS-specific fluores-
cent probes, an ether linkage is a popular choice as the reaction site
[251–259]. Phenyl-O ether, phenyl-S ether, and phenyl-Se ether
have mainly been used, among which the C-O, C-S, and C-Se bonds
become increasingly long [161]. Although energies of these three
bonds increase in sequence, SNAr reaction becomes more likely
to occur [151]. Stronger bonds are more selectively cleaved by
RSS or RSeS with lower pKa. Probe 18b (with p-nitrothiophenol)
is more rapidly cleaved by thiols than probe 18a (with p-
nitrophenol). Chen et al. constructed a probe containing a
phenyl-S ether group, and its reaction with Cys reached equilib-
rium within 15 min [152]. Probe 25, containing a phenyl-Se ether
group, reached its initial equilibriumwith H2S within 10 min [104].
It cannot be ignored that there are large numbers of free electrons
around S and Se in ether groups. These groups are thus negatively
charged, making them susceptible to oxidation, especially the
phenyl-Se ether group. There are already some probes for detecting
ROS based on the oxidation of such linkages [178,260,261]. It is
interesting that the oxidation is reversible, with reduction typically
being achieved with RSS or RSeS. This also makes many RSS and
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RSeS probes with ether as the reaction site to be somewhat suscep-
tible to interference from ROS in the monitoring environment. For
RSS and RSeS probes with phenyl-O ether groups as the reaction
site, interference from ROS in the environment is much less likely.
Another benefit of using an ether as the reaction site is its quench-
ing effect on fluorescence, which is especially notable for phenyl-S
and phenyl-Se groups [104,180]. At the same time, because S or Se
will leave the fluorophore as the ether group is cleaved, the test
substance will be connected to the fluorophore through a covalent
bond. The fluorophore will be changed through the amino group of
Cys or Hcy, which constitutes a good design strategy [99–101,180].
3.2. Probe design strategies for reaction sites containing amine groups:
secondary amines, tertiary amines, and piperazines

A probe containing an amine group reaction site will release
this group after reacting with the analyte. Subsequent SNAr reac-
tion of RSS or RSeS with the detached group will cause the emis-
sion of the fluorophore to be red-shifted. Benzenesulfonamide,
NBD-N, and phenylselenamide are the most commonly applied
groups [142,219,241]. However, amine groups of many forms
may connect the detection group to the fluorophore, such as sec-
ondary and tertiary amine groups (including piperazinyl)
[131,143,144]. Compared with the benzenesulfonate group, the
bond energies of the benzenesulfonamide and phenyl-O ether
groups are higher, and their selectivities to RSS or RSeS are also
higher [129]. Tertiary amine bonds have higher energies than oxy-
ether bonds or secondary amine bonds, and have a certain steric
hindrance, and their selectivity is also improved. Although a sec-
ondary amine group has a certain steric hindrance when reacting
with a detection group, its pKa is much higher than that of a ter-
tiary amine, so SNAr reaction is more likely to occur [144,258].
Since a conjugated system of a fluorophore decreases the pKa of
the amine group, it is also a good choice to introduce a secondary
amine group (instead of a primary amine group), as this can greatly
improve the yield and stability of the product. Zhang et al.
appended 2,4-dinitrobenzenesulfonyl to the hydroxyl group in
the 9-position of 4-amino-naphthalimide through p-
hydroxyaniline instead of the primary amino group in the 4-
position, which could be accomplished even in an extremely
strongly alkaline reaction environment, and the yield of the reac-
tion exceeded 50% [258]. Chen et al. appended 2,4-
dinitrobenzenesulfonamide to the secondary amine group of the
NIR heptamethine cyanine fluorophore [144], but we are not aware
of any reports of appending 2,4-dinitrobenzenesulfonyl to the pri-
mary amine group of this fluorophore. Upon SNAr reaction of RSS or
RSeS probes containing a piperazine group with the analyte, two
products of the detection group with piperazine and the fluo-
rophore with piperazine may be formed at the same time [250].
The piperazine moiety can adopt a boat or chair conformation,
and studies have shown that a preference for the latter conforma-
tion improves the selectivity of the probe for RSS [262–266]. Since
both nitrogen atoms of piperazine can be reaction sites, the sensi-
tivity to the analyte is increased, and the time for the reaction to
reach equilibrium is greatly shortened [143,144,254].
3.3. The choice of substituents on the detection group, their position
and number

Most detection groups of SNAr-based RSS and RSeS probes con-
tain a benzene ring framework. Hence, we consider benzene-based
detection groups to discuss the choice of substituents on the ben-
zene ring, and the effect of their position and number on selectiv-
ity. The propensity for SNAr reaction is related to the strength and
length of the bond at the reaction site.



Fig. 16. Comparison of the same fluorophore with different detection groups
(probes 45) [267].
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3.3.1. Effect of different substituents on the benzene ring
The introduction of electron-withdrawing groups on the ben-

zene ring lowers the electron density at the detection group,
reduces the bond strength at the reaction site, and increases the
bond length and the degree of dissociation at the reaction site
[154,161]. The introduction of electron-donating groups on the
benzene ring increases the electron density at the detection group,
increases the bond strength at the reaction site, and decreases the
bond length and the degree of dissociation at the reaction site
[183]. Nitro is a typical electron-withdrawing group. The detection
group of probe 18a is p-nitrophenyl-S, with which detection of Cys
can reach equilibrium within 200 s [151]. Without any sub-
stituents, the detection group of probe 16 is phenyl-S, with which
the detection of Cys/Hcy reaches equilibrium within 6 min and the
detection of GSH reaches equilibrium within 30 min [180]. Meth-
oxy is a strongly electron-donating group. The detection group of
probe 19a is 4-methoxyphenyl-S, with which the detection of
Cys/Hcy reaches equilibrium within 30 min [182]. Amino is also
a strongly electron-donating group. The detection group of probe
20 is p-aminophenyl-S, with which the detection of GSH reaches
equilibrium within 42 min [183]. Ito et al. synthesized fluorescent
probes (Fig. 15) for detecting GST by connecting different detection
groups to rhodamine. The four detection groups 2,4-
dinitrobenzenesulfonamide, 2-nitro-4-cyanobenzenesulfonamide,
2-nitro-4-acetylbenzenesulfonamide, and 2-nitro-4-butoxy were
compared [153]. The fluorescent probe with 2,4-
dinitrobenzenesulfonamide as the detection group reached equi-
librium of GST detection within 10 min, and the yield exceeded
80% (Fig. 15, panel 44a). The reactions with the other three probes
did not reach equilibrium in 30 min, and the yields were all below
60%. The reaction rates of the four probes were consistent with the
order of the respective groups on the classic Hammett electron-
withdrawing scale.

3.3.2. Effect of substituent position on the benzene ring
The position of the introduced group on the benzene ring will

affect the reactivity of the active site [155,161,267]. For example,
introducing a nitro group on the benzene ring will increase the
degree of dissociation of the active site. From the perspective of
induction effect, a nitro group attracts the electron cloud of the
active site, and the closer its substitution position to the reaction
site, the greater the degree of dissociation of the active site. At
the same time, the conjugation effect increases the electron cloud
density at the active site, which will have a decreasing effect on the
degree of dissociation at the active site. Overall, the effectiveness of
nitro in activating the active site decreases in the positional order
ortho > para > meta [161,267]. Chen et al. introduced m-
nitrophenyl-O ether into heptacarmine cyanine to synthesize fluo-
rescent probes for detecting H2S and H2Sn. Although their probes
contained nitrophenyl-O ether groups, the active sites for the reac-
tions with H2S and H2Sn were the nitro groups, not the ether bond,
and the reaction required 1 h to reach equilibrium [268,269].
Zhang et al. compared the response rates to thiols of three NIR flu-
orescent probes (Fig. 16, panels 45–2-b, 45–2-c, and 45–2-d) with
different detection groups (2,4-dinitrobenzenesulfonate, o-
nitrobenzenesulfonate, and p-nitrobenzenesulfonate), respectively,
Fig. 15. Comparison of different substituents on the benzene ring (probes 44) [153].
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and found that the mono-nitro-substituted groups responded
more slowly [267].

3.3.3. Effect of the positions of two substituents on the benzene ring
The number of groups appended on the benzene ring will affect

the reactivity of the active site [155,161,267]. At present, it is
common to introduce doubly-substituted groups, such as
2,4-dinitrophenyl ether, 2,4-dinitrobenzenesulfonamide, 3,5-
dinitrophenyl-O ether, 2-fluoro-4-nitrobenzoate, and so on. Taking
the 2,4-dinitrophenyl ether group as an example, to maximize the
conjugation and induction effects of the electron-withdrawing
groups, they are introduced at both the ortho and para positions
of the benzene ring. This arrangement will lower the density of
the electron cloud on the benzene ring, which will decrease the
bond strength of the reaction site and increase the bond length,
so that the reaction site will react more easily [267]. However,
the simultaneous introduction of two nitro groups at the meta
positions of the benzene ring cannot affect the active site through
the conjugation effect, and the degree of dissociation is insufficient.
Wang et al. appended a 3,5-dinitrophenyl-O ether group on the
dicyanoisophorone fluorophore and introduced a formaldehyde
group at an ortho position of the phenyl-O ether to synthesize a flu-
orescent probe for detecting H2S. With phenyl-O ether lacking the
ortho formaldehyde group, the response of the probe to H2S was
very slow. Introducing the ortho formaldehyde group (Michael
acceptor) as an auxiliary detection group caused HS– to induce
an initial nucleophilic addition reaction on the aldehyde group,
and then reaction of the phenyl-O ether bond eventually formed
3,5-dinitrothiophenol [270]. 2-Fluoro-5-nitrobenzoate is a notable
specific group. Theoretically, the response of m-nitrobenzoate
groups to thiols would be extremely slow; however, the introduc-
tion of a fluoro substituent as an auxiliary detection group with an
electron-withdrawing effect adjacent to the active site modifies the
reactivity of the active site. It facilitates electrophilic reaction with
H2Sn of lower pKa in preference to the active site, and then another
part of unreacted -SH attacks the active site, thereby achieving the
purpose of detecting H2Sn [222,230,271]. Because there are few
cases of two different substituents, these are still difficult to
discuss.

3.4. Comparison of the same fluorophore with different detection
groups

There are many RSS- and RSeS-specific fluorescent probes based
on SNAr reactions, many of which have different detection groups
attached to the same fluorophore. Here, we summarize some sim-
ilar cases and analyze some cases of optimized detection groups.

Dicyanoisophorone is a very popular fluorophore. Because of its
simple synthesis, good solubility in water, large Stokes shift, and
maximum emission wavelength in the NIR region, it has attracted
much attention. Between 2017 and 2019, there were 11 reports
concerning the use of dicyanoisophorone as a fluorophore, bearing
different electrophilic small aromatic molecules to detect RSS and
RSeS (Table 1 and Fig. 17). Three of these reports concerned probe



Fig. 17. Comparison of the same fluorophore with different detection groups
(probes 46–53) [270–280].
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46 (Fig. 17, panel 46) [272–274], and two concerned probe 47
(Fig. 17, panel 47) [275,276]. Evidently, 2,4-
dinitrobenzenesulfonamide is one of the most commonly used
RSS and RSeS detection groups. It can be seen that the response
times of the 2,4-dinitrophenyl-O ether (Fig. 17, panel 50) [277]
and 2,4-dinitrobenzenesulfonamide groups are similar, both
shorter than that with 2,4-dinitrobenzenesulfonate (Fig. 17, panel
48) [278]. With the incorporation of piperazine, both nitrogen
atoms are reaction sites, thus, the response time is significantly
shorter than that with 2,4-dinitrobenzenesulfonimide, and the
limit of detection is also lower. However, due to steric hindrance,
the rate of reaction of PhSH is significantly slower than that with
H2S. Unfortunately, PhSH has not been included in reported selec-
tive experiments on fluorescent probes for H2S. The 3,5-
dinitrophenyl-O ether group (Fig. 17, panel 49) [270] showed a
very slow response to H2S. Since the NBD group produces different
fluorescence emissions when it is incorporated into different struc-
tures, NBD-O ether (Fig. 17, panel 52) [279] can be used for distin-
guishing between Cys/Hcy and GSH, and the reaction rates with
PhSH and H2S are very slow. The NBD-N group (Fig. 17, panel 53)
[280] incorporating piperazine is more selective for H2S. The 2-
fluoro-5-nitrobenzoate group is very selective for H2Sn (Fig. 17,
panel 51) [271], but unfortunately there have been no reports on
selective experiments on PhSH in the salient literature.

Zhang et al. combined two NIR fluorophores with
2,4-dinitrobenzenesulfonate, o-nitrobenzenesulfonate, p-
Fig. 18. Comparison of the same fluorophore with
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nitrobenzenesulfonate, and 2,4-dinitrophenyl-O ether groups, and
synthesized seven kinds of fluorescent probes for detecting RSS
(Fig. 16) [267]. The selectivity of 2,4-dinitrophenyl-O ether for
PhSH, H2S, and GSH was significantly higher than that of nitroben-
zenesulfonate. 2,4-Dinitrobenzenesulfonate showed higher sensi-
tivity than o-nitrobenzenesulfonate or p-nitrobenzenesulfonate.

Zhao et al. attached different detection groups (p-
methoxyphenyl, p-methylphenyl, phenyl, p-
trifluoromethylphenyl, p-nitrophenyl, or 2,4-dinitrophenyl) to
BODIPY fluorophores through secondary amine group, thioether,
or oxyether linkages (Fig. 18) [154]. Due to the poor dissociation
ability of aromatic amines, all fluorescent probes with aromatic
amines as detection groups show almost no reaction with bioth-
iols. All fluorescent probes with phenyl-S ether as the detection
group can react with thiols. Appending an electron-withdrawing
substituent on the benzene ring enhances the susceptibility of
the detection group to cleavage, lowering the selectivity. All fluo-
rescent probes with a phenyl-O ether detection group can respond
to thiols. Appending a weakly electron-withdrawing substituent on
the benzene ring lowers the susceptibility of the detection group to
cleavage, retarding the response to biothiols. After structural
optimization, probes containing p-methoxyphenyl-S (Fig. 18,
panel 54-S-1) and 2,4-dinitrophenyl-O ether (Fig. 18, panel 54-O-
6) were identified as the most suitable for distinguishing Cys/Hcy
and GSH.

Han et al. used naphthalimide as the fluorophore and differently
substituted benzenesulfonates as detection groups to screen and
synthesize fluorescent probes for detecting GST activity (Fig. 19)
[155]. Probes similar to probe 55–1 proved to be ultra-sensitive.
By screening different substituents, the non-enzymatic noise of
the probe could be greatly reduced, while keeping the sensitivity
almost unchanged. For probes 55–11 and 55–12, the most elec-
trophilic centers were identified as the alternative b-carbon
instead of the a-carbon, indicating that they are not suitable as
GST detection probes. Probe 55–6 responded slowly to GST with
low sensitivity and no background noise at all. It is worth noting
that the order of the reaction rates of different probes (55–
2 < 55–4 < 55–3 < 55–5 < 55–1) is very consistent with the order
of the increase rates of fluorescence in non-enzymatic tests. By
moderately reducing the sensitivity, probe 55–3 (kex/em = 445/560-
nm) was found to be a more suitable probe. It was also used in
more practical and rigorous applications. The limit of detection
of this probe for GST was 3.7 nM.
3.5. Introduction of other auxiliary detection groups or bridged small
molecules

The introduction of specific functional groups can increase the
selectivity of the probe to certain specific RSS or RSeS and acceler-
ate the response rate. Theoretically, the response ofm-nitrobenzoic
acid groups to RSS would be extremely slow. Introducing a fluorine
different detection groups (probes 54) [154].



Fig. 19. Comparison of the same fluorophore with different detection groups (probes 55) [155].
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atom in the ortho position of the m-nitrobenzenesulfonate group
(the para position with respect to the nitro group) improves the
selectivity of the probe for H2Sn, and the greater the number of sul-
fur atoms, the faster the response [222,230,271]. The 3,5-
dinitrophenyl-O ether group responds very slowly to RSS. It is a
good choice to introduce a formaldehyde group (Michael acceptor)
in the ortho position of the fluorophore. The formaldehyde group
first reacts with RSS to form activated S�, and then undergoes SN-
Ar reaction with the phenyl-O ether bond [270]. When the detec-
tion group is phenyl-Se ether and a formaldehyde group is
introduced adjacent to the detection site of the fluorophore, one
GSH molecule can react with two detection groups at the same
time, resulting in a more conjugated system, whereas Cys or Hcy
can only react with one of the detection groups [103]. The response
of 2,4-dinitrophenyl-S to RSS is very slow. The introduction of an o-
phenyl-S benzoate group between this group and the hydroxyl
group in the fluorophore can greatly shorten the RSS response
time. When H2S reacts with the benzoate, O– is first released to
attack the phenyl-S, and then the benzoate and phenyl-S bonds
are successively broken; the hydroxyl group on the fluorophore
is exposed to achieve H2S detection [281–283]. Of course, introduc-
ing a piperazine group between the detection group and the fluo-
rophore increases the number of reaction sites, and hence the
sensitivity to the analyte, and the reaction equilibrium time is
greatly shortened [250,275,276]. In addition, the introduction of
selenophenol at the ortho position of the benzoate can make the
selenophenol form a selenium-sulfur bond with highly active thi-
ols, thereby causing internal cyclization to break the benzoate,
which has achieved the purpose of detecting sulfane sulfur
[225,228].
3.6. SNAr-based fluorescent probe for RSeS

To date, most RSeS probes based on SNAr reactions have been
designed by simulating RSS probes. 2,4-Dinitrophenyl-O ether
and 2,4-dinitrobenzenesulfonamide have mainly been used as
detection groups, but 2,4-dinitrobenzenesulfonate is not strong
in distinguishing RSeS and RSS [129,267]. However, in order to
avoid the interference of thiols as far as possible, rational selection
of the detection group is only one aspect. The pH of the detection
environment is another aspect. Cys-SH has a pKa of 8.5 and Sec-
SeH has a pKa of 5.2. In physiological systems, Se in selenol decom-
poses into R-Se�, which is more reactive than a thiol, whereas S in
thiol exists in the form of undecomposed R-SH. Therefore, R-SeH
can be selectively probed over R-SH in an acidic environment
[146]. Hatsuo et al. proved that 30-(2,4-dinitrobenzenesulfonyl)-20

,70-dimethylfluorescein (BESThio, Fig. 1, panel 1b) has a dual ability
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to detect selenol in an acidic environment and thiol under neutral
or alkaline conditions [135,136]. This is not only due to the differ-
ent pKa values of R-SeH and R-SH, but also because selenol has
stronger nucleophilicity than thiol.
4. Conclusions and outlook

In this review, we have described a series of fluorescent probes
based on SNAr reaction for the specific detection of RSS and RSeS,
and have classified them according to their reaction mechanisms.
The mechanism of detecting RSS and RSeS is reliant on the strong
nucleophilicity of thiol and selenol, as a result of which an aro-
matic detection group is displaced, thereby modifying the fluores-
cence of the probe [129,136]. Benzenesulfonate, phenyl-O ether,
phenyl-S ether, phenyl-Se ether, 7-nitro-2,1,3-benzoxadiazole,
benzoate, and a selenium-nitrogen bond are all good detection
groups [44–48]. All of the probes discussed herein exhibit excellent
optical performance upon reaction with the target analytes and
represent powerful tools for the direct detection of RSS and RSeS.

When designing a fluorescent probe based on an SNAr reaction,
the main factors affecting the selectivity to RSS and RSeS are the
reactivity of the site at which the substitution occurs, and the nat-
ure, number, and positions of substituents on the detection group.
An ether linkage is a popular reaction site. The ease of dissociation
of an ether increases with the increasing atomic radii of O, S, and
Se. Due to the inherently low degree of dissociation of a phenyl-
O ether group, although a phenyl-O linkage moiety bearing a single
substituent can respond to RSS and RSeS, the response times are
too long and the selectivity is poor [161]. More popular phenyl-O
ether groups are those bearing two substituents, which show
shorter response times to RSS and RSeS and improved selectivity,
most notably the 2,4-dinitrophenyl-O ether group [162–166]. The
phenyl-O ether group itself can respond to RSS and RSeS, but it
does not have a quenching effect, so it is not very suitable for
detection [161]. The quenching effect of phenyl-O ether groups is
mainly dependent on the substituents on the benzene ring, so
the selectivity for RSS and RSeS depends more on the detection
environment and the pKa of the analyte. The degree of dissociation
of the phenyl-S ether group is moderate. Generally, the introduc-
tion of appropriate substituents at the ortho and/or para positions
of the benzene ring can impart a response to RSS. At the same time,
because the covalent bond with sulfur produces a quenching effect,
detection does not depend on the substituent. After displacement
of the detection group, the analyte combines with the fluorophore,
so it is more suitable for distinguishing RSS with different struc-
tures, but similar pKa values [100,101]. Of course, RSS with higher
pKa can also be detected. However, the sulfur atom is intrinsically
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susceptible to interference from ROS, modifying the fluorescence of
the probe [178]. There have been few studies on RSS probes
employing phenyl-Se ether as the detection group, but we have
gratifyingly found that phenyl-Se ether can detect RSS without
any substituent on the benzene ring [103,104]. However, selenium
atoms are more susceptible to interference from ROS than sulfur
atoms, eliciting fluorescence changes [190,260,261]. Benzenesul-
fonamide has a lower degree of dissociation and higher selectivity
than benzenesulfonate, so it is suitable for detecting RSS and RSeS
with lower pKa values [129]. The influence of substituents on the
benzene ring also follows the above rules. 2,4-
Dinitrobenzenesulfonamide and 2,4-dinitrobenzenesulfonate are
the two most commonly used detection groups. Since the NBD
group is modified upon analyte-induced dissociation, it produces
different fluorescence emissions [208,209]. Therefore, NBD-O ether
can be used to distinguish RSS with different structures but similar
pKa values [210,211]. Thiolysis of the NBD-N group is H2S-specific,
and may be exploited for the development of highly selective flu-
orescent probes and scavengers for H2S. The active sites of ben-
zoates mainly simulate NCL reaction [221,222]. In fact, regardless
of whether the detection site is thiobenzoate or benzoate, the test
substance always forms a new thiolipid with the carboxyl group.
For benzoate esters, the exposure of hydroxyl groups of the fluo-
rophore occurs concomitantly with the combination of RSS and
benzoic acid [221,229]. For the active sites of thiobenzoates, due
to the powerful quenching effect of sulfur atoms, the thiophenol-
containing groups are always displaced, and the fluorophores com-
bine with the analyte to produce fluorescence at different emission
wavelengths. Therefore, RSS probes with thiobenzoate as the active
site are suitable for distinguishing RSS with different structures
based on the ratio of their fluorescences [231,232,235]. Interest-
ingly, the same type of detection group responds more rapidly to
RSeS than to RSS. Larger conjugated systems or more stable detec-
tion groups or active sites can be used to detect RSS with lower pKa

or even RSeS [129]. Some selenium-containing fluorescent probes
based on SNAr reaction have not been considered as fluorescent
probes for detecting RSeS, but may be potentially useful for this
purpose [76,77,284]. The introduction of RSS reactive groups (such
as Michael acceptors, disulfide bond compounds, etc.) following
other mechanisms in the vicinity of the active site (whether fluo-
rophore or detection group) is beneficial for improving the reactiv-
ity at this site and the selectivity for the test substance
[103,230,270,285]. Bridging the fluorophore and detection group
with piperidine has been shown to be helpful for improving the
sensitivity of the tested substance and greatly shortens the detec-
tion time [250]. In fact, there are many aromatic groups that can be
combined with fluorophores and attacked by RSS or RSeS in an SN-
Ar fashion [243,244,286]. Some probes containing aromatic groups
for detecting ROS or RNS are also potential tools for detecting RSS
or RSeS.

The international enthusiasm for developing RSS and RSeS fluo-
rescent probes based on SNAr reactions is very high. Despite signif-
icant progress in this area, there are still some challenges that
require further research in the design and application of probes.
Thus, (1) inexpensive, highly emissive, and highly stable fluo-
rophores are still urgently needed. (2) The development of new
sensing mechanisms is crucial, not limited to SNAr. Indeed, SNAr
is just a common reaction mechanism inspired by classical organic
synthesis literature and various natural products with thiol or sele-
nol inhibitors. (3) Due to the different concentrations of RSS and
RSeS in biological environments, the sensing mechanism should
be carefully considered when detecting different analytes at the
same time. Meanwhile, the influence of the cell microenvironment
on the response characteristics of the probe cannot be ignored. (4)
In testing certain specific biological samples, it is necessary to fully
evaluate the key point of application, such as biological signifi-
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cance, test results visible to the naked eye, test speed, and so on.
(5) RSeS is more active than RSS in anti-oxidation, maintaining
physiological balance. The demand for RSeS probes operating
under physiological conditions is urgent. We hope that high-level
research in this area will continue, and eventually provide tools
that can image and measure RSS and RSeS concentrations with
high accuracy and reproducibility. Multidisciplinary intersection
and wide application is the trend in this field. We should cooperate
with biologist, environmental protection scholars, food industry
employees, and clinical experts to design and develop tools in a
way that is useful and applicable to these users. Only then can
we generate new biological knowledge through the detection of
RSS and RSeS to better understand, diagnose, monitor, and treat
diseases.
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