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Fluorescent chemosensor showed the sequential detection of Hg2+ and cysteine, and could be
applied for quantification of Hg2+ in water samples.
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Fluorescence ‘on-off-on’ chemosensor for the sequential recognition of Hg?* and

cysteine in water
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Abstract

A simple fluorescent chemosensor 1 for the sequential detection of Hg?* and cysteine
was developed by combination of benzene-1,2-diamine and 6-bromopyridine-2-
carboxaldehyde. The sensor 1 exhibited an ‘ON-OFF’ fluorescent quenching response in the
presence of Hg?*, and could be applied for detection of Hg?* with a good recovery in water
samples. The sensing mechanism of 1 for Hg?* was supported by theoretical calculations.
Moreover, the resulting Hg?*-2-1 complex acted as an efficient ‘OFF-ON’ sensor for cysteine,
showing recovery of 1 from Hg?*-2-1 complex. Therefore, the sensor 1 can be employed as a

practical fluorescent chemosensor for recognition of Hg?* and cysteine in aqueous solution.

Keywords: chemosensor, mercury ion, cysteine, sequential detection, fluorometric


mailto:chealkim@seoultech.ac.kr

Page 3 of 33

RSC Advances

1. Introduction

There is a considerable concern over the severe risk of heavy metal pollution and
poisoning in environment, food and products.’® Mercury ion is of particular interest because
it is a deadly toxin to humans by leading to central nervous system defects, erythrism,
arrhythmia, cardiomyopathy and kidney damage.** The soluble inorganic Hg?* ion is a caustic
and carcinogenic material with a high cellular toxicity.'> Methyl mercury converted by
bacteria in the environment subsequently accumulates in animals and plants and also enters
into the human body through the food chains.>* As a strong neurotoxin, methyl mercury
ions can cause human health problems due to their easy absorption through the skin,
respiratory and cell membranes, leading to digestive, cardiac, kidney and DNA damage,
mitosis impairment and especially permanent damage to the central nervous system.>?!
Therefore, developing highly efficient sensors to detect Hg?* ions is important for human

health and environmental protection.

Cysteine (Cys) as intracellular thiol plays a prominent role in various critical
biological systems such as metabolic processes, biocatalysis and detoxifications of
xenobiotics.?22® In the human plasma, their abnormal levels have led to some diseases such
as Alzheimers disease, cardiovascular disease, neural tube defect, inflammatory bowel
disease and osteoporosis.?’?° Also, a deficiency of Cys is involved in many health problems,
including slowed growth in child, hair depigmentation, edema, lethargy, liver damage, muscle
and fat loss, skin lesions, and weakness.3%2 Because of its important roles in biological
systems, detecting and monitoring cysteine is very important for environment and human

health care.

Till now, various methods, including mass spectrometry (MS), gas chromatography,
high-performance liquid chromatography and electrochemical methods, have been employed
to detect mercury ion and cysteine.®** However, these methods often require expensive,
sophisticated and time consuming procedures. By contrast, fluorescence technology has
especially pursued owing to its simplicity, sensitive responses, inexpensive instrument and
efficiency.®’*® Thus, chemosensor based on fluorogenic determination have attracted a

considerable attention in the detection of Hg?* and Cys.
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Chemosensors based on benzimidazole moiety have, recently, received much
attention because of their potential use as fluorescent sensors.*® The benzimidazole moiety
usually shows a strong fluorescence with a n-conjugated system.** Additionally, it acts as a
selective binding site for cations because of NH and N groups within the imidazole and
pyridine rings.*? Therefore, we designed and synthesized a potential chemosensor 1 based on
the benzimidazole moiety, and tested its sensing properties towards various metal ions and,

sequentially, amino acids.

Herein, we report a benzimidazole-based fluorescent chemosensor 1, which was
synthesized in one step by condensation reaction of benzene-1,2-diamine and 6-
bromopyridine carboxaldehyde. The sensor 1 could detect Hg?* by fluorescence quenching
response with high selectivity in water solution. Subsequently, chemosensing ensemble Hg?*-
2-1 showed highly selective detection to Cys via fluorescence enhancement by utilizing the

mercury-cysteine affinity. Moreover, 1 sensed quantitatively Hg?* in the water samples.

2. Experimental
2.1 Materials and equipment

All the solvents and reagents (analytical and spectroscopic grade) were purchased
from Sigma-Aldrich. *H and **C NMR spectra were recorded on a Varian 400 MHz and 100
MHz spectrometer and chemical shifts were recorded in ppm. Electro spray ionization mass
spectra (ESI-MS) were collected on a Thermo Finnigan (San Jose, CA, USA) LCQm
Advantage MAX quadrupole ion trap instrument by infusing samples directly into the source
using a manual method. Spray voltage was set at 4.2 kV, and the capillary temperature was at
80 °C. Absorption spectra were recorded at room temperature using a Perkin EImer model
Lambda 2S UV/Vis spectrometer. The emission spectra were recorded on a Perkin-Elmer
LS45 fluorescence spectrometer. Elemental analysis for carbon, nitrogen and hydrogen was
carried out using a Flash EA 1112 elemental analyzer (thermo) at the Organic Chemistry

Research Center of Sogang University, Korea.

2.2. Synthesis of receptor 1
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An ethanolic solution of benzene-1,2-diamine (0.33 g, 3 mmol) was added to 6-
bromopyridine-2-carboxaldehyde (0.19 g, 1 mmol) in ethanol (10 mL). The reaction solution
was stirred for 1 d at room temperature. After evaporation, product was purified by column
chromatography and dried under vacuum. The yield : 0.18 g (58 %); 'H NMR (400 MHz
DMSO-ds, ppm): & 13.04 (s, 1H), 8.34 (d, J = 8 Hz, 1H), 7.96 (t, J = 8 Hz, 1H), 7.77 (d, J = 8
Hz, 1H), 7.70 (m, 2H), 7.26 (d, J = 8 Hz, 2H); *C NMR (100 MHz DMSO-ds, ppm): 149.64,
148.96, 143.72, 141.13, 140.67, 134.99, 128.80, 123.50, 122.16, 120.77, 119.40, 112.32. ESI-
MS m/z (M + H*): calcd, 274.00; found, 274.20. Anal. Calc. for C1sH10N4O: C, 52.58; H,
2.94; N, 15.33. Found: C, 52.58; H, 2.95; N, 15.30%.

2.3. Fluorescence titration

For Hg?*, 1 (1.4 mg, 0.005 mmol) was dissolved in methanol (1 mL) and 0.6 uL of
this solution (5 mM) were diluted with 3 mL of 10 mM bis-tris buffer to make the final
concentration of 1 upuM. Hg(NO3)>H.O (1.7 mg, 0.005 mmol) was dissolved in
dimethylformamide (DMF, 1 mL) and 1.2-15 pL of this Hg?" solution (5 mM) were
transferred to each receptor solution (1 uM). After mixing them for a few seconds,

fluorescence spectra were taken at room temperature.

For Cys, 1 (1.4 mg, 0.005 mmol) was dissolved in methanol (1 mL) and 0.6 uL of
this solution (5 mM) were diluted with 3 mL of 10 mM bis-tris buffer to make the final
concentration of 1 uM. Hg(NO3)2-H20 (1.7 mg, 0.005 mmol) was dissolved in DMF (1 mL)
and 15 pL of this Hg?* solution (5 mM) were transferred to each receptor solution (1 pM) to
give 25 equiv. Then, Cys (2.6 mg, 0.02 mmol) was dissolved in bis-tris buffer (10 mM, 1 mL)
and 1.5-15 uL of this Cys solution (20 mM) were transferred to each complex solution (1
uM). After mixing them for a few seconds, fluorescence spectra were taken at room

temperature.
2.4. UV-vis titration

For Hg?*, 1 (1.4 mg, 0.005 mmol) was dissolved in methanol (1 mL) and 3.0 uL of
this solution (5 mM) were diluted with 3 mL of 10 mM bis-tris buffer to make the final
concentration of 5 uM. Hg(NO3z)2-H20 (1.7 mg, 0.005 mmol) was dissolved in DMF (1 mL)
and 0.3-3 pL of this Hg?* solution (5 mM) were transferred to each receptor solution (5 pM).

4
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After mixing them for a few seconds, UV-vis spectra were taken at room temperature.

For Cys, 1 (1.4 mg, 0.005 mmol) was dissolved in methanol (1 mL) and 3.0 uL of
this solution (5 mM) were diluted with 3 mL of 10 mM bis-tris buffer to make the final
concentration of 5 pM. Hg(NO3)2-H20 (1.7 mg, 0.005 mmol) was dissolved in DMF (1 mL)
and 1.8 pL of this Hg?* solution (5 mM) were transferred to each receptor solution (5 uM) to
give 0.6 equiv. Then, Cys (2.6 mg, 0.02 mmol) was dissolved in bis-tris buffer (10 mM, 1 mL)
and 1.5-25.5 pL of this Cys solution (20 mM) were transferred to each complex solution (5
uM). After mixing them for a few seconds, UV-vis spectra were taken at room temperature.

2.5. Job plot measurements

For Hg?*, 1 (1.4 mg, 0.005 mmol) was dissolved in methanol (1 mL). 60, 54, 48, 42,
36, 30, 24, 18, 12, 6 and 0 pL of the 1 solution were taken and transferred to vials. Each vial
was diluted with bis-tris buffer to make a total volume of 2.940 mL. Hg(NO3)2-H20 (1.7 mg,
0.005 mmol) was dissolved in DMF (1 mL). 0, 6, 12, 18, 24, 30, 36, 42, 48, 54, and 60 pL of
the Hg(NO3)2 solution were added to each diluted 1 solution. Each vial had a total volume of
3 mL. After reacting them for a few seconds, fluorescence spectra were taken at room

temperature.

For Cys, 1 (2.8 mg, 0.01 mmol) was dissolved in methanol (1 mL) and
Hg(NO3)2-H20 (1.7 mg, 0.005 mmol) was dissolved in DMF (1 mL), respectively. The two
solutions were mixed to make Hg?*-2-1 complex. 30, 27, 24, 21, 18, 15, 12,9, 6, 3 and 0 pL
of the Hg?*-2-1 solution were taken and transferred to vials. Each vial was diluted with bis-
tris buffer to make a total volume of 2.97 mL. Cys (0.65 mg, 0.005 mmol) was dissolved in
bis-tris buffer (10 mM, 1 mL). 0, 3, 6, 9, 12, 15, 18, 21, 24, 27, and 30 pL of the Cys solution
were added to each diluted Hg?*-2-1 solution. Each vial had a total volume of 3 mL. After

reacting them for a few seconds, fluorescence spectra were taken at room temperature.
2.6. Competition experiments

For Hg?", 1 (1.4 mg, 0.005 mmol) was dissolved in methanol (1 mL) and 0.6 pL of
this solution (5 mM) were diluted with 2.970 mL of 10 mM bis-tris buffer to make the final
concentration of 1 pM. MNO3s (M = Na, K, Ag, 0.005 mmol) or M(NO3)2 (M = Mn, Co, Ni,

5
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Cu, Zn, Cd, Mg, Ca, Pb, 0.005 mmol) or M(CIO4). (M = Fe, 0.005 mmol) or M(NOz3)3 (M =
Fe, Cr, Al, Ga, In, 0.005 mmol) were separately dissolved in 10 mM bis-tris (1 mL). 15 pL of
each metal solution (5 mM) were taken and added to 3 mL of the solution of receptor 1 (1
M) to give 25 equiv of metal ions. Then, 15 uL of Hg?* solution (5 mM) were added into
the mixed solution of each metal ion and 1 to make 25 equiv. After mixing them for a few

seconds, fluorescence spectra were taken at room temperature.

For Cys, 1 (1.4 mg, 0.005 mmol) was dissolved in methanol (1 mL) and 0.6 uL of the
1 (5 mM) were diluted to 2.964 mL of 10 mM bis-tris buffer to make the final concentration
of 1 uM. Hg(NO3)2-H20 (1.7 mg, 0.005 mmol) was dissolved in DMF (1 mL). 15 pL of Hg?*
solution (5 mM) was taken and added into 1 solution (1 uM) to make mercury complex.
Various amino acids and peptide such as Ala, Asn, Cys, GIn, Glu, Gly, His, lle, Leu, Lys, Met,
Phe, Pro, Ser, Trp, Val, Arg, Thr, Asp and glutathione (GSH) (0.02 mmol) were separately
dissolved in 10 mM bis-tris buffer (20 mM). 10.5 uL of each amino acid and peptide solution
(20 mM) were taken and added into each mercury complex solution prepared above to make
70 equiv. Then, 10.5 uL of the Cys solution (20 mM) were added into the mixed solution of
each amino acid or peptide and mercury complex to make 70 equiv. After mixing them for a

few minutes, fluorescence spectra were taken at room temperature.
2.7. pH effect test

A series of buffers with pH values ranging from 2 to 12 was prepared by mixing
sodium hydroxide solution and hydrochloric acid in bis-tris buffer. After the solution with a
desired pH was achieved, receptor 1 (1.4 mg, 0.005 mmol) was dissolved in methanol (1mL),
and then 0.6 pL of the receptor 1 (5 mM) was diluted with 3.0 mL of 10 mM bis-tris buffer to
make the final concentration of 1 uM. Hg(NOz)2-H20 (1.7 mg, 0.005 mmol) was dissolved in
DMF (1 mL). 15 pL of the Hg?* solution (5 mM) were transferred to each receptor solution
(1 uM) prepared above. After reacting them for a few seconds, fluorescence spectra were

taken at room temperature.
2.8. 'H NMR titration of 1 with Hg?*

For 'H NMR titration of receptor 1 with Hg?*, three NMR tubes of receptor 1 (2.74
mg, 0.01 mmol) dissolved in DMF-d; (700 uL) were prepared and then three different
6
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concentrations (0, 0.0025, and 0.005 mmol) of Hg(NO3).-H2O dissolved in DMF-d; were
added to each solution of receptor 1. After shaking them for a minute, *H NMR spectra were

obtained at room temperature.

2.9. Determination of Hg?* in water samples.

Fluorescence spectral measurements of water samples containing Hg®* were carried
by adding 3 puL of 1 mM stock solution of 1 and 0.60 mL of 50 mmol/L bis-tris buffer stock
solution to 2.397 mL sample solutions. After well mixed, the solutions were allowed to stand
at 25 °C for 2 min before the test.

2.10. Theoretical calculations methods

All DFT/TDDFT calculations based on the hybrid exchange-correlation functional
B3LYP*% were carried out using Gaussian 03 program.*® The 6-31G** basis set*®*" was
used for the main group elements, whereas the Lanl2DZ effective core potential (ECP)*-*
was employed for Hg?". In vibrational frequency calculations, there was no imaginary
frequency for the optimized geometries of 1 and Hg?*-2-1 complex, suggesting that these
geometries represented local minima. For all calculations, the solvent effect of water was
considered by using the Cossi and Barone’s CPCM (conductor-like polarizable continuum
model).>1*2 To investigate the electronic properties of singlet excited states, time-dependent
DFT (TDDFT) was performed in the ground state geometries of 1 and Hg?*-2-1 complex.
The 30 singlet-singlet excitations were calculated and analyzed. The GaussSum 2.1% was

used to calculate the contributions of molecular orbitals in electronic transitions.

3. Results and discussion
3.1. Synthesis of receptor 1

Receptor 1 was obtained by the combination of benzene-1,2-diamine and 6-
bromopyridine-2-carboxaldehyde with 54 % yield in ethanol (Scheme 1), and characterized

by *H NMR and *C NMR, ESI-mass spectroscopy, and elemental analysis.

3.2. Fluorescent turn-off detection of Hg?*
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The fluorescence response of 1 toward 19 different metal ions (Ag*, AI¥*, Ca®*, Cd?*,
Co?*, Cr¥*, Cu?, Fe?*, Fe®, Ga®*, Hg?", In®", K*, Mg?*, Mn?*, Na*, Ni?*, Pb?*, and Zn?*) was
measured in a bis-tris buffer solution (10 mM, pH 7.0) (Fig. 1). Compound 1 exhibited a
characteristic fluorescence emission band at 395 nm (Aex = 320 nm). Upon the addition of 25
equiv of each metal ion, only Hg?* induced a remarkable fluorescence quenching while other
metal ions showed either no or some change in the emission intensity relative to the free
receptor 1. For example, Cd?*, AI¥*, Ga®>* and Co?* showed to some extent decrease of the
intensity in comparison with 1. These results suggested that the receptor 1 could be a good

fluorescence chemosensor for Hg?".

To understand the binding affinity of 1 towards Hg?*, the emission titration studies
have been performed (Fig. 2). Upon the gradual addition of Hg?* up to 25 equiv, about 90 %
of the maximum fluorescence intensity was quenched. The binding properties of 1 with Hg?*
were further studied by UV-vis titration experiments (Fig. 3). On the treatment with Hg?* to
the solution of 1, the absorbance at 310 nm gradually decreased, whereas a new band at 364
nm steadily increased until the amounts of Hg?* reached approximately 0.6 equiv. The
isosbestic point was observed at 333 nm, demonstrating that only one product was generated

from the interaction of 1 with Hg?".

In order to understand the binding stoichiometry of receptor 1 and Hg?*, Job plot
analysis was carried out (Fig. S1). The emission intensity at 395 nm was plotted against the
molar fraction of 1 under a constant total concentration of 1 and Hg?*. The result indicated a
1:2 ratio for Hg?" to 1. In addition, the formation of a 1:2 complex was confirmed using ESI-
mass spectrometry (Fig. S2). The positive-ion mass spectrum indicated that a peak at m/z =
746.80 was assignable to [Hg?* + 2-1(-H")]* [calcd. 746.94].

To get further information for the binding mode of 1 with Hg?*, *H NMR titration
study was carried out (Fig. S3). Upon the addition of 0.5 equiv of Hg?* to 1, the NH peak of
the benzimidazole moiety at 13.3 ppm completely disappeared, indicating that the N atom of
the NH moiety might bind to Hg?*. In addition, all the proton signals of the benzimidazole
moiety and pyridine ring showed a significant downfield shift. These results suggested that
the N atom of pyridine moiety might coordinate to Hg?*. The peaks did not changed upon

further addition of Hg?*. Based on Job plot, ESI-mass spectrometry analysis and *H NMR
8
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titration, we proposed the structure of Hg?*-2-1 complex as shown in Scheme 2.

The association constant of Hg?" binding to sensor 1 was found to be 5.0 x 101 M=
on the basis of Li’s equation (Fig. S4).>* This value clearly indicated that 1 had a strong
binding affinity to Hg?" in buffer solution. The detection limit of senor 1 as a fluorescent
sensor for the detection of Hg?* was determined from a plot of fluorescent intensity as a
function of the concentration of Hg?*. It was found that chemosensor 1 had a detection limit
of 0.74 uM on the basis of 36/K (Fig. S5).%°

The preferential selectivity of 1 as a fluorescent chemosensor for the detection of
Hg?* was studied in the presence of various competing metal ions. For competitive studies,
receptor 1 was treated with 25 equiv of Hg?* in the presence of 25 equiv of other metal ions,
as indicated in Fig. 4. There was no interference for detection of Hg?* in the presence of Ag*,
AR, Ca?*, Cd?*, Co?*, Cr¥*, Cu?*, Fe?*, Fe¥, Ga®*, In®*, K*, Mg?", Mn?*, Na*, Ni?*, Pb%*, and
Zn?*, Thus, the receptor 1 could be used as an excellent fluorescent sensor for Hg?" in the

presence of most competing metal ions.

The effect of pH between chemosensor 1 and Hg?* ion was investigated at a pH
range from 2 to 12 (Fig. S6). The Hg?*-2-1 complex showed a significant fluorescence
response between pH 7 and 12, which includes the environmentally relevant range of pH 7.0
- 8.4.5° These results indicated that Hg?* could be clearly detected by the fluorescence

spectral measurement using 1 within the environmental pH range.

In order to examine the applicability of the chemosensor 1 in environmental samples,
we constructed a calibration curve for the determination of Hg?* by 1 (Fig. S7), which
exhibited a good linear relationship between the fluorescence intensity of 1 and Hg?*
concentration (1.0-10.00 pM) with a correlation coefficient of R? = 0.991 (n = 3). Then, the
chemosensor was applied for the determination of Hg?* in water samples. We prepared
artificial polluted water samples by adding various metal ions known as being in industrial
processes into deionized water. The results were summarized in Table 1, which exhibited a

satisfactory recovery and R.S.D. values for the water samples.

3.3 Theoretical calculations of 1 with Hg**
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To understand the sensing mechanisms of Hg?* with 1, theoretical calculations were
performed in parallel to the experimental studies. As Job plots, ESI-mass spectrometry
analysis and NMR titration showed that 1 reacted with Hg?* in the 2:1 (L:M) stoichiometric
ratio, all theoretical calculations were performed with the 2:1 stoichiometry. Hg?*-2-1
complex was optimized with a diamagnetic character (S=0, DFT/B3LYP/main group atom: 6-
31G** and Hg: Lanl2DZ/ECP). The significant structural properties of the energy-minimized

structures were shown in Fig. S8.

We also investigated the absorption to the singlet excited states of 1 and Hg?*-2-1
species via TDDFT calculations. In case of 1, the main molecular orbital (MO) contribution
of the first lowest excited state was determined for HOMO — LUMO transition (317.90 nm,
Fig. S9), which indicated n—nr* transition band. Therefore, the turn-on fluorescence of 1
could be due to the m—* transition band. On the other hand, in case of Hg?*-2-1 complex,
the first, second and third excited states (342.03, 341.05 and 338.24 nm) indicated that most
MO contributions of m—=n* transitions were delocalized and the oscillator strengths were
lower than those of 1, which affect the turn-off fluorescence of Hg?*-2-1 complex (Fig. S10).
Moreover, it has been suggested that the heavy metal ion such as Hg?* with a high spin-orbit
coupling constant ({) stabilize the triplet state and effectively quench the fluorescence.®’*®
Therefore, we assumed that the fluorescence quenching mechanism of 1 by Hg?* might be
due to the delocalization of m—n* transitions by the chelation of Hg?* with 1 and the high

spin-orbit coupling constant of Hg?".
3.4. Fluorescent turn-on response of Hg?*-2-1 complex toward Cys

Based on the thiophilic nature of Hg?*, we examined the selectivity of Hg?*-2-1
complex toward Cys. The fluorescent spectral study of Hg?*-2-1 complex with 20 different
amino acids and peptide such as Ala, Asn, Cys, GlIn, Glu, Gly, His, lle, Leu, Lys, Met, Phe,
Pro, Ser, Trp, Val, Arg, Thr, Asp and GSH was carried out in bis-tris buffer solution (Fig. 5).
Only the addition of Cys into the solution of Hg?*-2-1 enhanced significantly the intensity of
fluorescence emission while other amino acids showed either no or slight change in the
emission spectra relative to the free receptor 1. For example, GSH showed a slight increase of
the emission intensity, and Trp quenched it. The fluorescence recovery might be due to

release of 1 from the Hg?*-2-1 complex through the interaction of thiol-containg Cys with
10
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Hg?*. These results showed that Hg?*-2-1 complex was successfully utilized to probe Cys
with turn-on of fluorescence, and could selectively recognize cysteine over other sulfur-
containing amino acid and peptide, such as Met and GSH. Importantly, this is the second
example of Cys-selective fluorescent chemosensor by using mercury complex as a receptor in

fully aqueous solution, to the best of our knowledge (Table S1).

To investigate the sensing properties of Cys by Hg?*-2-1 complex, fluorescence
titration was conducted in buffer solution (Fig. 6). On the treatment with Cys to the solution
of Hg?*-2-1, the fluorescence intensity enhanced gradually and saturated when the
concentration of Cys reached 70 equiv. The absorbance change of Hg?*-2-1 with Cys was
studied by UV-vis titration experiments (Fig. 7). Upon the addition of Cys into the solution of
Hg?*-2-1, the absorption band at 364 nm steadily decreased, and a band at 310 nm gradually
increased. The final UV-vis spectrum was nearly identical to that of sensor 1, indicating
release of 1 from the Hg?*-2-1 complex. Meanwhile, the isosbestic points were observed at
282 and 331 nm, which indicates the formation of a single species from Hg?*-2-1 complex

upon binding to Cys.

Job plot showed a 1:2 stoichiometric ratio of Hg?*-2-1 to Cys (Fig. S11). In addition,
the 1:2 stoichiometry between the Hg?*-2-1 and Cys was confirmed by ESI-mass
spectrometry analysis (Fig. S12). The positive ion mass spectrum showed that a peak at m/z =
274.20 was assignable to [1 + H*]* [cald, 274.00], resulting in release of 1 from Hg®*-2-1
complex. Moreover, the peak of [Hg?" + 2-Cys + H*]* was observed at [m/z 442.93; calcd
443.00], indicating the 1:2 binding mode between Hg?* and Cys. Based on Job plot, UV-vis
titrations, and ESI-mass spectrometry analysis, we proposed that a Hg?*-2-1 complex might
undergo the demetallation by two Cys to form Hg?*-2-Cys complex (Scheme 3). The binding
constant between Hg?*-2-1 and Cys was calculated as 4.2 x 10> M on the basis of Li’s
equation (Fig. S13).%* Based on the result of fluorescence titration, the detection limit for Cys
was determined to be 5.2 pM on basis of 36/K (Fig. S14).%

The practical applicability of Hg?*-2-1 complex as a Cys-selective receptor was
further ascertained by the competition experiment (Fig. 8). When 1 was treated with 70 equiv
of Cys in the presence of the same concentration of other amino acids and peptide, the

emission enhancement caused by Cys was retained with Asn, GIn, Glu, lle, Leu, Lys, Met,
11
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Phe, Pro, Ser, Trp, Arg, and GSH. Instead, Ala, Gly, His, Val, Thr and Asp showed about 30-
50% reduction of the intensity. Nevertheless, 1 still had sufficient “turn-on” fluorescence for
the detection of Cys in the presence of Ala, Gly, His, Val, Thr and Asp. Therefore, these
results demonstrated that Hg?*-2-1 could be an excellent fluorescent sensor with high
selectivity for Cys over competing amino acids and sulfur-containing substances in buffer

solution.

4. Conclusion

We have developed the simple and easy-to-make benzimidazole-based fluorescent
chemosensor 1, which showed an excellent sequential selectivity for Hg** and Cys in fully
aqueous solution. In the presence of Hg?*, the fluorescent receptor 1 would form Hg?*-2-1
complex, which induces a dramatic fluorescence quenching. Moreover, the chemo-sensing
ensemble Hg?*-2-1 was used as a fluorescent turn-on sensor for Cys using the property of the
mercury-sulfur affinity. Importantly, 1 is the second example of fluorescent chemosensor for
the sequential detection of Hg?* and Cys in water. Furthermore, recovery studies of the water
samples added with Hg?* demonstrated its value in the practical application. Therefore, we
believe that the chemosensor 1 could be a good guidance to the development of a new type of

the sequential recognition of Hg?* and Cys.
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Scheme 2. Proposed binding mode of Hg?*-2-1 complex.
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Scheme 3. Proposed sensing mechanism of Cys by Hg?*-2-1 complex.

21



Page 23 of 33

RSC Advances

Table 1. Determination of Hg(Il) in water samples

Sample Hg(I1) added Hg(11) found Recovery R.S.D (n=3)
i (umol/L) (umollL) %) o)
\s/\;ar;eprm [a] 0.00 6.31 105.2 2.8
2.00 8.65 108.1 2.1

[a] Synthesized by deionized water, 6.00 pmol/L Hg(I1), 10 pmol/L Cd(I1), Pb(ll), Na(l), K(1), Ca(Il), Mg(l1). Conditions: [1]
=1 umol/L in 10mM bis-tris buffer (pH 7.0).
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Figure captions

Fig. 1 Fluorescence spectra of 1 (1 uM) upon the addition of 25 equiv of various metal ions
in bis-tris buffer solution (10 mM, pH 7.0).

Fig. 2 Fluorescence spectral changes of 1 (1 uM) in the presence of different concentrations
of Hg?" ions in bis-tris buffer solution (10 mM, pH 7.0). Inset: Fluorescence intensity at 395

nm versus the number of equiv of Hg?* added.

Fig. 3 Absorption spectral changes of 1 (1 uM) after addition of increasing amounts of Hg?*
in bis-tris buffer solution (10 mM, pH 7.0). Inset: Absorption at 364 nm versus the number of

equiv of Hg?* added.

Fig. 4 Competitive selectivity of 1 (1 uM) toward Hg?* (25 equiv) in the presence of other
metal ions (25 equiv) in bis-tris buffer solution (10 mM, pH 7.0).

Fig. 5 Fluorescence spectral changes of Hg?*-2-1 upon addition of 70 equiv of various amino

acids and peptide.

Fig. 6 Fluorescence spectral changes of Hg?*-2-1 in the presence of different concentrations
of Cys in bis-tris buffer solution (10 mM, pH 7.0). Inset: Fluorescence intensity at 395 nm

versus the number of equiv of Cys added.

Fig. 7 Absorption spectral changes of Hg?*-2-1 after addition of increasing amounts of Cys in
bis-tris buffer solution (10 mM, pH 7.0). Inset: Absorption at 364 nm versus the number of
equiv of Cys added.
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Fig. 8 Competitive selectivity of Hg?*-2-1 toward Cys (70 equiv) in the presence of other
amino acids and peptide (70 equiv) in bis-tris buffer solution (10 mM, pH 7.0).
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