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A new fluorescent turn-on probe for the rapid optical sensing
of thiols has been designed and synthesized. The probe
displays high on/off signal ratios and high selectivity towards
thiols. The potential of the probe as a biosensor for thiols was
demonstrated by imaging of thiols in living cells.

The optical sensing of thiols in biological systems is of significant
interest due to their crucial roles, for example, in maintaining
the higher-order structures of proteins, and in regulation of the
intracellular redox state.! Thiols are also active in the catalytic sites
of many enzymes, and play important roles in the regulation of pro-
tein function.? The levels of certain thiols, such as homocysteine,
have been linked to a number of diseases including cardiovascular
and Alzheimer’s diseases.® Thiol levels may also be affected in
response to the oxidative stress that has been associated with
numerous cellular processes linked to aging and the development
of age-related diseases.*

The detection of important biological thiols has been the focus
of numerous research efforts and a wide variety of fluorescent
probes for thiols are commercially available,® with the majority
based on redox chemistry or development of fluorophores bear-
ing electrophilic groups. However, these often suffer from low
selectivity and strong background signal, necessitating washing
and isolation steps, therefore precluding rapid quantification.
Thus more effective probes with good sensitivity, selectivity, and
practicability in living cells still need to be exploited and the
focus of study has been shifted to the development of selective
fluorescent turn-on probes based on different mechanisms.®

Recently, it was found in our lab that nucleophilic aro-
matic substitution of phenyl-2,4-dinitrobenzenesulfonate by
thiophenol proceeds fast at room temperature to give (2,4-
dinitrophenyl)(phenyl)sulfane and phenol in nearly quantitative
yield. Since the arenesulfonate moiety has received much atten-
tion in the design of fluorescence quenched probes,” the above
observation inspired us to see if we could design a fluorescent
turn-on probe for the detection of thiols in biological systems. Due
to its strong reduction potential, the 2,4-dinitrobenzenesulfonate
moiety attached to a fluorophore may incur donor-excited pho-
toinduced electron transfer (d-PeT) and accept an electron trans-
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ferred from the excited fluorophore, resulting in the quenching
of the fluorescence.® Nucleophilic aromatic substitution of the
arenesulfonate ester with thiols will release the hydroxyl donor,
and thus the fluorophore will resume its strong fluorescence due
to the push-pull character (Fig. 1).
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Fig. 1 Design of fluorescent turn-on probe 1. Probe 1 is hypothesized
to be nonfluorescent due to donor-excited photoinduced electron transfer,
while thiol-specific reaction will release the hydroxyl donor, and in turn
makes the BODIPY fluorophore 2 resume its strong fluorescence ascribed
to its push-pull character.

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) has
outstanding photophysical properties as a fluorescent scaffold,
such as high photostability, high quantum yield and pH-
insensitivity.” Sparked by the new tactics in the functionalization of
the BODIPY core, a veritable BODIPY renaissance has come into
being within the last five years, and its chemical modification has
been well studied.’ It is reported that the 3- and 5-methyls in the
BODIPY scaffold readily undergo Knoevenagel reaction, result-
ing in a styryl-substituted BODIPY dye displaying bathochromic
shift fluorescent emissions due to the extended m-conjugation.!
With this knowledge in hand, we envisioned to incorporate the
2,4-dinitrobenzenesulfonate moiety into the BODIPY core via
Knoevenagel reaction, giving designed probe 1 (Fig. 1).

Probe 1 is prepared in three steps straightforwardly as outlined
in Scheme 1. Condensation of 2,4-dimethylpyrrole 3 and pyrrole-
2-carboxylaldehyde at low temperature, followed by the addition
of BF;-OEt, and Et;N, constructed the BODIPY core 4 in 27%
yield.” Arenesulfonate ester moiety 6, prepared by sulfonating the
hydroxyl group of 5 with 2,4-dinitrobenzene-1-sulfonyl chloride,
was then introduced into 4 under Knoevenagel reaction conditions
to furnish probe 1 conveniently.’®

With probe 1 in hand, we first examined its fluorescence
properties in the absence and presence of a thiol. Working solution
of 1 was prepared by 100-fold dilution of its ethanolic solution
with aqueous phosphate buffer (PBS, 10 mM, pH 7.3). As shown
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Scheme 1 Synthesis of probe 1.
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Fig.2 (A) Absorption and (B) emission spectra (4., = 527 nm) of probe 1
before (—) and after (---) the addition of cysteine. Final concentrations of
1 and cysteine are 2.0 x 10 M and 20 x 10~ M, respectively, in aqueous
PBS buffer (10 mM, pH 7.3) containing 1% EtOH. Data were collected
before or 1 h after the addition of cysteine.

in Fig. 2, probe 1 has an absorption maximum at 325 nm (¢ =
19500 mol L™ cm™) and is weakly fluorescent with an emission
centered at 500 nm (& 0.03, A, 360 nm). Upon addition of
cysteine, the absorption maximum is red-shifted to 600 nm (¢ =
20200 mol L™ cm™) and a significant increase in fluorescence
intensity (Ao, 570 nm, @ 0.28) is observed, due to the in situ gen-
eration of the highly fluorescent probe 2 (@ 0.69). These observa-
tions indicate that attachment of the 2,4-dinitrobenzenesulfonate
moiety to the styryl BODIPY has induced d-PeT and quenched
effectively the fluorophore’s fluorescence.

The validity of the proposed sensing mechanism was confirmed
by the preparative-scale synthesis of the free dye 2 from 1 and
benzenethiol (Scheme 2).
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Scheme 2 Cleavage of probe 1 with thiophenol.

We then tested the selectivity of probe 1 for thiols by screening its
response to biologically relevant analytes under simulated physical
conditions (37 °C, 10 mM PBS buffer, pH 7.3). As shown in Fig. 3,
probe 1 was highly selective to thiols with remarkable fluorescence
intensity enhancement for thiophenol, glutathione, cysteine and
thioglycol, while no significant enhancement for CH;NH,, n-
BuNH,, glycine, alanine and cystine was observed, indicating the
high selectivity of the probe toward thiols.
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Fig. 3 Selectivity of probe 1 toward different analytes. Relative fluores-
cence intensity of probe 1 (20 uM in 10 mM of PBS buffer containing 1%
EtOH, pH 7.3) was measured at 570 nm (4., = 527 nm) after incubation at
37 °C for 1 h in the presence of 200 uM (final concentrations) of analytes.

Notably, probe 1 showed a quick response toward cysteine based
on the study of reaction time (Fig. 4). A pronounced fluorescent
intensity increase up to 25-fold was obtained even 1 min after the
addition of cysteine. Limited enhancement was observed within
the next hour, while almost no change appeared when longer
reaction time was examined.

The sensitivity of probe 1 was then studied by fluorescence
response of the probe toward different concentrations of cysteine.
Asshown in Fig. 5, the fluorescence enhancement was displayed in
a concentration dependent manner with the increase being linear
with a coefficient of 0.9938 when low concentration of cysteine
(1-100 uM) was added (Fig. 5, inner panel), indicating that probe
1 could detect thiol quantitatively.

The stability of probe 1 in PBS buffer solution was then
examined by detecting the change of its fluorescent intensity. First
of all, probe 1 is essentially stable over a range of pH 6-8, with a
low level of its hydrolysis being detected at pH 8.0, indicated by
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Fig. 4 Reaction-time profile of probe 1 and cysteine. The fluorescence
intensity of probe 1 (20 uM in 10 mM of PBS buffer containing 1% EtOH,
pH 7.3) was studied at room temperature in the absence and presence of
cysteine (5.0 equiv.) after the specified time periods (1, 10, 20, 30, 40, 50,
60, 120 min) with A, 527 nm.
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Fig. 5 Fluorescence response of probe 1 (20 uM) upon reaction with
cysteine in 1, 4, 8, 10, 40, 80, 100, 200, 400, 600, 800, 1000 uM. The
fluorescence intensity at A, = 570 nm was plotted after 1 h of incubation
at room temperature. The excitation wavelength was 527 nm. The inner
panel displays the fluorescence enhancement of probe 1 toward cysteine in
1,4,8,10 uM.

the slight enhancement of its fluorescent intensity (ESI, Fig. S17).
Furthermore, probe 1 is basically stable in PBS buffer solution
at pH 7.3 with no obvious enhancement of fluorescent intensity
being observed over 12 h at room temperature. Dependence of
the present fluorometric assay on pH was studied next by using
cysteine as an analyte with the pH ranging from 6 to 8. The results
showed that probe 1 could act as a probe only at pH up to 7.0, this
is mainly due to the fact that nucleophilic aromatic substitution is
generally dependent on the deprotonated thiolate anion while the
pK, values of aliphatic thiols are generally 8-9 (ESI, Fig. S17).
To test the capability of our new fluorescence probe to image
thiols in living cells, we next applied 1 to monkey renal fibroblast
COS-7 cell line. After being incubated with a solution of 1 (5 uM in
1:1000 DMSO-PBS v/v) for 10 min at 37 °C, cells were observed

by fluorescence microscopy. As shown in Fig. 6, probe 1 was found
to be cell-permeable and to react with intracellular thiols, result-
ing in strong fluorescence emission. When N-methylmaleimides,
which selectively react with thiols by covalent Michael addition,
were supplemented to cells before they were stained with probe
1, a distinct decrease of fluorescence intensity was observed. This
confirms the specificity of 1 for thiols over other analytes in living
cells and clearly demonstrates its feasibility as a biosensor for
thiols.
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Fig. 6 Fluorescence microscopic images of live COS cells. Upper: cells
were incubated with probe 1 (5 uM) for 10 min at 37 °C, and stained with
a nucleus-staining dye, DAPI. (A) Fluorescence image collected with a
DAPI dye filter set; (B) fluorescence image collected with a Cy3 dye filter
set; and (C) overlay image of B and C. Bottom: corresponding control
images of cells pretreated with N-methylmaleimide (0.1 mM) for 60 min
at 37 °C and then incubated with 1 as above. Images were detected by
LERCA DMI4000B. Scale bar represents 100 pm.

In conclusion, we have developed a new fluorescent turn-on
probe, in which the fluorescence is quenched by d-PeT. The probe
can recover its strong fluorescence only by thiol-specific nucle-
ophilic aromatic substitution to release the BODIPY fluorophore.
The probe has several advantages. Firstly, it is highly selective
toward thiols and the detection is rapid. Secondly, it can be
excited with visible light and demonstrates high off/on signal
ratios. Thirdly, it can be used for the quantitative analysis of low
concentrations of thiol. Fourthly, it can be applied to physical
conditions with pH ranging from 7 to 8 that is compatible with
most biological applications. The probe was confirmed to be
applicable for detecting thiols in living cells.
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