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Abstract: Hydrogen sulfide (H2S) is a biologically relevant gaseous molecule, which involves in a wide
variety of physiological and pathological processes. Thus, detection of H2S is highly valuable in order to
clarify its complex roles. In this study, a new benzothiazole-based donor-acceptor type H>S selective
chemodosimeter (HP-1) was synthesized and its H2S detection capabilities were investigated in aqueous
solutions. HP-1 exhibited a red-shifted absorption signal at 530 nm and a near-infrared (NIR)
fluorescence peak at 680 nm as a result of enhanced intramolecular charge transfer (ICT) in the
presence of HS, which enabled a selective and very rapid ratiometric fluorescent detection. HP-1 was
also showed to be highly sensitive toward H2S with a very low limit of detection value.
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INTRODUCTION

Hydrogen sulfide (H2S) is an important
gasotransmitter along with carbon monoxide and
nitric oxide in living cells, which is endogenously
produced from cysteine and cysteine derivatives in
reactions that are catalyzed by cystathionine B-
synthase (CBS), cystathionine y-lyase (CSE) and 3-
mercaptopyruvate sulfurtransferase (MST) (1-4).
H2S involves in fundamental signaling pathways
and consequently plays crucial roles in various
physiological processes such as cell growth,
neurotransmission, insulin secretion, regulation of
the redox balance, inflammation, angiogenesis and
apoptosis (3,5). However, mismanagement of
intracellular H2S level is directly associated with
the formation of serious health problems including
Alzheimer’s disease, Down syndrome, diabetes,

hepatic cirrhosis, and cardiovascular disorders (5-
8). It is also well-established that CSE and CBS
enzymes are overexpressed in certain cancer cells,
which makes H>S a significant marker for cancer
diagnosis (9,10). Thus, it is critical to detect and
track dynamic H>S fluxes with high selectivity and
sensitivity in their native environment.
Conventional detection approaches mostly rely on
electrochemical analyses, gas chromatography,
and metal-induced precipitation techniques, which
are limited mainly due to the low sensitivity and
lack of real-time imaging capability (11-13). To
that end, fluorescence imaging is a highly
promising tool as it offers spatial and temporal
resolution, high  selectivity/sensitivity, = non-
destructive nature, in situ detection, and cheap
instrumentation (14-16). In the design of H.S
selective fluorescent agents, the most popular
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approach is to employ reaction-based probes
(chemodosimeters) as a result of high reactivity of
H2S. Accordingly, plenty of chemodosimeters
utilizing a wide variety of reactions such as
reduction of azide or nitro to amine, nucleophilic
addition, thiolysis of m-dinitrophenyl ether and
cleavage of dinitrobenzenesulfonyl moiety have
been successfully reported so far in order to satisfy
selective optical detection (15-19). However,
majority of the reaction-based probes still suffer
from the emission signals below 650 nm, which
can be absorbed by biomolecules and results in
autofluorescence. On the other side, near-IR (NIR)
emitting probes are quite attractive as the NIR
signal does not interfere with the biological
fluorophores as well as allows deeper tissue
penetration (20). Thus, a great deal of effort has
been put to develop H:S-selective NIR
chemodosimeters, (15,20-23), however there are
still some challenges need to be addressed in order
to improve the impact of NIR probes such as slow
response rates, low fluorescence quantum yields
and small Stokes shifts.

Donor-rn-acceptor (D-n-A) dyes have attracted
great interest as fluorescent probes in recent years
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since they possess strong NIR emission signals and
large Stokes’ shifts in aqueous solutions, and they
can be easily obtained through a well-established
chemistry (24-27). In a typical design approach, a
phenol group, which acts as a donor, is attached to
acceptor moieties, which results in a r-conjugated
system. Deprotonation of the phenol in
physiological conditions or removing the cage
group on the phenol with an analyte of interest
yields a phenolate that initiates intramolecular
charge transfer (ICT) process by triggering the
donation of =n-electrons from phenolate to
conjugated acceptor units (24). This causes a
remarkable red-shift in the absorption signal of the
probe and generates a strong NIR emission, which
allows both ratiometric and OFF-ON type detection
(24). Benzothiazole is among the promising
acceptor units, which have been used successfully
in the design of D-n-A type chemodosimeters for
imaging of several analytes (23,28,29). In this
study, a HxS selective benzothiazole-based
chemodosimeter (HP-1) (Figure 1) was developed
as a (D-n-A) type probe and its H»S detection
capabilities were evaluated in detail by UV-Vis and
fluorescence spectroscopies in aqueous solutions.
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Figure 1. Structure of HP-1 and its activation mechanism in the presence of H>S.

EXPERIMENTAL

Chemicals and Apparatus

Reagents were purchased from Sigma-Aldrich or
Merck and used without further purification. All dry
solvents used in reactions were directly obtained
from the Mbraun MBSPS5 solvent drying system.
Sodium sulfide nonahydrate Na;S:9H,O was

purchased from Sigma-Aldrich and stored at 2-8
°C. Deuterated solvents were purchased from
Eurisotop and used as received. Column
chromatography was performed by using thick-
walled glass columns and silica gel (Merck 230-400
mesh). Thin layer chromatography (TLC Merck
Silica Gel 60 F254) was performed by using
commercially prepared 0.25 mm silica gel plates
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and visualization was provided by UV lamp. The
relative proportions of solvents in chromatography
solvent mixtures refer to the volume: volume ratio.

Instruments

'H and !3C NMR spectra were recorded on a Bruker
Avance III Ultrashield 500 MHz NMR spectrometer
using CDCI3 or dé-DMSO as the solvents. Chemical
shifts are reported in ppm. Coupling constants (J)
are reported in hertz (Hz), and the spin
multiplicities were specified by the following
symbols: s (singlet), d (doublet), t (triplet), and m
(multiplet). NMR spectra were processed with
MestReNova software. UV-Visible spectra were
acquired on a Shimadzu UV-3600 UV-Vis-NIR
spectrophotometer. Fluorescence spectra were
collected on an Agilent Cary Eclipse
spectrophotometer. Fluorescence quantum yield of
the samples were investigated by wusing a
fluorescence spectrometer (FLS 1000, Edinburgh
Instruments) with an integrating sphere accessory.
Mass spectra were recorded on Waters Synapt G1
High-Definition mass spectrometer.

Synthesis

1-azido-4-(bromomethyl)benzene (2) (30) and
compound (4) (23) were synthesized according to
literature reports (Figure 2).

Synthesis of HP-1

Compound 4 (50 mg, 0.12 mmol) was dissolved in
dry ACN (10 mL) and K2COs3 (636 mg, 4.6 mmol)
was added to the resulting solution. The solution
was stirred at room temperature for 15 minutes
and compound 2 (31 mg, 0.15 mmol) was added
to the reaction mixture. The reaction was stirred
overnight at room temperature. The crude mixture
was diluted with DCM (100 mL) and washed with
brine (100 mL). Organic layer was separated and
dried over NaxSOa4. The crude product was purified
by column chromatography on silica gel (n-
hexane/EtOAc, 2/1) to give yellow-white solid
(58% vyield, 38 mg). 'H NMR (500 MHz, CDCls,
ppm) & 8.02 (d, J = 8.1 Hz, 2H), 7.89 (d, J = 8.0
Hz, 2H), 7.74 (d, J = 16.3 Hz, 2H), 7.51 - 7.39
(m, 8H), 7.20 (s, 2H), 7.03 (d, J = 8.1 Hz, 2H),
4.87 (s, 2H), 3.89 (s, 3H). 3C NMR (126 MHz,
CDCl3, ppm) 0 166.9, 156.3, 153.9, 149.6, 140.5,
134.3, 132.7, 132.1, 130.9, 130.7, 126.4, 125.7,
124.2, 123.1, 121.6, 119.4, 112.8, 77.7, 55.7.
HRMS m/z calc. for C32H23Ns50,S;: 574.1293 [M+H]
+; found: 574.1371.

Photophysical measurements

Stock solution of HP-1 was prepared in DMF and
then diluted with PBS (pH 7.4) to final
concentrations before each measurement.
Na2S:9H20 stock solution was prepared in PBS (pH
7.4). 3 mL quartz cells were used, and the slit
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widths were set up as 10 nm for both emission and
excitation.

Fluorescence quantum yield calculation
Fluorescence quantum yield of the sample was
investigated by using a fluorescence
spectrometer with an integrating sphere
accessory. A continuous-wave xenon lamp was
used as the excitation source and the emitted
fluorescence was detected with a standard
photomultiplier (PMT-900) covering a
wavelength range of 200-900 nm. During the
measurements, the PMT was cooled down to -
20 °C by using a built-in housing to reduce the
undesired dark current noise.

For quantum yield measurement, an
integrating sphere was placed inside the
sample compartment of the spectrometer.
Internal cavity of the sphere was coated with a
PTFE-like material to enable a reflectance of
approximately >95% over the wavelength
range between 400 and 1500 nm (250 and
2500 nm). Prior to the experiments performed
with the sample, the blank spectrum was
measured by using the reference solvents (PBS
(pH 7.4, 50% DMF)). In order to cover a
scattering range, the emission scans were
started from 20 nm below the actual excitation
wavelength (510 nm) and finished at 900 nm.
Furthermore, the step size and the integration
time of the measurements were set to 1 nm
and 0.2 seconds, respectively. After all the
emission measurements of the samples and
references were complete, the quantum yield
of the sample was determined by using the
Fluoracle® software. The built-in analysis tool
calculated the quantum yield (QY) by following
Eqg. (1).

QY:];S_I;B (1)
B~ Vs

where E; (Eg) and Ss (Ss) are the selected areas for
the emitted and scattered signals of the sample
(blank).

Limit of detection (LOD) calculation
The limit of detection was calculated according to
formula given below, where m is the slope of the
emission intensity at 680 nm versus NazS
concentration graph and s is the standard
deviation of the 6 blank measurements. LOD was
calculated according to Eq. (2).

LOD = 3s/m (2)
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RESULTS AND DISCUSSION

In the design of HP-1, two benzothiazole acceptor
units were conjugated to donor p-methoxyphenol
core and a HxS-cleavable azido group was used as
a cage moiety to mask the phenol. Removal of the
cage group upon H3S-induced selective reduction
of azide to amine causes a red-shift in both
absorption and emission signals of HP-1, which
reveals a ratiometric fluorescence sensor for
detection of HxS (Figure 1). Synthesis of HP-1 was
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NaNO: to get 4-azidobenzylalcohol (1). Then (1)
was reacted with PBrs and the cage unit 4-
azidobenzyl bromide (2) was obtained. For the
probe core synthesis, commercially available 4-
methoxyphenol was formylated by running a Duff
reaction to give 2,6-diformyl-4-methoxyphenol
(3), which was then converted to (4) via
Knoevenagel condensation. Finally, the cage unit
(2) was attached to (4) in dry acetonitrile and
HP-1 was attained in a moderate yield. HP-1 was
characterized by 'H NMR, !3C NMR and high-

depicted in Figure 2. Initially, 4-aminobenzyl resolution mass spectrometry (HR-MS) (Figure S1-
alcohol was treated with NaNs in the presence of S3).
NH» N3 N3
1. NaNO,, HCI, 0 °C PBrg
2. NaNj CHCl3
HO HO Br
(1 (2)
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H,0, 100 °C
0 0 o]
(3) (4)
N3 (2
K2C03, MeCN, r.t.
Q7
e S Re
20
HP-1
Figure 2. Synthetic pathway for HP-1.
After completing the synthesis, the optical treating HP-1 (20 uM) with Na;S (200 uM),

responses of HP-1 to H>S were investigated with
UV-Vis and fluorescence spectrophotometers in
aqueous PBS solution (pH 7.4, 50% DMF) (Figures
3 and 4). In all the experiments, H.S was
generated in situ by adding NaS into a PBS
buffered solution (pH 7.4) as in the case of
literature examples (15). The pKa of HS is 7, thus
the NaxS solution in PBS at pH 7.4 contains HS-
and S? anions in addition to H2S, which, in fact,
mimics the speciation in the cellular environment
(15). HP-1 exhibited strong but short wavelength
absorption peak centered at 335 nm (€ = 23100 M~
'em™) as a result of blocked electron donation from
donor core to acceptor units (Figure 3a). Upon

absorption peak at 335 nm was slightly decreased
and a concomitant red-shifted peak appeared at
530 nm (g = 6600 M*cm™) with an isosbestic point
at 420 nm, which can be also detected by naked
eye as colorless HP-1 solution turned to pale pink
after the addition of NaxS. This result indicates that
HP-1 reacts readily with H>S and uncages the
phenol, which switches on the ICT process. A
gradual increase in the absorption signal at 530
nm was also determined when HP-1 was titrated
with increasing concentrations of NaxS (0-200 uM)
(Figure 3b, Figure S5a).
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In the case of fluorescence measurements, a
characteristic NIR emission signal at 680 nm
appeared gradually as the Na>S concentration (0-
200 uM) increased (up to 130-fold, ¢r = 11%)
upon excitation at newly formed absorption peak
at 530 nm (Figure 4 a,b, Figure S5b). When the
excitation wavelength was adjusted to 420 nm
(isosbestic point), emission peak of the parent HP-
1 at 470 nm was decreased and broad NIR
fluorescence signal was observed between 650-
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750 nm with a maximum at 680 nm (Figure 4c),
suggesting that HP-1 can act as a NIR ratiometric
probe. Both changes in absorption and emission
signals were accomplished in seconds, clearly
indicating that HP-1 works much faster than most
of the current H>S selective probes and can rapidly
detect H.S. It is also important to note that HP-1
exhibited a large Stokes’ shift (~150 nm) (Figure
4d), which is another critical parameter for a
fluorescent probe.
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Figure 3. (a) Absorption spectra of HP-1 (20
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Figure 4. (a) Emission spectra of HP-1 (20 uM) upon addition of increasing Na>S concentrations and (b)

the relationship between the emission intensities of

HP-1 (20 uM) at 680 nm and the concentration of

Na>S. Excitation wavelength is 530 nm. (c) Emission spectra of HP-1 (20 uM) before and after addition of
NazS (200 uM). Excitation wavelength is 420 nm. (d) The Stokes’ shift of HP-1 (20 uM) after addition of
NaxS (200 uM). Excitation wavelength is 530 nm. All experiments were done in PBS (pH 7.4, 50% DMF).

Next, the selectivity of HP-1 towards H;S was
checked by using biologically relevant nucleophilic
species including bio-thiols such as glutathione
(GSH), cysteine (Cys) and homocysteine (Hcy) as
well as different metal ions. No detectable change
was observed both in absorption and emission
spectra (Figure 5), proving the high selectivity of
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Emission intensity at 680 nm (a.u

HP-1 for HS over other species. The sensitivity of
HP-1 was measured by calculating the limit of
detection (LOD) value and found to be as low as
0.64 uM. Finally, H2S-induced removal of the cage
group and the release of compound 4 was
confirmed by acquiring a high-resolution mass
spectrum (Figure S4).
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Figure 5. Emission intensities of HP-1 (20 uM) in the absence and presence of different analytes in PBS

(pH 7.4, 50% DMF). NaS concentration was 200 uM.

CONCLUSION

In summary, an easily accessible H.S-selective
benzothiazole-based chemodosimeter (HP-1) was

All other analyte concentrations were set to 1 mM.

synthesized and its molecular structure as well as
optical responses to H>S were characterized. Upon
addition of NaxS, HP-1 exhibited a 195 nm
bathochromic shift in the absorption signal and a
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noticeable concentration dependent increase in the
NIR emission at 680 nm as a result of enhanced
ICT process, which was triggered by the removal
of the azido cage group. Remarkably, all of these
changes in photophysical parameters were realized
in seconds with high sensitivity and selectivity
towards H>S.
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Figure S1. 'H NMR spectrum of HP-1.
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Figure S3. HR-MS spectrum of HP-1.
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Figure S4. HR-MS spectrum of HP-1 + NajS. Calc. for CasH18N202S> 443.0810 [M+H]*; found:
443.0892.
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Photophysical characterization
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Figure S5. Increase of the absorption signal (left) of HP-1 (20 uM) at 530 nm and emission signal
(right) at 680 nm in increasing Na>S concentrations in PBS (pH 7.4, 50% DMF) in the linear concentration
range.
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