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A new fluorescent ‘turn on’ probe for rapid detection of biothiols
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ABSTRACT

We designed and synthesised a novel molecular probe exhibiting high selectivity and sensitivity
towards reactive sulphur species (RSS) over other amino acids and biologically relevant species, as
well as scrutinised its spectroscopic behaviours under physiological conditions and in living milieu.
We used an electrophilic cyanate group as a masking agent to block the excited state intramole-
cular proton transfer process of 2-(2-cyanato-3-methoxyphenyl)benzo[d]thiazole (HMBT-OCN),
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which readily hydrolyses to the highly fluorescent structure, 2-(2'-Hydroxy-3'-methoxyphenyl)
benzothiazole (HMBT-OH), in the presence of reactive sulphur species.
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Introduction

Reactive sulphur species (RSS) such as cysteine (Cys),
homocysteine (Hcy), glutathione (GSH), as well as hydro-
gen sulphide (H,S) play fundamental roles in biological
systems [1-3]. Glutathione, for example, as the body’s
master antioxidant, helps to maintain biological redox
homoeostasis and cell growth [4]. Cysteine, a semi-
essential sulphur-bearing amino acid, is extensively
involved in protein synthesis [5]. Homocysteine is the by-
product of protein metabolism, a well-known risk factor
for heart disease [6]. H,S, the smallest RSS, is an impor-
tant gaseous signalling molecule (i.e. gaseotransmitter)
in the nervous, inflammatory, and cardiovascular sys-
tems produced endogenously from cysteine and homo-
cysteine via a range of enzymatic pathways [7]. Since
abnormal RSS levels in the living system are associated
an array of disease states, for a better understanding of
how they contribute to both physiology and pathology,
it is pivotal to assess levels of RSS in their biological
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environments, which could aid the early diagnosis of
some diseases.

Recent related research has focused on the develop-
ment of fluorescence assays for probing and tracking
RSS in biological systems. Numerous types of RSS-
responsive fluorescent probes based on different detec-
tion strategies have appeared in scientific literature [8—-
12], and remarkably, most operate via specific chemical
reactions that exploit the reactive nature of RSS [13-20].

The general strategy of designing an RSS-specific
fluorescent probe relies on masking a fluorescent dye,
mostly with an ester-based reactive group, which upon
reacting with RSS splits away to deliver the emissive
form of the dye [21-30]. For the efficient discrimination
of RSS over other biological reactive species such as
reactive nitrogen (RNS) and oxygen species (ROS), the
masking groups are necessarily highly specific to reac-
tive sulphur. However, a dramatic weakness of ester-
based recognition groups is their cross-sensitivity to
enzyme-mediated  hydrolysis,  which interferes
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considerably in biological systems’ detection of sulphur
species [31]. Given the demand for alternative recogni-
tion motifs with improved analyte selectivity and sensi-
tivity, response time, and biocompatibility, we sought
alternative sulphur specific-reactive groups that can be
easily integrated with the probe structure.

Herein, we described a novel approach to recognising
cellular sulphur species by constructing a pre-
fluorescent dye modified with an electrophilic cyanate
as recognition motif. The probe was highly specific to
sulphur species, responded very rapidly (<1 min), and
could be efficiently used for molecular imaging of RSS.
We built the probe structure upon an excited state
intramolecular proton transfer (ESIPT)-based dye, which
uses an electrophilic cyanate as the RSS reactive unit. We
chose 2-(2'-hydroxyphenyl)benzothiazole (HMBT-OH) as
the signal reporter dye not only for its desirable photo-
physical features, but also its high biocompatibility in
living cell imaging applications [32-38].

An electrophilic cyanate group (RO—CN) is assumedly
a reactive nitrile that readily reacts with sulphur species
to form thiocarbamate, which, in aqueous environments,
rapidly hydrolyses to corresponding hydroxyl com-
pound [39-41]. Accordingly, we integrated a cyanate
group to a fluorescent dye and generated a non-
fluorescent molecular probe. We anticipated that the
oxygen-nitrile bond of the non-fluorescent dye would
cleave in the presence of reactive sulphur species in
order to deliver the free hydroxyl derivative of the dye,
which would in turn induce a turn-on type fluorescence
response.

As Scheme 1 illustrates, we synthesised the probe,
HMBT-OCN, in a good yield by simply treating HMBT-
OH with commercially available cyanogen bromide in
the presence of triethylamine at —10°C. We clearly con-
firmed the structure of the probe molecule (HMBT-OCN)
by using 'H, >*C NMR, and elemental analysis, as detailed
in the Supporting Information.

HMBT-OH is a well-known small fluorescent molecule
with an emission band of 400-500 nm based on an
excited state intramolecular proton transfer (ESIPT)
mechanism. However, masking the hydroxyl group of
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HMBT-OH molecule inhibits the intramolecular proton
transfer and makes the molecule non-emissive (‘off
mode’). In our design, we used an electrophilic cyanate
group as a masking agent to block the ESIPT-based
emission of the dye molecule, which was expected to
split away in the presence of sulphur species.

Results and discussion

We commenced our investigation to release the mask-
ing agent from the probe molecule by screening a wide
range of RSS and other possible reactive species such as
ROS, RNS, and biologically relevant metal ions in aqu-
eous solution at physiological conditions by measuring
changes in absorbance and fluorescence behaviours. As
Figure 1(b) shows, owing to the blocked ESIPT mechan-
ism, the probe molecule had no fluorescence emission
(‘off mode’) under ultraviolet irradiation (A¢x = 300 nm).
However, the fluorescence emission intensity of the dye
centred at 420 nm improved dramatically after addition
of 10.0 equivalents of glutathione due to the cleavage of
the O-CN bond.

To optimise sensing conditions, we carefully scruti-
nised all variables, including time, pH, and cetrimonium
bromide (CTAB) concentration. To the best of our knowl-
edge, adding CTAB to aqueous sensing media dramati-
cally increases the sensitivity of probe molecule by
creating a micellar system; by contrast, without CTAB,
the reactivity of the probe to thiols diminishes severely
(Fig. S2 in the Supporting Information). In the presence
of 3.0 mM of CTAB, the probe molecule exhibited
a remarkable sensitivity to RSS in aqueous media.
Moreover, HMBT-OCN was extremely resistant to pH
changes and had no fluorescence-related signal in the
absence of GSH at extreme pH values (Figure 2(b)). After
careful examination, the optimum sensing conditions
determined to be 20 uM of HMBT-OCN and 3.0 mM of
CTAB in a phosphate buffer (0.1 M at pH 7.0).

We carefully examined the fluorescence-sensing
behaviour of HMBT-OCN with the addition of GSH at
optimum sensing conditions (20 uM of HMBT-OCN +
3.0 mM CTAB in 0.1 M of phosphate buffer, pH = 7.0)
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Scheme 1. Synthesis of HMBT-OCN.
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Figure 1. (a) Absorption and (b) Emission spectra of HMBT-OCN
(20 uM) (black line) and HMBT-OCN (20 uM) + GSH (10.0 equiv.)
(red line) in 0.1 M phosphate buffer, pH 7.0 (3.0 mM CTAB) (Aex
=300 nm, at 25 °C).

upon excitation at 300 nm. As expected, the masked
dye molecule, HMBT-OCN, had no fluorescence emis-
sion due to the blocked ESIPT process in the initial
state. However, adding GSH (10.0 equiv.) produced
a ‘turn on’ response in fluorescence spectra centred at
420 nm within a very short visible response time
(<1 min) (Figure 2(a)), which resulted from the regen-
eration of the ESIPT mechanism (Figure 1(b)). As Figure
1(a) shows, HMBT-OCN also enables to detect GSH by
tracking changes in the ultraviolet-Vis spectra. The
characteristic absorbance band of HMBT-OCN at
315 nm disappeared with the addition of GSH, and
a new emission band formed at 297 nm, with an
18 nm blue shift belonging to the unmasked dye mole-
cule (HMBT-OH).

Under optimised conditions, HMBT-OCN gave simi-
lar responses to other sulphur derivatives including
cysteine/homocysteine and H,S as well (Figure 4).
Due to the similar sensing performance of probe
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Figure 2. (a) Time profile of HMBT-OCN (20 uM) in the presence
of GSH (1.0(e), 5.0(A), and 10.0(¥) equiv.) (b) Effect of pH in
the presence of GSH (10.0 equiv.). (Aeyx: 300 nm, Agpy: 420 nm at
25 °C).

towards each other RSS of interest we selected glu-
tathione (GSH) as a model target RSS for further
experiments.

To understand the boundaries of sensing strategy, we
performed a fluorescence titration experiment by add-
ing increasing amounts of GSH upon excitation at
300 nm. The fluorescence emission intensity of HMBT-
OCN at 420 nm increased linearly with the consistent
addition of GSH over a wide range of concentrations
(2-400 uM). Peak saturation occurred with the addition
of 10.0 equivalents of GSH with a 210-fold enhancement
factor (Figure 3). Ultimately, we determined the mini-
mum amount of detectable GSH as being 550 nM based
on S/N = 3 (Fig. S1 in the Supporting Information).

We further interrogated the selectivity of HMBT-OCN
to the addition of other potentially reactive species —
ROS, RNS, and anions - in biological processes (Figure 4
(a)). With the addition of an excess of the reactive species
(50.0 equiv.) including F~, CI7, Br-, I, AcO™, NO,~, SCN~,
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Figure 3. Fluorescence spectra of HMBT-OCN (20 uM) in the presence of increasing amount of GSH (0-400 uM) 0.1 M phosphate
buffer, pH = 7.0 (3.0 mM CTAB). Inset: Calibration curve. (A, = 300 nm at 25 °C).

CN~, H,PO,~, SO4%, SO5%, S,057, 5,057, CO5%, ClO™, and
H,0,, the probe molecule did not display any spectro-
scopic response.

Notably, the probe was silent in the presence of
naturally occurring amino acids bearing acidic,
basic, and neutral side chains (Figure 4(b)). Also, no
positive response was monitored upon addition of
metal species (50.0 equiv.) including Na*, K, Cr**,
Mgz+’ C02+, Fe2+’ Cd2+, Zn2+, Fe3+, CU2+, ng+, Ag+,
Pd?*, and Au®*. To prove the sensitivity of the probe
molecule, we cautiously surveyed the interference of
other reactive species and naturally occurring amino
acids. It is important to note that adding excess of
anions and other biologically relevant species (50.0
equiv.) had a slight, if any, effect on the fluorescence
response of HMBT-OCN to the addition of GSH (10.0
equiv.) (Fig. S4 in the Supporting Information).
Moreover, the presence of naturally occurring amino
acids including alanine, arginine, asparagine, aspartic
acid, glutamine, glutamic acid, glycine, histidine, leu-
cine, lysine, phenylalanine, proline, serine, threonine,
tyrosine, tryptophan, and valine did not influence the
selectivity or sensitivity of the probe molecule (Fig. S5
in the Supporting Information). Such results clarified
that the sensing strategy was highly selective and
sensitive only with the addition of RSS.

Other studies have anticipated the proposed mechan-
ism of the sensing event (Scheme 2) [39,40]. The carbon
atom of the cyanate group is highly electrophilic and
suspicious to the addition of any nucleophilic reagent. In

the presence of a reactive sulphur species (e.g. GSH),
HMBT-OCN promptly undergoes the nucleophilic addi-
tion reaction and forms a thiocarbamate intermediate,
which easily hydrolyses the corresponding highly fluor-
escent-free HMBT-OH dye in aqueous media. To verify
its agreement with the findings of other studies, we
investigated the outcome of the reaction between
HMBT-OCN and GSH and identified the major product
as HMBT-OH.

Encouraged by the high selectivity and sensitivity
profile of HMBT-OCN, we examined its performance in
cell imaging applications. To that end, we pre-treated
the human lung adenocarcinoma cells (A549) with 2 mM
N-methylmaleimide (NMM), a sulphur-trapping agent,
for 30 min to eliminate physiological reactive sulphur
species present inside the cells. Then, we successively
treated the cells with HMBT-OCN and CTAB and incu-
bated them for 30 min after each addition. We took
fluorescence and bright-field images of cells before and
after the addition of GSH (200 uM). As Figure 5(a) illus-
trates, the pre-treated A549 cells displayed no significant
fluorescence emission before the addition of GSH. By
contrast, an obvious blue fluorescence appeared in
cells with GSH treatment. Thus, from the outcomes of
the experiments, we concluded that HMBT-OCN is cell
permeable and enables the detection of exogenous GSH
in cells. In addition, cells treated with HMBT-OCN were
intact and showed healthy spread and adherent mor-
phology during and later the labelling process with
HMBT-OCN, indicating an absence of cytotoxic effects.
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Figure 5. Images of A549 cells: (a) Cells pretreated with 2 mM NMM for 30 min and then incubated with HMBT-OCN (20 pM) in (b)
brightfield image of cells (c) cells pretreated with 2 mM NMM then incubated with HMBT-OCN (20 uM) and GSH (200 uM). (d) merged

images of frame (b) and (c). Scale bar represent 5 um.

Conclusion

In sum, we demonstrated the design and synthesis of
a novel molecular probe, HMBT-OCN, which selec-
tively and sensitively detects reactive sulphur species
(RSS) over other amino acids and biologically relevant
species. The probe molecule exhibited outstanding
features such as a low detection limit (550 nM),
a high turn-on response (210-fold), and a short visible
response time (< 1 min) upon the addition of GSH.
Studies on improving the selectivity of the probe
towards a specific RSS is under investigation.
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Experimental section

All reagents were purchased from commercial suppliers
(Aldrich and Merck) and used without further purification.
"H NMR and '*C NMR were measured on a Varian VNMRJ 400
nuclear magnetic resonance spectrometer. Elemental analysis
experiment was performed with LECO CHNS-932 elemental
analysis apparatus. UV absorption spectra were obtained on
Shimadzu UV-2550 Spectrophotometer. Fluorescence emission
spectra were obtained using Varian Cary Eclipse Fluorescence
spectrophotometer. Cell imaging was performed with Zeiss
Axio fluorescence microscope. pH was recorded by HI-8014
instrument (HANNA). All measurements were conducted at
least in triplicate.

Synthesis and characterization of probe
(HMBT-OCN) molecule

2-(2'-Hydroxy-3’-methoxyphenyl)benzothiazole ~ (HMBT-OH)
was synthesized by using a literature procedure [32].

A solution of cyanogen bromide (130 pL, 0.4 mmol) in
anhydrous tetrahydrofuran (1 mL) was cooled to —10°C (dry
ice/acetone bath). Then, a solution of HMBT-OH (104 mg, 0.4
mmol) and triethylamine (58 pL, 0.4 mmol) in anhydrous
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tetrahydrofuran (1 mL) was added dropwise with magnetic
stirring under argon atmosphere. A white precipitate of
triethylammonium bromide salt was observed. The mixture
was allowed to stir for 1 h. The solution was separated from
the salt by filtration and concentrated in vacuo and purified
by column chromatography (Hexane:EtOAc 4:1) to afford the
compound HMBT-OCN as a white solid (84.6 mg, % 75 iso-
lated yield). "H NMR (400 MHz, DMSO-dg) & (ppm): 7.53-7.44
(m, 3H), 7.32-7.27 (m, 3H), 7.24-7.20 (m, 1H), 3.90 (s, 3H).
3C NMR (100 MHz, DMSO-dg) & (ppm): 157.2, 146.8, 146.1,

143.1,
118.1,

130.3, 128.5, 127.7, 127.2, 124.3, 124.1, 123.8, 118.5,
116.1, 56.3. Anal. cald. for C;5H;oN50,S: C, 63.81; H,

3.57; N, 9,92; S, 11.36 found; C, 62,75; H, 4.11; N, 8.11; S, 9.65.

Supplementary information file containing the details of
stock solution preparations, absorbance/fluorescence mea-
surements, cell culture/imaging experiments, and character-
ization data for probe is available at the journal website at.

References

(1

(2]

(o

[11]

[12]

[13]

Giles G. The redox regulation of thiol dependent signal-
ing pathways in cancer. Curr Pharm Des. 2006;12
(34):4427-4443.

Brandes N, Schmidt S, Jacob U. Thiol-based redox
switches in eukaryotic proteins. Antioxid Redox Signal.
2009;11(5):997-1014.

Sen CK. Cellular thiols and redox-regulated signal
transduction. Curr Top Cell Regul. 2000;36:1-30.
Towndsend DM, Tew KD, Tapiero H. The importance of
glutathione in human disease. Biomed Pharmacother.
2003;57(3-4):145-155.

Paulsen CE, Carrol KS. Cysteine-mediated redox signal-
ling: chemistry, biology, and tools for discovery. Chem
Rev. 2013;113:4633-4679.

Wierzbicki AS. Homocysteine and cardiovascular dis-
ease: a review of the evidence. Diab Vasc Dis Res.
2007;4(2):143-149.

Li L, Rose P, Moore PK. Hydrogen sulfide and cell
signalling. Annu Rev Pharmacol Toxicol. 2011;51
(1):169-187.

Niu LY, Chen YZ, Zheng HR, et al. Design strategies of
fluorescent probes for selective detection among
biothiols. Chem Soc Rev. 2015;44(17):6143-6160.

Chen H, Tang Y, Lin W. Recent progress in the fluores-
cent probes for the specific imaging of small molecular
weight thiols in living cells. TrAC Trends Anal Chem.
2016;76:166-181.

Yin CX, Xiong KM, Huo FJ, et al. Fluorescent probes with
multiple binding sites for the discrimination of Cys, Hcy,
and GSH. Angew Chem Int Ed. 2017;56
(43):13188-13198.

Dai J, Ma C, Zhang P, et al. Recent progress in the devel-
opment of fluorescent probes for detection of biothiols.
Dyes Pigm. 2020;177:108321-108333.

Zhang J, Wang N, Ji X, et al. BODIPY-based fluorescent
probes for biothiols. Chem Eur J. 2020;26
(19):4172-4192.

Lan M, Wu J, Liu W, et al. Highly sensitive fluorescent
probe for thiols based on combination of PET and ESIPT

[14]

[15]

(18]

(19]

[20]

[21]

[22]

[24]

[29]

mechanisms. Sens Actuators B Chem. 2011;156
(1):332-337.

Huo F, Kang J, Yin C, et al. A turn-on green fluorescent
thiol probe based on the 1,2-addition reaction and its
application for bioimaging. Sens Actuators B Chem.
2015;207:139-143.

Jia MY, Niu LY, Zhang Y, et al. BODIPY-based fluoro-
metric sensor for the simultaneous determination of
Cys, Hcy, and GSH in human serum. ACS Appl Mater
Interfaces. 2015;7(10):5907-5914.

Liu T, Huo F, Li J, et al. A fast response and high sensi-
tivity thiol fluorescent probe in living cells. Sens
Actuators B Chem. 2016;232:619-624.

Dai X, Zhang T, Miao JY, et al. A ratiometric fluorescent
probe with DNBS group for biothiols in aqueous
solution. Sens Actuators B Chem. 2016;223:274-279.
Zhang H, Liu R, Liu J, et al. A minimalist fluorescent
probe for differentiating Cys, Hcy and GSH in live cells.
Chem Sci. 2016;7(1):256-260.

Wang K, Leng T, Liu Y, et al. A novel near-infrared fluor-
escent probe with a large stokes shift for the detection
and imaging of biothiols. Sens Actuators B Chem.
2017;248:338-345.

Yue Y, Huo F, Ning P, et al. Dual-site fluorescent probe
for visualizing the metabolism of Cys in living cells.
J Am Chem Soc. 2017;1398(8):3181-3185.

Malwal SR, Labade A, Andhalkar AS, et al. A highly selec-
tive sulfinate ester probe for thiol bioimaging. Chem
Commun. 2014;50(78):11533-11535.

LiH, Jin L, Kan Y, et al. A visual and “turn-on” fluorescent
probe for rapid detection of cysteine over homocysteine
and  glutathione. Sens  Actuators B  Chem.
2014;196:546-554.

Yu D, Zhang Q, Ding S, et al. A colorimetric and
near-infrared fluorescent probe for biothiols and its
application in living cells. RSC Adv. 20144
(87):46561-46567.

Xue S, Ding S, Zhai Q, et al. A readily available colori-
metric and near-infrared fluorescent turn-on probe for
rapid and selective detection of cysteine in living cells.
Biosens Bioelectron. 2015;68:316-321.

Yue Y, HuoF, Li X, et al. pH-dependent fluorescent probe
that can be tuned for cysteine or homocysteine. Org
Lett. 2017;19(1):82-85.

Wang F, Feng C, Lu L, et al. A ratiometric fluorescent
probe for rapid and sensitive detection of biothiols in
fetal bovine serum. Talanta. 2017;169:149-155.

Gong D, Han S, Igbal A, et al. Fast and selective
two-stage ratiometric fluorescent probes for imaging
of glutathione in living cells. Anal Chem. 2017;89
(24):13112-13119.

Karakus E, Sayar M, Dartar S, et al. Fluorescein propio-
late: a propiolate-decorated fluorescent probe with
remarkable selectivity towards cysteine. Chem
Commun. 2019;55(34):4937-4940.

Ge C, Shen F, Yin Y, et al. A novel near-infrared and
naked-eye fluorescence probe with a large stokes shift
for specific detection of cysteine and its application in
living cells. Tetrahedron Lett. 2020;61
(23):151963-151967.



[30]

[31]

[32]

[33]

[34]

[35]

[36]

Wang L, Wang J, Xia S, et al. A FRET-based near-infrared
ratiometric fluorescent probe for detection of mitochon-
dria biothiol. Talanta. 2020;219:121296-121302.

Yang Y, Aloysius H, Inoyama D, et al. Enzyme-mediated
hydrolytic activation of prodrugs. Acta Pharm Sin B.
2011;1(3):143-159.

Yang X, Guo Y, Strongin RM, et al. Conjugate addition/
cyclization sequence enables selective and simultaneous
fluorescence detection of cysteine and homocysteine.
Angew Chem Int Ed. 2011;123(45):10878-10881.

Huang Q, Yang XF, Li H. A ratiometric fluorescent probe
for hydrogen sulfide based on an excited-state intramo-
lecular proton transfer mechanism. Dyes Pigm. 2013;99
(3):871-877.

Liu ZM, Feng L, Ge GB, et al. A highly selective ratio-
metric fluorescent probe for in vitro monitoring and
cellular imaging of human carboxylesterase 1. Biosens
Bioelectron. 2014;57:30-35.

Zhu Z, Liu W, Cheng L, et al. New NBD-based fluorescent
probes for biological thiols. Tetrahedron Lett. 2015;56
(25):3909-3912.

Zheng H, Niu L, Chen Y, et al. Cascade reaction-based
fluorescent probe for detection of H,S with the

[41]

SUPRAMOLECULAR CHEMISTRY 641

assistance of CTAB micelles. Chin Chem Lett. 2016;27
(12):1793-1796.

Liu Z, Wang Q, Wang H, et al. A chloroacetate based
ratiometric fluorescent probe for cysteine detection in
biosystems. Tetrahedron Lett. 2019;60
(44):151218-151223.

Liu Z, Wang Q, Wang H, et al. A quaternary ammonium
modified fluorescent probe for hydrogen sulfide detec-
tion in living cells. J Photochem Photobiol A Chem.
2020;389:112213-112218.

Karakus E, Uciinci M, Emrullahoglu M. Electrophilic
cyanate as a recognition motif for reactive sulfur spe-
cies: selective fluorescence detection of H,S. Anal
Chem. 2016;88(1):1039-1043.

Yang G, Zhang J, Zhu S, et al. Fast response and
highly selective detection of hydrogen sulfide with
a ratiometric two-photon fluorescent probe and its
application for bioimaging. Sens Actuators B Chem.
2018;261:51-57.

Jin Y, Liu R, Zhan Z, et al. Fast response near-infrared
fluorescent probe for hydrogen sulfide in natural waters.
Talanta. 2019;202:159-164.



Copyright of Supramolecular Chemistry is the property of Taylor & Francis Ltd and its
content may not be copied or emailed to multiple sites or posted to alistserv without the
copyright holder's express written permission. However, users may print, download, or email
articlesfor individua use.



	Abstract
	Introduction
	Results and discussion
	Conclusion
	Acknowledgments
	Disclosure statement
	Experimental section
	Synthesis and characterization of probe (HMBT-OCN) molecule
	References

