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A Benzothiazole-Derived Fluorescent Probe for Detecting Hg(I) in Live Cells
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Abstract: A benzothiazole-derived fluorescent probe (YH1) has been synthesized and structurally characterized,
and its response to different metal ions has been investigated by spectrometry. The results showed that YH1
exhibited good sensitivity and selectivity to Hg?". Its interaction with Hg* caused the color of its solution changed
from blue to colorless under UV irradiation. There was a good linear relationship between the fluorescence
intensity of YH1 and the concentration of Hg?* in the range of 1.4 pmol L™ to 8.8 wmol-L™, and its detection
limit for Hg** was 0.56 pmol - L. Moreover, the cell membrane penetration of YHI1 had low cytotoxicity, and it

can be applied to image intracellular Hg* in living HeLa cells. CCDC: 978108.
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Heavy metals have attracted considerable attention toxic and frequently used heavy metals is mercury.
because of their wide use and subsequent impact on Hg?* has been well known as an environmental pollutant
the environment and human health. One of the very for several decades, and it damages DNA, impairs
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mitosis, and disrupts the central nervous and endocrine

systems“'.

So the detection and quantification of Hg**
1s important.

Fluorescent probes are indispensable tools for
visualizing ions at the molecular level without the
need for special instrumentation because of their
simplicity, rapidity, convenience and selectivity in
fluorescence assays'*®. In recent years, numerous fluo-
rescent probes for Hg** have been extensively explored
by combining an appropriate fluorophore with the
receptor as a metal ion recognition moiety. Different
fluorophores of these probes mainly focused on
rhodamine, fluorescein, coumarin, cyanine, iridium (Ill)
complex, (BODIPY), dansyl,
naphthalene, 7-nitrobenz-2-oxa-1,3-diazole (NBD) and

others™".

diazatetrathia

boron-dipyrromethene

The metal ion receptor including cyclam,
3,6,12,15-tetrathia-9-

azaheptadecan have been successfully utilized for the

crown ether,
selective detection of Hg**!""®, However, the develop-
ment of a high selective and sensitive fluorescent
probe for Hg* is still a challenge. Benzothiazole is often
taken as a fluorophore for designing fluorescence
probes to detect metal ions due to its good photo-
physic properties!'®. Considering the strong affinity of
mercury to sulfur, we designed a benzothiazole-
derived fluorescent probe containing sulfur atoms, and
its synthesis, crystal structure, fluorescent properties

and application were reported in this paper.
1 Experimental

All reagents were purchased from commercial
companies and directly used unless stated otherwise.
The melting point was determined with an XT4A
micromelting point apparatus and was uncorrected.
Elemental analyses were carried out on a Perkin-
Elmer 2400 instrument. Fluorescence spectra were
performed on a FluoroMax-P spectrofluorimeter. UV-
Vis spectra were recorded on an Analytik jena
Specord 210 spectrophotometer. 'H NMR spectra were
recorded on a Varian Mercury 400 spectrometer at
400 MHz. Electrospray ionization mass spectra (ESI-
MS) were acquired on an Applied Biosystems API
2000 LC/MS/MS

system. Live-Cell Imaging was

performed on Leica DMI 3000B fluorescent inverted
microscope.
1.1 Synthesis of the probe YH1

The starting material (1) was synthesized according
to the procedure previously described, which was
further treated as follows to afford probe YH1 (Scheme
)P, Sodium filings (0.46 g, 0.02 mol) were dissolved
in EtOH. Ethanethiol (0.62 g, 0.01 mol) was added to
the above solution and the mixture was stirred at room
(1.75 g,

0.005 mol) was added and the mixture was refluxed

temperature for 1 h. Then the intermediate 1

for 24 h. After the reaction was completed, the solvent
was evaporated in vacuo and then 100 mL of water
was added to the residue. The aqueous solution was
extracted with CH,Cl, (100 mLx3). The extract was
dried over MgSO,. After removal of the solvent, the
residue was purified by flash chromatography (silica,
petroleum ether/AcOEt, 5:1, V/V) to give a yellow
compound YHI. Yield: 75%; m.p. 71.6~72.5 °C. 'H
NMR (400 MHz, CDCly): 6 7.83~7.99 (m, 4H), 7.26~
7.44 (m, 2H), 6.85 (d, J=8.4 Hz, 2H), 3.62 (1, J=7.6
Hz, 4H), 2.77 (t, J=7.8 Hz, 4H), 2.62 (q, J=7.2 Hz,
4H). 1.30(t, J=7.6 Hz, 6H). ESI-MS: m/z: 403.8 [M+H]".
Anal. Caled. for CyHyN.S; (%): C, 62.64; H, 6.51; N,
6.96; Found(%): C, 62.34; H, 6.75; N, 6.88.

—»
@ @ E(OH, EtONa, reflux 24 h ©: ) < >

Scheme 1 Synthesis of the probe YH1

1.2 X-ray crystallography
Yellow YH1 having

approximate dimensions of 0.30 mm X0.30 mm x0.20

crystals of the probe
mm was mounted on a glass fiber in a random
orientation at 298(2) K. The determination of unit
cell and the data collection were performed with Mo
Ko radiation  (A=0.071 069 nm) on a Bruker Smart
APEX-CCD diffact-ometer with ¢-w scan mode. A
total of 8 266 reflec-tions were collected in the range
of 2.04°<6<25.05° at room temperature. The structures
were solved by direct methods and semiempirical
absorption correc-tions were applied. The nonhydrogen
atoms were located by direct phase determination and

full-matrix least-squares refinement on F? while the
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hydrogen atoms for non-water protons were treated
using the riding mode. The -CH,CH,SCH,CHj; groups
disordered two sites with different

were over

occupancies, for example, C14, C15 with 0.823 and
Cl14', C15’' with 0.177. The distances of the C-C and
C-S bonds were constrained by using parameters from

the The of full

matrix least-squares refinement was based on 3 731

similar  structure. final cycle

independent reflections [[>20 ([)]. All calculations

were carried out on a PC using SHELXS-97 and
SHELXL-97 programs™?, Crystal data and structural
refinement were summarized in Table 1. The selected
bond lengths and bond angles were listed in Table 2,
and the hydrogen bond lengths and bond angles were

given in Table 3.
CCDC: 978108.

Table 1 Crystal data and structure refinements of the probe YH1

Formula CoiHNSs
Formula weight 402.62
Temperature / K 298(2)
Crystal size / mm 0.30x0.30%0.20
Crystal system Triclinic
Space group Pl

a/ nm 0.982 8(2)
b/ nm 1.006 4(2)
¢/ nm 1.105 8(2)
al (%) 94.363(3)
B/ 98.458(2)

v 1) 93.880(3)
V/ nm? 1.075 3(4)

A 2

D./ (grem™) 1.244
F(000) 428
Reflections collected / unique 8 266/ 3 731
Rin 0.023 2

Data / restrains / parameters
Final R indices [[>20(1)]

R indices (all data)

GOF on F?

3731/96/323
R=0.064 2, wR,=0.168 8
R=0.085 1, wR,=0.181 6
0.985

Table 2 Selected bond lengths (nm) and bond angles (°) of the probe YH1

S(1)-C(6) 0.173 2(3) S(1)-C(7) 0.175 4(3) N(1)-C(7) 0.129 6(4)
N(1)-C(1) 0.138 5(4) C(8)-C(13) 0.138 5(4) C(8)-C(9) 0.138 8(4)
C(7)-N(1)-C(1) 111.6(2) N(1)-C(1)-C(2) 125.3(3) C(14)-N(2)-C(16) 114.5(3)
Table 3 Hydrogen bond lengths (nm) and bond angles (°)
D-H---A d(D-H) d(H---A) d(D---A) / DHA
Intra C(9)-H(9)---N(1) 0.093 0.259 0.289 9(4) 100
Intra C(13)-H(13)---S(1) 0.093 0.272 0.313 4(3) 108

1.3 Fluorescent response experiment

A stock solution of YH1 was prepared by
dissolution in ethanol/water (1:1, V/V). The solutions
of different metal ions (K*, Ca*, Na*, Mg*, Mn*, Fe*,
Fe**, Co*, Ni**, Cu®, Zn**, Cd*, Hg®) were dissolved
in deionized water (1 mmol-L™). Fluorescence titration
was performed on 2 mL solution of YH1 in a quartz
cell, by adding different stock solutions of cations into
the quartz cell each time. After mixing well, the
fluorescence spectrum of the solution was recorded.
All of the spectroscopic measurements were carried
out in Tris-HCI buffer (20 mmol-L™, pH 7.4) at room

temperature.

1.4 Fluorescent imaging of Hg*

Hela cells were seeded in a 24-well plate in
culture media (1:1, V/V) mixture of Dulbecco’s modi-
fied Eagle’ s medium and Ham’s F-12 (Invitrogen)
supplemented with 12.5% fetal bovine serum) for 24 h
before imaging. On the day of experimentation, cells
were rinsed twice with phosphate buffered saline
(PBS) and incubated with YH1 (2 pmol -L™) for 30
min. Prior to imaging, cells were again rinsed twice
with PBS to remove the remaining probe, the cells
were further treated with 20 pwmol-L™" Hg(ClO,), for
30 min. The treated cells were imaged by inverted

fluorescence microscopy with a 40 x objective lens
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(excited with green light). For all images, the
microscopy settings, such as brightness and contrast
were held constant to compare the relative intensity of
intracellular YH1 fluorescence.
1.5 Cytotoxicity assay

The cytotoxicity of probe YH1 was assessed by
MTT assay. The Hela cells supplemented with 10%
FBS, 100 U-mL™ of penicillin, and 100 U -mL™ of
streptomycin were seeded at about 1 000~10 000 cells
per well (200 pL) in 96-well plates, and incubated at
37 °C in a 5% CO, humidified air atmosphere. After
24 h of incubation in the medium, the wells were
divided into one experimental group and one control
group. The experimental group was added to 2 pmol -
L' YHI and incubated for 12 h or 24 h. Then, after
removing the medium, 20 pL of MTT (5 mg-mL™) in
PBS was added to wells. After incubation of 4 h, the
MTT-containing medium was replaced by DMSO of
150 pL. Finally, the 96-well plates were oscillated for
10 min to fully dissolve the formazan crystal formed
by living cells in the wells. The relative viability of
the cells in each well was produced by absorbance of
at 490 nm each well determined with the Biotek
Synergy™ 2 Multi-detection Microplate Reader.

2 Results and discussion

2.1 Crystal structure of the probe YH1

Yellow crystals of the probe YH1 were obtained
by slow evaporation of a dichloromethane solution at
room temperature. In the crystal structure (Fig.1), the
benzothiazole ring system and adjacent benzene ring
constitute the fluorescent moiety of the probe YHI,
they are nearly coplanar, and their dihedral angle is
3.00(2)°. The N1-C7 (0.129 6(4) nm) bond indicates
double-bond character, whereas the S-C bond lengths
are indicative of significant single-bond character. The
S1-C6 (0.173 2(3) nm) bond is shorter than S1-C7
(0.175 4(3) nm), due to the fact that C7 is sp? hybrid-
ized, whereas C6 is part of the aromatic ring (Table 2).
N2, S2, S3 are coordination atoms of chelating moiety,
two torsion angles (N2-C16-C17-S3 and N2-C14-C15-
S2) are 177.19°and 179.21°, respectively. The angle
of C16-N2-C14 is 114.5(3)°, which leads to Y-shape

of the whole molecule. As shown in Table 3 and Fig.
2, the molecules are stablized by intramolecular C—H
N and C-H---S hydrogen bonds, leading to the

formation of a three dimension network.

Ellipsoids are at the probability level of 30%, and the hydrogen

atoms are omitted for clarity

Fig.1 ORTEP view of structure of the probe YH1

Fig.2 Packing of the probe YHI in unit cell

2.2 Response of YH1 to Hg*
The spectral properties of YH1(10 pmol - L™") was

evaluated in the mixed solvents of ethanol/water (1:1,
VIV). Studies on the UV-Vis absorption of YHI
revealed that a strong absorption band centered
around 330 nm, and the maximum absorption
wavelength was unchanged on addition of Hg* (Fig.3).
The maximum excitation (A,) and emission (A,,)
wavelengths of YH1 were measured to be 335 and
425 nm, respectively. To obtain insight into the

interactions of YH1 toward various metal ions (K*,
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Ca*, Na*, Mg, Mn*, Fe*, Fe™, Co™, Ni**, Cu®, Zn*,
Cd*, Hg™), its chemosensing behavior with metal ions
(2 equiv.) was investigated by fluorescence
(Fig.4). It's found that YHI showed a

remarkable fluorescence quenching in presence of

spectroscopy

Hg*, and about 20% decrease in fluorescence intensity
was observed upon the addition of Cu®*, while other
metal ions revealed almost negligible effect on the
fluorescence behavior of YHI. The result indicated
that YHI was highly selective to Hg?*. Metal ions
competition experiments were carried out to test
practical applicability of YH1 as a chemoprobe for
Hg*. As shown in Fig.5, YH1 (10 pmol-L™) exhibited
a selective signaling behavior toward 1 equiv. of Hg**
in the presence of 100 equiv. of other common metal

ions. It"s obvious that the background metal ions did

not significantly interfere in the response of Hg*. So

YHI1 could be used as a potential Hg? *-selective

N —— YH1+Hg*
\ - —YHI1

0.3

A/au.

300 350 400
A/nm

Fig.3 Change in UV spectra of YHI upon interaction
with Hg*

1200

1000

800

600

400

Fluorescence intensity / a.u.

YHI K* Ca* Na* Mg#*Mn? Fe* Fe* Co?* Ni* Cu®* Zn®* Cd** Hg?*
Fig.4  Fluorescent response of YHI (10 wmol-L™) to
various metal ions (10 pmol-L™) in CH;CH,OH/
Tris-HCI buffer (1:1, V/V, pH 7.4)

I Competing ion

—
353
[=3
(=}

I Competing ion and Hg?*

O
(=3
(=]

w
(=3
(=]

Fluorescence intensity / a.u.
(=)
(=3
(=]

Only Hg*

Fig.5 Effect of Hg on YHI (10 wmol L) in the

presence of different metal ions (1 mmol-L™)

fluorescent probe in the presence of physiologically
important metal ions.

To examine the sensitivity toward Hg**, YH1 was
titrated against Hg* in EtOH/Tris-HCI buffer (1:1, V/
V, pH 7.4). Upon addition of increasing amounts of
Hg?*, the emission intensity at 425 nm decreased
slowly (Fig.6). With 2 equiv. of Hg*, the fluorescence
of YH1 was nearly completely quenched. The “on-off ”
fluorescence changes of YHI to Hg® * were also
illustrated in the inset photograph (Fig.6). After the
addition of 2 equiv. of Hg** to the YHI solution, a
significant fluorescence color change (from bright blue
to colorless) can be easily observed by naked eyes
under the irradiation at 365 nm. There was a good

linear relationship (linear correlation coefficient R*=

1200

1000

800 A

YHI1+2Hg>
600

0~20 pmol-L™!

400

Fluorescence intensity / a.u.

2004

0-
450

A/nm

Inset: YHI (10 pmol -L™") in the absence and presence of Hg**
under UV light (365 nm)

Fig.6  Emission intensity of YHI (10 wmol-L™) changes
with increasing concentrations of Hg* (0~20

pmol - L)



366 Jd Hl fk

#o% 4R

%31 4%

0.989 3) between the fluorescence intensity of YHI
and the concentration of Hg** in the range of 1.4~8.8
pmol - L' (Fig.7). The detection limit of YH1 to Hg*
was determined to be 0.56 pwmol - L™ according to the
calculation method reported in the literature . The
fluorescence spectrum of YH1 in response to different
pH value was also investigated (Fig.8). The fluorescence
of YH1 was nearly stable in a wide pH value range of
2 ~12, however, upon addition of Hg**, it remained
unchanged with increasing pH value from 5 to 9.
These two pH ranges were both good for imaging Hg*
at around pH 7 and in biological media. Moreover, the
stoichiometry of interactions between YH1 and Hg?*
was studied by the Job’s plot experiment, where the
emission changes at 425 nm were plotted against
molar fractions of YH1 under the conditions of an
(10 pmol <L ). As a

result, when the molar fraction of cyy /(cym+c ng‘) was

invariant total concentration

3004

y=-30.651 1x+326.880 7
R=0.989 3

u

250+

200+

1504

Fluorescence intensity / a.

—

=3

(=}
1

wh
(=

€2+ / (MmOLL™)

Fig.7 Fluorescence intensity of YH1 as a function of

concentration of Hg* (1.4~8.8 pwmol-L™)

1200 —=—YHI1+Hg*
5 —*—YHI
3 B——0—¢ 9 o —o o —¢ 4
<
2 9004
w
8
g
& 600+
3
3
g
m 3004
0 T T T T T T T T T T T
2 4 6 8 10 12

pH
Fig.8 Fluorescence intensity of YHI (10 wmol-L™) and
YH1+Hg* over a pH value range of 2~12 at room

temperature

about 0.67, the change of emission approached a
maximum (Fig.9), indicating the 2:1 stoichiometry for
the YH1-Hg** complex. Based on 2:1 stoichiometry,
the association constant for the complex formation

between YH1 and Hg** was calculated to be 8.24x10°

[?-mol™ by using Benesi-Hildebrand equation'..

700

600+

500

400+

Fluorescence intensity / a.u.

300

0.0 02 04 0.6 0.8 10
cvm/ (CYH1+CHg2+)

Fig.9 Job's plot of interaction between Hg* and YH1
(cYH1+cng‘:10 pmol - L)

According to above results and some reports, a

seemed to be

reasonable for the binding site of YHI1 with Hg?* !,

In the chelating moiety of YH1, there were two sulfur

possible complexation mechanism

atoms and one nitrogen atom, which probably formed
a suitable binding site for Hg*. When Hg* was added,
the sulfur and nitrogen atoms donated their lone pair
of electrons to the empty orbital of Hg*. The observed
fluorescence quenching upon interaction with Hg* was
probably due to the electron or energy transfer
between the chelating unit and the benzothiazole
fluorophore. Therefore, we propose that the reaction of
YH1 with He* would yield the 2:1 complex, as depicted

in Scheme 2.

335nm 425 nm

OFF
Scheme 2 Proposed binding model of YH1 with Hg*

2.3 Imaging of Hg* and cytotoxicity of YH1
The usefulness of YH1 for fluorescence imaging

of Hg’* was tested in living Hela cells. When Hela
cells were only incubated with YH1 (2 pmol -L™') in
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permeate into the cells and accumulate in them (Fig.
10a). However, no intracellular fluorescence was
observed when the above cells treated with YH1 were
further incubated with 20 pwmol - L™ Hg?* for 30 min
(Fig.10c).  The
intracellular fluorescence was due to the interaction

between YH1 and Hg**. Further bright-field measure-

notable decrease observed in

ments confirmed that the cells were viable throughout
the imaging experiments (Fig.10b, 10d). Thus, it can
be said that YHI might be a useful molecular probe
for studying biological processes involving Hg** within
living cells.

The cytotoxicity of the probe is an important
aspect in the biological application. We also
investigated the cytotoxicity of YH1 in living Hela
cells using MTT assay (Fig.11). The results showed that
cell viability was 97% or 95% when Hel.a cells were
incubated with YH1(2 pmol L) for 12 h or 24 h. So
YHI had low cytotoxicity, and it might be suitable for

the long-time detection of intracellular Hg™.

I 12h
1.0- I 24 h
. 0.8
s
g 0.6
s
>
T 044
&)
0.2
0.0
Control YHI1
Fig.11  Cytotoxicity of probe YHI (2 pmol-L™) in living

HelLa cells for 12 h or 24 h

© (d)
Fig.10  Fluorescence images of Hela cells treated with YH1: (a) Hela cells incubated with 2 wmol-L™" YHI for 30 min at 37 °C;
(b) the bright-field images of Hel.a cells from (a); (c) HeLa cells from (a) 30 min after treatment with 20 pmol- L' Hg*;
(d) the bright-field images of HeLa cells from (c)
PBS for 30 min at 37 °C, YH1 was found to be shown

strong blue fluorescence, indicating that it can

3 Conclusions

In conclusion, we prepared a benzothiazole-
derived fluorescent probe YHI1 for Hg?*, which was
characterized by single crystal X-ray diffraction. YH1
was sensitive and selective to Hg’*, even in excess
other interference metal ions. Under UV irradiation,
the color of YHI solution changed from blue to
colorless upon addition of Hg®> * . The practical
applications in living Hela cells inferred the ability of
YH1 could detect intracelluar Hg®, indicating that
YH1 has great prospective for detecting Hg* in

bioanalytical assays.
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