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Abnormal concentrations of biothiols such as cysteine, homocysteine and glutathione are associated
with various major diseases. In biological systems, the structural similarity and functional distinction
of these three small molecular thiols has not only required rigorous molecular design of the
fluorescent probes used to detect each thiol specifically, but it has also inspired scientists to uncover
the ambiguous biological relationships between these bio-thiols. In this minireview, we will discuss
the evolution of small organic molecular fluorescent probes for the detection of thiols over the past

60 years, highlighting the potent methodologies used in the design of thiol probes and their
Received 8th September 2020 ticul licati inth . tificati ¢ cellular thiol d L-ti labelli At th
Accepted 13th Novernber 2020 particular applications in the semi-quantification of cellular thiols and real-time labelling. e same
time, the present challenges that limit their further application will be discussed. We hope that this

DOI: 10.1039/d0sc04960c minireview will promote future research to enable deeper insight into the crucial role of thiols in
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Introduction

Detection of biological thiols has been going on for more than
100 years since the successive discoveries of cysteine (Cys),
glutathione (GSH) and homocysteine (Hcy).* During this time,
it has been a real challenge, one that directly affects the accurate
analysis of thiols, to make these optically inert molecules
observable. Fortunately, thiols with nucleophilic reactivity are
able to react efficiently with electron deficient systems such as
benzoquinone and N-ethyl maleimide resulting in the forma-
tion of covalent bonds.** Similarly, thiols can easily react with
benzyl halide derivatives via nucleophilic substitution reac-
tions.>® These specific covalent bonding processes enabled
revolutionary technical support allowing the physiological and
pathological roles of thiols to be seen.”® At the same time, the
importance of thiols, especially in pathological processes,
further increased the necessity to label and detect thiols
quantitatively. An appealing use for the quantitative detection
of thiols relates to homocystinuria, an inherited error in the
metabolism of amino acids that results in an increased inci-
dence of vascular injury and arterial thrombosis, discovered in
1962.7** Subsequently, a large number of studies reported that
the increase in total blood Hcy content was related to the onset
of cardiovascular and cerebrovascular diseases." Interestingly,
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the concentration of total Cys in plasma was later found to be
directly proportional to the concentration of total Hey and, in
the blood samples of patients with coronary heart disease, total
Cys and total Hey are significantly higher than normal levels.'®"
Today, the total concentration of Hcy in plasma is a clinical
indicator of the risk of cardiovascular and cerebrovascular
diseases. In another case, a higher GSH level was found to be
associated with the resistance to Melphalan.’® Furthermore,
Perry and co-workers reported the existence of higher levels of
GSH in primary breast tumors compared with normal breast
tissue and proposed the possibility that GSH levels act as
a marker of breast cancer.*® Although the relation between these
diseases and the concentrations of thiols were well studied, it is
still unknown whether the observed thiol concentrations are the
consequence or the cause of these diseases. Effective detection
and labelling techniques are urgently needed to explore new
areas of research.

Though the detection of thiols employing fluorescent probes
emerged after 1960, it has encountered a renaissance in the past
20 years promoted not only by the significant improvement of
laser scanning confocal microscopes, but also by the possibility
that we can rationally design fluorescent probes to fulfil specific
requirements. Recently, several excellent reviews have summa-
rized the recent development of fluorescent probes for the
detection of thiols.>*** In this minireview, we will discuss the
chronological evolution of application-oriented small molec-
ular fluorescent probes for the detection of thiols over the last
60 years. We will also examine the present challenges and hope
to inspire the design of future fluorescent probes to move from
approaches that utilize trial and error to those that use design-
based molecular engineering.
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Evolution of fluorescent probes for
thiols

Studies of the chemical reactions of thiols are the overall basis for
the design of fluorescent probes for thiols. The efficient capture
of mercury ions by thiols and sulfur-containing proteins inspired
the synthesis of the fluorescein-mercury compounds “di-
acetoxymercurifluorescein and tetra-acetoxymercurifluorescein
(1)” as fluorescent probes for the detection of thiols with
a decreased fluorescent intensity initiated by the fluorescent thiol
detection.”®?” This became the hallmark of fluorescent probes for
thiols (Fig. 1).

The uses of fluorescent probes for the detection of thiols can
be roughly divided into two types: I. quantitative analysis based
on chromatographic separation in aqueous solution; II. in situ
analysis of cellular thiols based on a specific reaction between
the thiol and the probe.
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For probes of the primary type, the distinct nucleophilic -SH
moiety in biological thiols can readily react with electron-deficient
centers and active halides via a nucleophilic addition (NAR) or
a nucleophilic substitution reaction (NSR). For example, enabled
by the specific reaction between a maleimide moiety and thiols in
aqueous solution, a fluorescent probe based on a NAR mechanism
was first reported by Kanaoka in 1964 (2).>** In this example, the
thiols reacted quickly with the maleimide moiety via a NAR
process which induced a turn-on fluorescent response. Specifi-
cally, for Cys, the amino moiety of the NAR product could further
attack the amido bond to form a six-membered ring product via an
intramolecular rearrangement.”*** The corresponding fluores-
cence regulation mechanism was fully illustrated by the Wang
group in 2016.* Over the past 40 years, other structures such as N-
dansylaziridine (4),** Acrylodan (8)** and 4-oxobut-2-enoate deriv-
atives (9),* and a variety of Michael acceptors (squaraine (12), 7-
oxanorbornadiene, quinone, chromene and nitroolefin) were then
reported to detect thiols via the one step NAR process.>”™*
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Chronological evolution of small organic molecular fluorescent probes for the detection of thiols over the last 60 years and their

representative molecular structures. The corresponding mechanisms for the reactions of these probes with thiols are presented in the ESI.¥
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O-phthalaldehyde (OPA, 3) was found to react with both GSH
and Hcy in aqueous solutions with appropriate pH conditions
eliciting dual channel turn-on fluorescent responses and was
first utilized for thiol detection by Cohn and coworkers in
1966.** The formation of isoindole derivatives proceeded
degradation of the reaction system.*»** A fluorescent adduct of
a naphthalene-based derivative and GSH allowed the quantifi-
cation of GSH in serum to identify sepsis and further predicted
mortality in patients with sepsis.*> Furthermore, a similar
reaction with OPA also proceeded with the co-existence of the
thiols with other amino acids.**

Disulfides (5),* monobromobimane (mBB, 6) derivatives®
and 4-chloro-7-nitro-1,2,3-benzoxadiazole (NBD-Cl) deriva-
tives®*®*” are a series of NSR-based fluorescent probes. 17 years
after the first report of the “Ellman reagent”, a fluorometric
compound based on a disulfide bond was synthesized for the
detection of thiols via interchange of the -S-S- and -SH
groups.*>*®*® Today, disulfides species are one of the most
important drug delivery systems that can be specifically acti-
vated at thiol-abundant sites. Moreover, combining a fluo-
rophore and a drug with a disulfide bond allows the in situ
visualization of drug release.**** Similar structures containing
-Se-N- (14) or -Se-Se- moieties can also be used in the design
of thiol probes.**** In contrast to the high specificity of disul-
fides for thiols, NBD-Cl was reported to react with both thiols
(favorable) and non-thiol amino acids in weak alkaline solution
which resulted in either non-fluorescent S-substituted products
or highly fluorescent N-substituted products.**® The corre-
sponding reaction mechanisms were confirmed in recent years
to contain a successive aromatic nucleophilic substitution
(SnAr, one type of NSR process) and an intramolecular rear-
rangement.”»*” Sulfonic acid-substituted derivatives such as 4-
chloro-7-sulfobenzo-furazan (SBF-CI) (7)*” and 7-fluorobenzo-2-
oxa-1,3-diazole-4-sulfonic acid (SBD-F)*®* displayed improved
specificity toward thiols over other non-thiol amino acids in
aqueous solution. The kinetics of the SyAr process between one
representative compound, 4-nitro-N-n-butyl-1,8-naphthalimide
(4-NBN, 10), and various thiols were studied by Triboni and
co-workers. They indicated that the existence of micelles in
aqueous solution such as hexadecyltrimethylammonium chlo-
ride (CTAC) caused an exponential acceleration of the reaction
rate.” Similarly, 2,4-dinitrobenzenesulfonyl-modified phenol or
aniline derivatives (DNBS, 13) can react with thiols via an SyAr
process which generally induces the release of the corre-
sponding phenol- or aniline-containing fluorophores and SO,
(specifically, such molecules are used as SO, precursors to
release SO, via the activation of cellular GSH).*>** Sulfhydryl
anions are the major nucleophilic constituents in these reac-
tions. Thus, appropriate modification of these compounds can
also furnish fluorescent probes for selenols or thiophenols.®***
Furthermore, when mBB derivatives react with thiols they
display turn-on fluorescent responses in aqueous solution
which support the specific histological visualization of sulfhy-
dryl proteins.®®*’

As discussed above, the fluorescent probes, at this stage,
could generally react with all thiols and give similar fluorescent
responses.®* The individual quantification of the three bio-
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thiols requires further chromatographic separation. This fact
makes it impossible to evaluate the different biological roles of
cellular thiols in situ using the above probes. Further, due to the
susceptibility to oxidation of biological thiols, cell lysis and
further separation would magnify the test error. Fluorescent
probes that can discriminate between the three bio-thiols might
solve these limitations.

Fluorescent probes of the secondary type are those which
could discriminate thiols with different fluorescent responses.
This advance was realized utilizing insight into the differences
between Cys, Hcy and GSH which mainly manifest in the
following three aspects: L. they are small molecular thiols that
have distinct cellular concentrations (cgsy 1-10 mM, ¢cys 30-200
UM, Cyey 9-13 pM); I1. the spacing between sulfhydryl and amino
groups are different in each thiol; and III. the pK, values of the
sulfhydryl group induced distinct nucleophilic activities (pK; cys
= 8.25, pK, 11y = 8.87 (10.0), pK, gsu = 9.20).°7° Using these
differences, we can obtain a signature for each thiol. For
example, Cys displays the highest nucleophilic activity when
compared with Hecy and GSH because of its prior deprotonation
at physiological pH.***>”* Hcy favors oxidation by radicals with
the formation of a stabilized a-amino carbon-centered radical
via intramolecular hydrogen atom transfer.®*”>”® The tripeptide
GSH is more easily influenced by steric hindrance’” and
hydrogen bonds (15)””” during the reaction process.

Utilizing the difference in the spacings of the corresponding
sulthydryl and amino groups, fluorophore-conjugated aldehyde
derivatives (11) were initially designed to detect Cys and Hcy
over GSH.”*® The reaction proceeded with the formation of
a five-membered ring and six-membered ring for Cys and Hcy,
respectively. Interestingly, o,B-unsaturated aldehydes can
specifically detect Cys over Hcy and GSH.””® In 2011, the
Strongin group reported the simultaneous detection of Cys and
Hcy utilizing an acryloyl group (16) as the reaction site.*> Now,
acryloyl modification has become a general molecular design
for Cys-specific detection promoted by the more favorable
formation of the seven-membered ring product (for the reaction
with Hcy, the prospective product would be an eight-membered
ring). For GSH specific detection, Yang and coworkers reported
a series of chlorine-bearing BODIPY derivatives (17) in 2012.%* A
well-known reaction mechanism (SyAr-rearrangement) inspired
the successful development of active halogen derivatives able to
discriminatively detect the three thiols.*® In a recent study,
a GSH S-substituted Si-rhodamine compound could be attrac-
ted by Cys to form a stable Cys N-substituted Si-rhodamine
compound.®* Another excellent probe design, reported by the
Guo group in 2014, constructed three potential reaction sites in
a single fluorescent probe (18) for the simultaneous discrimi-
nation of Cys and GSH via different emission channels.*® A
similar design strategy was later used for the simultaneous
discrimination of Cys, Hcy and GSH using three emission
channels.®® These selective probes generally proceed via multi-
stage reactions with thiols to produce different products with
diacritical optical properties. Considering the natural concen-
tration gradient of thiols in cells, the existence of a high
concentration of GSH would consume an internalized probe

© 2021 The Author(s). Published by the Royal Society of Chemistry
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significantly and, thus, interfere with the semi-quantitative
detection of Cys or Hcy in cells.®**

Specific detection of Cys using its pK, may surmount the
consumption of the fluorescent probe by GSH observed in the
aforementioned probe design. Through modulation of the elec-
trophilic activity of the reaction site, Cys reacts with the fluores-
cent probe specifically as it has the highest nucleophilic activity of
the three thiols. For instance, the reaction site of a coumarin
conjugated a,B-unsaturated ketone could be readily modulated by
the modification of electron donating groups. Thus the obtained
fluorescent probes could detect Cys specifically via a one-step
Michael addition reaction in the lysosomes® and mitochon-
dria.®® The superiority of these fluorescent probes was highlighted
by the possibility to detect Cys reversibly which allowed the real
time fluorescent imaging of cellular Cys dynamics.* Furthermore,
the predictable reactivity gradient of the thiols was recently used
for the simultaneous quantification of Cys and Hcy using a fluo-
rescent probe which demonstrated the positive correlation of Cys
and Hcy concentrations in human serum.*

In the overall development process, improving the specificity
of the fluorescent probes has always been the ambition to allow
scientists to obtain more reliable and accurate results. The
development of new reaction sites and new mechanisms for
thiol fluorescent probes will constantly be a key research area in
the following years.**>

Biological insight promoted by thiol
probes

Utilizing these known thiol fluorescent probe design strate-
gies, we can obtain the desired tools through rational
molecular design. Fluorescent probes that have a specific
response toward one of the biothiols allow us to evaluate
concentration changes under different conditions without the
potential interference caused by other species. For instance,
Chen and coworkers utilized a diselenide-based GSH-specific
probe to evaluate the GSH concentration changes in HepG2
and HL-7702 cells in response to hypothermia or hyper-
thermia. They demonstrated the higher temperature stress
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resistance of HL-7702 cells (normal cells) over HepG2 cells
(cancer cells).”® Li and coworkers evaluated the intrinsic GSH
levels in L02 and HepG2 cells and the changes seen following
treatment with anti-cancer drugs. These changes suggested
that GSH levels increase in normal cells to adapt to environ-
mental stress.”® Fluorescent probes that can react reversibly
with thiols are a more favorable platform to visualize the
analyte fluctuation in real-time and in situ. The presently re-
ported reversible fluorescent probes were all based on
Michael addition reaction processes. For these fluorescent
probes, their photostability, cell compatibility and equilib-
rium constants with thiols are important parameters that
affect their utility for long-term thiol analysis. Several excel-
lent works have reported the real-time imaging of cellular
GSH using reversible fluorescent probes and have illustrated
unprecedented regulation of GSH dynamics under certain
physiological conditions (19-21, Fig. 2).%**

The combination of multiple reaction sites for reactive sulfur
species (thiols, SO,, H,S, H,S,, etc.) with successfully developed
design strategies has provided fluorescent probes to detect
different analytes simultaneously through different emission
channels.*®**'* For these probes, the most promising applica-
tion was the in situ evaluation of correlations between two or
more analytes and their cellular transformation due to spatio-
temporal synchronization. In 2017, Yin and coworkers reported
the visualization of cellular Cys metabolism to form SO, using
fluorescent probe (22) based on two reaction sites.’” Subse-
quently, several examples have been reported to describe the
dynamic thiol metabolism processes utilizing observable fluo-
rescent methodology (23-26).'>"'* Further, the simultaneous
detection of thiols and reactive oxygen species or reactive
nitrogen species have also been reported in recent years to
evaluate the cellular crosstalk of these redox regulating species.*®

Among the currently reported thiol fluorescent probes,
design strategies for the specific detection of Cys or GSH have
been well studied. Although several fluorescent probes
featuring specific responses toward Hcy have been re-
ported,®®'*7'% a general design strategy is still unestablished.
The development of fluorescent probes for Hcy-specific
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Fig. 2 19-21: Reversible fluorescent probes for dynamic GSH imaging; 22-26: Dual/multiple reaction site fluorescent probes for thiol
metabolism imaging. The corresponding mechanisms for the reactions of these probes are presented in the ESI.{
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Fig.3 Molecular structures of typical Hcy-specific fluorescent probes.
The corresponding mechanisms for the reactions of these probes are
presented in the ESI.t

detection is still urgently needed to help uncover the ambigui-
ties of the pathological process of Hcy.

Typically, as we mentioned above, the products of the reac-
tion between deprotonated 11 with Cys or Hcy (five-membered
ring compound for Cys, weak fluorescence; six-membered ring
compound for Hcy, strong fluorescence) displayed distinct
fluorescence properties at pH 6.0.'”” The appearance of photo-
induced electron transfer in the Cys product, but not in the Hcy
product caused these results and allowed Hcy-specific fluores-
cence detection. Similar fluorescent responses appeared in a tri-
aldehyde fluorescein probe system.'** Density functional theory
calculations of the electronic transitions in the probes facili-
tated the understanding of the differences observed in the
fluorescence responses when utilizing the aldehyde derivatives
27 and 28 (Fig. 3 ).'°'* Another example is the preference of
Hcy for reduction by dansyl azide analogue (29) when compared
with the other thiols.®® The formation of an amino substituted
derivate causes a turn-on fluorescence response which realizes
Hcy detection in serum. In a probe (30) detection system that
utilizes aggregation-induced emission (AIE) the more hydro-
phobic Hcy NAR product displayed a unique aggregation-
induced blue fluorescent emission.'* This was despite all
three bio-thiols being able to quench the fluorescent yellow
emission in the detection solution. These examples might
inspire potential progress in the future.

Conclusions

In this minireview, we have presented the evolution of small
organic molecular fluorescent probes for the detection of thiols
over the past 60 years. The differences between the three bio-
thiols and the development of design strategies for different
probes were discussed comprehensively. The present challenges
that limit their further applications are discussed. We hope that
this minireview will promote the future design of fluorescent
probes to enable deeper insight into the crucial roles of thiols
and that design strategies move from those based on trial and
error to those that use design-based molecular engineering.
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