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Abstract

Using Hg**-promoted deprotection reaction, we have developed a new fluorescent
turn-on sensor 2TS based on bithiophene fluorophore for Hg?* detection. The sensing
mechanism of 2TS towards Hg?* was strongly proved by *H NMR, FTIR, HRMS,
UV-vis and fluorescence spectra. Remarkly, 2TS towards Hg?* in 100% aqueous solution
shows high sensitivity with a low detection limit of 19 nM, superior selectivity and
ultra-rapid response of 20 s during a wide sensing pH range from 4 to 10. Taking
advantage of the excellent properties, the low-cost sensor 2TS-based filter paper/TLC test
strips were fabricated for visual, immediate and quantitative detection of Hg®" in water,
proving its applicability toward sensitive in-situ and on-site detection. Meanwhile, 2TS
showed high analytical performance for Hg?* detection in water, seafood as well as
human urine samples. Moreover, thanks to the good water solubility, negligible
cytotoxicity, good biocompatibility and cell-membrane permeability, 2TS was further
applied to effectively image Hg®" in live cells. Furthermore, the developed sensor 2TS
acted as good fluorescent display material for Hg?* with obvious color change.

Keywords: Fluorescent sensor; Bithiophene; Hg**; Cell image; Fluorescent display
material.
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1. Introduction

On-site quantification and real-time sensing of Hg** is one of the hot
topics of global concern because of its bioaccumulation, biomagnification,
persistence in the environment and its high toxicity in the human body [1-6].
Mercury contaminations such as elemental mercury, inorganic mercury
(Hg*") and organic methyl mercury are extensive and exist in numerous
effluents. On the basis of the effects of bacteria in the environment, the
elemental and ionic mercury can be easily converted into methyl mercury,
and then bioaccumulates through the food chain [7-10], which generally
causes neurotoxicity prenatal brain damage, DNA lesion, kidney failure,
cognitive and motor disorders as well as Minamata disease [11-14].
Considering the extremely hazardous consequences of Hg*, the World
Health Organization (WHO) has set the maximum permissible level of
mercury concentration in drinking water to be 6 ppb (0.19 uM). For the time
being, highly selective and precise sensing of Hg?* at ppb level is very
important for environment protection and health care. Considering the
important roles of Hg*" in environmental and biological systems, therefore,
developing a convenient, rapid and efficient method for sensitiveand highly
selective detection of Hg** at ppb level is extremely essential for human

health.



Fluorescent sensors have been considerable interest due to their
real-time and non-destructive testing, fast response, great sensitivity, high
selectivity and wide applications [15-36]. Recently, many Hg* -selective
fluorescent sensors have been developed based on the coordination of
O,S,N-heteroatom containing ligands [37-40]. However, most of them
usually displayed poor selectivity on the basis of their reversible
complexation and the interferences from other metal ions ( Fe®*, Pb*, Ag",
Cd?*, cu®*, and Fe*") or anions (CN", PO,>, and I), as well as the other
ligands (dithiouracil and ethylenediaminetetraacetic acid (EDTA)). Because
the chemical reaction between the sensor based on the irreversible reaction
and the target forms a substance that produces fluorescence or has a color
change [41]. On the other hand, Hg®" is well-known to act as a fluorescence
guencher via enhanced spin—orbit coupling [42], a specific fluorescent
sensor for Hg** was designed and synthesized by the sensing mechanism of
complex induced fluorescence quenching [43,44], and only a few
Hg®*-selective sensors have been reported on the basis of fluorescence
enhancement sensing mechanism [45-48]. To date, most of the reported
reaction-based Hg”*-selective sensors showed some inevitable shortcomings
such as poor water solubility [49], sluggish response [50], high detection
limit [51], or even application performance deficiency. Thus, developing

novel good water-soluble fluorescent “turn-on” sensors for highly selective,



sensitiveand ultrarapid detection of Hg?* in realsamples associated with
multifunctional practical applications is still a challenge and also is greatly
needed.

Herein, by combing the strategies of rational design and screening, we
report a novel reaction-based fluorescent  “turn-on”  sensor
5-(bis(ethylthio)methyl)-2,2"-bithiophene (2TS) for Hg®* detection in 100%
aqueous solution on the basis of Hg?*-promoted deprotection of dithioacetal
to give an aldehyde, which displayed great enhancement of fluorescence
with distinct color change from colorless to blue fluorescence. Sensor 2TS
showed many attractive advantages: (i) simple and one-step synthesis; (ii)
ultra-rapid response (within 20 s) towards Hg®* with high sensitivity (19
nM); (iii) superior selectivity for Hg”* over other common metal ions; (iv)
turn-on fluorescent detection of Hg®* within wide pH sensing range
(4.0-10.0); (v) good water solubility (100% aqueous solution), ignorable
toxicity and good cell-membrane permeability. Based on these satisfactory
features, we successfully used 2TS for Hg®* detection in environmental
water, seafood, human urine, test strips and live cells. More importantly,
owing to the good fluorometric behavior, the developed sensor 2TS could be
served as a fluorescent display material for conveniently detecting Hg®* in

water.



2. Experimental Section

2.1. Reagents and Apparatus

All chemicals and reagents in this study were purchased from Aldrich
and Alfa Aesar, which were of analytical grade and used without further
purification. Anhydrous dichloromethane was obtained using CaH,. All
agueous solutions were prepared using deionized water. Deionized water
was used throughout the test process. [2,2'-Bithiophene]-5-carbaldehyde
(2T-CHO) was synthesized using the previous method [52]. NMR spectra
were conducted using Bruker Avance 400 MHz instrument with
tetramethylsilane (TMS) as an internal reference. A Bruker ALPHA FT-IR
spectrometer was used to identify the functional group of the samples. An
Agilent 6510 Accurate-Mass Q-TOF LC-MS spectrometer was used to
measure the high resolution mass spectra (HRMS). A UV-Visible (UV-Vis)
spectrophotometer (Shimadzu UV-2600) was used for the measurement of
absorbance and a Hitachi F-4600 fluorescence spectrometer was used for all
fluorescence measurements. A Model PHS-3C pH meter was used for the
measurement of the pH. A microplate reader (MultiskanTM FC Microplate
Photometer, Thermo Scientific, USA) was used to measure the absorbance

values in a MTT assay. A Leica TCS SP8 confocal laser scanning



microscope (CLSM) with a 63x magnification target oil lens was used to test

the cellular fluorescence images.
2.2. Synthesis of sensor 2TS

Under an atmosphere of argon, compound 2T-CHO (50 mg, 0.25 mmol)
and ethanethiol (38 mg, 0.61 mmol) were dissolved in dry dichloromethane
(10 mL) with p-toluenesulfonamide (PTSA) (20 mg, 0.11 mmol) as the
Lewis acid. After the reaction mixture was stirred for 5 h at room
temperature, which was evaporated in vacuo, then the product was easily
purified by column chromatography to give 2TS as a pink oily liquid (47.50
mg, 66% vyield). FTIR (KBr, cm ™) v = 1045 (C-S-C), 1511 (C=C, thiophene
ring); *H NMR (400 MHz, DMSO-dg, ppm): § = 7.41 (d, J = 4.0 Hz, 1H),
7.20 (d, J = 4.0 Hz, 1H), 7.02-6.98 (m, 3H), 5.43 (s, 1H), 2.59-2.48 (m, 4H),
1.11 (t, J = 8.0 Hz, 6H); *C NMR (100 MHz, DMSO-ds, ppm): & = 145.2,
136.9, 128.9, 127.5, 126.1, 124.5, 123.4, 43.0, 26.3, 14.7; HRMS (ESI) m/z
calcd for C13H15S4 [M-H] : 299.0135; Found 299.0047.

2.3. Cytotoxicity assays

The cell cytotoxicity assays were evaluated by the MTT assay. HelLa
cells were firstly seeded into a 96-well plate with well growth medium
containing 10% FCS and cultured for 24 h. The cells were then incubated

with sensor 2TS (5, 10, 15, 20, and 25 uM) for 24 h at 37°C. The 10 pL



MTT (5 mg/mL) was subsequently added into the each well, and when the
HeLa cells were incubated for another 4 h, the absorbanceat 492 nm was

recorded using a microplate reader (USA).
2.4. Fluorescence imaging

For fluorescence imaging, HeLa cells were incubated with 10 uM 2TS
for 1 h. Next, after being washed 3 times with PBS buffer, HeLa cells were
incubated with 10 M Hg®* for 30 min. Finally, HeLa cells were further
washed 3 times with PBS, and imaged using a CLSM under blue channel

(430-470 nm) with an excitation at 405 nm.

3. Result and Discussion
3.1. Design and synthesis of 2TS

As described in Scheme 1, sensor 2TS was facilely synthesized by
compound 2T-CHO with ethanethiol in 66% overall yield. The whole
synthetic route is quite simple and Post-treatment purification is easy. The
structure of 2TS was well characterized and strongly confirmed by NMR,
FTIR and HRMS spectra (Figs. S1-4). Our design was based on the
well-known deprotection reaction that bithiophene-based dithioacetal could
easily be transformed into bithiophene aldhyde promoted with Hg*". Thus,
this desulfurization reaction was conveniently used for the design of an

efficient optical sensor for Hg*".



Scheme 1

3.2. Spectral responses of 2TS to Hg**

Firstly, in order to select the best test condition for sensing of Hg**, the
UV-Vis absorption and fluorescence spectral responses of 2TS to Hg®* were
studied. A series of solutions with different ratios between EtOH and H,O
with increasing water content (0~100%) were chosen for the test, and finally
we found that the sensor 2TS showed highly fluorimetric response for
sensing Hg”* in 100% aqueous solution (Fig. S5). However, with increasing
water content, no obvious change was found in UV-Vis spectral response of
2TS towards Hg*. Thus, the 100% aqueous solution is the best test
condition for sensing of Hg*".

An important feature of 2TS is the excellent selectivity towards Hg?".
The UV-Vis absorption and fluorescence spectral response of 2TM towards
Hg®* was investigated in 100% aqueous solution. As displayed in Fig. 1a,
the 2TS (10 uM) showed a maximal absorption band at 334 nm, ascribing to
the absorption of bithiophene moiety. The addition of 2.0 equiv. Hg*
induced a drastic spectral change: the appearance of a new absorbance band
at 370 nm with a large red-shift (36 nm), which substantiates that 2TS

reacted with Hg** to generate a new species. However, other tested ions



(Ca2+, Cu2+, C02+, Cd2+, Mg2+, A|3+, CI’3+, F93+, Fez+’ Ni2+, Zn2+, Pb2+, Na*, K+,
Ag’, NO, , and CIO") have no visible effect on the 2TS in 100% aqueous
media. As shown in Fig. 1b, 2TS showed almost no fluorescence, and no
noteworthy change was found when adding to other tested species. In
particular, an instant fluorescence color change from colorless to blue and a
great fluorescence enhancement at 470 nm were induced only by Hg*. In
addition, the Hg®* led to the fluorescence quantum yield (®;) of 2TS
increased significantly from 0.055 to 0.460 (Table 1). These results revealed
that the method is very simple and low-cost in terms of the important feature
of naked-eye observation, and also highlighted 2TS was an ultra-selective

fluorescent turn-on sensor for Hg?".

Fig. 1

Table 1

To further investigate the interaction of 2TS and Hg®*, the optical
spectra of 2TS with various concentrations of Hg** (0-2.0 equiv.) were
recorded in 100% aqueous solution. As can be clearly seen from Fig. 2a, by

treatment with Hg**, the absorption peak located at 334 nm was gradually



reduced and a new absorption appeared at 370 nm was gradually increased.
The ratio (As70/Asss) Of the absorbance at two spectral peaks shows a gradual
enhancement with the increased concentrations of Hg”*, and the absorbance
ratio (As7o/Aszs) Of 2TS reaches a saturation state when the concentration of
Hg®* is above 10 pM (Fig. S6). A clear well-formed isobestic point at 355
nm of the Hg**-elicited absorbance changes suggested the formation of the
new species by the deprotection reaction of 2TS and Hg”*. As shown in Fig.
2b, the fluorescence titration of 2TS with Hg** (0-2.0 equiv.) results in a
gradual enhancement of the emission at 470 nm. The emission intensity at
470 nm experienced a great change with 10-fold emission enhancement with
increasing Hg®* concentration and arrived at the platform after treatment
with Hg®* over 10 uM (Fig. 2c). The distinct fluorescent enhancement signal
could be ascribed to the formation of new species (compound 2T-CHO) via
Hg®*-promoted  dethioacetalization on 2TS, which induced the
intramolecular charge transfer (ICT) process from bithiophene moiety to
aldehyde group switched on. A preferable linearity (R? = 0.99336) between
the Hg** concentration and fluorescence intensity at 470 nm was observed
with sensitive solution color changes from colorless to blue under UV lamp,
indicating that 2TS was a Hg”*-specific fluorescent “turn-on” sensor and
could detect Hg®* both quantitatively and qualitatively. The detection limit

(DL) of 2TS is determined to be 19 nM (DL = 3o/k). Such a low DL

10



indicated that 2TS owns high sensitivity for Hg** detection in environmental

and biological systems.

Fig. 2

3.3. Mechanism of sensing

To explore the mechanism, *H NMR titration was firstly conducted in
DMSO-d; in Fig. 3. When adding 1.0 equiv. of Hg* to the 2TS (10 uM), the
methane characteristic proton signals (H., H, and Hy) were observed at 5.43
and 2.53-1.16 ppm accompanied with the disappearance of methylene
protons of the thioacetal group. In addition, the occurance of the -CHO
signal (Ha,) was also observed at 9.80 ppm, indicating that the successful
deprotection reaction of 2TS promoted by Hg”*. What is more, the spectral
similarity to that of compound 2T-CHO further confirmed the production of
2T-CHO from the reaction between 2TS and Hg®". Subsequently, the
reaction product of the 2TS with Hg®* was also proved by FTIR spectra (Fig.
S7). The FTIR spectrum of 2TS treated with Hg** shows that the saturated
hydrocarbon (CH) characteristic peak at 2917 cm™* disappeared,
accompanied by a new typical and outstanding tensile absorption peak at

1660 cm*, which corresponded to an aldehyde group (C=0). Meanwhile,
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the characteristic stretching bands at 3281 and 2820 cm™* for the unsaturated
aldehyde hydrogen (H-C=0) group occurred, which has a similar signal
patterns as the compound 2T-CHO, suggesting that the desulfurization
reaction has taken place and successfully converted to aldehyde. The HRMS
spectrum showed that a new strong peak at m/z = 194.9936 was ascribed to
the product 2T-CHO [2T-CHO + H]" (194.9860) (Fig. S8). Additionally, in
the presence of 1.0 equiv. of Hg®*, the optical spectra of 2TS along with a
distinct fluorescence color change are the same as that of 2T-CHO (Figs. S9,
S10), strongly demonstrated the successful deprotection reaction of 2TS
promoted by Hg*" [53-56]. The alkyl thiols show high affinity toward Hg?**
(logK, = 22.1) [57], and the thioacetal in 2TS can be successfully
deprotected in the presence of Hg?*. Therefore, the huge changes highlighted
that the 2TS for selectively sensing Hg®* is on the basis of Hg®*-induced
desulfurization reaction, causing the typical ICT on and thus resulted in a

great fluorescence enhancement (Scheme 2).

Fig. 3

Scheme 2
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3.4. Anti-interference of 2TS for detecting Hg**

The selectivity and anti-interference ability of a fluorescent sensor is
Important for its practical application. As shown in Fig. 4, upon mixing with
representative tested ions, the fluorescence intensity at 470 nm of 2TS (10
uM) is almost unaltered. However, subsequent addition of 2.0 equiv. Hg**
resulted in a prominent fluorescence enhancement, revealing that the
fluorescence turn-on signal response induced by Hg?" is not interfered. All
results indicated that 2TS has an excellent anti-interference ability and can

be acted as an ultra-selective-Hg?* fluorescent sensor.

Fig. 4

3.5. pH effects and response time studies

It is quite significant to ensure that a designed sensor is suitable for
testing withnin the physiological pH range, thus, the pH-dependent
experiment was carried out (Fig. 5a). No dramatic change in the emission
intensity at 470 nm of 2TS was observed over the pH range 1.0-13.0,
indicating that the fluorescence properties of 2TS was stable at a wide pH
range. Upon treatment with Hg®* (2.0 equiv.), the fluorescence emission

intensity at 470 nm dramatically enhanced within the pH range (4.0-10.0),

13



which covered the physiological pH range perfectly, revealing 2TS could act
as a turn-on fluorescent sensor for Hg** under physiological pH conditions.
In additon, short response time is another vital condition for 2TS to
dynamically detect Hg®* in actual samples. Therefore, the time-dependent
fluorescence response of 2TS to Hg* (2.0 equiv.) was examined [54].
Surprisingly, the 2TS shows a quick fluorescence response to Hg*". The
emission intensity at 470 nm increased instantly as the time prolong and
reached a plateau within 20 s, and then remained stable (Fig. 5b). The
results show that 2TS has great potential in application for Hg* in

environmental and biological systems.

Fig. 5

3.6. Practical applications of 2TS
3.6.1. Application in water, seafood and human urine samples

The usefulness of 2TS for recognizing Hg”" in practical water, seafood
and human urine samples for quantitative detection was firstly evaluated
using a standard addition method, and the analytical results obtained as
summerized in Table 2. The 2TS (10 uM) was added to the these samples and

then two concentrations of Hg** (5.0/10.0 uM) were added, respectively. The

14



results obtained in these real samples were satisfactory with good percentage
fluorescent recoveries and low relative standard deviation (RSD) values,
indicating the evident practicability of 2TS in environmental water, seafood

and biological samples.

Table 2

3.6.2. Visual detection on test strips and used as fluorescent display material

Based on the outstanding fluorescent color change of 2TS after
treament with Hg®* in 100% aqueous solution, a colorimetric
paper/TLC-based test strips were subsequently prepared to further explore
its practical application. Primitively, we immersed the test strips into the
2TS (1.0 mM) EtOH solution and then completely dried in air. Next, the
2TS-loaded test strip was immersed into an agueous solution containing an
increased amount of Hg*" for several minutes, a significant visual color
change was detected under 365 nm UV lamp (Fig. S11), suggesting the
2TS-based detection kit can effectively detect trace amounts of Hg” in
water with the naked eye sensitivity. In addition, the Fig. S12 displayed the

fluorescent patterns and characteristics on the filter paper under 365 nm UV

15



light, indicating that the 2TS served as a good fluorescent display material
for conveniently sensing Hg** in 100% aqueous solution.
3.6.3. Application in bio-imaging

To study the applicability of 2TS in honeycomb imaging, the
cell-imaging experiments were done. Firstly, the MTT assay proved that the
cell viability after 24 hours was over 90% (Fig. S13), meaning the neglected
cytotoxicity and good biocompatibility of 2TS. Subsequently, the HelLa cells
incubated with 2TS (10 uM) alone for 1 h did not show any fluorescence
(Fig. 6a,b). To prove the high sensitivity of 2TS towards Hg** in HeLa cells,
Hg®* (10 uM) was added to the HeLa cells and co-incubated with 10 uM of
2TS, no fluorescence was initially detected (Fig. 6c). After incubation of
2TS-loaded Hela cells with Hg*" for 30 and 60 min, it can be clearly
noticed that blue fluorescence and a stronger blue fluorescence were
respectively imaged (Fig. 6d,e). These observations implied that 2TS has
outstanding cell-membrane permeability and thus was capable of imaging

Hg?* in living cells.

Fig. 6

3.7. Comparison of 2TS with other selective Hg®" sensors

16



Compared with other reported Hg*-sensitive fluorescent sensors
[54,58-65], our designed sensor 2TS shows obvious advantages including (a)
simple and one-step synthesis procedure with low cost; (b) ultra-rapid
response (within 20 s) towards Hg?* with high sensitivity (19 nM); (c)
superior selectivity for Hg*" over other tested ions; (d) turn-on fluorescent
detection of Hg”* with distinct color change in a wide sensing pH range
(4-10); (e) good water solubility in 100% aqueous solution, ignorable
cytotoxicity, good cell-membrane permeability and biocompatibility; (f)
good fluorescent display for Hg** with obvious and instant color change; (g)
high application performances for Hg®* detection in environmental water,
seafood and human urine samples, test strips and the fluorescence imaging

in living cells (Table S1).
4. Conclusions

In summary, a new bithiophene-based water-soluble fluorescent turn-on
sensor 2TS for Hg®* was developed. The low cost sensor 2TS exhibits high
sensitivity and excellent selectivity to Hg?* in a suitable working pH range.
The 2TS-based filter paper/TLC test strip was fabricated and used for
ultra-rapid and quantitative on-site detection of Hg*. Interestingly, 2TS could
serve as a good fluorescent display material for detecting Hg?*. In addition,

the 2TS was successfully applied to detect Hg®" in real water, seafood and

17



human urine samples with satisfactory results. More importantly, in terms of
its excellent features, the 2TS was used successfully to image Hg®* in Hela
cells. Based on these investigations, 2TS could be very useful as a powerful
molecular tool for ultrafast, ultra-selective and highly sensitive detection of

Hg®" in both environmental and biological systems.
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Figure and Table captions

Scheme 1. The synthesis of sensor 2TS.

Fig. 1. Absorption (a) and fluorescence (b) spectra and of 2TS (10 uM) after
addition of 20 uM of various tested ions in 100% aqueous solution; Inset:
Fluorimetric responses of 2TS (10 uM) in 100% aqueous solution after the
addition of various tested ions.

Fig. 2. The absorption (a) and emission (b) spectral changes of 2TS (10 uM)
exposed to various concentrations of Hg?* (0-2.0 equiv.) in 100% aqueous
solution; (c) Fluorescence intensity of 2TS as gradual addition of Hg*
(0-2.0 equiv.); Inset: Fluorescence images of 2TS treated with [Hg*'].

Fig. 3. '"H NMR spectra of 2TS, 2TS upon the addition of Hg®* (2TS+Hg?*")
and 2T-CHO in DMSO-ds.

Scheme 2. Proposed complexation model of 2TS with Hg?".

Fig. 4. Fluorescence intensity of 2TS (10 uM) exposed to various tested ions
(20 uM) and to the mixture of Hg®* (20 pM) in 100% aqueous solution.

Fig. 5. The pH (a) and time (b) effects on fluorescence intensity of 2TS (10
uM) with Hg* (20 uM) in 100% aqueous solution.

Fig. 6. Fluorescence confocal images of Hela cells. (a) Fluorescent confocal
imaging of HelLa cells with 2TS for 60 min; (b) Bright-field image; (c)
Fluorescent confocal imaging of HeLa cells co-incubated with 2TS and Hg**

immediately, (d) for 30 min; (e) for 60 min.
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Table 1. Photophysical parameters of 2TS and 2TS-Hg** complex.
Table 2. Determination of Hg”** in water, seafood and human urine samples

by the 2TS-based proposed method.
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Fig. 5
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Table 2

Detect ( X + SD)

Relative error

Sample Added (UM Recovery (% RSD (%)
p (UM) M) y (%) (%)
5.0 4.87+0.14 97.4 2.6 2.8
Tap water
10.0 10.22+0.19 102.2 2.2 1.8
] 5.0 5.05 +0.11 101 1 2.2
River water
10.0 9.77+0.29 97.7 2.3 2.9
5.0 4.85+0.13 97.0 3.0 2.6
Distilled Water
10.0 10.3840.14 103.8 3.8 14
Lake Water of Ji’nan 5.0 5.14+0.15 102.8 2.8 2.9
Garden Expo 10.0 10.22+0.10 102.2 22 0.9
) 5.0 4.94+0.09 98.8 1.2 1.95
Urine

10.0 9.94+0.07 99.4 0.6 0.74
Fish 5.0 4.91+0.13 98.2 1.8 2.6

is
10.0 9.85+0.15 98.5 15 15
5.0 4.88+0.18 97.6 2.4 4.3

Procambarus clarkii

10.0 10.13+0.15 101.3 1.3 15
el 5.0 4.94+0.13 98.8 1.2 2.6

e
P 10.0 9.76+0.16 97.6 2.4 1.6

Fig. 6

2TS
2TS + Hg?+

0 min

30 min
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Graphical Abstract

365 nm UV light

100% aqueous solution
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Highlights

» A new turn-on fluorescent sensor 2TS for Hg*" in 100% aqueous solution
was developed.

» 2TS features good selectivity, ultra-sensitivity, ultra-rapid response
towards Hg®* in a wide sensing pH range.

» 2TS was used to detect Hg** in water, seafood, human urine, test strips
and living cells.

» 2TS was used as fluorescent display material for conveniently detecting

Hg*".
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