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Thiol-addition reactions and their applications in
thiol recognition

Caixia Yin,wa Fangjun Huo,w*b Jingjing Zhang,a Ramón Martı́nez-Máñez,*cd

Yutao Yang,ab Haigang Lva and Sidian Li*a

Because of the biological importance of thiols, the development of probes for thiols has been an active

research area in recent years. In this review, we summarize the results of recent exciting reports

regarding thiol-addition reactions and their applications in thiol recognition. The examples reported can

be classified into four reaction types including 1,1, 1,2, 1,3, 1,4 addition reactions, according to their

addition mechanisms, based on different Michael acceptors. In all cases, the reactions are coupled to

color and/or emission changes, although some examples dealing with electrochemical recognition have

also been included. The use of thiol-addition reactions is a very simple and straightforward procedure

for the preparation of thiol-sensing probes.

Introduction

Thiol-containing small molecules such as cysteine (Cys), homo-
cysteine (Hcy), and glutathione (GSH) play important roles in

living organisms, and are involved in a number of biological
processes. It has also been suggested that small biothiols are
useful biomarkers, and it has been reported that abnormal
levels of these species are closely related to certain diseases.1–7

For example, Cys deficiency is involved in many syndromes
such as slow growth in children, hair depigmentation, edema,
lethargy, liver damage, loss of muscle and fat, skin lesions, and
weakness.8 At elevated levels in plasma, Hcy is a risk factor
for Alzheimer’s disease,9 folate and cobalamin (vitamin B12)
deficiencies,10,11 and cardiovascular diseases.12 Plasma total
Hcy concentrations have also been linked to birth defects13 and
cognitive impairment in the elderly.14 GSH, which is the
most abundant intracellular non-protein thiol,15 serves many
cellular functions, including maintenance of intracellular redox
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activities, xenobiotic metabolism, intracellular signal trans-
duction, and gene regulation.16,17 More specifically, GSH can
keep the Cys thiol group in proteins in the reduced state,
and also protect cells from oxidative stress by trapping free
radicals, which damage DNA and RNA.18 Thiophenols, in
spite of their broad synthetic use, are a class of highly toxic
pollutants and, generally, thiophenols are more toxic than
aliphatic alcohols. Symptoms of exposure include a burning
sensation, coughing, wheezing, laryngitis, shortness of breath,
and headache.19

In view of the biological, clinical, and environmental impor-
tance of thiols, it is not surprising that there has been increas-
ing interest in the design of analytical methodologies for their
detection for a number of applications. Many instrumental
methods for the detection of thiol levels have been reported,
e.g., HPLC,20–23 capillary electrophoresis,24,25 MS,26,27 and
electrochemical methods.28,29 However, these methods generally
have some limitations, e.g., high equipment costs, complexity,
sample processing, and run times, whichmake them impractical

for some applications such as high-throughput routine clinical
or research purposes.

As an alternative to such instrumental methods, the develop-
ment of optical probes for thiols has been explored and has
become an active research area in recent years. In this context,
fluorescence and/or colorimetric chemosensors for thiols based
on unique reaction mechanisms between probes and thiols
have been reported. These includeMichael addition reactions,30,31

cyclization with aldehydes,32–34 cleavage of sulfonamide and
sulfonate esters,35–37 cleavage of selenium–nitrogen bonds,38–40

cleavage of disulfide bonds,41–43 oxidation–reduction processes
in metal complexes,44–46 displacement protocols,47 and use of
nanoparticles.48–53 Yoon’s group has recently published a
review focusing on fluorescence or colorimetric sensors
for thiols based on the unique reactions between sensors and
thiols.54

Among all these tested procedures, this review will focus on
the use of addition reactions for thiol recognition and sensing.
Although Michael-addition-type probes have been very actively
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Ramón Martı́nez-Máñez was born
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developed in recent years, it was in 1981 that Sippel reported
the use of N-[4-(7-diethylamino-4-methylcoumarin-3-yl)phenyl]-
maleimide as one of the first examples of a thiol probe; the
probe was based on thiol-addition to a maleimide moiety. Since
then, a number of researchers have used Michael addition
reactions in thiol detection. Michael-addition-type probes have
been actively developed in recent years,55–59 and a number of
excellent Michael acceptors such as maleimides, squaraines,
7-oxanorbornadiene, quinones, chromenes, propiolates, acrylic
acid, a,b-unsaturated aldehydes, ketones, diesters, and malo-
nitrile have been exploited for the design of chromo-and fluoro-
genic probes for thiol sensing.

All these probes can be classified into four types of addition
reactions, according to their mechanisms.

1,1-Addition reactions

It is known that certain thiol-containing amino acids undergo
1,1-addition reactions with carbonyls to form new ring struc-
tures. Based on this concept, it is possible to design probes
containing aldehydes coupled with suitable fluorophores or
dyes, with which 1,1-addition reactions with thiols can take
place. As a general example, Scheme 1 shows the reaction of Cys
with an aldehyde and the formation, in this case, of a thiazo-
lidine ring. Using this general approach, aldehyde derivatives
based on phenanthrene, imidazole, dendritic chromophores,
naphthalimide, fluorescein, rhodamine, coumarin, and metal
complexes have been developed as thiol probes.

The phenanthrene-based probe 1 was used by Tanaka et al.
as a 1,1-addition chemosensing ensemble for thiol recognition.60

The authors tested probe 1 with a series of amino acids
(Cys, methionine, serine, lysine, proline, and histidine) and
GSH in acetonitrile:water mixtures. The reaction with Cys
resulted in an increase in fluorescence (lex = 250 nm, lem =
380 nm), whereas the presence of other amino acids and
glucose did not change the emission profile of the probe. The
reaction with GSH resulted in only a small increase in fluores-
cence. When the fluorescence intensity was measured after
30 min, only the reaction with Cys provided values meaning-
fully higher than that of the blank (without an amino acid).
These results indicate that this fluorescence assay selectively

detects Cys, and is also able to discriminate this amino acid
from other simple thiols. The selectivity observed was the result
of a thiol-addition reaction and formation of the corresponding
thiazolidine ring in the presence of Cys (Fig. 1). The probe was
also used in bioimaging applications.

Lin et al. designed 4-(1H-phenanthro[9,10-d]imidazol-2-yl)
benzaldehyde (2)61 as a new ratiometric fluorescence probe
for Cys and Hcy. Probe 2 consists of a phenanthroimidazole
moiety and an aldehyde group. The electron-rich phenanthro-
imidazole moiety was selected to act as both a fluorescent dye
and as an electron donor in the intramolecular charge-transfer
(ICT) process. The optical response of probe 2 to various species
was investigated in 10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) buffer, pH 7.4/DMF (v/v, 1 : 3) at room
temperature. Probe 2 was treated with 100 equiv. of a series of
amino acids, glucose, reduced GSH, or 2-mercaptoethanol
(ME). The authors found that the reactions of Cys and Hcy
with the probe resulted in a decrease in the absorption band at
376 nm and formation of a new hypsochromic absorption band
with a maximum at 330 nm. In contrast, no visible changes in
the UV-vis profile of 2 were observed on addition of the other
compounds tested, indicating that the aldehyde group specifi-
cally reacted with the b- and g-aminoalkylthiol moieties of Cys
and Hcy, respectively (see Fig. 2). In good agreement with the
changes in the absorption studies, Cys/Hcy elicited selective
large blue-shifts (125 nm) in the emission spectra, and color
changes from green to blue (lex 325 nm).

Two azo dyes (3 and 4) containing an aldehyde group were
reported by Huang and Li et al.62 to act as colorimetric probes
for Cys and Hcy. The addition of increasing concentrations of
Cys or Hcy to DMF solutions of 3 resulted in a blue-shift of the
absorption band from 465 to 442 nm. The addition of Cys to
DMF :water solutions of 4 (9 : 1 v/v) at pH 7 (HEPES buffer)
induced a decrease in the absorption intensity at 515 nm, with
the concomitant appearance of a blue-shifted peak at 475 nm,
corresponding to a color change from pink to yellow. The
optical properties of 4 in DMF :water (9 : 1 v/v) on addition of
other amino acids (Phe, Thr, Arg, His, Asn, Leu, Ala, Pro, Val,

Scheme 1 Mechanism of 1,1 addition of thiols.

Fig. 1 Reaction of the aldehyde 1 and Cys.
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Gly, Lys, Gln, Met, Ser, Ile, Tyr, Trp, Glu, and Asp) were also
investigated, but no obvious spectral changes similar to those
found in the hypsochromic shift of 4 with Cys and Hcy were
observed, indicating selective formation of thiazolidine 4a and
thiazinane 4b derivatives (Fig. 3).

Huang et al. reported the design of the two-photon-active
fluorophore 5, using an imidazole core as a selective probe for
Cys and Hcy in DMF solutions (Fig. 4).63 Fluorophore 5 showed
intense single-photon-absorption bands with a maximum
absorption wavelength at 410 nm. Moreover, 5 in DMF showed
intense single-photon-excited fluorescence (SPEF) emission at
535 nm. Upon addition of Cys/Hcy, the emission band of 5 at
535 nm gradually blue-shifted to 498 nm, corresponding to a
fluorescence color change from green to cyan, and the quantum
yield of 5 in the presence of Cys decreased from 0.66 to 0.31.
The two-photon-excited fluorescence (TPEF) emission spectrum

of 5 in the absence and presence of 40-fold Cys under excitation
by a femtosecond laser at 787 nm showed that the intensity of
the TPEF of 5 was more than 10 times stronger than that of a
mixture of 5 and Cys (5-Cys), with a concomitant blue-shift of
about 30 nm. The TPA cross-section maximum s value of 5-Cys
was 246 GM at 787 nm, which was less than that of 5, i.e.,
1556 GM. The TPEF spectrum of 5-Cys was almost the same as
the SPEF of 5-Cys, which suggested the interesting possibility
that 5 could act as an efficient TPEF probe for Cys/Hcy.
Fluorescence spectra of 5 in DMF were also investigated on
addition of other amino acids (Ala, Arg, Asn, Gln, Gly, His, Ile,
Leu, Lys, Met, Pro, Ser, Thr, Tyr and Val). No obvious fluores-
cence changes were observed on addition of other amino acids,
compared with the hypsochromic shift of 5 with Cys and Hcy,
indicating that the reaction of the CHO group with Cys and Hcy
was the key to their selective recognition. Furthermore, no
response of 5 was observed on addition of reduced GSH. These
results suggested that 5 displayed high selectivity in sensing
Cys and Hcy. The transformations of 5 to the corresponding
thiazolidine or thiazinane derivatives were confirmed by
1H NMR spectroscopy.

The dendritic chromophore 6, with ICT and a strong two-
photon absorption, was designed as a turn-on fluorescent
probe for Cys and Hcy by Loh et al. (Fig. 5).64 The probe
displayed an absorption at 410 nm in DMSO. Upon addition
of Cys, the absorption at 410 nm slightly decreased and was
blue-shifted (27 nm). The color of the solution changed from
yellow to nearly colorless. An emission band at 625 nm (F = 1.6%)
was observed for probe 6 in DMSO. The emission of the 6-Cys
mixture gradually increased in intensity and was blue-shifted
(165 nm). After about 1 h, the 6-Cys mixture exhibited sky-blue
emission under illumination with UV light. Control experi-
ments in the presence of other common amino acids revealed
that 6 exhibited good selectivities for Cys and Hcy.

The fluorescence probe N-butyl-4,5-(p-aldehyde)phenyl-1,8-
naphthalimide 7, was designed and used for the detection of
Cys (Fig. 6).65 The addition of Cys to ethanol : water (60 : 40 v/v,
HEPES buffer, pH 7.2) solutions of 7 resulted in a shift of the
absorption band from 375 nm to 370 nm. Also, the emission
intensity was enhanced and red-shifted from 455 to 480 nm,
resulting in a color change from blue to cyan. The fluorescence
quantum yield of 7 increased from 0.25 to 0.40. These changes
were attributed to the reaction of the aldehyde groups in 7 with
Cys to form very stable thiazolidine derivatives. The emission

Fig. 2 Above: reaction of 2 with Cys and Hcy. Bottom: absorption (left) and
emission (right) spectra of probe 2 with different species. Reprinted with
permission from Org. Lett., 2008, 10, 5577–5580. Copyright 2008, American
Chemical Society.

Fig. 3 Reaction of probes 3 and 4 with Cys and Hcy.

Fig. 4 Reaction of 5 and Cys and Hcy to afford the corresponding thiazolidine or
thiazinane derivatives. Fig. 5 Reaction between 6 and Cys.
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spectrum of 7 was also studied in the presence of other amino
acids, but only slight fluorescence quenching was observed.

The naphthalimide-based glyoxal hydrazone 8 was used for
fluorescence turn-on detection of Cys and Hcy.66 Probe 8
showed a very weak fluorescence at 524 nm in DMSO
(lex 439 nm, FF = 0.012). However, on addition of Cys, the
fluorescence intensity of the probe increased significantly,
giving a strong green emission. The change in the emission
intensity nearly became constant when the amount of Cys
added reached 400 equiv. (FF = 0.625 for 8-Cys), and an
approximately 52-fold fluorescence enhancement was
observed. A similar behavior was found for Hcy. Probe 8 in
DMSO was also treated with 100 equiv. of various amino acids,
namely 3-mercaptopropionic acid (MPA), ethyl 2-mercapto-
acetate, and GSH, but no emission changes were observed.
The sensing mechanism involves cyclization of the aldehyde
with Cys or Hcy, leading to formation of the corresponding
thiazolidine or thiazinane 8-Cys/8-Hcy derivatives. The creation
of these rings favors the formation of intramolecular hydrogen-
bonds between the thiazolidine/thiazinane NHs and the imine
N, which prevents the CQN bond isomerization that caused the
low emission of the probe (Fig. 7). The authors also used the
probe for biological imaging of Cys or Hcy inside living cells.

The fluorescein derivative 9 was reported by Strongin et al.
as a suitable probe for thiols.67 Solutions of 9 in water (pH 9.5)
are bright yellow as the result of absorbance at 480 nm. Upon
addition of Cys or Hcy, a color change from bright yellow to
brownish-orange was observed as a result of a red-shift of the
absorption band from 480 to 500 nm. Addition of Cys or Hcy
to solutions of 9 resulted in fluorescence quenching of the
emission band at 510 nm (lex = 460 nm). Other common thiols
(methionine, mercaptoethanol, GSH), other amino acids (Gln,
Ser, Gly, Glu), and amines (glucosamine hydrochloride)
induced negligible changes, confirming the selectivity of 9 for
Cys and Hcy. As in the above cases, the signaling mechanism
involved the reaction of the aldehyde group in 9, and formation
of the corresponding thiazolidine or thiazinane derivatives
(Fig. 8 top). Probe 9 was also used to determine aminothiol
concentrations in plasma samples (Fig. 8 bottom).

Subsequently, Strongin’s group developed another fluores-
cein derivative 10, which was also used for signaling thiols
(Fig. 9). The monoaldehyde 10 exhibited similar fluorescence
quenching to those found for 9 in the presence of Cys and Hcy.

Strongin et al. also used the commercially available aldehyde 11
for the detection of Cys, based on formation of the corre-
sponding five-membered rings.68 Aldehyde 11 has a maximum
absorbance at 400 nm. When Cys was added (carbonate buffer,
pH 9.5), the absorbance at 400 nm decreased, and a color
change from yellow to colorless was observed. Interestingly,
Hcy did not cause any color change in 11 under similar
conditions. The above results were explained bearing in mind
that Cys may form generally more favored 5- (or possibly 7-)
membered ring heterocycles, as compared to Hcy (6- or possibly

Fig. 6 Reaction of 7 with Cys.

Fig. 7 Reaction of 8 with Cys and Hcy (above) and fluorescence spectral
changes of 8 upon addition of Cys in DMSO (bottom). Reprinted with permission
from Org. Lett., 2012, 14, 520–523. Copyright 2012, American Chemical Society.

Fig. 8 Reaction of 9 with Cys, Hcy and fluorescence emission spectra of 9 in the
presence of L-homocysteine in deproteinized human plasma excited at 460 nm
(pH 9.5). Reprinted with permission from J. Am. Chem. Soc., 2004, 126, 438–439.
Copyright 2004, American Chemical Society.
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8-membered ring formation, respectively), upon reaction with
a,b-unsaturated aldehydes. The authors studied the complete
conversion of Cys (0.46 M) and 11 (3.4 � 10�2 M) in D2O
(containing 30% NaOD) to 11-Cys by 1H NMR after 1 h of
reaction. This transformation is confirmed via the disappear-
ance of the aldehyde signal at 9.5 ppm and the subsequent
appearance of the thiazolidine resonances (proton b) centered
at d 6.7 ppm. Olefin proton resonance c can be clearly observed
appearing 0.4 ppm upfield relative to the corresponding reso-
nance in 11. Under similar conditions, Hcy reacts with 11 to
form imine 11-Hcy in trace amounts as the only observed
product by 1H NMR. The NMR resonance for the Schiff base
proton (carbon a) is centered at d = 8.01 ppm, in agreement
with analogous imine-forming controls using 11 and other
substrates.

Strongin et al. also obtained the fluorescein derivative 12
(Fig. 10).69 This probe showed a maximum absorption at
501 nm and displayed no emission in water (phosphate buffer,
pH 7.4). Emission studies of 12 in the presence of various thiols
(lem = 524 nm) demonstrated that compound 12 displayed

selectivity towards Cys and Hcy. Compound 12 also showed a
preference for Cys over Hcy because the Cys reaction product
was formed at a faster rate (as much as 2.9-fold earlier in the
course of the reaction). A greater than two-fold-higher selectivity
towards Cys was observed for concentrations as low as 100 mM,
and the limit of detection for Cys was found to be about three
times less than that for Hcy (39 mM versus 114 mM after reaction
for 20 min). The reaction of 12 with an excess of Cys involves
both conjugate addition and thiazolidine formation. In the case
of other thiols such as mercaptoethanol and mercaptopropio-
nate, the emission enhancement was lower. The observed trend
in emission enhancement of 12 after complete reaction with an
excess of the corresponding thiol was Cys (40.98-fold) > Hcy
(28.73-fold) > mercaptoethanol (6.04-fold) > mercaptopropionate
(1.66-fold). In all cases the thiol attacked the b carbon of
aldehyde 12, thereby restoring xanthene emission. Once formed,
the covalent complexes can undergo further interaction with the
chromophore thereby affording increased selectivity by affecting
the ionization state of the phenolic hydroxyl. Energy-minimized
simulations (Sybyl 8.0, Tripos Inc.) indicated that, depending on
the length of the alkyl chain, electrostatic interactions between
the NH3

+ group with both the phenolate and the carboxylate
moieties of 12 occur (Fig. 10 bottom).

The rhodamine-based derivative 13 is colorless and weakly
fluorescent (lem = 552 nm, lex = 500 nm). However, on addition
of Cys, the fluorescence emission was enhanced. For instance,
when 200 mM Cys was added to 13, an approximately 20-fold
enhancement in fluorescence was observed at 37 1C in ethanol :
water (3 : 7 v/v, 0.1 M phosphate-buffered saline (PBS), pH = 7.0)
solutions. The fluorescence emission of 13 was linearly propor-
tional to the amount of Cys added, and a limit of detection of
7.35 � 10�8 M was determined. The authors also found that the
fluorescence of 13 was pH independent at pH > 5, demonstrat-
ing that it is possible to use the probe over a wide physiological
pH range. Upon addition of other amino acids, including the
structurally similar Hcy and GSH, to solutions of 13, no obvious
fluorescence changes were observed. Moreover, the competi-
tion experiments showed that adding diverse bioanalytes does
not influence the fluorescence enhancement of Cys except for
Hcy which induces a small decrease of the fluorescence inten-
sity. The results clearly demonstrate that 13 was an excellent
Cys-specific fluorescence chemodosimeter. The sensing mecha-
nism is as follows. Upon addition of Cys to the colorless
solution of 13, thiazolidine 130 (an unstable intermediate)
was formed, followed by a ring-opening reaction that promoted
hydrolysis of 1300 to 130 0 0 0, which induced a strong fluorescence
enhancement accompanied by a color change from colorless to
pink (Fig. 11). The formation of 130 0 0 0 was confirmed by TOF-MS
and 1H NMR spectroscopy. In the case of Hcy, the reaction with
13 produced 130 0 0, which was colorless and non-fluorescent. For
GSH, no reaction occurred.70

Several examples of metal complexes containing aldehydes
as reactive sites have been reported. In particular, the
platinum(II) complex Pt(phen)CRCC6H4CHO (14) was found
to be a highly selective phosphorescence chemodosimeter for
Cys and Hcy (Fig. 12).71 Addition of Hcy to a solution of 14 in

Fig. 9 Reaction of 10 with Cys, Hcy and 11 with Cys.

Fig. 10 The reaction of 12 with Cys.
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acetonitrile : water (4 : 1 v/v, pH 7.2) resulted in clear changes in
the absorption spectrum. The high-energy band at 330 nm,
assigned to the n - p* transition, as a result of the presence of
the aldehyde group, decreased gradually on addition of Hcy. At
the same time, there was an increase in the band centered at
270 nm corresponding to p - p* intraligand transitions.
Similar phenomena were observed for the addition of Cys.
Upon addition of Hcy, the emission band was red-shifted from
510 nm to 555 nm, corresponding to a luminescence color
change from green to orange. The reactions of 14 with Cys and
Hcy were confirmed by 1H NMR spectroscopy and density
functional theory calculations. To validate the selectivity of 14
in practice, in addition to Cys and Hcy, various other natural
amino acids, namely His, Leu, Asp, Arg, Tyr, Thr, Pro, Ile, Try,
Met, Val, Ala, Phe, Glu-ine, Glu, Ser, Hyd, Lys, and Gly, were
added to acetonitrile : water solutions of 14; however, no
obvious changes were observed in the emission spectra of 14.
No effect was observed in the presence of GSH. In addition, the
changes in the emission spectra of 14 induced by Hcy were not
influenced by the simultaneous addition of 100 equiv. of other
amino acids or GSH. A similar selective behavior was observed
for 14 in the presence of Cys.

The iridium(III) complex Ir(pba)2(acac) [Hpba = 4-(2-pyridyl)-
benzaldehyde; acac = acetylacetone] (15) was used as an
Hcy-selective probe (Fig. 13).72 The absorption spectrum of 15
showed some intense high-energy absorption bands in the UV
region and a weak absorption at 510 nm. Complex 15 also
showed a weak emission band at 615 nm, which resulted
in a deep red photoluminescence color. The luminescence

quantum yield of 15 in air-equilibrated solutions was ca. 0.003.
The addition of increasing amounts of Hcy to a solution of
DMSO–HEPES (pH 7.2, 9 : 1 v/v) containing 15 led to obvious
changes in its absorption spectrum. In particular, the absorp-
tion band at 510 nm decreased gradually on addition of Hcy,
resulting in a color change from orange to yellow. Moreover, in
the luminescence spectra of 15, the addition of Hcy induced the
growth of a new emission band at 525 nm, which resulted in a
change in the emission color from deep red to green that could
be observed by the naked eye. Upon addition of Cys, the
absorption band at 510 nm decreased. However, when an
excess of Cys was added to a solution of 15, a weak enhance-
ment (two-fold) of the luminescence intensity at 525 nm was
observed, although the intensity of the emission band at
615 nm decreased four-fold. This indicates that 15 is a UV-vis
probe for Hcy and Cys, but it is a phosphorescence probe for
Hcy. Upon addition of amino acids such as His, Leu, Asn, Arg,
Tyr, Thr, Pro, Ile, Trp, Met, Val, Ala, Phe, Gln, Glu, Ser, Hyp, Lys,
and Gly, no obvious changes were observed, either in the
absorption or in the emission spectra. Also, no obvious
enhancement of the phosphorescence emission of 15 was
observed on addition of the thiol-related peptide GSH. These
results are related to the selective reactions of the aldehyde
moiety with the b- and g-aminoalkylthiol groups in Cys and
Hcy. To further understand the effect of the aldehyde (CHO)
group on the photophysical properties, calculations based on
DFT for 15 and 15-Hcy were performed. Both complexes were
confirmed to be genuine minima on the PES. Orbital analysis
revealed that, for the two complexes, no obvious change was
observed for the highest occupied molecular orbital (HOMO)
distributions, and the HOMO primarily resided on the iridium
center and phenyl part of the cyclometalated ligands, similar
to most of the iridium(III) complexes. However, the lowest
unoccupied molecular orbital (LUMO) distributions of 15 and
15-Hcy are strikingly different. For 15, the LUMO distribution is
evenly localized on the two pba ligands. In contrast, the LUMO
distribution of 15-Hcy is partially located on the 2-phenyl-
pyridine moiety of one ligand. As a result, the LUMO energy
level of 15-Hcy is higher. The HOMO–LUMO energy gaps were
calculated as 3.21 and 3.46 eV for 15 and 15-Hcy, respectively,
which is in agreement with the remarkable blue-shift in the
absorption and luminescence spectra of 15-Hcy compared with
those of 15.

When Cys or Hcy was added to solutions of 16 in HEPES,73

the absorbances at 320 and 428 nm decreased gradually. The
influence of Cys and Hcy on the emission spectra of 16 was also
investigated. The aldehyde group in complex 16 was a strong

Fig. 11 Proposed mechanism for the discrimination of Cys from Hcy using 13.

Fig. 12 Reaction of 14 with Hcy and Cys.

Fig. 13 Reaction of 15 with Hcy.
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electron-withdrawing group that effectively quenched the lumi-
nescence of the complex (Fig. 14). Complex 16 therefore exhib-
ited weak emissions in HEPES. The phosphorescence emission
intensity of 16 at 565 nm was significantly enhanced by addi-
tion of Cys and Hcy. No detectable change in the phosphores-
cence emission of complex 16 was observed on addition of
other amino acids such as Ala, Arg, Asp, Gln, Glu, Gly, GSH,
His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, and Val. As
in the examples above, the changes observed are the result of
the reaction of the aldehyde in complex 16 with Cys or Hcy to
form the corresponding thiazolidine/thiazinane derivatives.
Compound 16 has been used to monitor changes in Cys or
Hcy concentrations in living cells via monitoring red lumines-
cence after incubating with 20 mM solution of complex 16 at
37 1C for 30 min.

The nanoprobe 17, based on the use of mesoporous silica
nanoparticles as carriers and an iridium(III) complex as a
signaling unit, was developed for the detection of thiol-containing
derivatives (Fig. 15 top).74 Solid 17 showed a broad and struc-
tureless photoluminescence emission band at 545 nm as a
result of the presence of the iridium(III) complex. Upon addition
of Hcy or Cys to solutions of 17 in water (PBS, pH 7.4) an
intense emission band appeared at 531 nm (emission color
change from orange to bright green). Control experiments were
carried out with other amino acids such as His, Thr, Leu, Asp,
Arg, Tyr, Pro, Iso, Try, Met, Val, Lys, Ala, Gln, Gly, Glu, Ser,
L-OH-Pro, and Phe. These studies revealed that 17 exhibited
good selectivities for Hcy and Cys. The recognition mechanism
involves the reaction of the aldehyde group in the Ir(III) complex
with the b- and g-aminoalkylthiol groups of Cys and Hcy to
form the corresponding thiazolidine/thiazinane derivatives. To
further understand the response mechanism, the effect of the
aldehyde group on the photophysical properties was studied
using time-dependent density functional theory calculations.
The probe was also used in the human nasopharyngeal epider-
mal carcinoma cell line (KB cell) bioimaging experiments
(Fig. 15 bottom).

The complex [Ir(pba)2(bpy)][PF6], [pba = 4-(2-pyridyl)benz-
aldehyde, bpy = bipyridine] (18), containing aldehyde groups,
was designed as a novel Hcy/Cys-selective probe for ratiometric
phosphorescence imaging in living KB cells.75 On addition of
increasing amounts of Hcy or Cys to a solution of 18 in
DMSO :water (9 : 1 v/v, HEPES, pH 7.2), the absorbances at
435 and 301 nm decreased gradually, whereas the absorbance
at 390 nm increased. Also, on addition of Hcy or Cys, the
emission band progressively shifted to 586 nm (a red-shift of
ca. 40 nm), with a decrease in intensity, resulting in an
emission color change from yellow to red. Amino acids such
as His, Leu, Asn, Arg, Tyr, Thr, pro, Ile, Trp, Met, Val, Ala, Phe,
Gln, Glu, Ser, Lys, and Gly, and the small peptide GSH, did not
induce detectable spectral changes. As in the above cases, the
sensing mechanism was attributed to formation of the corre-
sponding thiazinane or thiazolidine groups by reaction with
Hcy or Cys, as shown in Fig. 16.

In another study, the Ru(II) complex [Ru(CHO-bpy)3](PF6)2
(CHO-bpy: 4-methyl-2,2 0-bipyridyl-40-carboxaldehyde) (19) was
designed and used for the selective and sensitive detections of
Cys and Hcy.76 Compound 19 exhibited two strong absorption
bands at 300 and 485 nm. In the presence of Cys or Hcy
(DMSO :water, HEPES buffer), the two absorption bands of
the complex were shifted to 290 and 465 nm, respectively,
accompanied by a color change from orange to yellow. The
emission spectrum of 19 also displayed a large blue-shift from
720 to 635 nm, accompanied by a significant increase in the
luminescence intensity. Other amino acids, proteins, DNA,
ethanolamine, and cysteamine were unable to induce emission
changes in 19. The reaction of 19 with Cys or Hcy resulted in
the formation of highly luminescent thiazolidine or thiazinane
derivatives, as shown in Fig. 17.

Fig. 14 Reaction of 16 with Cys and Hcy.

Fig. 15 Reaction of 17 with Cys/Hcy.

Fig. 16 Reaction of 18 with Cys and Hcy.

Fig. 17 Reaction of 19 with Cys and Hcy.
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The ruthenium polypyridine complex [Ru(phen)2(IPBA)](PF6)2
(20) (IPBA = 4-(1H-imidazo[4,5-f][1,9]phenanthroline-2-yl)benz-
aldehyde), was used as a probe for thiol detection (Fig. 18).77

When increasing amounts of Cys or Hcy were added to
DMF :water (10 : 1 v/v, HEPES) solutions of 20, the bands in
the 325–400 nm range decreased in intensity. In the presence of
Cys or Hcy, enhancement of the emission was observed along
with the appearance of a purple luminescence color. Other
amino acids, as well as thiol biomacromolecules such as
2-thiobarbituric acid, thioglycol, and GSH, were also investi-
gated; however, no optical changes in 20 were detected. The
authors suggested that the poor reactivity found for GSH, which
hardly reacted with 20, may be the result of steric hindrance.

1,1-Addition reactions of thiols on several coumarin-based
probes have also been reported. For instance, the coumarin-
based probe 21 (7-dimethylamino-1,4-benzoxazin-2-one aldehyde)
was designed as a fluorescence chemodosimeter for Cys and
Hcy.78 Free 21 showed an absorption band at 500 nm and was
weakly fluorescent in the 3–8 physiological pH range. Upon
addition of Cys, the fluorescence increased rapidly in acetoni-
trile : water (3 : 7 v/v, HEPES, pH 7.4). For instance, when 50
equiv. of Cys were added to 21, an approximately five-fold
emission enhancement at 560 nm was observed. At the same
time, the absorption band of 21 at 500 nm gradually decreased
and a new absorption at 430 nm appeared, resulting in a color
change from orange to yellow. The emission intensity of 21
at 560 nm showed a good linear relationship within the
concentration range usually found for Cys under physiological
conditions (the total concentration of Cys in healthy plasma is
in the range 240–360 mM). Using probe 21, a detection limit for
Cys of 6.8 � 10�7 M was determined. The fluorescence
responses of 21 to various amino acids such as Gly, Ala, Val,
Leu, Ile, Pro, Ser, Thr, GSH, Glu, Arg, Lys, and thiol biomacro-
molecules were studied. However, none of the tested species,
except Hcy and Cys, induced any fluorescence emission
enhancement. The recognition mechanism is based on the
cyclization reactions of Cys and Hcy with the aldehyde group
in 21, as shown in Fig. 19.

Another coumarin-based fluorescence sensor was reported
by Kim et al. for the selective detection of Cys and Hcy. This
‘‘push–pull’’ type of coumarin-based probe79 showed a strong
fluorescence emission at 488 nm. When Hcy or Cys was added
to a solution of 22 in ethanol, the emission intensity clearly
decreased. Some changes were also observed in the presence of
GSH. Typically, the ratios F0/F on addition of 500 equiv. of these
analytes were 54, 43, and 1.5 for Hcy, Cys, and GSH, respec-
tively. Studies were also carried out in the presence of Gly, Ala,
Val, Leu, Ile, Pro, Ser, Thr, DTT, GSH, Glu, Arg, and Lys, but no
changes were found. The observed behavior was the result of
the reactions of Cys and Hcy with 22, which induced formation
of the corresponding thiazinane/thiazolidine rings (Fig. 20).
The authors attributed the decrease in the emission intensity to
the presence of effective photoinduced electron transfer (PET)
from the neighboring nitrogen atom of the thiazinane/thiazo-
lidine ring in the final products, which did not occur in 22.

Kim and Hong et al. reported the use of the o-hydroxy-
aldehyde-functionalized coumarin 23 as a selective turn-on
probe for Hcy and Cys (see Fig. 21).80 The probe itself was not
fluorescent in aqueous HEPES solutions (pH 7.4). However, on
addition of Hcy, the emission intensity at 450 nm increased
more than 100-fold. An emission color change of the solution
from colorless to blue was also observed. A similar fluorescence
increase was found for Cys, with a 49-fold enhancement at
450 nm. However, the authors found that other amino acids
such as N-Boc-Cys, Met, Ser, Thr, Lys, Trp, Asp, Pro, Glu, Leu,
Ile, Gly, Ala, and GSH did not cause any significant changes in
the emission of 23. The authors proposed that two factors
affected the fluorescence enhancement upon addition of Hcy
or Cys to probe 23. First, a hydrogen bond between the phenol
proton and thiazinane nitrogen atom of 23-Hcy is assumed to
inhibit the possible PET quenching observed in the previous
thiazinane coumarin complex. Computational structure of
23-Hcy explicitly shows the plausible hydrogen bonding
between the phenol proton and nitrogen atom. Secondly, the

Fig. 18 Reaction of 20 with Cys and Hcy.

Fig. 19 Reaction of aldehyde 21 with Cys or Hcy.

Fig. 20 Proposed fluorescence sensing mechanism of 22 upon reaction with
Cys or Hcy.

Fig. 21 Probe 23 and its reaction with Hcy or Cys.
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fluorescence quenching due to a possible charge transfer from
the coumarin HOMO to the aldehyde carbonyl LUMO in 23 will
be depressed in the 23–Hcy complex, where the sp2 hybrid
carbonyl is transformed to an sp3 hybrid carbon owing to the
thiazinane ring formation. Therefore, the excited electrons in
23–Hcy will decay by emitting a strong fluorescence. The
authors also demonstrated the use of probe 23 to determine
submillimolar concentrations of Hcy in blood samples.

The fluorescence response of compound 24 to various amino
acids and reduced GSH was investigated in water : acetonitrile
(2 : 3 v/v, HEPES, pH 7.4).81 The reaction of Hcy or Cys with the
probe resulted in significant fluorescence enhancement at
513 nm. In contrast, other amino acids, including Ala, Thr,
Arg, Gly and GSH, induced no discernible changes in the
emission profile of 24. As above, the response observed was
caused by formation of the corresponding thiazinane or thia-
zolidine rings upon reaction of Hcy or Cys with 24 (Fig. 22).

Two new two-photon excitation fluorescence (TPEF) probes
(25 and 26) for the selective sensing of Cys were developed by
Yang et al.82 The addition of Cys to 25 in acetonitrile : water
solutions, buffered with tris(hydroxymethyl)aminomethane
(Tris), resulted in a color change from colorless to bright yellow
as a result of the appearance of a new band at 525 nm.
Interestingly, the addition of other bioanalytes (Ile, L-Ala, Leu,
Lys, Met, Nac, Phe, Pro, Ser, Thr, Trp, Tyr, Val, His, Gly, Glu,
Gln, DTT, b-Ala, Asp, Arg, GSH, and Hcy) did not induce color
changes in 25. In acetonitrile :water (buffered with Tris) solutions,
the addition of Cys to 26 induced a color change from colorless
to pale yellow as a result of the shift of the original absorbance
of 26 at 350 nm to 420 nm. In this medium, the addition of
N-acetyl-L-cysteine (NAC), GSH, and His also induced some
absorption changes. However, the addition of other bioanalytes
(Ile, L-Ala, Leu, Lys, Met, NAC, Phe, Pro, Ser, Thr, Trp, Tyr, Val,
His, Gly, Glu, Gln, DTT, b-Ala, Asp, Arg, and Hcy) caused no
absorbance changes. Compound 25 was weakly fluorescent,
whereas the SPEF of 25 + Cys was notably enhanced, with a red-
shift of 84 nm (from 493 to 577 nm), accompanied by a
fluorescence color change from dark to deep red. Upon addi-
tion of N-acetylcysteine (NAC), the SPEF intensity of 25 also
increased slightly, although the intensity of 25 + Cys was
6.3 times stronger than that of 25 + NAC. Hcy did not alter
the emission of 25. The SPEF intensity of 26 + Cys was 2.5 times
larger than that of 26 + NAC. The TPEF intensities of 25 + Cys at
630 nm were 11, 67, and 60 times stronger than those of

25 + NAC, 25 + Hcy, and 25, respectively. Under similar condi-
tions, the corresponding enhancements of 26 + Cys at 551 nm
were 2.64-fold, 77-fold, and 59-fold, respectively. The s value of
25 + Cys was 1700 GM at 920 nm and that of 26 + Cys was 90 GM
at 810 nm. The above results can be explained by taking into
account the reaction of Cys with 25 and 26, which results in the
formation of thiazolidine rings and the transformation of an
A–p–A electronic structure to an A–p–D motif (Fig. 23).

Compound 27 proved to be a suitable probe for Cys in
DMSO :water (buffered with HEPES) mixtures.83 The probe
consisted of two aldehyde groups as reactive sites and a dimethyl
tetraphenyl silole core as the signaling moiety (Fig. 24). Com-
pound 27 has moderate solubility in DMSO :water. When Cys
was added to the solution, it readily reacted with 27, leading to
a thiazolidine derivative, which has lower solubility (formation
of aggregates). In particular, upon addition of Cys, the emission
intensity at 479 nm increased slowly, and a new band at 424 nm
appeared. The intensity of the new band grew quickly with
increasing amounts of Cys (aggregation-induced emission
effect). Also, the reaction mixture turned from transparent to
turbid. To examine the specificity of 27 for Cys, the responses of
the probe to other amino acids (Ala, Arg, Asp, Cys, Glu, Gly, His,
Ile, Leu, Lys, Met, Phe, Ser, Thr, Tyr, Val, Pro, Hcy, Pgl, and
GSH), glucose, and protected Cys (Cya and Cyt) were investi-
gated. Among all the tested analytes, Cys gave the highest
fluorescence response. Moreover, emission enhancements of

Fig. 22 Reaction of 24 with Hcy and Cys.

Fig. 23 Reaction of 25 and 26 with Cys.

Fig. 24 Reaction of probe 27 with Cys or Hcy.
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ca. four-, 1.7-, and one-fold were recorded for Cyt, Hcy, and Lys,
respectively. The authors also observed that Hcy displayed a
similar blue-shifted emission peak as that found for Cys. It was
easy to distinguish between Cys andHcy by checking the emission
intensities and the rate of formation of a white precipitate (turbid
solutions), which was quick for Cys but slow for Hcy.

Two compounds (28 and 29), functionalized with two alde-
hyde groups, were developed as probes for Cys and Hcy.
Compound 28 in DMSO :water (HEPES, pH 7.4) displayed a
low-intensity emission band at 501 nm. When Cys was added to
a solution of 28, the transparent reaction solution turned turbid
in a few minutes, and the process could be conveniently
observed by the naked eye. The weakly emissive probe solution
gradually became intensely fluorescent (5.7-fold enhancement),
and the emission color changed from green to blue (i.e., the
emission at 501 nm increased gradually, and a new band
emerged at 425 nm). Different behavior was observed in the
presence of Hcy. In this case, only small changes were observed
after several hours. After 3 d, a white precipitate appeared and
the suspension showed a strong blue fluorescence. The
responses of probe 28 to other amino acids and glucose were
investigated. Among all the tested analytes, Cys exhibited the
highest fluorescence response: in 1 h, a four-fold emission
enhancement was observed for Cys, whereas a 0.27-fold enhance-
ment was recorded for Hcy, and less than 0.2-fold enhancements
for the rest of the analytes. These results indicate that although
the emission enhancement was not very high, the probe had a
high specificity for Cys. Probe 29 in DMSO :HEPES (pH 7.4)
displayed a low-intensity emission band at 501 nm. In the
presence of Cys, the reaction solution changed from transparent
to turbid, the emission becamemore intense (15.7-fold enhance-
ment), and an emission color evolution from green to purple/
blue was observed (i.e., the emission at 501 nm increased
gradually, and a new band at 421 nm emerged). In the presence
of Hcy, probe 29 showed no response for hours; however, after
3 d, a white solid precipitated and the emission increased
slightly. Compared with 28, the dialdehyde-substituted silole
derivative 29 amplified the differences between Cys and Hcy by
shortening the response time for Cys and prolonging the time
during which Hcy induced some changes. The reaction mechan-
isms of 28 and 29 with Cys and Hcy involve formation of the
corresponding thiozalidine and thiazinane derivatives (Fig. 25).
The strong hydrogen-bonding interactions between the carbo-
xylic and thiazolidine/thiazinane groups in the final products
probably cause aggregate formation. The emission enhancement
was ascribed to the resulting aggregates (aggregation-induced
emission). The large time differences between Cys and Hcy for
fluorescence turn-on imply that the reaction of Hcy with the
probes is quite slow compared with that of Cys; the reason for
the kinetic difference was associated with the different cycliza-
tion rates.84

Probes 30 and 31, bearing pendant aldehyde functional groups,
were used to sense Cys and Hcy.85 Probe 30 showed an absorption
band at 397 nm and ICT emission at 528 nm (lex = 397 nm, F =
0.0066). Upon addition of increasing amounts of Cys or Hcy to
a solution of 30 in DMSO :water (3 : 2 v/v, HEPES, pH 7.4),

the absorption band decreased gradually, with a concomitant
increase in the intensity of a new band at 464 or 462 nm, for Cys
and Hcy, respectively. These changes were associated with a
visually detectable change in color from yellow to orange. An
appreciable red-shift in the emission band maximum from 528
to 598 nm (lext = 397 nm) was also observed, and was associated
with a visually detectable change in the solution fluorescence
from yellow to red. In DMSO :water (8 : 2 v/v, HEPES, pH 7.4),
probe 31 showed an absorption band at 346 nm and a strong ICT
emission at 506 nm (lex = 346 nm, F = 0.45). The addition of Cys
or Hcy to 31 resulted in the development of a new blue-shifted
(Dl E 70 nm) band maximum at 276 nm, and the original
spectral band of 31, with a maximum at 346 nm, disappeared. It
should be noted that for 31, the spectral changes were restricted
to the UV region, and therefore no associated color change was
detected visually. The addition of increasing amounts of Cys or
Hcy to solutions of 31 resulted in a new blue-shifted emission
band at 438 nm (lext = 346 nm), with a concomitant decrease in
the emission intensity at 506 nm. Neither 30 nor 31 showed any
significant changes in their absorption or emission spectral
patterns on addition of excess Gly, Leu, Asp, Pro, Arg, Lys, Val,
GSH, Ala, Thr, His, Trp, Tyr, Ser, Met, cystine, calf-thymus DNA,
NH2CH2CH2OH, or ME. However, some changes were found in
the presence of NH2CH2CH2SH. The above spectral changes are
based on reactions between aldehyde groups with the b-/g-
aminothiols in Cys/Hcy to yield the corresponding thiazoli-
dine/thiazinane derivatives (Fig. 26). The two probes were used
for the detection of Cys/Hcy in complex biological fluids and in
the in vivo imaging of cellular thiols.

1,2-Addition reactions

When an alkene or alkyne group is connected to an electron-
withdrawing group, a Michael addition can take place in the
presence of nucleophilic thiols. This basic reaction has been
coupled with chromo- or fluorogenic groups to design probes
for thiols. Using this general approach, several alkene or alkyne
scaffolds connected to electron-withdrawing groups such as
cyano, nitro, and carbonyl groups, and to signaling units such
as coumarin, maleimide, fluorescein, and dansyl, have been
reported as thiol probes (Scheme 2).

Most of the examples using this approach are based on the
use of coumarins, usually leading to strong fluorescence

Fig. 25 Reaction of probe 28 and 29 with Cys or Hcy.
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enhancements. For instance, Pavez et al. reported compounds
32 and 33 as fluorescence probes for the detection of Cys, Hcy,
GSH, and Cys-Gly.86 When 32 in HEPES buffer was excited at
340 nm, an emission was observed at 430 nm (F = 0.00083).
Upon addition of Cys, Hcy, GSH, and Cys-Gly, emission incre-
ments were observed in the order Cys > GSH > Hcy Z Cys-Gly.
For instance, on addition of 10 equiv. of Cys or GSH, the
emission was enhanced, with a change in the quantum yield
to 0.0013 or 0.0010, respectively, with no band shift. A similar
experiment with 33 (lmax = 435 nm, F = 0.0014) led to increases

in the quantum yields to 0.0022 and 0.0016, respectively. The
selectivities of 32 and 33 towards these biothiols were investi-
gated by incubating these probes with different species,
including some other amino acids (Asp, Lys, Ser, His, Pro, Phe,
and Val). None of these compounds interfered to any obvious
extent in the detection of the above-mentioned biothiols, even at
a 100 : 1 molar ratio with respect to the probe. Moreover, 33 was
found to be more active than 32, probably as a consequence of
the proton-donating ability of the hydroxy group in 33 to the
vinyl carbon neighboring the carbonyl group, making the reac-
tion site more prone to attack by thiols (Fig. 27). In addition, 32
and 33 were used to detect biothiols in SH-SY5Y cells.

Michael addition of a thiol to a nitroolefin was used as a
sensing mechanism in 34 for the detection of thiols (Fig. 28).
Upon addition of Cys to 34 in acetonitrile : water (1 : 1 v/v,
HEPES, pH = 7.4) the absorption of 34 at 483 nm gradually
decreased and a new band appeared at 400 nm (color change
from orange to yellow).87 Kinetic studies showed that the
reaction was complete within 30 s. Probe 34 was weakly
fluorescent, but on addition of Cys, the emission intensity
increased significantly and a fluorescence enhancement factor
of approximately six-fold at 480 nm (lex = 410 nm) was found.
This emission enhancement resulted in an emission color
change from dark to blue-green. The distinct fluorescence
enhancement of probe 34 in the presence of Cys was explained
by the formation of a 34–Cys adduct, which blocked the PET
quenching of the nitroolefin observed in 34. To investigate the
selectivity shown by the probe, 34 was treated with other
natural amino acids and similar responses to that for Cys were
observed for Hcy and GSH. However, the reactions of 34 with
Hcy and GSH took ca. 2 min and 6 min, respectively.
The observed order reactivity, i.e., Cys > Hcy > GSH, can be
rationalized on the basis of steric-hindrance effects. The probe
was used in thiol detection in human blood samples and in
living cells.

Probe 35 exhibited an absorption band at 466 nm and was
poorly fluorescent (F = 0.0002) in phosphate buffer solutions
(pH 7.4) (Fig. 29).88 The addition of increasing amounts of Cys
elicited a gradual decrease in the absorption at 466 nm and a

Fig. 26 Reaction of probes 30 and 31 with Cys or Hcy (above) and the use of
the probe in human cervical cancer cells (HeLa cells): bright-field transmission
image of HeLa cells in the absence of 30 and 31 (A); fluorescence image of HeLa
cells in the absence of 30 and 31 (B), bright-field transmission images of HeLa
cells incubated with 30 (D) and 30 (G); fluorescence images of HeLa cells
incubated with 30 (from the red channel; E) and 31 (from the blue channel; H);
incubation was performed at 37 1C for 50 min and [30] or [31] = 20 mM. Reprinted
with permission from Chem.–Eur. J., 2012, 18, 15382–15393. Copyright 2012, John
Wiley and Sons.

Scheme 2 Mechanism of 1,2 addition.

Fig. 27 Reaction of 32 and 33 with thiols.

Fig. 28 Reaction of probe 34 with thiols.
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progressive increase in a new absorption band centered at
444 nm. Cys also induced the appearance of a new strong
emission peak at 496 nm, with a fluorescence enhancement of
up to 211-fold. This resulted in an emission color change from
dark to green. The detection limit for Cys was determined to be
9.25 � 10�7 M under these experimental conditions. To investi-
gate the selectivity, probe 35 was treated with various bio-
logically relevant analytes such as representative amino acids,
glucose, metal ions, reactive oxygen species, reducing agents,
nucleosides, and small-molecule thiols. The authors found that
the presence of Cys, Hcy, and GSH induced optical changes,
whereas no changes were found in the presence of the other
species studied. The spectral changes were attributed to the
reaction of the thiol with the b-unsaturated ketone moiety,
which inhibited conjugation between the pyridine moiety and
the coumarin dye, resulting in a significant emission enhance-
ment. The probe was used for fluorescence sensing of thiols in
a newborn-calf serum sample.

Probe 36 was poorly fluorescent (F0 = 0.001); however, on
addition of GSH, a 470-fold turn-on fluorescence response was
observed (F = 0.47). The authors found that this change in
emission increased linearly with the concentration of GSH up
to a ratio of 1 : 1. A similar response was also found for Cys and
b-mercaptoethanol. No obvious changes in 36 were observed on
addition of other natural amino acids. Glutathione disulfide
(GSSG) and cystine did not react with 36 under similar experi-
mental conditions. Furthermore, GSH could be detected at
least down to 0.5 nM (0.1 pmol) when 36 was used at a
concentration of 1.0 � 10�7 M in aqueous buffered solutions.
The turn-on of the emission was explained by assuming that
the reaction of the thiol with the double bond inhibited the PET
quenching mechanism that was active in 36 (Fig. 30). The probe
was also used in fast detection/labeling of thiol-containing
proteins.89

Derivative 37 (ref. 90) contains a coumarin group as a
signaling unit, a conjugated enone as a reactive site, and an
o-hydroxyl group as an activating unit via hydrogen-bonding
interactions (Fig. 31). Probe 37 showed an absorbance at
434 nm, in DMF :water (3 : 1 v/v, HEPES, pH 7.4). On addition
of GSH, the absorbance at 434 nm decreased and a new band at
404 nm evolved. A color change from yellow to colorless was
observed. The fluorescence of 37 underwent a 22-fold increase
in intensity at 480 nm (lex = 417 nm), resulting in a strong blue
fluorescence. Similarly, Cys induced a significant fluorescence
turn-on in 37 (16-fold). Other natural amino acids tested did
not cause any significant fluorescence changes.

The addition of Cys to 38 in aqueous solution (PBS buffer,
pH 7.4, 10% DMSO) induced a 62 nm hypsochromic shift of the

absorption maximum at 426 nm, resulting in a perceived color
change from dark orange to green (Fig. 32). Besides, the
fluorescence maximum at 502 was enhanced ca. 107-fold
(Ff = 0.3268). A kinetic analysis, based on a single exponential
decay model, showed that 38 reacts with Cys 13- and 21-fold
faster than with Hcy and GSH, respectively. The optical changes
were attributed to the addition of thiols to 38 and rupture of the
conjugation of the coumarin ring system to the a,b-unsaturated
carbonyl framework. Potential fluorescence changes in 38 were
also examined using various biologically relevant analytes, but
the authors found that no reaction occurred in the presence of
other amino acids (Ala, Arg, Asn, Asp, Gln, Gluc, Glu, Gly, His,
Ile, Leu, Lys, Met, Phe, Pro, Ser, Tau, Thr, Trp, Tyr, and Val),
biologically common metal ions (K+, Ca2+, Mg2+, Na+, Zn2+,
Fe2+, and Fe3+), redox agents (H2O2 and NADH), and glucose.91

The probe was also used in bioimaging.

Fig. 29 Reaction of probe 35 with thiols.

Fig. 30 Reaction of probe 36 with b-mercaptoethanol and its human embryo
kidney cells (HEK-293): fluorescence image before (A) and after (B) treating the
cells with 36 (1.0 mm) for 5 min at room temperature. (C) Brightfield image of the
cells. Scale bar = 50 mm. Reprinted with permission from Angew. Chem., Int. Ed.,
2009, 48, 4034–4037. Copyright 2009, John Wiley and Sons.

Fig. 31 Reaction of probe 37 with thiols.

Fig. 32 Reaction of probe 38 with thiols.
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The coumarinyl-enone-based derivatives 39–42 were
designed as probes for thiols in DMSO :water (buffered with
HEPES) solution (Fig. 33).92 The authors performed a kinetic
study of the reactions of 39–42 with GSH. The study showed
that the reaction rate of 39 was enhanced 2.8-fold compared
with that of 40, and the rate of 41 was enhanced 26-fold
compared with that of 42. This study showed the role played
by the hydroxyl groups in the structure, and the effect of
hydrogen-bond formation on the reaction rate. This is espe-
cially evident for 41, in which the oxyanion of 41 can clearly be
stabilized by hydrogen-bonding interactions, resulting in a
significant rate acceleration compared with that of 42. This
effect was less evident for 39, for which it is structurally difficult
to adopt a suitable conformation that favors hydrogen-bonding
interactions, so the hydroxyl group had little effect on the
reaction rate. In addition, 39 was fairly soluble in HEPES buffer
(pH 7.4) and could be used for GSH detection in water. On
addition of GSH, the fluorescence intensity of 39 at 500 nm
(lex = 470 nm) was significantly enhanced, and almost satu-
rated at around 500 equiv. of GSH. The limit of detection for
GSH was determined to be 0.14 mM. According to the Job’s
plot, the binding stoichiometry between 39 and GSH was 1 : 1.
Other natural amino acids (Ala, Phe, Ser, Lys, and Asp) did not
elicit photophysical changes in 39, although Cys did.

The coumarin aldehyde derivative 43 displayed an emission
band at 557 nm with a fluorescence quantum yield of 0.12. In
the presence of Cys, a marked decrease in the emission
intensity at 557 nm and a concurrent enhancement of the
emission intensity at 487 nm were observed (quantum yield
0.25). The emission ratio (I487/I557) changed from 0.054 in the
absence of Cys to 6.24 in the presence of Cys. These changes
occurred in parallel with a clear emission color change from
green to blue. To investigate its selectivity, 43 was subjected to
various potential analytes, namely amino acids (Arg, Cys, GSH,
Hcy, Phe, Pro, Tyr, Val, Ala, Gly, Lys, Leu, Glu, and Ser), glucose,
metal ions (Na+, K+, Ca2+, and Mg2+), a reactive oxygen species
(H2O2), reducing agents (NADH, vitamin C), and proteins
[bovine serum albumin (BSA), Hela cell total protein, and
HepG2 cell total protein]. Significantly, the probe was highly
specific for Cys over other biospecies, including Hcy and GSH.
The sensing mechanism involves the reaction of Cys with
the aldehyde group to afford the imine intermediate M1,
which undergoes ring closure to form the intermediate M2.

Finally, addition of another Cys molecule to the intermediate
M2 provides the final 1 : 2 adduct (Fig. 34). Probe 43 was used
for ratiometric imaging applications in MCF-7 cells.93

Probe 44 has a coumarin group as a fluorophore and an
a,b-unsaturated malononitrile moiety as the Michael acceptor,
which is susceptible to attack by nucleophilic thiols (Fig. 35).94

The malononitrile moiety serves not only as a tunable electro-
phile but also as a quencher of the coumarin fluorophore. On
addition of a thiol to the double bond sited between the
fluorophore and the quencher, the malononitrile group is no
longer effective as a fluorescence quencher, resulting in emis-
sion enhancement of the system. In fact, both the UV-vis and
fluorescence spectra changed significantly when probe 44 was
treated with ME in DMSO :water (1 : 2 v/v, HEPES, pH 7.4),
which was used as a model biothiol derivative. In particular,
addition of ME to 44 resulted in the disappearance of the
absorbance at 524 nm, and growth of a new band at 406 nm.
The noticeable hypsochromic shift indicated that the conjuga-
tion between the coumarin and the malonitrile was broken as a
result of Michael addition of ME to 44. The rate constant under
pseudo-first-order reaction conditions was calculated to be
kobs = 4.03 � 10�4 s�1 (t = 28.6 min). Motivated by the model
reaction, the authors screened the selectivity of 44 for amino
acids. The authors found that Cys showed a large increase
(19-fold) in the fluorescence intensity at 475 nm (lex = 394 nm).
Hcy and GSH behaved in a similar way and enhanced the
fluorescence intensity of 44 12- and 5.6-fold, respectively.
The prominent fluorescence changes in 44 were observable by
the naked eye. Other natural amino acids did not induce any
fluorescence changes in 44. Probe 44 was also used for cellular
studies. The Michael reaction was also observable by 1H NMR

Fig. 33 Reaction of probes 39–42 with thiols.

Fig. 34 Proposed sensing mechanism for Cys when using probe 43.

Fig. 35 Reaction of probe 44 with thiols to give 440 .
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spectroscopy. Upon addition of b-mercaptoethanol (ME), a
vinyl proton (Ha) of 44 around d 8.6 ppm dramatically dis-
appears with the concomitant appearance of a new peak (Hb) at
5.45 ppm. In contrast, the slight chemical shifts of aromatic
protons indicate that the reaction occurs at the peripheral
rather than at the aromatic regions of 44.

The coumarin derivative 45, with a conjugated cyanoacryl-
amide group, was used to detect thiols (Fig. 36).95 Probe 45
showed an absorption at 500 nm, and it was poorly fluorescent,
displaying an emission band at 585 nm with a quantum yield of
0.0095 (lex = 520 nm). Treating compound 45 with increasing
concentrations of 2-sulfanylethanol (b-SE) caused a gradual
reduction in the absorption band at 500 nm and the appear-
ance of a new band at 425 nm. The addition of b-SE to
compound 45 also induced significant fluorescence changes,
i.e., the band at 585 nm decreased in intensity and a new band
at 510 nm grew, giving a final quantum yield of 0.28. Similar
spectral changes were observed in the presence of Cys and GSH.
When 45 was treated with ethanolamine, cystamine, or GSSG
(up to 100 mM) at neutral pH, no optical changes were
observed. The color and emission changes originated from
addition of the thiol derivatives to the double bond in the
conjugated cyanoacrylamide group.

A benzoxazine–hemicyanine based probe for the colori-
metric and ratiometric detection of biothiols was developed
by Sun’s group.96 Fig. 37 shows the changes in the absorption
spectra when Cys was added to a CH3CN–Tris–HCl buffered
solution (50 mM, pH 7.4, 1 : 4 v/v) of probe 46 (10 mM). The
absorption peak at 600 nm gradually decreased and a new peak
appeared at 457 nm when the concentration of Cys was
increased (0–1120 equiv.). A blue-shift (143 nm) was observed
and the color instantly switched from blue to yellow (Fig. 37,
inset) with a well-defined isosbestic point at 496 nm. The
absorbance ratios at 457 nm and 600 nm were linearly related
to the Cys concentration between 0–4.8 mM (0–480 equiv.). The
changes in fluorescence emission spectra of probe 46 in the
absence and presence of Cys are displayed in Fig. 37. Probe 46
(10 mM) exhibits a red emission peak at 679 nm in CH3CN–Tris–
HCl buffer with a fluorescence quantum yield of 0.031. After the
treatment of 1120 equiv. of Cys, the solution exhibited a
significant hypochromatic shift (109 nm) and a fluorescence

enhancement factor of approximately 7-fold at 570 nm, and the
fluorescence quantum yield increased to 0.435. The selectivity
of probe 46 toward biothiol over other competitive species was
also tested. The presence of Gly, Pro, Val, Ala, Arg, His, Ser, Leu,
Thr, Lys, Glu, Phe in CH3CN–Tris–HCl buffered solutions of 46
(50 mM, pH = 7.4, 1 : 4, v/v) did not indicate any obvious
absorption and fluorescence changes. Under the identical test
conditions, a similar response to that found for Cys was
observed for other thiol-containing compounds (Hcy and
GSH). The probe exhibited much lower reactivity toward GSH.
The relative reactivity of the probe can be rationalized on the
basis of the steric-hindrance effects on the thiol addition
reaction. To explore the detection mechanism, 3-mercaptopro-
pionic acid (MPA) was selected as thiol species for the mecha-
nism study. The reaction between 46 and MPA was monitored
by 1HNMR. Upon addition of 8.0 equiv. of MPA to DMSO-d6
solutions of 46, the vinylic protons in the 1H NMR (Ha and Hb at
d 7.98, 8.11 ppm) of 46 disappeared and new peaks around 4.23
and 4.82 ppm in the 1H NMR spectrum appeared, which
indicates the reaction of MPA with the double bond. Mass
spectral analysis of the resulting mixture showed corroborative
evidence for the presence of 46-MPA via the presence of a peak
at 498.1500 m/z (calcd 498.1521 for [46+-MPA]+). The nucleo-
philic attack of thiol on the double bond between the two main
molecular moieties would interrupt the p,p-conjugation, which
would contribute to the visual color change of the solution from
blue to yellow and the blue shift in the emission spectra,
respectively. KB cell experiments suggested that probe 46 has
a ratiometric response to biothiols in living cells.

A ferrocenyl enone (47) was used as a Michael acceptor for
the development of a probe for Cys (Fig. 38).97 Upon addition of
Cys to 47 in DMSO :water (9 : 1 v/v, HEPES, pH 7.4), the
absorption maxima at 375 nm and 490 nm decreased with an
apparent rate constant of k = 4.7 � 10�4 s�1, and a new band
appeared at 472 nm. The carbonyl group in 47 was activated by
the intramolecular hydrogen-bond of an o-hydroxyl group,
which induced fast Michael addition of thiol groups. The
selectivity of 47 for natural amino acids was screened; the
relative absorbance ratio (A472/A490) of 47 was significantly
changed only by Cys, and other amino acids possessing struc-
turally similar, neutral, acidic or basic side chains did not cause
any significant optical changes in 47.

Some examples involved the use of maleimide groups as
reactive sites. Maleimides are known to react fairly selectively
with thiols via addition reactions involving their carbon–carbon
double bond.

A new HPLC method for determining biological thiols has
been developed using derivatization by ThioGlot maleimide

Fig. 36 Reactions of the cyanoacrylic electrophilic group in 45 with thiols.

Fig. 37 Reactions of 46 with Cys. Fig. 38 Reaction of probe 47 with thiols.
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(9-acetoxy-2-[4-(2,5-dihydro-2,5-dioxo-1H-pyrrol-1-yl)phenyl]-3-oxo-
3H-naphtho[2,1-b]pyran) (48), using a mobile phase of 30%
water and 70% acetonitrile, with 1 mL L�1 acetic acid and
1 mL L�1 phosphoric acid (Fig. 39).98 Compound 48 reacted
selectively and rapidly with thiols to yield fluorescent adducts
that can be detected fluorometrically (lex = 365 nm, lem =
445 nm). The within-run coefficient of variation for GSH ranged
from 1.08 to 2.94%. GSH showed a linear range in the 2.5–1250 nM
range, with a detection limit of 50 fmol. GSSG and Cys showed
similar responses. The within-run precisions for GSSG and Cys
were 0.85–7.29% and 0.58–4.13%, respectively. The between-
run precisions were 3.02–7.64% for GSSG and 2.07–7.55% for
Cys. GSSG and Cys had linear ranges of 2.5–1250 nM and
5.0–1250 nM, respectively. Probe 48 was also used to detect
2-mercaptoethanesulfonate fluorometrically, at an excitation
wavelength of 365 nm and an emission wavelength of
445 nm, by reverse-phase HPLC using acetonitrile : water
(75 : 25 v/v) with acetic acid and phosphoric acid (1 mL L�1

each) as the mobile phase.99

The chromenoquinoline-based receptor 49 was used as a
fluorescence off–on thiol probe.100 Probe 49 displayed an
absorption band centered at 384 nm in HEPES buffer (pH =
7.4, 1.0% DMSO). Upon excitation at 384 nm, the probe
displayed a poor emission band at 457 nm (FF = 0.0035). The
fluorescence intensity enhancement on addition of Cys to probe
49 was approximately 223-fold. Similarly, 156- and 185-fold
enhancements in the emission intensities were observed on
addition of GSH and Hcy, respectively. A clear strong blue
fluorescence color was observed. To evaluate the selective
response of probe 49, different amino acids were tested (Ala,
Phe, Lys, Arg, His, Met, Tyr, Ser) but 49 displayed only small
fluorescence enhancements. The sensing mechanism is related
to Michael addition of the thiol derivatives to the maleimide
group in 49 (Fig. 40). Cell permeability and live-cell imaging of
thiols were also demonstrated by the authors.

Fluorophores 50, 52, 52, and 53101 contain two maleimide
groups attached directly to a fluorophore core. These probes were
characterized by their ability to undergo addition
reactions with thiols. The addition of 3 mM ethanethiol to
1 mM solutions of 50, 51, or 52 in DMSO or 9 : 1 water–DMSO
led to a marked increase in fluorescence. The increases in
fluorescence intensity were studied for compounds 50 and 51,
and found to be directly proportional to the number of equiva-
lents of thiol added, until a plateau was reached at ca. 2.2 equiv. of
thiol. Similarly, fluorophore 53 reacted with ethanethiol in DMSO
to form a dithiolated adduct that was more fluorescent than 53 by
a factor of 20. However, 53 proved to be insoluble in water, even
on addition of up to 10% DMSO, making it unsuitable for
practical applications. The fluorescence increase mechanism is
based on thiol–maleimide addition (Fig. 41). The authors used
probes 50 and 51 for the fluorescence labeling of specific proteins.

Dimaleimide probes 54 and 55 were used as probes for
thiols (Fig. 42).102 Probe 54 showed a weak fluorescence at
511 nm (lex = 365 nm, FF = 0.04). Upon addition of MPA, the
fluorescence increased to give a final quantum yield of 0.22.
Similarly, on excitation at 365 nm, 55 displayed a poor emission
band at 525 nm (FF = 0.03). Again, the presence of MPA induced
significant emission enhancement to give a final product with a

Fig. 39 Reaction of probe 48 with thiols.

Fig. 40 Reaction of probe 49 with thiols.

Fig. 41 Reaction of probes 50–53 with thiols.

Fig. 42 Reaction of probes 54 and 55 with 3-mercaptopropanoic acid.
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quantum yield of 0.11. These results are based on the reaction
of MPA with the two maleimide groups in the probes. The
probes were also tested in fluorescence protein labeling.

Probes 56–60 showed emission maxima at 430, 446, 501,
536, and 516 nm (lex = 365 nm), respectively, and their
corresponding fluorescence quantum yields were 0.023, 0.003,
0.061, 0.020, and 0.012, respectively. The authors found that
these maleimide derivatives, with low quantum yields, became
strongly fluorescent on reaction with thiols (Fig. 43). For
instance, the reactions of 56–60 with GSH resulted in final
products with quantum yields of 0.18, 0.48, 0.62, 0.12, and 0.66,
respectively. These probes also reacted with simple thiols such
as N-acetyl-L-cysteine and ME. The authors found that the
reaction was instantaneous at physiological pH, without inter-
ference from aliphatic amines and non-thiol amino acids or
proteins. Probes 57 and 58 were used to selectively detect GSH
in viable Chinese hamster V79 cells.103

N-[4-(7-diethylamino-4-methylcoumarin-3-yl)phenyl]maleimide
(61) was also used to determine thiols selectively via addition to
the maleimide group in water at pH 6.0 (Fig. 44). Compound 61
was used to stain protein-containing thiol groups.104,105

Probes 62–64 containing the maleimide group were used as
probes for thiol detection (Fig. 45).106 In the absence of thiols,
effective PET takes places in derivatives 62–64, and therefore
they were poorly fluorescent. Michael addition of thiols to the
electron-deficient alkene groups in 62–64 gave rise to emission
enhancement (lex = 443 nm, lem = 525 nm). The authors found
that ME, n-butanethiol, and Cys induced large fluorescence
enhancements in aqueous methanol solution (1 : 1 v/v, pH 7.2).
No changes were observed in the absorption spectra of 62–64
on addition of thiols. The above examples are Michael addition
reactions for the fluorescent probing of thiols.

A series of probes (65–68) bearing maleimide groups were
synthesized by Corrie.107 The probes reported in this work

showed significant fluorescence enhancements (e.g., 31-fold
for 65, five-fold for 66 and 67, and seven-fold for 68) after
addition of 2-sulfanylethanesulfonate to the maleimide double
bond in ethanolic aqueous solution at pH 7.0 (phosphate
buffer) (Fig. 46).

The fluorescence of probe 69 was strongly quenched by PET
from the 4,4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene
(BODIPY) core to the maleimide moiety in a buffered aqueous
solution (pH 7.4). However, in the presence of thiols, the
fluorescence of BODIPY in 69 was restored, affording a
350-fold emission intensity increase (Fig. 47).108 This probe

Fig. 43 The structures of thiol probes.

Fig. 44 Reaction of probe with tested biothiols (RSH).

Fig. 45 Reaction of probes 62–64 with thiols.

Fig. 46 Thiol probes 65–68 based on maleimide.

Fig. 47 Reaction of probe 69 with thiols (above) and fluorescence image of
protein bands in SDS-PAGE gel, obtained with a FluorImager595 (Amersham),
with excitation at 488 nm (bottom). Reprinted with permission from Org. Lett.,
2007, 9, 3375–3377. Copyright 2007, American Chemical Society.
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was also confirmed to be useful for detecting extremely low
concentrations of proteins in gels after sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE).

The 480 nm (lex = 390 nm) fluorescence intensity of probe 70
exhibited a 43-fold enhancement after 150 s by reaction with
thiols in 6 : 4 methanol : water (Tris, pH 7.4). The fluorescence
quantum yield recovered from Ff = 0.01 for 70 to Ff = 0.43 for
the final product. The low fluorescence of the probe was a
result of the maleimide ring effectively quenching the excited
state of the coumarin dye by PET. As with other thiol-activable
fluorescence probes, coumarin dyes are turned ‘‘off’’ by maleimides
and ‘‘on’’ by thiols as a result of conversion of the maleimide to
a succinimide via Michael addition (Fig. 48). To examine the
selectivity offered by 70, the probe was treated with various
biologically relevant compounds, namely thiol-containing
amino acids (Cys, Hcy, and GSH), non-thiol-bearing amino
acids (Glu, Phe, Ala, and Lys), glucose, reactive oxygen species
(H2O2), a reducing agent (ascorbate), metal ions (Mg2+, Fe3+,
Zn2+, and Ca2+), non-thiol-bearing proteins (transferrin,
ovalbumin, lysozyme, and trypsin inhibitor), a thiol-bearing
protein (BSA), a thiol-disabled protein (BSA + N-ethylmaleimide),
and a protein containing reduced disulfide bonds [lysozyme +
tris(2-carboxyethyl)phosphine hydrochloride]. The results
revealed that both molecular and macromolecular thiols could
enhance the emission of 70, whereas the other biologically
relevant species could not.109

A Tb(III)-cyclen maleimide was used to detect GSH
(Fig. 49).110 The probe 71, containing a maleimide moiety, as
sulfhydryl acceptor, was poorly emitting in aqueous solution
(pH 7) in the absence of a thiol. However, upon addition of
thiols such as glutathione (GSH), large enhancements were
observed at 545 nm, particularly within the physiological pH
range. The reaction mixture was then analyzed using ESMS
without carrying out any workup on the crude reaction mixture.
The results confirmed that the probe was converted successfully
under these experimental conditions to the desired probe-GSH

product, where the ESMS (+mode) showed the presence of a
peak atm/z = 1119.38, corresponding to a species with chemical
formula [probe-GSH-3CF3SO3-2H]+. The selectivity of probe 70
was studied. As expected, the Tb(III) emission of 70 (10 mM) was
found to be modulated in the presence of the thiol based amino
acids Cys and HCy. However, no significant changes were
observed in the Tb(III) emission using other naturally occurring
amino acids (40 mM) including Ala, Asp, His, Arg, Phe, Ser, Val,
IIe, GSSG, Pro, Thr, Tyr, Gly, Leu, Lys, Met, Glu, Sar and Asn.
The probe can be used to monitor the enzymatic reduction of
GSSG to GSH in real time.

The 7,7,8,8-tetracyanoquinodimethane-based triphenyl-
amine derivative 72, which displays a strong ICT character,
was designed as a colorimetric chemosensor for thiols
(Fig. 50).111 The recognition of Cys by 72 was investigated in
acetonitrile : water solutions (1 : 1 v/v, HEPES, pH 7.4). The
absorption spectrum of 50 showed an intense ICT band at
426 nm, with a second ICT absorption of lower energy appear-
ing at 710 nm. Upon addition of Cys, the intensities of the two
bands decreased gradually, and a band centered at 300 nm
increased in intensity, with a slight red-shift. Meanwhile, a new
absorption band at 610 nm emerged. A calibration graph,
obtained by plotting the absorption intensities at 426 nm as a
function of the Cys concentration, showed an excellent linear
relationship. The thiol-containing derivatives Hcy and GSH
gave rise to similar variations. However, the introduction of
other natural amino acids such as Ala, Arg, Asp, Glu, Gly, Leu,
iso-Leu, Lys, Met, Ser, Thr, Trp, Tyr, and Val did not cause any
significant changes in the absorption spectra.

The iridium(III)-containing phosphorescent chemosensor
Ir(ppy)2(L)(PF6) (73; ppy = 2-phenylpyridine), containing a 2,20-
bipyridyl ligand functionalized with an a,b-unsaturated ketone
(L), was used as a probe for the selective detection of thiols
(Fig. 51).112 The complex 73 in DMF :water (4 : 1 v/v, HEPES, pH
7.2) exhibited absorption bands at 280–320 nm and a broad
band at 450 nm. Upon addition of Cys to solutions of 73, the

Fig. 48 Reaction of probe 70 with tested biothiols (RSH).

Fig. 49 Reaction of probe 71 with GSH.

Fig. 50 Reaction of probe 72 with thiols.

Fig. 51 Reaction of 73 with Cys.
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absorption at 450 nm decreased gradually with concomitant
growth of a band at 350 nm. A change in color from yellow to
colorless was observed. A similar trend was also found on
addition of Hcy to 73, but in this case the band at 450 nm
did not completely disappear, even when an excess of Hcy was
added. The significant blue-shift of the lowest-energy absorp-
tion for 73 results from 1,2-addition of Cys or Hcy to the a,b-
unsaturated ketone in 73, leading to formation of a thioether.
As stated above, a weak band still remained at 450 nm on
titration of 73 with Hcy, probably as a result of the lower
reactivity of Hcy, compared with that of Cys, with the a,b-
unsaturated ketone. The response of complex 73 to thiols was
also investigated using emission titrations. Probe 73 was weakly
emissive at 587 nm. However, on addition of a thiol, the
emission intensity gradually increased. For instance, the
luminescence intensity of complex 73 showed a 20-fold
enhancement when 80 equiv. of Cys were added. The lumines-
cence intensity at 587 nm displayed a good linear relationship
with the Cys concentration in the range 0–10�4 M. For Hcy, the
maximum enhancement of the luminescence intensity was
14-fold, and the luminescence intensity at 587 nm also showed
a good linear relationship with the Hcy concentration in the
range 0 to 8 � 10�4 M. Probe 73 was also tested in the presence
of Gly, Ala, Ser, Thr, Val, Leu, Ile, Met, Phe, Trp, Tyr, Asp, Asp,
Glu, Gln, Lys, Arg, His, and Pro, but no optical changes were
observed.

The fluorescein derivatives 74 and 75 were synthesized by
Chen’s group and used as thiol-selective probes (Fig. 52).113

After incubation with Cys for 10 min, probe 75 displayed
significant fluorescence enhancement at 515 nm and the
appearance of a new absorption band at 490 nm, in
ethanol : water (2 : 8 v/v, phosphate buffer, pH 7.4), whereas
amino acids without thiol groups (Phe, Ser, Glu, Arg, Ala, His,
Lys, Gln, Gly, Tyr, and Met) induced negligible optical changes
in 74 under similar conditions. Interestingly, the addition of
Hcy or GSH did not show significant emission enhancement
and colorimetric changes like those induced by Cys. In
contrast, a solution containing 75, bearing a single acrylate
group, did not show any great selectivity for Cys, and in this
case Hcy and GSH displayed similar changes in the emission

and absorption spectra. The sensing mechanism is based on
the addition of thiol to the acryloyl group, followed by cleavage
of the ester bond to form fluorescein. Probe 74 was used in
bioimaging studies. Compared to 75, the higher selectivity of 74
to Cys over Hcy and GSH should be attributed to the dual
addition-cleavage processes in the reaction between 74 and Cys.

The semi-naphthofluorescein bisacrylate 76 was synthesized
for Cys recognition (Fig. 53).114 Probe 76 was non-fluorescent
(lex = 550 nm) in 1.0 mM cetyltrimethylammonium bromide
buffered at pH 7.4, but its emission intensity at 621 nm
increased with increasing Cys concentration. The observed
emission was nearly proportional to the Cys concentration up
to 10 mM. Cys concentrations as low as 0.2 mM were readily
detected. Some kinetic studies were also performed. The
authors observed that the emission upon reaction with Cys
increased with time and reached a plateau at 20 min. In
contrast, no significant fluorescence growth was observed for
Hcy and GSH in this time period. When the reaction time was
prolonged, fluorescence increased for Hcy but not for GSH. To
further evaluate the selectivity of 76 for Cys, changes in the
fluorescence intensity of 76 caused by other analytes were also
measured. It was observed that other amino acids and biothiols
promote almost no emission changes under the same experi-
mental conditions, demonstrating the high selectivity of 76 for
Cys over other analytes. The mechanism was explained as
follows. On mixing Cys with 76, the conjugate addition product
76a was formed, which underwent a rapid cyclization reaction
to produce 76c, with release of free SNF. In the case of GSH, 1,2-
addition of thiols to the a,b-unsaturated carbonyl moieties of
76 can occur. However, an ensuing intramolecular cyclization
similar to that with Cys cannot proceed because the free amine
does not attack the ester moiety in the 76–GSH adduct, apparently
because of the entropic considerations involved in large-ring
formation. Compound 76 was used for quantitative measure-
ment of Cys in a human plasma sample.

A highly selective ratiometric near-IR (NIR) cyanine-based
probe (77) for Cys over Hcy and GSH was developed (Fig. 54).115

On addition of Cys to 77, the absorption at 775 nm decreasedFig. 52 Reaction of 74 and 75 with thiols.

Fig. 53 Proposed mechanism of the discrimination between Cys and Hcy when
using probe 76.
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sharply and a new band at 515 nm appeared (color change from
light blue to red). The authors confirmed the transformation
from 77 to CyAK on reaction with Cys. The sensing mechanism
involves the addition of Cys to the acrylic unit to generate the
corresponding thioether, and a further intramolecular cycliza-
tion to yield CyAK. The fluorescence response of 77 was also
studied in the presence of other amino acids, but no responses
were observed. Remarkably, the significant responses of 77 to
Cys were not observed for Hcy and GSH. This difference can be
attributed to very different kinetic rates of the intramolecular
cyclization reactions. The intramolecular cyclization reaction to
form the seven-membered ring with Cys should be kinetically
favored compared with the eight-membered ring that must be
formed for Hcy. In the case of GSH, only the conjugated
thioether was generated, since the bulkiness of its tripeptide
significantly hindered the intramolecular cyclization. The
probe was used in bioimaging studies.

Oxanorbornadienedicarboxylates (ONDs) are electrophiles
that have proved to be readily available compounds with excel-
lent water stability, while retaining rapid and selective reactivity
towards thiol groups in small molecules, peptides, and proteins.
Based on this concept, probes 78–81 were designed (Fig. 55). The
probes also contain a dansyl fluorescence moiety as a signaling
subunit. These derivatives are poorly fluorescent, but the dansyl
emission was restored on thiol-addition to the OND fragment.
For instance, 78 showed an emission band at 550 nm (lex =
332 nm) in phosphate-buffered aqueous solutions (pH = 7, 1%
DMSO). Incubation with Cys and GSH gave rise to an immediate
and strong increase in the emission, whereas Lys and His
induced a very small (o2%) increase in the fluorescence, and
other amino acids, as well as the disulfide cystine, induced
negligible changes. GSH and Cys were also found to react with
78–81 at high rates (second-order rate constants in the range
40–200 M�1 s�1) to give adducts that exhibit enhancements of
fluorescence intensity up to 180-fold.116

The tris(indolyl)methene receptor 82 showed a strong and
broad absorption band in the 400–700 nm range in aceto-
nitrile : water (1 : 1 v/v) solutions at neutral pH (Fig. 56). In the
presence of 200 equiv. of Cys or Hcy, the absorption band
almost disappeared and a new absorption centered at 286 nm
appeared (color change from violet to colorless). In contrast, no
obvious color changes occurred in the presence of Gly, Ala, Val,
Leu, Ile, Pro, Phe, Tyr, Trp, Ser, Thr, Met, Asp, Glu, Lys, Arg, Cys,
Hcy, His, and GSH. Based on this behavior, the authors carried
out quantitative determinations of Cys and Hcy, using flow
injection analysis. An acetonitrile : water (1 : 1 v/v) solution of
receptor 82 at neutral pH, buffered with HEPES–NaOH was
used as the reagent stream. The results obtained for Cys and
Hcy indicated that the method was simple, rapid, and highly
sensitive. The procedure also showed a wide linear range (2.0 �
10�5 to 2.0 � 10�3 M for Cys and 1.4 � 10�5 to 3.0 � 10�3 M for
Hcy) and good precision (relative standard deviation = 1.4% for
Cys and 0.9% for Hcy). The limits of detection were 2.0 �
10�5 M and 1.4 � 10�5 M for Cys and Hcy, respectively.117

The a,b-unsaturated acyl sulfonamide 83 was used as a
probe to detect thiols (Fig. 57).118 The probe displayed almost
no fluorescence in PBS buffer (pH = 7.4); however, on addition
of Cys, a gradual increase in the emission at 520 nm (lex =
350 nm) was observed. An approximately 30-fold fluorescence
enhancement was detected when the reaction was complete.
Subsequent data analysis revealed an excellent linear relation-
ship between the normalized fluorescence signal at 520 nm and
the Cys concentration. The detection limit for Cys was deter-
mined to be 1.67 � 10�6 M. The probe was also incubated with
20 natural amino acids. Significant increases in fluorescence
intensity were only observed with Cys, GSH, and Hcy, in the
order Cys > GSH > Hcy. The fluorescence increases were
attributed to formation of the corresponding thiol adducts via
Michael addition to the carbon–carbon double bond in 83. The
probe was used to detect thiols in living human lung adeno-
carcinoma (A549) cells.

The simple derivative ethyl propiolate (84) was proposed as a
suitable probe for detecting thiols (Fig. 58).119 The probe has no

Fig. 54 Reaction of probe 77 with Cys.

Fig. 55 Reaction of probes 78–81 with GSH.

Fig. 56 Reaction of probe 82 with thiols.

Fig. 57 Reaction of probe 83 with thiols.
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absorption in the UV region; however, when 83 was cultivated
with thiol-containing compounds, namely captopril (Cap) or
Cys, for 5 min, prominent UV absorbance in the range
270–310 nm was observed. The reaction mechanism is based
on nucleophilic attack of the thiol on the carbon atom of the
triple bond, resulting in a stable alkylthioacrylate derivative that
absorbs in the UV region. The authors additionally proved the
selectivity of 84 towards thiols via a study of the interaction of 84
with other amino acids and disulfides (Gly and cystine were
selected as model compounds), but no reactions were observed.
The probe was used to detect the Cap contents of tablets.

1,3-Addition reactions

1,3-Addition reactions have also been used for signaling the
presence of thiols. In this section, the addition of thiols to
quinone- and squaraine-like derivatives is reported (see
Scheme 3).

Compound 85, containing N,N-dimethylaniline and quinone
units, was used as a colorimetric probe for certain thiols by
Zhang et al. (Fig. 59).120 Probe 85 shows a strong ICT band
centered at 582 nm. After addition of Cys, the intensity of the
ICT band started to decrease as a result of reaction of the thiol
group with the quinone unit of 85, resulting in transformation
of the quinone into the corresponding hydroquinone. Similarly,
the intensity of the ICT band of 85 decreased after the addition
of GSH. The authors also found that compared with that with
Cys, the intensity of the ICT band of 85 was reduced more
slowly by reaction with GSH; this may be the result of steric
hindrance associated with the latter.

Compound 86, containing N,N-bis(pyridin-2-ylmethyl)ani-
line and quinone units, shows a strong ICT absorption band
at 532 nm in acetonitrile : water (1 : 1 v/v). Upon addition of
increasing amounts of Cys, the ICT band started to decrease
gradually. Compound 86 also displayed a similar response in
the presence of GSH. To examine the selectivity of compound
86, competitive experiments were also carried out, but the
authors did not observe any optical changes in the presence
of the other tested amino acids (Ala, Arg, Asp, His, Lys, Ser, and
Tyr). The sensing mechanism involves the reaction of the thiol
with the quinone unit of 86, resulting in the formation of the
corresponding hydroquinone (Fig. 60).121

The naphthoquinone derivatives 87–89 (Fig. 61) were used to
detect thiols by cyclic voltammetry using screen-printed carbon
electrodes. In these studies, the naphthoquinone group was
subjected to a 1,3-Michael addition by the nucleophilic thiol,
resulting in generation of the corresponding reduced conju-
gate.122 In particular, on addition of GSH, the electrode poten-
tials of these derivatives change as a consequence of the
nucleophilic addition of the thiol to the quinone indicator.
The magnitude of the reduction peak decreased within increas-
ing thiol concentration. The key analytical parameters under-
pinning the selective and sensitive determination of thiols
were assessed by the authors, and the clinical efficacy of the
approach was demonstrated through its application to the
analysis of human plasma. The results were compared, and
the ways in which the system can be adopted within main-
stream biomedical environments were highlighted.123

The quinone derivatives 90 and 91, were also used for the
electrochemical detection of certain thiols (Fig. 62).124 The
results additionally showed that the two compounds promoted
a highly selective and sensitive response towards Cys. In the
absence of Cys, a single reduction peak was observed for 90 at
+0.02 V. On addition of Cys, a second reduction process was
observed at +0.24 V, as an ill-defined shoulder on the main 90

Fig. 58 Reaction of 84 with thiols.

Scheme 3 1,3-Addition reaction of Cys to quinone- and squaraine-like
derivatives.

Fig. 59 Reaction of 85 with thiols.

Fig. 60 Reaction of 86 with thiols.

Fig. 61 Reaction of probes 87–89 with thiols.
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reduction peak; this corresponds to the reduction of the 90–Cys
adduct. Further addition of Cys resulted in an increase in the
magnitude of the adduct peak and the emergence of a third
reduction process at �0.22 V. The latter is ascribed to the
reduction of species that have undergone multiple additions.
This has the effect of splitting the Cys signal among those from
single- and multi-substituted species, and limits both the
linearity and sensitivity of the protocol. Probe 91 possesses a
single reaction site at the 6-position on the ring, and it was
thought that by reducing the number of sites at which Cys
could react, a clear, unambiguous signal could be obtained. An
analogous set of experiments was conducted. In the absence of
Cys, probe 91 showed a single reduction peak at �0.11 V. The
introduction of Cys led to the emergence of a single, well-
resolved peak at +0.12 V. This was found to increase linearly
with Cys concentration in the range 5–47 mM, providing a limit
of detection of 4 mM. The effects of other thiols (Hcy and GSH)
were also studied, but no appreciable changes in the voltam-
metric profiles were found. The practical use of the approach
was investigated by examining the response to Cys in urine.

Squaraines typically contain an electron-deficient central four-
membered ring and two electron-donating groups arranged in a
donor–acceptor–donor (D–A–D) pattern. The electron-deficient
central cyclobutene ring of squaraine dyes is susceptible to nucleo-
philic attack; this breaks the conjugation of the dye, resulting in
bleaching. Another interesting aspect in relation to squaraines is
that they show a very intense band at long wavelengths, and are
usually highly fluorescent even in aqueous environments.

The di-N-methylhydroxyethylaniline squaraine 92 was
reported by Guang et al. as a sensitive colorimetric probe for
Cys (Fig. 63). Probe 92 showed two absorption bands, at 289
and 646 nm, in aqueous PB (pH 7.5). The first weak absorption
(289 nm) is attributed to the aniline moiety, and the second
strong and sharp absorption (646 nm) arises from the presence
of the p-conjugated system. Upon addition of Cys, the peak

intensity at 289 nm increased and that at 646 nm decreased.
The authors tested the response of 92 in the presence of
common metal ions and biological macromolecules without
sulfhydryl groups, but found no effect on the optical character-
istics of the probe. Moreover, the colorimetric responses of 92
to the 19 natural bio-a-amino acids were studied but no optical
modulations were found except for Cys (see above). The sensing
mechanism is related to the addition reaction of the nucleo-
philic thiol to the electron-deficient cyclobutene ring in 92. To
further evaluate the feasibility of using the probe, the authors
used it to determine Cys in human serum.125

The two water-soluble squaraine derivatives 93 and 94 were
used to recognize Cys (Fig. 64).126 Both 93 and 94 showed an
absorption band at ca. 640 nm and had a quantum yield in
acetonitrile :water [20 : 80 v/v, 2-(N-morpholino)ethanesulfonic
acid (MES), pH 6] of ca. 0.1. The reactivities of the probes were
studied with different natural a-amino acids (Phen, The, Arg, His,
Asn, Leu, Ala, Pro, Val, Gly, Lys, Gln, Met, Ile, Ser, Cys, Try, Glu,
and Asp). Both 93 and 94 gave selective bleaching in the presence
of Cys. As in the above case, the sensing mechanism is based on
addition of the nucleophilic thiol to the four-membered rings of
squaraines 93 and 94. The total Cys and Cys derivatives in human
plasma were determined using these two probes by a simple
colorimetric addition standard method, with good results.

A NIR colorimetric chemodosimeter based on a croconium
dye (95) was developed by Cheng and co-workers for the
selective and sensitive detection of certain thiols in ethanol :water
(7 : 3 v/v, MES, pH 5.7).127 Probe 95 displayed a sharp and
intense absorption band in the NIR region, at 823 nm, which
disappeared in the presence of Cys. A color change from light
yellow to colorless was observed. Similar responses were found
for Hcy and for Cys–Gly. In contrast, no discernible color
change was found on addition of other amino acids. Addition-
ally, ethanethiol, GSH, ME, and mercaptoacetic acid (10 equiv.)

Fig. 62 Reaction of probes 90 and 91 with thiols.

Fig. 63 Reaction of 92 with thiols.

Fig. 64 Reaction of 93 and 94 with thiols and photograph showing the color
change in acetonitrile–water, 20 : 80 v/v, at pH 6 (MES 0.01 mol dm�3) of 93
(1.21 � 10�5 mol dm�3) in the presence of 10 equiv. of certain amino acids.
Reprinted with permission from J. Am. Chem. Soc., 2004, 126, 4064–4065.
Copyright 2004, American Chemical Society.
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were unable to completely bleach solutions of 95. The sensing
mechanism involves nucleophilic attack of the thiols on the
central croconic ring (Fig. 65).

The blue 96 has been reported to react with mercaptopro-
pane to give a colorless solution as a result of the addition of
the thiol group to the electron-deficient central cyclobutene
ring of the squaraine (Fig. 66). The product reacts with Hg2+ to
give the corresponding squaraine derivative 96, resulting in a
highly selective chromo- and fluorogenic switching-on process
indicative of the presence of Hg2+ ions.128 Using a similar
approach, a similar squaraine derivative was used to differenti-
ate a series of metal ions and a series of thiols.129 Probe 96
coupled with the use of mesoporous materials was also used to
design solid supports for the removal and detection of Hg2+

(ref. 130) and for the detection of methylmercury.131

The new fluorimetric probe 97 was used to detect physio-
logically significant thiols.132 The addition of thiols to 97 in
DMSO :water (3 : 7 v/v, Tris, pH 7.0) resulted in large increases
in the emission at 595 nm (lex = 500 nm). The authors observed
this behavior for GSH, Hcy, and Cys. In contrast, the fluores-
cence intensity of the coumarin was not influenced by the
presence of other thiols, even after incubation for 1200 s. The
fluorescence signal was the result of a tandem reaction: thiol-
addition to the quinone moiety in 97 and a quinone–methide-
type rearrangement to release the fluorogenic coumarin
(Fig. 67). The authors also demonstrated the use of 97 in the
determination of thiol concentrations in human plasma.

1,4-Addition reactions

Reported examples of 1,4-addition reactions for the detection of
thiols are based on the use of chromene cores containing
electron-withdrawing groups (EWG) or 2,3-naphthalenedi-
carboxaldehyde. In the first case a ring opening occurs whereas
in the second the thiol addition induced the formation of a
pyrrole ring (see Scheme 4).

The chromene derivative 98 (see Fig. 68) proved to be a
suitable probe for the detection of Cys, Hcy, and GSH in
aqueous solutions buffered with HEPES (pH 7.0, 0.1% ethanol).
For instance, on addition of Cys to 98, the original absorption
band at 292 nm gradually decreased, and a new band appeared
at 405 nm (red-shifted by 113 nm and a color change from
colorless to yellow).133 The system exhibited higher selectivity
for Cys than for other amino acids; Ala, Arg, Asn, Asp, Gln, Glu,
Gly, His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, and Val
induced no color changes in 98. The above facts speculated that
this may be a result of the release of the 4-nitrophenolate group

Fig. 65 Reaction of probe 95 with thiols.

Fig. 66 Reaction of 96 with mercaptopropionic acid.

Fig. 67 Reaction of probe 97 with thiols.

Fig. 68 Reaction of probes 98, 99 with thiols and 2D 1H–1H COSY (300 MHz)
correlation experiment of the proposed 98-SR in DMSO-d6. Reprinted with
permission from Org. Lett., 2010, 12, 4756–4759. Copyright 2010, American
Chemical Society.

Scheme 4 Mechanism of 1,4 addition.
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(Fig. 68 top) through chromene ring-opening, based on a
nucleophilic attack on the sulfhydryl group by probe 98
(Michael addition).The 2D COSY of 98-SR correlation experi-
ments provided direct evidence for the above statement and
proposed mechanism. As shown in Fig. 68 bottom, the COSY
spectrum suggested that this may be a result of the release of
the 4-nitrophenolate group through chromene ring-opening,
based on a nucleophilic attack on the sulfhydryl group by
probe 98 (Michael addition). The COSY spectrum exhibits
clear cross-peaks between H3 (QCHcyclopent-2-enone) and H2
(the alkyl protons) indicated by a red square, with the
blue square showing the interrelation of H4 and H5. The
proton H7 (red circle) was isolated and did not relate to any
other protons.

The derivative 99 was also used as a probe for thiols. In
particular, addition of Cys to 99 in an aqueous solution
buffered with Tris (pH 8.0) resulted in decreases in the absorp-
tions at 250, 302, and 377 nm, and growth of a new band at
227 nm. Also, the emission band of 99 at 550 nm (lex = 380 nm)
decreased rapidly on addition of Cys. The authors found that
GSH and Hcy caused similar responses to that of Cys, whereas
other amino acids did not affect the optical properties of 99.
The observed behavior in the presence of thiols of 98 and 99
was related to thiol-addition to the double bond in the chro-
mene unit and ring opening.134

Another coumarin–chromene was employed to detect thiol
by Yin et al.135 Selectivity studies of the probe for thiol were
carried out by absorbance and monitoring fluorescence
changes that 100 undergoes upon the addition of various
amino acids, including Cys, Hcy, GSH, Ala, Arg, Asn, Asp,
Gln, Glu, Gly, His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp,
Tyr, Val and cystine in HEPES (10 mM, pH 7.4). Probe 100
displays UV-Vis spectral changes and a fluorescence enhance-
ment (lex = 365 nm, lem = 455 nm) in the presence of the thiol-
containing compounds Cys, Hcy and GSH. However, analytes
without thiols induced no changes in UV-Vis spectra or in the
fluorescence emission properties under the same conditions. It
was also confirmed that for other thiols, such as mercapto-
propionic acid (MPA) and mercaptoethanol (ME), probe 100
showed UV-Vis and fluorescence responses similar to Cys, Hcy
and GSH. As a typical biological thiol, Cys was used to further
examine the UV-Vis response of probe. When Cys was added
to HEPES (10 mM, pH 7.4) solution containing 100
(35 mM), with increasing Cys concentration (0–1 equiv.), the
absorption peak at 320 nm gradually decreased and a new peak
appeared at 372 nm (red shifted 52 nm). A well-defined iso-
sbestic point was noted at 350 nm, which may indicate the
formation of single new species. When changes at 320 nm and
372 were monitored, the relative absorption values were linearly
related to the Cys concentration between 0 and 35 mM, respec-
tively. The changes in the fluorescence spectra of probe 100
(Ff = 0.1386) (10 mM) in the absence or presence of Cys
(0–10 mM) in HEPES buffer were also studied. It was observed
that the addition of Cys caused changes in the emission
spectrum; i.e. an enhancement of the emission intensity at
455 nm was observed (Ff = 0.2297). It is interesting to note that

probe 100 was applied in cellular imaging of thiols, and that the
100-thiol system could also be applied in the design of heavy
metal ions regenerative chemodosimeters. The mechanism of
thiol detection is based on a thiol–chromene ‘‘click’’ ring-
opening reaction. Moreover it was found that some metal ions
promoted desulfurization. The Michael addition was proved
using 1HNMR and time-dependent density functional theory
(TD-DFT) calculations (Fig. 69).

The optical properties of the fluorescein chromene deriva-
tive 101 on addition of various analytes, including Cys, Hcy,
GSH, Gly, Phe, Ser, Glu, Lys, Arg, His, Ala, Gln, Met, Tyr, and
Cys, in aqueous HEPES-buffered solutions (pH 7.4, 1% aceto-
nitrile) were studied by Yoon’s group.136 In the presence of
thiol-containing analytes, i.e., Cys, Hcy, and GSH, probe 101
displayed a decrease in the absorption peak at 454 nm and a
progressive increase in a new absorption at 500 nm. Probe 101
also showed emission enhancement at 520 nm (lex = 485 nm).
The initial quantum yield of the probe was 0.04, and the
addition of 10 equiv. of GSH, Cys, and Hcy resulted in quantum
yields of 0.65, 0.91, and 0.47, respectively. The other amino
acids studied induced minor color or emission changes. Other
thiols such as ME and DTT cause optical changes in 101 similar
to those observed for biothiols. The fluorescence enhancement
and UV-vis changes are attributed to 1,4-addition of thiols to
the a,b-unsaturated ketone in 101 to form the corresponding
thioether (Fig. 70). The value of this system was demonstrated
by using it in the detection of thiol species in cells and
zebrafish.

Leroy et al. developed a fluorescence assay using a universal
96-well microplate format and probe 102 for the determination
of GSH in yeast cells (Fig. 71).137 The microplate reader was
equipped with filters selecting excitation and emission wave-
lengths at 485 nm and 530 nm, respectively. A borate buffer of
pH value close to 9 was used as the reaction medium. Upon
addition of GSH to 102, the emission at 528 nm increased. Full
selectivity was observed versus other endogenous thiols (except
for g-glutamylcysteine), GSSG, and enzymatic reducing reagents

Fig. 69 Reaction of probes 100 with thiols and cell imaging.

Fig. 70 Reaction of probe 101 with thiols.
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of GSSG. A linear response in the 0.3–6.5 mM range was verified
and the limits of quantification and detection were 0.3 and
0.05 mM, respectively. The method relies on the reaction
between GSH and the highly selective fluorogenic probe 102.
The method was then used to monitor GSH in the yeast strain
Kluyveromyces lactis during its normal growth period, and in the
presence of an inhibitor of GSH biosynthesis.

Concluding remarks

In this review, we have summarized recent exciting reports
regarding thiol-addition reactions and their applications in
thiol recognition. The examples reported can be classified into
four reaction types according to their mechanisms, based on
different Michael acceptors. 1,1-Addition reactions of thiols
occur with probes containing aldehydes, and this is a general
approach that has been widely used for the detection of
thiol-containing derivatives. 1,2-Addition reactions of thiols
take place mainly with probes containing units such as cou-
marin and maleimide; 1,3- and 1,4-addition reactions generally
occur with quinone, squaraine, and chromene derivatives. In
most cases, the reactions are accompanied by color and/or
emission changes. Several examples dealing with electro-
chemical recognition of thiols that follow a similar reaction
path have also been included. Because of accompanying
color changes, the process can be monitored by the naked
eye, which will provide great convenience for practical
application.61,121,126 Moreover probes with emission changes
upon addition thiols will be used for cell imaging and protein
labeling.73,74,85,89–100,108,118,136 In addition, some near-infrared
(NIR) dyes as thiol probes have the unique advantage of tracing
molecular activity in vivo because NIR photons can penetrate
relatively deeply into tissues with low auto-fluorescence
background additionally causing less damage to biological
samples.115 Moreover many examples behave as ratiometric
fluorescent probes.61,75,93,96,115 By this token, the use of thiol-
addition reactions is a very simple and straightforward proce-
dure for the preparation of probes for thiol recognition. Most of
the reported examples are designed to detect biothiols such as
Cys, Hcy, and GSH. However, the similarities among the
structures of these analytes make it difficult to distinguish
them from each other. In fact, the design of highly selective
probes for Cys, Hcy, and GSH is still a challenge and very few
examples have been reported so far.72,93,115 We hope that this
review will help to inspire in the future the design of highly
selective simple colorimetric or fluorimetric turn-on probes for
target thiols.
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M. T. Nuñez, F. Werlinger, D. Zavala, M. E. Aliaga and
P. Pavez, Tetrahedron Lett., 2011, 52, 6606–6609.

87 Y. Sun, M. Chen, J. Liu, X. Lv, J. Li and W. Guo, Chem.
Commun., 2011, 47, 11029–11031.

88 W. Lin, L. Yuan, Z. Cao, Y. Feng and L. Long, Chem.–Eur. J.,
2009, 15, 5096–5103.

89 L. Yi, H. Li, L. Sun, L. Liu, C. Zhang and Z. Xi, Angew.
Chem., Int. Ed., 2009, 48, 4034–4037.

90 S. Lim, S. Lee, S. Park and H. Kim, Tetrahedron Lett., 2011,
52, 3902–3904.

91 H. S. Jung, K. C. Ko, G. Kim, A. Lee, Y. Na, C. Kang, J. Y. Lee
and J. S. Kim, Org. Lett., 2011, 13, 1498–1501.

92 H. J. Ha, D. H. Yoon, S. Park and H. J. Kim, Tetrahedron,
2011, 67, 7759–7762.

93 L. Yuan, W. Lin and Y. Yang, Chem. Commun., 2011, 47,
6275–6277.

94 H. Kwon, K. Lee and H. Kim, Chem. Commun., 2011, 47,
1773–1775.

95 A. Y. Cho and K. Choi, Chem. Lett., 2012, 41, 1611–1612.
96 X. D. Liu, R. Sun, Y. Xu, Y. J. Xu, J. F. Ge and J. M. Lu, Sens.

Actuators, B, 2013, 178, 525–531.
97 A. Lim and H. Kim, Tetrahedron Lett., 2011, 52,

3189–3190.
98 P. Yang and N. Aykin, J. Chromatogr., B: Biomed. Appl.,

2001, 753, 287–292.
99 S. Mare, S. Penugonda and N. Ercal, Biomed. Chromatogr.,

2005, 19, 80–86.
100 D. Kand, A. M. Kalle, S. J. Varmaa and P. Talukdar, Chem.

Commun., 2012, 48, 2722–2724.
101 S. Girouard, M. H. Houle, A. Grandbois, J. Keillor and

S. W. Michnick, J. Am. Chem. Soc., 2005, 127, 559–565.

102 J. Guy, K. Caron, S. Dufresne, S. W. Michnick, W. G.
Skene and J. W. Keillor, J. Am. Chem. Soc., 2007, 129,
11969–11977.

103 M. E. Langmuir, J. R. Yang, A. M. Moussa, R. Laura and
K. A. Lecompte, Tetrahedron Lett., 1995, 36, 3989–3992.

104 T. O. Sippel, J. Histochem. Cytochem., 1981, 29, 314–316.
105 T. O. Sippel, J. Histochem. Cytochem., 1981, 29,

1377–1381.
106 A. P. deSilva, H. Q. N. Gunaratne and T. Gunnlaugsson,

Tetrahedron Lett., 1998, 39, 5077–5080.
107 J. E. T. Corrie, J. Chem. Soc., Perkin Trans. 1, 1994,

2975–2982.
108 T. Matsumoto, Y. Urano, T. Shoda, H. Kojima and

T. Nagano, Org. Lett., 2007, 9, 3375–3377.
109 Q. Lin, C. Bao, S. Cheng, Y. Yang, W. Ji and L. Zhu, J. Am.

Chem. Soc., 2012, 134, 5052–5055.
110 B. K. McMahon and T. Gunnlaugsson, J. Am. Chem. Soc.,

2012, 134, 10725–10728.
111 X. Tang, W. Liu, J. Wu, W. Zhao, H. Zhang and P. Wang,

Tetrahedron Lett., 2011, 52, 5136–5139.
112 N. Zhao, Y. Wu, L. Shi, Q. Lin and Z. Chen, Dalton Trans.,

2010, 39, 8288–8295.
113 H. Wang, G. Zhou, H. Gai and X. Chen, Chem. Commun.,

2012, 48, 8341–8343.
114 X. Yang, Y. Guo and R. M. Strongin, Org. Biomol. Chem.,

2012, 10, 2739–2741.
115 Z. Guo, S. Nam, S. Park and J. Yoon, Chem. Sci., 2012, 3,

2760–2765.
116 V. Hong, A. A. Kislukhin and M. G. Finn, J. Am. Chem. Soc.,

2009, 131, 9986–9994.
117 W. Wei, X. Liang, G. Hua, Y. Guo and S. Shao, Tetrahedron

Lett., 2011, 52, 1422–1425.
118 H. Zhang, P. Wang, Y. Yang and H. Sun, Chem. Commun.,

2012, 48, 10672–10674.
119 K. Zacharisa, P. D. Tzanavaras and D. G. Themelis,

J. Pharm. Biomed. Anal., 2009, 50, 384–391.
120 Y. Zeng, G. Zhang and D. Zhang, Anal. Chim. Acta, 2008,

627, 254–257.
121 Y. Zeng, G. Zhang, D. Zhang and D. Zhu, Tetrahedron Lett.,

2008, 49, 7391–7394.
122 R. B. Smith, C. Canton, N. S. Lawrence, C. Livingstonec and

J. Davis, New J. Chem., 2006, 30, 1718–1724.
123 S. Gracheva, C. Livingstone and J. Davis, Anal. Chem., 2004,

76, 3833–3836.
124 G. Hignett, S. Threlfell, A. J. Wain, N. S. Lawrence,

S. J. Wilkins, J. Davis, R. G. Compton and M. F. Cardosi,
Analyst, 2001, 126, 353–357.

125 Z. Yan, S. Guang, H. Xu and X. Liu, Analyst, 2011, 136,
1916–1921.

126 J. V. Ros-lis, B. Garcı́a, D. Jiménez, R. Martı́nez-Máñez,
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