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Recent Advances in Thiol and Sulfide Reactive Probes
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ABSTRACT

Because of the biological relevance of thiols and sulfides such as cysteine, homocysteine, glutathione and hydrogen sulfide, their detection has
attracted a great deal of research interest. Fluorescent probes are emerging as a new strategy for thiol and hydrogen sulfide analysis due to their
high sensitivity, low cost, and ability to detect and image thiols in biological samples. In this short review, we have summarized recent
advances in the development of thiol and hydrogen sulfide reactive fluorescent probes. These probes are compared and contrasted with regard
to their designing strategies, mechanisms, photophysical properties, and/or reaction kinetics. Biological applications of these probes are also
discussed. J. Cell. Biochem. 115: 1007-1022, 2014. © 2014 Wiley Periodicals, Inc.
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Thiols, such as cysteine (Cys), homocysteine (Hcy) and
glutathione (GSH) (Fig. 1), are indispensable functional
molecules in the biological system due to the strong nucleophilicity
and redox reactivity of the sulfhydryl group [Fava et al., 1956].
Thiols are ideal nucleophiles in enzyme functions, excellent sensors
[Go and Jones, 2013] and mild buffering molecules for maintaining
cellular redox states [Deneke, 2000; Murphy, 2012]. Fluctuations in
thiol concentrations can indicate or even lead to a variety of
cardiovascular disorders and neurodegenerative diseases. For
example, circulating Hcy has been correlated with Alzheimer’s
disease [Clarke et al., 1998] and coronary artery diseases [Falk
et al., 2001; Fung et al., 2001]. Excessive amount of total Hcy (tHcy)
in the blood, hyperhomocysteinemia, is related to folate deficiency,
which can lead to miscarriage [Makino et al., 2004] and various
tumors [Ebbing et al., 2010]. Cys deficiency is associated with slow
growth, and liver and skin damage [Chen et al., 2010]. High Cys
concentration exhibits neurotoxicity [Jandky et al., 2000]. Decrease
in GSH concentration was also shown to be associated to Parkinson’s
disease [Martin and Teismann, 2009]. As a result, accurate detection
of these biological thiols is of great importance in both clinical and
research practice.

By taking advantage of the unique chemical properties of the
sulfhydryl group, such as strong nucleophilicity and low redox
potential (—0.2~—0.3 V) [Sanadi et al., 1959; Jocelyn, 1967], general
detection of thiols can be achieved using thiol reactive probes and
electrochemical probes [Escobedo et al., 2006]. For determination of

specific thiols, both detection methods can be coupled with different
separation technology, such as chromatography and capillary
electrophoresis (CE). Chemically derivatized thiols can also be
selectively detected using mass spectrometry (MS). Due to the low
redox potential of the sulfhydryl group, thiols (R-SH) are readily
oxidized to their disulfide state. For example, more than 95% of total
Hcy is in the oxidized form [Refsum et al., 2004], while only a very
small amount is in the form of free thiol. Therefore, a reducing pre-
treatment is usually required to convert all thiol species to their
reduced forms before analysis of total thiol concentrations. Reducing
agents such as dithiothreitol (DTT), tris(2-carboxyethyl) phosphine
(TCEP) [Burns et al., 1991], or sodium borohydride (NaBH,) can be
used for the reduction of disulfide bonds. Because the chemical
derivatization relies on the nucleophilicity of the sulfhydryl group
(pK, of SH in Cys [Mendel et al., 1965]: 8.15, Hcy: 8.7, GSH: 8.56), pH
of the media is also an important factor affecting the reaction rates
and outcomes. Basic buffer condition is often used to deprotonate
sulfhydryl group and to accelerate the sensing reaction [Lai and
Tseng, 2012; Wang et al., 2004]. For thiol reactive probes, numerous
reaction types have been utilized, including nucleophilic substitu-
tion, Michael addition, cyclization, cleavage of disulfide bond, metal
complexes coordination, and redox reactions.

Hydrogen sulfide (H,S), a gaseous small molecule, is generated in
the cell by enzymes such as cystathionine B-synthase (CBS) [Chen
et al., 2004] and cystathionine y-lyase (CSE) [Ishii et al., 2004]. Since
hydrogen sulfide was recognized as one of the three important
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Fig. 1.

TABLE I. Properties of Conventional Thiol Fluorescent Probes.

Homocysteine (Hcy)

Structures of Cysteine (Cys), Homocysteine (Hey) and Glutathione (GSH).

SH

Glutathione (GSH)
3

Wavelength ~ Reaction
Compound (Aex/Aem, nm)  time Temperature Application in

Entry Probe number or Abs. (min) (°Q) pH Medium LOD biological system Reference

1 mBB 4 380/ 480 2-20 25 7.4-8.9 N.D. 2pM Plasma Chou et al., 2001;
Nekrassova et al., 2003

Probe 7 7 420/466 >60 N.D. 7.4 DMSO:HEPES 4:1 N.D. Live cells Kim et al. 2011

3 DNBSCy 9 600/700 30 N.D. 7.4 PBS 5uM Serum Maity and
Govindaraju, 2013

4 SSH-Mito 13 340/462¢t 545 120 37 N.D. MOPS N.D. Live tissues, Lim et al.,, 2011

mitochondrial thiols
5 Ag-S-GF N.D. 490/ 525 30 rt. N.D. HEPES 6nM Buffer-diluted serum  Hu et al., 2011
6 NRFTP 17 470/ 510 30 r.t 7.4 ACN/phosphate  N.D. Live cells Long et al., 2011
buffer 1:1.2

N.D., not determined; mBB, monobromobimane; DMSO, dimethyl sulfoxide; HEPES, 4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid; PBS, phosphate buffered saline;

MOPS, 3-(N-morpholino) propanesulfonic acid.

gasotransmitters [Boehning and Snyder, 2003], there has been an
interest in the improvement of its detection methods. Considering
the features of hydrogen sulfide, such as reducing ability and duo-
nucleophilicity (can undergo nucleophilic addition or substitution
twice), current detection for hydrogen sulfide uses either sulfide
specific chemosensor (methylene blue method) [Wei and
Dasgupta, 1989], electrochemical methods (sulfide selective electro-
des or polarographic methods) [Doeller et al., 2005; Schiavon
et al., 1995] and gas chromatography (GC) [Ubuka et al., 2001].
However, none of these methods is compatible with detection and
imaging in cells. These methods also show problems such as narrow
linearity ranges (methylene blue method) and complicated sample
preparations (chromatography). Recently, a number of fluorescent
probes have been reported for the detection and imaging of H,S [Lin
and Chang, 2012; Peng et al., 2013; Peng et al., 2012]. This review
mainly focuses on fluorescent probes developed in recent years for
the detection of biological thiols and hydrogen sulfide.

Conventional non-selective thiol probes are used to detect, monitor
or quantitatively evaluate all reactive SH groups in biological system
with no or limited selectivity. Herein we provide a brief description of

each type of fluorescent probes. Properties, such as excitation/
emission wavelengths, reaction conditions, and limit of detection
(LOD) of fluorescent conventional probes are summarized in Table I.

PROBES BASED ON NUCLEOPHILIC SUBSTITUTION

Based on the known nucleophilicity of the SH functional group, one
of the classical and commercially available thiol detection reagents
is monobromobimane (mBrB or mBB, compound 4) (Fig. 2) [Chou
et al., 2001; Ivanov et al., 2000a; Ivanov et al., 2000b]. It has been
widely used in the determination of plasma tHcy in clinical
applications [Chou et al., 2001]. Detailed description of mBB can
be found in previous reviews [Nekrassova et al., 2003; Peng
et al.,, 2012].
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Fig. 2. Structure of probe mBB and its mechanism of action.
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Fig. 3. Structure of probe 7 and its mechanism of action.

In 2011, a coumarin-based fluorescent probe (Compound 7, Fig. 3)
was reported by Kim and co-workers for cellular GSH imaging [Kim
et al., 2011]. Through hydrogen bond-assisted Michael reaction, the
probe ratiometrically responded to thiols by changing fluorescence
from green to blue. Over 300-fold changes in fluorescence intensity
ratio Iige nm/Iss3 nm Were observed with the addition of 10 mM (1000
equiv.) of biothiols in DMSO/HEPES (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) (4:1). The detection limit was reported to
be 37 uM for Hcy. Cellular GSH concentration can be measured
using this ratiometric method. However, the requirement for large
amount of DMSO as a co-solvent might be an issue for in vivo studies
considering the cytotoxicity of DMSO.

Recently, near-infrared (NIR) probes have gained interest because
of several unique advantages such as low excitation energy and deep
tissue penetration [Frangioni, 2003]. A NIR fluorescent probe
DNBSCy (9, Fig. 4) was reported by Covindaraju and co-workers.
This probe is consisted of a sulfonyl ester thiol reactive moiety
incorporated with a heptamethine cyanine (Cy) NIR dye, which can
recover internal charge transfer (ICT) process after reacting with thiol
and release thiol-dinitrobenzene (DNB) product. With the addition of
thiols (1mM), 10pnM of probe showed more than 20-fold
fluorescence increase at 700nm in phosphate buffered saline
(PBS) and fetal bovine serum (FBS). The large Stokes shift (around
119 nm) of the NIR probe leads to high signal-to-noise (S/N) ratio
and provides DNBSCy a low detection limit of 1 uM toward GSH in

RSH

DNBSCy

Non-fluorescent
9

Fig. 4. Structure of probe DNBSCy and its mechanism of action.
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PBS buffer. As a result, this probe can be especially useful for
monitoring the GSSG (GSH oxidized form)/GSH redox process in the
presence of GSH reductase and NADPH (reduced form of nicotin-
amide adenine dinucleotide phosphate (NADP')) [Maity and
Govindaraju, 2013].

PROBES BASED ON DISULFIDE BOND CLEAVAGE

Thiols exist in equilibrium between their reduced (thiol) and oxidized
(disulfide) forms and can also react with other disulfides, forming
new mixed disulfides and another free thiol. This property was used
in the design of thiol reactive fluorescent probes. One of these
examples was reported by Cho and co-workers. The fluorescent
probe SSH-Mito (13) [Lim et al., 2011] was modified based on their
first generation probe ASS (14) [Lee et al., 2010] (Fig. 5), which had
stability problems, for mitochondrial thiol detection. Two-photon
microscopy (TPM) was used in the detection. SSH-Mito is composed
of 6-(benzo[d]thiazol-2’-yl)-2-(N,N-dimethylamino) naphthalene
(BTDAN) as the reporter part, a disulfide bond as the thiol-reactive
moiety [Long et al., 2011], and triphenylphosphonium salt (TPP) as
the mitochondrial targeting site [Murphy and Smith, 2007]. In
addition, to minimize the interaction between the disulfide bond and
TPP, the structure was designed to separate them as far as possible.
SSH-Mito shows a color change from blue to yellow in response to
thiols with a change of the fluorescence intensity ratio (Iyenow t0 Ipiue)
by more than 42-fold in MOPS (3-(N-morpholino) propanesulfonic

Cy-quinone

Highly fluorescent
10
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Fig. 5. Structure of probes ASS and SSH-Mito and their mechanisms of action.

acid) buffer. Further experiments using Cell Counting Kit-8 (CCK-8)
indicate that SSH-Mito does not affect viability of cells. This probe
can be applied in the ratiometric detection of mitochondrial thiols in
live cells and tissues using TPM with penetration depth of more than
100 uM [Lim et al., 2011]. On the other hand, the solubility of SSH-
Mito (5 M in MOPS buffer) needs to be improved. Although it may
be enough for cell staining, the solubility problem will limit its
application.

PROBES BASED ON METAL-THIOL INTERACTIONS

Sulfur is known to have very strong intrinsic affinity for transition
metals such as copper, mercury and silver, and thus is widely used as
ligands in metal complexes [Vahrenkamp, 1975]. Therefore,
transition metal-containing fluorescent probes were designed based
on this property. A fluorescent turn-on method using Ag-S-GF
(Fig. 6) was reported by Qu and co-workers in 2011. The design takes
advantage of the metal binding properties of DNA [Becerril and
Woolley, 2009] and the robust and specific interactions between

Silver Deposition %

=Ag

16

sulfur and silver cation [Hu et al., 2011]. In this case, DNA was coated
on silver surface via silver deposition. Then biological thiols and a
DNA intercalating dye, GeneFinder (GF) [Pu et al., 2009], was added.
Because Ag-S bond is much stronger than DNA-silver interaction,
free DNA is released by thiol and binds with the intercalating dye,
leading to a significant fluorescence increase [Lin et al., 2011]. Under
optimized conditions (0.025 wM DNA, 3 pM AgNO; and 0.15 equiv.,
GeneFinder), the detection limit was around 6 nM, demonstrating
excellent sensitivity. Experiments showed quantitative recovery in
buffer-diluted fetal bovine serum. This assay is a simple, sensitive
and selective detection method for biological thiols.

PROBES BASED ON NATIVE CHEMICAL LIGATION (NCL)

Native chemical ligation (NCL) is a commonly used reaction in
peptide synthesis, with several advantages including compatibility
with living cells [Dawson et al., 1994]. In 2011, a ratiometric on-off
fluorescent probe based on Forster resonance energy transfer (FRET)
was reported by Yuan and co-workers. The probe showed emission at

RSH N

= DNA Intercalating Dye(GeneFinder)

—_—>
* rs” “sr

Fig. 6. Schematic presentation of probe Ag-S-GF assay and its mechanism of action.
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Fig. 7. Structure of probe NRFTP and its mechanism of action.

590 nm when excited at 470 nm (NRFTP, 17, Fig. 7). When exposed
to Cys, a native chemical ligation process dissociates the two
fluorophores and turns the FRET off, leading to a blue shift in
emission to 510 nm [Long et al., 2011]. In the presence of 100 uM
Cys, the emission intensity at 510 nm increased by 275-fold. Within
the linear correlation range from 0.1 wM to 100 wM, the detection
limit of NRFTP was as low as 82 nM (S/N = 3) for Cys. In a methyl
thiazolyl tetrazolium (MTT) cytotoxicity test, HeLa cells were
incubated with this probe (2 wM) for 24 h. Less than 10% decrease
of cell viability was observed, which was interpreted as having low
toxicity. With this probe, one obvious drawback is the requirement
for about 45% acetonitrile (ACN) as a co-solvent in phosphate buffer.

Cys and Hcy are two essential amino thiols (AT). Normal tHcy is
lower than 15 uM in plasma, which is about 1/20 of the total Cys
concentration [Refsum et al., 2004]. Considering the similarity and
difference in structures, concentrations and biological functions

TABLE II. Properties of Cys and Hcy Probes

HOOC,

HN/_\SH
: N

FRET OFF

Non-fluorescent
19

between Cys and Hcy, tools capable of detecting and distinguishing
these two thiols can be very useful. In this and the following sections,
three classes of probes, Cys and Hcy-specific probes, Cys-specific
probes, and Hcy-specific probes (Table II) are discussed.

Strongin and co-workers reported a thiazolidine reaction-based
colormetric probe 20 (Fig. 8) in 2004, which can detect both Cys and
Hcy with naked eyes. This probe has been reviewed in recently
published reviews [Chen et al., 2010; Peng et al., 2012; Rusin
et al., 2004; Wang et al., 2005]. As the very early Cys and Hcy probe,
compound 20 shows a simple visual detection, but with drawbacks
such as low sensitivity (LOD 1-10 pM) and insignificant absorbance
changes (< 15%) with thiol addition.

In 2010, Li reported an inorganic phosphorescent imaging probe,
cationic iridium(Ill) complex (CIC, 22) (Fig. 8), for Cys and Hcy
detection in living cells. Upon addition of aminothiols, the probe’s
luminescence changes from yellow to red in DMSO-HEPES (9:1).
This makes it a “naked-eye” indicator of Cys or Hcy. With its
membrane-permeable property, CIC can ratiometrically indicate the
intracellular Cys and Hcy concentrations. Furthermore, cytotoxicity
of this probe was investigated using the MTT assay with human

Specific ~ Wavelength Application in
Compound  detection  (Aex/Aem, NM) Reaction Temperature biological

Entry Probe number analyte or Abs. time (min) (°C) pH Medium LOD system Reference

7 Probe 20 20 Cys/ Hcy 460/ 525 5 r.t. 9.5 H,0 1-10 uM  Plasma Rusin et al., 2004;
Wang et al., 2005

8 CIC 22 Cys/ Hcy  430/547 30 37 7.2 DMSO: HEPES 9: 1 N.D. N.D. Xiong et al., 2010

9 Probe 24 24 Cys 400 (Abs.) 10 r.t. 9.5 carbonate buffer N.D. N.D. Wang et al., 2005

10 Probe 27 27 Cys 304/ 377¢t 487 40 N.D. 7.4 EtOH/ phosphate 2-3uM  Plasma Yang et al,, 2011

buffer 2: 8

11 CyAC 30 Cys 365/ 520& 720 30 r.t. 7.4 EtOH/ HEPES 1: 9  N.D. Live cells Guo et al., 2012

12 Cd*"-ACAQ 32 Cys 350/ 500 N.D. 25 7.4 HEPES N.D. N.D. Zhou et al., 2011

13 MVt 34 Hey 510 (Abs.) 5 r.t. 7.5 Tris N.D. Plasma Wang et al., 2004

14 Fluorone black 36 Hey 510 (Abs.) 5 r.t. 7.3 Phosphate buffer N.D. Plasma Wang et al., 2004

15 FSN-AuNPs N.D. Hey 370/ 485 120 r.t. 13 Phosphate buffer 4.4nM Plasma Lai and Tseng, 2012

Tris, tris(hydroxymethyl) aminomethane.
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Fig. 8. Structures of Cys/Hcy-specific probes and their mechanisms.

nasopharyngeal epidermal carcinoma cell line (KB cells). In the
presence of 100 wM probe CIC, the cellular viability was more than
80% after 24 h, indicating low cytotoxicity [Xiong et al., 2010].

PROBES BASED ON CONJUGATE CYCLIZATION

Based on the conjugate cyclization strategy, the Strongin group
reported several Cys-specific fluorescent probes (Fig. 9) in 2005 and
2011 [Wang et al., 2005; Yang et al., 2011]. An «,B-unsaturated
aldehyde, 4-(N,N-dimethylamino) cinnamaldehyde (compound 24),
and compound 27 showed Cys-specific detection based on kinetics
difference in conjugate addition. These probes have been discussed
in a recent review paper [Peng et al., 2012] and thus are not described
in detail here.

A ratiometric NIR probe (CyAC, 30) (Fig. 9) for Cys was reported
by Yoon and co-workers in 2012. The mechanism for the selectivity
between Cys and Hcy was also based on the kinetic difference in a
cyclization reaction as described by Strongin and co-workers [Yang
et al.,, 2011]. CyAC was designed based on a NIR hydroxy cyanine
scaffold, which has intense absorption at 775 nm. With the addition
of Cys, an obvious decrease (~20-fold) at 775 nm occurred, and a
new peak at 515nm with an isoemissive point at around 605 nm
emerged. In the meanwhile, no response to the addition of Hcy and
GSH was observed for this probe. With probe concentration at 5 pM,

the pseudo-first-order rate constant for Cys (50 uM, 0.23 min~"') was
much higher than GSH (50 uM, 0.047 min~') and Hcy (50 pM,
0.029 min~"). For biological applications, this probe can be used for
fluorescence imaging of thiol in living cancer cells [Guo et al., 2012].

PROBES BASED ON Cys-METAL BINDING

D-Cys is known to be an inhibitor of E. coli growth [Soutourina
etal., 2001]. In 2011, a fluorescent enantioselective chemosensor for
D-Cys, a complex of cadmium and ACAQ (Cd**-ACAQ, 32) (Fig. 10),
was reported [Zhou et al., 2011a]. ACAQ was initially designed as a
probe for Zn** and Cd*", with advantages of being cell permeable
and capable of ratiometric detection [Zhou et al., 2011b]. Due to an
ICT mechanism, metal-ACAQ complexation triggers a red-shift of
the original emission band of ACAQ from 400 nm to 500 nm. With
the addition of Cys, the cadmium complex (Cd*"-ACAQ) shows a
distinctive fluorescence decrease at 500nm, a recovery ACAQ
emission peak at 400 nm, and the formation of an isoemissive point
at 450nm in HEPES-ACN (2:8). It was suggested that the strong
binding affinity of D-Cys and Cd** competes against metal-complex
formation [Soutourina et al., 2001]; and thus in the presence of 5
equiv. of Cys, the emission spectrum is similar to that of ACAQ. The
enantioselectivity was tested in different solvent systems. The best
result Kp/K; = 3.35 was obtained in 1% ACN/ HEPES. This probe also
demonstrates selectivity to Cys over Hcy and GSH (~2-fold),
although application with real biological samples was not described.
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Fig. 9. Structures of cyclization-based probes and their mechanisms.

Two Hcy-specific probes based on redox chemistry were reported by
the Strongin group [Wang et al., 2004; Wang et al., 2005]. One visual
detection probe was methyl viologen (MV*") (34, Fig. 11), which
responded to Hcy changing from colorless to blue in 5 min. Another
commercially available probe fluorone black (36, Fig. 11) shared a
similar mechanism as that of MV*" with higher detection sensitivity

(linearity working range 0-15 wM). Both probes have been discussed
in recent review [Peng et al., 2012] and thus are not in detail here.

Another quantitative detection method of Hcy in plasma was
reported by Tseng and co-workers in 2012 [Lai and Tseng, 2012]. The
combination of TCEP reduction, fluorosurfactant-capped gold
nanoparticles (FSN-AuNP) extraction and subsequent o-phthaldial-
dehyde (OPA) derivatization (Fig. 12) provided a selective and
sensitive method for quantification of total Hcy as well as protein-

HIN™ 75 HNT SN
N N
H%O\ '. HOOC, K&O ".
_‘\\\N‘~\ % A\\\N‘\ \
O\ ’::::¢d2+ HoN SH O\ :::éd?f_' ——————— -«NH
N'—’ l/’,' > N"— \\\O‘<
20 N7 0 7 0
HN | i |
Cd2*-ACAQ
32 33

Fig. 10. Structure of probe Cd?>*-ACAQ and its mechanism of action.
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Fig. 12. Schematic presentation of probe FSN-AuNPs assay and its mechanism of action.

bound, free, and free oxidized Hcy. To avoid the interference of Cys,
particle size of FSN-AuNPs was increased from 12nm to 40 nm,
which led to a higher aggregation rate of Hcy-attached AuNPs than
Cys-attached [Lu and Zu, 2007]. In addition, OPA can selectively
react with Hcy forming a highly fluorescent (9-fold intensity
increase) product emitting at 485nm with excitation at 370 nm
[Chwatko and Jakubowski, 2005]. Within the dynamic range 0.01-
1M, the detection limit of this method was determined to be
4.4nM. This detection method can provide more than 100-fold
selectivity toward Hcy over other aminothiols in plasma. However,

TABLE III. Properties of GSH Probes

the detection pH of this probe was 13, which cannot be widely used in
detection in a biological system.

v-L-Glutamyl-L-cysteinylglycine (GSH) is the most abundant non-
protein aminothiols in cell [Hwang et al., 1992]. GSH and its disulfide
oxidized form GSSG play an important role in redox homeostasis
[Dalton et al., 1999]. To distinguish GSH from other aminothiols,
selective probes have been developed (Table III).

Wavelength
Compound (Aex/Aem, Nm) Reaction  Temperature Application in
Entry Probe number or Abs. time (min) (°C) pH Medium LOD  biological system Reference
16 mCB 38 380/470 30 r.t. 7.4 Tris N.D. Homogenates of Kamencic et al., 2000
rat livers
17 probe 39 39 446/643 120 37 5.3-8.4 20% Ethanol-water N.D. Live cells Shao et al., 2010
18 probe 41 41 550/588 60 37 7.4 50 ACN-HEPES 86nM Live cells Niu et al., 2012

mCB, monochlorobimane.
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Fig. 13. Structure of probe mCB and its mechanism of action.

Monochlorobimane (mCB, 38) (Fig. 13) [Fernandez-Checa and
Kaplowitz, 1990], which is an analogue of mBB, was reported as a
GSH probe in early 1990s. Unlike mBB, it shows high (~5-fold)
selectivity toward GSH. This probe was later used to determine the
GSH content in rat liver [Kamencic et al., 2000].

In 2010, the Chan group reported a bis-spiropyran probe 39
(Fig. 14) with high selectivity toward GSH. This probe selectively
binds with GSH with an affinity of 7.5 x 10* M™!, leading to an
increase in absorption at 446 nm (orange), which is 6-fold higher
than that with Cys. In the presence of 1 mM GSH, this probe showed
an 18-fold emission intensity increase at 643 nm. This probe is cell
permeable due to its highly hydrophobic nature. As a result, it can be
used for real-time monitoring of GSH in living cells with confocal
fluorescence microscope [Shao et al., 2010].

A BODIPY-based GSH-selective probe 41 (Fig. 15) was reported by
Yang and co-workers in 2012. The detection selectivity was achieved
based on the different nucleophilicity of amino groups from
aminothiol. Cys and Hcy can undergo two sequential reactions
with monochlorinated BODIPY, while GSH can only react once,
leading to different photophysical properties. This probe (10 wM)
responded to 1 mM GSH by showing an 8-fold increase in emission
at 588 nm, which discriminated GSH from Cys/Hcy. Within the GSH
quantitative linear range (0-60 wM), the probe’s detection limit was
86 nM. Cell imaging work indicated its cell permeability and GSH
selectivity [Niu et al., 2012].

39

Fig. 14. Structure of probe 39 and its mechanism of action.

H,S has attracted great research interests and its detection is a hot
topic in the sensing field in recent years. A few reviews have been
published discussing H,S probes [Lin and Chang, 2012; Pandey
et al., 2012; Peng et al., 2013; Peng et al., 2012]. In this section, only
recently published probes are included (Table IV).

PROBES BASED ON NUCLEOPHILIC REACTIONS

In aqueous solution, H,S dissociates to form nucleophilic anion HS™,
which can react with a variety of electrophiles. Taking advantage of
this feature, a number of probes have been developed. One of the
examples is reported by Cui and co-workers with specific subcellular
localization property [Liu et al., 2013b] (Fig. 16). This lysosome-
targetable probe Lyso-NHS (47) consists of a 1,8-naphthalimide
fluorophore, a 4-(2-aminoethyl) morpholine moiety (the lysosome
targeting group), and a dinitrophenyl ether as the H,S reactive site. In
a mixed ACN/PBS (1:9) solvent, the probe was reported to react with
excess amount (10 equiv.) of H,S showing a 42-fold increase in
emission at 555 nm. The limit of detection was 0.48 wM. Cytotoxicity
was tested in MCF-7 cells. More than 90% cells survived after
incubating with 5 uM of Lyso-NHS for 12 h.

Among all fluorescent probes, ratiometric probes afford easy
quantification due to the advantage of self-calibration. In 2013, Z.
Guo and co-workers reported a ratiometric H,S probe CouMC (49,
Fig. 17), for detection in mitochondria [Chen et al., 2013]. The
selectivity for H,S over Cys, Hcy and GSH is achieved due to
differences in pK, values. Biothiols have a higher pK, (>8.5) [Lutolf
et al., 2001] than H,S (7.0), which makes H,S a better nucleophile in
neutral medium. Fluorescence titration of CouMC (10 pM) with
NaHS (0-200 uM) resulted in a decrease in emission at 652 nm and
an increase at 510 nm when excited at 475 nm. The intensity ratio
I510/Igs, increased from 0.17 to 21.5, resulting in good sensitivity
with LOD at around 1 wM. The reaction with NaHS at concentrations
0f0-100 uM can be completed within 30 s, which is suitable for real-
time detection of intracellular H,S. Another ratiometric fluorescent
probe flavylium derivative (compound 51) was reported by W. Guo
and co-workers recently (Fig. 17) [Liu et al., 2013a]. With a similar
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Fig. 15. Structure of probe 41 and its mechanism of action.

strategy, this probe featured a fast detection response (<10s) and
NIR property (Aem: 485 and 690nm) in ACN/PBS (1:3.3). MTT
cytotoxicity studies using HeLa cells showed 80% cell viability after
incubation with 10 uM probe for 24 h.

Further increased sensitivity was achieved by a NIR probe HS-
Cy (compound 53) reported by the Tang group (Fig. 17) [Wang
et al., 2013d]. This probe takes advantage of the duo-nucleophi-

TABLE IV. Properties of Hydrogen Sulfide Probes

GSH

licity of hydrosulfide anion. It undergoes a nucleophilic addition
by sulfide, followed by a thiolactone formation releasing a cyanine
fluorophore. This resulted in an increase in emission at 780 nm and
a decrease at 625 nm with the emission ratio (Is,s/I;50) increasing
from 0.01 to 24.8 with 14 equiv. of H,S. The detection limit was as
low as 5-10nM. The application of this probe for detecting
endogenous H,S in human A549 cells was reported. However, the

Wavelength
Compound  (Aex/Aem, NM) Reaction Temperature Application in
Entry  Probe number or Abs. time (min)  (°C) pH  Medium LOD biological system Reference
19 Lyso-NHS 47 450/555 20 37 7.4  ACN/PBS 1:9 0.48 uM Serum and live cells  Liu et al., 2013b
20 CouMC 49 475/510 & 652 0.5 r.t. 7.4 2% DMSO-PBS 1uM Live cells Chen et al.,, 2013
21 Probe 51 51 450/485 & 690 0.17 r.t. 7.4 ACN/PBS 1: 3.3 0.14uM Live cells Liu et al., 2013a
22 HS-Cy 53 510 & 700/625 & 780 35 37 7.4 HEPES 5-10nM Live cells Wang et al., 2013d
23 Probe 57 57 350/440, 510, & 570 30 37 7.4 DMSO: phosphate  10uM Live cells Wang et al., 2013¢
buffer 2:8

24 SFP-1 59 300/395 60 37 7.4 PBS 5-10 uM  Live cells Qian et al., 2011
25 SFP-2 61 465/510 240 37 7.0 PBS 6 uM Live cells Qian et al., 2011
26 SFP-3 62 500/525 30 25 7.4 PBS 1.5uM Plasma Yong et al., 2012
27 SF4 65 496/517 60 25 7.4 HEPES 125 nM Live cells Lin et al., 2013
28 SF5-AM 68 498/521 60 25 7.4 HEPES 250 nM Live cells Lin et al., 2013
29 SF7-AM 71 498/526 60 25 7.4 HEPES 500 nM Live cells Lin et al., 2013
30 SHS-M1 72 365/500 90 r.t. 7.4 HEPES 200 nM Live cells, tissue Bae et al., 2013
31 SHS-M2 73 383/545 90 r.t. 7.4 HEPES 400 nM Live cells, tissue Bae et al.,, 2013
32 MPhSe-BOD 75 460/510 30 r.t. 7.4 PBS/ACN <10 pM Live cells Wang et al., 2013¢
33 Probe 77 77 440/544 180 r.t. 7.4  Phosphate buffer 500 nM Live cells Xuan et al., 2012
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Fig. 16. Structure of probe Lyso-NHS and its mechanism of action.

reaction time (35-min reaction time) was long and not suitable for
real-time detection.

A white light-emitting fluorescent probe (57) reported by Lin and
co-workers shows advantages of low-background multi-channel
detection (Fig. 18) [Wang et al., 2013c]. This probe was constructed
by conjugating a blue fluorescent dye and with an ESIPT (excited-
state intramolecular proton transfer) dye, which is modified by a 2,4-

)

N

H NO,
O._N_O 4

HS

e

OH
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dinitrophenyl group as the reactive site. With the addition of NaHS,
the probe responded with 3-, 6-, and 16-fold emission increases at
440nm, 510nm and 570 nm, respectively. The detection limit is
10 M in phosphate/ DMSO 8:2 with 0.5% Tween-20. MTT assay in
MG63 cells indicated more than 90% viability after incubated with
50 M of the probe for 24 h. This probe can be utilized to detect
endogenous H,S in living cells with three-channel monitoring.

CouMC-SH
50

highly fluorescent
HS-Cy
53

Fig. 17. Structure of ratiometric H,S probes and their mechanisms of actions.

fluorescence quenching
qHS-Cy

54

highly fluorescent
ketone-Cy

56
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Fig. 18. Structure of probe 57 and its mechanism of action.

Although this probe is not as sensitive as some aforementioned et al., 2012]. Based on a Michael addition-cyclization mechanism,
probes, it features a new multi-channel sensor for hydrogen sulfide. these probes (5-10 M) selectively react with sulfide exhibiting more

A series of hydrogen sulfide probes (SFP1, 2, 3, compounds 59, 61— than 10-fold fluorescence increases. Furthermore, SFP-1 and SFP-2
62, Fig. 19) were reported by the He group [Qian et al., 2011; Yong can be applied in dynamic monitoring of enzymatic hydrogen sulfide

SFP-2, R= COOMe
SFP-3, R= COPh

Fig. 19. Structures of SFP probes and its mechanism of action.
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biosynthesis. These probes have been discussed in a previous review
article [Peng et al., 2013] and thus not in detail here.

PROBES BASED ON REDOX REACTIONS

Hydrogen sulfide is a strong reducing agent. This feature has been
utilized for developing a number of fluorescent probes. Chang
[Lippert et al., 2011] and Wang [Peng et al., 2011] groups reported in
2011 the first fluorescent probes for H,S based on the its ability to
reduce the azido group and the rhodamine and dansyl fluorophores,
respectively. Later more fluorescent probes have been reported based
on this strategy. For fluorescent probes reported before 2012 the
readers are referred to recent review articles [Lin and Chang, 2012;
Peng et al., 2013; Peng et al., 2012].

In 2013, Chang and co-workers reported several bis-azido
rhodamine analogues (SF4-SF7, compounds 65-69, Fig. 20) for
cell imaging of hydrogen sulfide [Lin et al., 2013]. Compared to the
mono-azido probes reported in 2011, these bis-azido analogues
exhibit improved sensitivity with detection limits ranging from 125-
500 nM. Acetoxymethyl esters (SF5-AM, SF7-AM, compound 68,
71, etc.) were synthesized to provide cell-trappability for increased

O O SF4 (65): R'=R2=H

SF5 (66): R' = H, R2= COOH
SF6 (67): R' = COOH, R2=H

N3
R N R
N H,S I
! — s 72
Oy 9
OJ\T Hl\|l

72-73

Se

MPhSeO-BOD
75 76

MPhSe-BOD

Fig. 20. Structure of redox-based H,S probes and their mechanism of action.

MAO

SF5-AM (68): R' = H, R? = COOAM
SF6-AM (69): R' = COOAM, RZ=H

imaging sensitivity by maintaining a high dye concentration in the
cells. Production of H,S was observed in HUVECs (human umbilical
vein endothelial cells) using SF7-AM and it was found that H,S
generation is dependent on NADPH oxidase (Nox) derived H,0,,
providing evidence in support of H,S/H,0, crosstalk.

Ratiometric two-photon excitation fluorescent probes SHS-M1
and SHS-M2 (72 and 73, Fig. 20) were reported recently by Kim and
co-workers [Bae et al., 2013]. The reduction of the 4-azidobenzyl
group to the corresponding aniline triggers the cleavage of the
carbamate, releasing the N-methylaniline analogues and resulting in
a red shift from 420 to 500 nm for SHS-M1 and 464 to 545 nm for
SHS-M2. This shift in emission provides feasibility for ratiometric
detection of hydrogen sulfide for cellular imaging. The positively
charged TPP serves as a mitochondria targeting moiety. SHS-M2 was
used to monitor H,S in cultured astrocytes and showed that H,S
production decreased when CBS was knocked down by siRNA. It was
also found that H,S level decreased in DJ-1-knockout astrocytes and
brain slices as Parkinson’s disease models.

A selenium-bearing fluorescent probe (MPhSe-BOD, 75, Fig. 20)
was reported by Han and co-workers [Wang et al., 2013b]. It exhibits a

)\\ Q 0 SF7 (70): R=H
(0] N o)

SF7-AM (71): R = AM
o)

0
MAO 70-71
g
PPh;
un—
sHs-M1:R= 0" ©

.
PPh;
e

74 SHS-M2: R = -§=(

O73

NHOH NH,
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reversible redox cycle between oxidation by hypochlorous acid (HC10)
to MPhSeO-BOD (76, strongly fluorescent) and reduction by H,S back
to the original probe (weakly fluorescent). In a confocal imaging
experiment, this probe showed good cell permeability in murine
macrophage cell RAW264.7. It also showed the ability to continuously
monitor the HCIO/H,S redox cycles when the production of
hypochlorous acid (HCIO) in cells was stimulated by phorbol myristate
acetate (PMA) or exogenous sulfide was added into the cell culture.
Similar strategy was also used in a NIR fluorescent probe reported by
the same group [Wang et al., 2013a].

Another redox-sensitive naphthalimide-based fluorescent probe
77 (Fig. 20) was reported recently by Wang and co-workers [Xuan
et al., 2012]. The reduction of hydroxylamine moiety by H,S led to
the production of its amino analogue as well as a dramatic increase
in fluorescence intensity. A detection limit of sub-micromolar
concentration was achieved. Imaging experiments in astrocytes
using this probe revealed good cell membrane permeability.
However, the slow kinetics (reaction requires 180 min to finish)
hampers imaging applications.

A fluorescent protein (FP)-based hydrogen sulfide probe cpGFP-
Tyr66pAzF was recently reported by the Ai group [Chen et al., 2012].
However, this was covered in a recent review [Peng et al., 2013] and
thus is not discussed in detail here.

Thiols are important functional molecules in the biological system.
Hydrogen sulfide has been recognized as a gasotransmitter and is
involved in a number of cellular signaling pathways. New
physiological and pathological implications of thiols and hydrogen
sulfide have been revealed recently. Therefore, methods for accurate
determination of thiols and H,S are needed, especially for intracellular
detection. A great deal of research efforts has been made to search for
efficient and fast methods for thiol analysis. Fluorescent probes are
emerging as new detection techniques due to their simple operation,
low cost and most importantly, their compatibility with live cell
imaging and possibility for real time monitoring. In this review, we
have briefly introduced detection methods of thiols, with particular
focus on thiol and sulfide reactive fluorescent probes developed in
recent years. It is believed that these fluorescent probes will serve as
powerful research tools in the study of thiols and hydrogen sulfide.
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