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Abstract 

 

     A rhodamine B derivative 2 with terminal mercapto thiadiazole moiety was successfully 

synthesized and applied for selective recognition of Hg2+ in aqueous/acetonitrile (1:1, v/v,  

pH 7) solution by employing its photophysical properties. Low toxicity and precise  

cell–permeability of ligand was used to probe in vitro intracellular mercury contamination 

using L-929 cells (mouse fibroblast cells) and BHK-21 (hamster kidney fibroblast) through 

confocal fluorescence microscopic experiment and bio-imaging results showed the equal 

applicability of ligand toward both tested cell lines. Meanwhile, it exhibited distinct Hg2+ 

induced increment in the fluorescence and absorption intensity with induction of apparent 

colorimetric change from colorless to reddish pink, providing naked eye mercury detection 

based on the metal–promoted intramolecular electronic rearrangement in probe molecule. The 

probe responds selectively to Hg2+ over various competitive cations (Sc3+, Yb3+, In3+, Ce3+, 

Sm3+, Cr3+, Sn2+, Pb2+, Fe2+, Ni2+, Co2+, Cu2+, Ba2+, Ca2+, Mg2+, Ag+, Cs+, Cu+, K+) with 

marked fluorogenic response and selective colorimetric changes with high sensitivity of  

30 nM. We expect that the proposed method will serve as a practical tool for environmental 

samples analysis and biological studies.  

 

 

 

1. Introduction 

 
    Contamination of the environment with heavy metal ions has 

created a pressing public health concern in living systems. Mercury 

is widely considered to be one of the most hazardous pollutants and 

highly dangerous elements due to its recognized accumulative and 

toxic characters in the environment and the ecosystem possesses no 

benign effect.1 The widespread contamination of pollutants could 

jeopardize into the ecosystem, imposing a great threat to human 

health.2 The toxicity of Hg2+ is related to the fact that biological 

ligands such as proteins, DNA, and enzymes can coordinate with 

mercury due to its high affinity to the thiol group in proteins.3,4 

When Hg2+ is absorbed in the human body from the environment, it 

induces aberrations in microtubules, ion channels, mitochondria 

presumably and significant damage to the kidneys, heart, brain, 

stomach, intestines, central nervous system and endocrine systems.5-7 

Mercury contamination occurs through a variety of natural and  

anthropogenic sources including coal–fired power plants, oceanic 

and volcanic emissions, gold mining, combustion of waste, solid 

waste incineration, wood pulping, fossil fuel combustion, and 

chemical manufacturing.8,9 This metal has a relatively long 

atmospheric residence time because of its non–biodegradation, once 

mercury released into the environment, it can only be diluted or 

transformed, which results in long–range transport and 

homogenization on a hemispherical scale.10 Mercury is considered 

highly toxic because both elemental and ionic mercury can be 

converted into methyl mercury by the marine bacteria in the 

environment, which subsequently bio accumulates in large predatory 

fish, such as tuna and swordfish, consumed by humans.11,12 Methyl 

mercury is lipophilic, readily absorbed through the gastrointestinal 

tract, and a potent neurotoxin can cause severely deleterious health 

effects for human beings and has been implicated as a cause of 

prenatal brain damage, various cognitive and motion disorders, and 

Minamata disease;13 when ingested by a pregnant woman, methyl 

mercury readily crosses the placenta and targets the developing 

fetal brain and central nervous system, which can cause 

developmental delays in children.14  
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     Given these environmental and toxicological concerns, much 

effort has been devoted to develop new mercury detection strategies 

for use in aqueous solution and in biological samples.15 Although 

traditional analytical techniques including atomic absorption 

spectroscopy, atomic fluorescence spectrometry,16 dispersive liquid–

liquid microextraction,17 inductively coupled plasma atomic 

emission spectrometry, electrochemical sensoring, and the use of 

piezoelectric quartz crystals make it possible to detect low limits.18,19 

However, these methods require expensive equipment and involve 

time–consuming and laborious procedures that can be carried out 

only by trained professionals. Alternatively, applying fluorescent 

sensors to detect heavy metal ions are favored over other common 

analytical methods due to their favorable features of operational 

simplicity, cost–effectiveness, high sensitivity and selectivity, quick 

response, and high temporal resolution.20 Therefore, fluorogenic 

chemosensors are excellent candidates to probe mercury in the 

environmental and physiological samples.21,22 A number of 

fluorescent molecular probes based on the coordination of 

heteroatom–based ligands to Hg2+ have been reported in recent 

years, enabling easy detection of mercury ions.23-27 

     Recently, rhodamine derivatives have received increasing 

attention in the design of chemosensors for metal ions.28-30 However; 

more improvements for these rhodamine–based sensors are still in 

demand to be compatible with biological and environmental 

applications.  The major drawbacks that limit the practical use of a 

sensor are low water solubility, low fluorescence quantum yield in 

aqueous media, difficult surface conjugation chemistry and cross 

sensitivities toward other metal cations. Therefore, it still remains a 

great challenge and ever–growing demand to develop some simple, 

rapid responsive, sensitive and specific Hg2+ detection assays, 

suitable for quick determination in drinking water, food resources 

and mercury accumulation in living cells with less toxicity for 

practical use. 31-34 

     In this regard, ligand that can provide optical feedback on binding 

to the Hg2+ in aqueous or mixed aqueous environments in the form 

of visually detectable change in color and fluorescence are expected 

to find applications both as colorimetric staining agents for easy and 

facile detection; and as fluorescent imaging reagents for the 

biological cells that are affected with Hg2+ adsorption.35,36 Moreover, 

the fluorescence imaging technique can map the distribution of guest 

species within living cells. Since, rhodamine–based chemosensors 

have been widely used for detecting intracellular analytes.37-41 In the 

present study, we have explored the applicability of our design 

ligand for in vitro monitoring of mercury ions in aqueous solution as 

well as in living cells using L-929 cells (mouse fibroblast cells) and 

BHK-21 (hamster kidney fibroblast) under confocal fluorescence 

microscopy. The results showed good compatibility of synthesized 

ligand toward Hg2+ detection in aqueous solution and living cells 

with nano molar concentration level which suggest the utility of 

ligand as the fluorogenic signal reporting platform for Hg2+. The 

findings suggest that this method will serve as the foundation of 

practical chemosensor for rapidly determining Hg2+ contamination  

in intracellular and aqueous system owing satisfactory 

aqueous/acetonitrile solubility, low toxicity, convenient synthetic 

procedure, high sensing specificity for Hg2+ over other competing 

cations at ambient temperature under neutral pH condition. 

 

2. Experimental 

 

2.1. Substrate and reagents  

     Rhodamine B, 1,3,4-thiadiazole-2,5-dithiol, K2CO3, POCl3, were 

purchased from Aldrich. Triethyl amine, ethanol, methanol,  

1,2-dichloroethane, acetonitrile, acetone, water, dimethyl sulfoxide, 

hexane and ethyl acetate (Samchun chemicals, Korea), and 

Sc(OTF)3, YbCl3.6H2O, InCl3, CeCl3, SmCl3.6H2O, CrCl3.6H2O, 

SnCl2, PbCl2, FeCl2.nH2O, NiCl2.6H2O, CoCl2.6H2O, CuCl2.2H2O, 

BaCl2.2H2O, CaCl2.2H2O, CsCl, CuCl, KCl (Aldrich and Alfa 

Aesar) were used during experiment. The major chemicals utilized 

for biological studies includes MEM (minimum essential media, Wel 

Gene, Korea), FBS (fetal bovine serum, Bio west U.S.A), Tripsin 

(Thermo scientific, South Loga, Utah), PBS (Wel Gene, Korea) and 

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide, 

Sigma Aldrich, U.S.A]. 

 

2.2. Instrumentations 

     The reaction progress was monitored by thin layer 

chromatographic (TLC) analysis, and the Rf values were determined 

by employing pre–coated silica gel aluminum plates, Kieselgel 60 

F254 from Merck (Germany), using n-hexane : ethyl acetate, 1:1 as 

an eluent. TLC was visualized under a UV lamp (VL–4. LC, 

France). The FT–IR spectra were recorded in KBr pellets on a 

SHIMADZU FTIR–8400S spectrometer (Kyoto, Japan). Proton and 

carbon nuclear magnetic resonance (1H NMR & 13C NMR) spectra 

were recorded on a Bruker Avance 500 MHz spectrometer with 

TMS as an internal standard. The chemical shifts are reported as  

δ values (ppm) downfield from the internal tetramethylsilane of the 

indicated organic solution. Peak multiplicities are expressed as 

follows: s, singlet, bs, broad signal, t, triplet, q, quartet and m, 

multiplet. The coupling constants (J values) are given in hertz (Hz). 

Mass spectra were recorded on the AB SCIEX Co. 4000 QTRAP 

LC/MS/MS System. Abbreviations are used as follows: DMSO–d6, 

Dimethyl sulfoxide–d6; FT–IR spectroscopy, Fourier transform 

infrared spectroscopy. 

 

2.3. Chemistry 

     Formation of the ligand 2 was indicated by FT–IR spectrum due 

to appearance of broad signal at 2370 cm˗1 characteristic for terminal 

–SH stretching vibration of 2,5-dimercapto thiadiazole; while 

absorption band for the C=N stretching vibration at 1585 cm˗1 and 

C–S stretching vibration at 1230 cm˗1 indicate the attachment of 

mercapto thiadiazole ring to the rhodamine B derivative 1 

(Supporting information, Fig. S5). Further confirmation was carried 

out through 1H NMR and 13C NMR spectra by the appearance of 

broad signal at 14.48 ppm due to terminal –SH group and additional 

signals in the aromatic as well as aliphatic region of both 13C NMR 

and 1H NMR spectra (Supporting information, Fig. S1,2). In the 

mass spectral data, molecular ion peak [M+H]+ at m/z = 618 

indicates the correct mass of 2 (Supporting information, Fig. S7). 

The reaction pathway adopted for the synthesis of 2 was outlined in 

Scheme 1. 
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Scheme 1: Synthesis of ligand 2: Reagents and conditions. (i) 

1,3,4-Thiadiazole-2,5-dithiol, K2CO3, ethanol, reflux 10 h. 

 

2.4. General procedure for the synthesis of ligand 2 

     3',6'-Bis(diethylamino)-2-(2-iodoethyl)spiro[isoindoline-1,9' 

xanthen]-3-one (1) was prepared by reported procedure.42 Then 

compound 1 (1.4 g, 2.35 mmol) and 1,3,4-thiadiazole-2,5-dithiol 

(0.35 g, 2.35 mmol) was stirred in ethanol (60 mL). After addition of 

K2CO3 (0.97 g, 7.05 mmol) the reaction mixture was heated under 

reflux for 10 h, monitored by TLC. After consumption of starting 

material, the reaction mixture was cooled to room temperature and 

filtered. Filtrate after evaporation under reduced pressure left crude 2 

as white solid on cooling, which was purified by column 

chromatography and crystallized on methanol. 

 

2.5. 3',6'-Bis(diethylamino)-2-[2-{(5-mercapto-1,3,4-thiadiazol-2-

yl)thio}ethyl]spiro(isoindoline-1,9' xanthen)-3-one (2) 

     White solid; yield: 64 %; Rf : 0.81 (n–hexane : ethyl acetate, 1:1); 
1H NMR (500 M Hz, DMSO–d6) δ 14.48 (bs, 1H, SH), 7.83–7.80 

(aromatic, 1H, m), 7.58–7.51 (aromatic, 2H, m), 7.10–7.06 

(aromatic, 1H, m), 6.40–6.34 (xanthene, 6H, m), 3.36–3.18 

(aliphatic, 8H, q, J = 8 Hz), 2.80–2.76 (aliphatic, 2H, t, J = 10 Hz), 

2.52–2.50 (aliphatic, 2H, t, J = 7.5 Hz), 1.11–1.07 (aliphatic, 12H, t, 

J = 10 Hz); 13C NMR (125 MHz, DMSO–d6) δ 188.3, 167.4, 157.7, 

153.4, 153.1, 133.4, 130.7, 128.9, 128.8, 124.2, 122.9, 108.7, 97.6, 

64.4, 44.2, 38.7, 32.2, 12.8; MS for C32H35N5O2S3 (ESI, m/z),  

618 [M+H]+. 

 

2.6. Ligand-metal chelation 

     Recently, considerable efforts have been made to propose the 

metal induced ring opening mechanism of rhodamine derivatives.16, 

43-47 To understand the chelation mechanism of ours synthesized 

ligand 2 with mercury ion, 1H NMR titration and FT–IR spectral 

analysis before and after metal complexation with the ligand was 

performed to get insight into the ligation mode of 2 to Hg2+, which 

verify the involvement of mercapto thiadiazole to the complex 

formation reaction. There was a broad signal at 2370 cm˗1 due to 

terminal –SH stretching vibration in the ligand before reaction with 

the mercury ion, while this signal suppressed after ligand–mercury 

chelation, give indication about terminal –SH involvement in the 

mercury ligation as sulfur exhibited strong affinity toward 

mercury.15,48 Furthermore, there was a slight shift in the spirolactam 

carbonyl stretching vibration from 1743 cm˗1 to 1686 cm˗1 give 

indication of carbonyl oxygen involvement in the ligand–mercury 

complexation reaction (Supporting information, Fig. S5,S6). While 

in case of 1H NMR spectra, there was a significant change in the 

ethylene proton signal at 3.33–3.18 ppm before and after mercury 

chelation considered due to transformation of neighbouring tertiary 

amine to ammonium ion through electronic delocalization; 

meanwhile, significant signal variation in xanthene proton of 

rhodamine B backbone at 6.40–6.34 ppm attributed to the 

delocalization of electronic cloud after mercury induced spirolactam 

ring opening of the ligand, and disappearance of –SH signal at 14.48 

ppm confirm the involvement of terminal –SH in the ligand–mercury 

complexation reaction (Supporting information, Fig. S1–4). In the 

mass spectrum, a characteristic signal at m/z 618 corresponding to 

[M+H]+ was clearly observed give correct mass of ligand 2 

(Supporting information, Fig. S7). Furthermore, there was a 

considerable mass increment from m/z 618 to m/z 818 after mercury 

chelation with ligand give correct mass of ligand-mercury complex 

(Supporting information, Fig. S8). On the basis of these 

observations, the proposed ligand–mercury chelation mechanism is 

shown in Fig. 1. 

  

3. Results and discussions 
 

3.1. Spectroscopic properties 

     It is well known that sulfur and nitrogen can act as soft binding 

sites for metal cations.3 Mercury ions have a strong ability to bind 

with sulfur atoms.45,49-50 Initially, based on these binding abilities of 

Hg2+, we tried to synthesize a mercapto thiadiazole substituted 

rhodamine B derivative 2 and explored its potential for selective 

signaling of Hg2+ in aqueous solution and living cells which was 

found to bind strongly and selectively with Hg2+. Fluorescence and 

UV–visible spectral response of ligand were monitored upon adding 

Hg2+ to determine the cations binding ability of ligand. Ligand alone 

does not exhibit any fluorescence or UV–visible response in the 

range of 550–600 nm in the absence of metal ions. A high intensity 

fluorescence emission band at 587 nm and UV–visible absorption 

band at 554 nm were observed upon addition of Hg2+ into the 

aqueous/acetonitrile (1:1, v/v, pH 7.0) solution of ligand 2 with 

significant color change from colorless to reddish pink, suggesting 

the conversion of ligand into spirolactam ring opened xanthene 

conformation triggered by activation of spirolactam carbonyl group 

with mercury ion. The newly generated delocalized xanthene 

conformation of the ligand has extended conjugation that overall 

decrease the energy gap between HOMO to LUMO, and, thus 

causing rapid electronic transition at low energy exhibiting emission 

and absorption in the visible range (Fig. 2). Consequently, 

coordination reaction was monitored by using different mercury salts 

in order to assess the effect of counter ion on the fluorescence and  

 
Fig. 1 Proposed spirolactam ring opening mechanism of ligand 2 

upon mercury chelation in acetonitrile/water (1:1, v/v) at pH 7.0.   
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Fig. 3 Fluorescence emission spectral enhancement of ligand 2 

(0.03 µM) in the presence of Hg
2+

 (0.03–0.21 µM, 1–7 equivalents) 

in acetonitrile/water (1:1, v/v) at pH 7.0; black bars represent the 

fluorescence response of ligand solution prepared in distilled water 

and red bars represent the fluorescence intensity variation of ligand 

solution prepared in tap water. 

 

UV–visible absorption spectra. Similar results were obtained when 

different mercury salts, such as HgCl2 and Hg(ClO4)2, were 

employed, therefore, it appears that counter ions have no effect on 

chemosensor electronic spectra before and after Hg(ClO4)2 addition 

into ligand solution. 

A colorimetric sensor is especially promising because the color 

change can be easily observed by naked eye, thus less work and no 

costly equipments are required. Therefore, the colorimetric behavior 

of ligand was also investigated under the same conditions using 

distilled water as well as tap water for practical use. The selectivity 

of this system as a visual colorimetric sensor for Hg2+ over other 

metal ions is evident as only Hg2+ shows a significant color change, 

whereas all other metal ions remain colorless without any 

perceptible change (Supporting information, Fig. S9), while the 

same fluorescence enhancement was observed for the test solution 

prepared in distilled and tap water (Fig. 3). 

             

                 
Fig. 4 (A) The fluorescence titration of ligand 2 (0.03 µM) at 

emission maxima of 587 nm as a function of mercury concentration 

(0–0.42 µΜ, 0–14 equivalent), the inset described the fluorescence 

enhancement at emission maxima of 587 nm; F/Fₒ is determined as 

a ratio between the maximum fluorescence intensity (F, after Hg
2+

 

addition) and minimum fluorescence intensity (Fₒ, free ligand 

solution in absence of Hg
2+

); (B) Absorption spectrum of ligand 2 

(0.06 µM) with increasing concentration of mercury ion ranging 

from 0.06–0.42 µM (1–7 equivalent), in methanol/water (1:1, v/v) at 

pH 7. The inset shows titration curve by absorbance at 554 nm 

while there was a slight variation at 298 nm. 

 

3.1.1. Fluorescence and UV–visible titration 

     To gain more insight into the behavior of 2 towards Hg2+, the 

fluorescence and UV–visible titration experiment was conducted  

 
Fig. 2 (A) Fluorescence emission spectrum of ligand 2 (0.03 µM) in the presence and absence of Hg

2+
 (0.06 µM) in acetonitrile/water (1:1, 

v/v) at pH 7.0; Inset photograph described the colorimetric change (under UV light, 365 nm) before and after Hg(ClO4)2 addition into ligand 

solution; (B) UV–visible absorption spectrum of ligand 2 (0.06 µM) in the presence and absence of Hg
2+

 (0.12 µM) in acetonitrile/water  

(1:1, v/v) at pH = 7.0. Inset photograph described the colorimetric change (under ambient light) 
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which revealed that the fluorescence intensity of ligand solution 

gradually increased with increasing concentration of mercury ions in 

aqueous/acetonitrile (1:1, v/v) at neutral pH condition. A linear 

relationship was obtained between the fluorescence intensity at  

587 nm upon increasing concentration of mercury ions ranging 

from 0.03 µM–0.42 µM (Fig. 4A) and the value of linearly 

dependent co-efficient (R2) was found to be 0.99347 (inset of Fig. 

4A). From this titration experiment, the detection limit of 

chemosensor was estimated to be about 30 nM. The same results 

was obtained by the electronic spectra obtained from UV–visible 

titration experiment of ligand as a function of Hg2+ concentration as 

shown in Fig. 4B. There was a continuous increment in absorption 

intensity with maximum absorption at 554 nm by increasing Hg2+ 

concentration. 

 

3.1.2. Selectivity of ligand toward Hg2+ over competing ions 

     To assess the specificity of synthesized chemosensor, various 

ions including heavy metal ions, were examined in parallel under 

the same condition. As depicted from Fig. 5, the reaction of ligand 

with Hg2+ produces strong fluorescence response; whereas 

miscellaneous competitive metal ions do not show this behavior. 

However, there was a negligible response toward other less 

thiophilic cations, for example, Ag+, Sn2+, Pb2+ and Sc3+, although 

not so sensitive but there was slight signal appearance with no 

colorimetric change. However, huge difference between intensity of 

ligand chelation with Hg2+ and competing ions is considerably 

enough to detect the relevant concentration of Hg2+ in 

aqueous/acetonitrile (1:1, v/v, pH 7) sample. Furthermore, 

reversibility of chemosensor 2 was verified by the immediate 

disappearance of solution color and fluorescence quenching upon 

excess addition of tetrabutylammonium iodide (TBAI) into the 

mixture of 2 and Hg2+ (Fig. 5). 

 

3.1.3. Effect of time on ligand–Hg2+ chelation 

     To understand the response rate of fluorescent signal and ligand–

Hg2+ reaction time upon addition of Hg2+, the fluorescent intensity of 

ligand was measured at different time intervals. The time dependent 

response of ligand toward Hg2+ revealed that the reaction of ligand 2 

with Hg2+ started immediately, as there was a sudden change in 

fluorescence intensity, and completed within few second. The 

fluorescence intensity becomes constant within 2 minutes (Fig. 6). 

 

3.1.4. Fluorescence response of ligand–Hg2+ solution upon 

addition of competing cations 

    To assess the possible interference by other metal ions on the 

fluorescence intensity of ligand–Hg2+ solution, the fluorescence 

changes of ligand (0.03 µΜ) with Hg2+ (0.5 µΜ) and miscellaneous 

cations (0.5 µΜ) including Sc3+, Yb3+, In3+, Ce3+, Sm3+, Cr3+, Sn2+, 

 
Fig. 5 Fluorescence emission spectrum of ligand (0.03 µM) in the 

presence of Hg
2+

 (0.5 µM) and competing ions (Sc
3+

, Yb
3+

, In
3+

, Ce
3+

, 

Sm
3+

, Cr
3+

, Sn
2+

, Pb
2+

, Fe
2+

, Ni
2+

, Co
2+

, Cu
2+

, Ba
2+

, Ca
2+

, Mg
2+

, Ag
+
, 

Cs
+
, Cu

+
, K

+
) (0.5 µM) in aqueous/acetonitrile (1:1, v/v) at pH 7.0), 

while mercury ligation become reversible in excess addition of TBAI 

into ligand-Hg
2+

 solution. 

 
Fig. 6 Effects of reaction times on the fluorescent intensity of 

ligand (0.03 µM) at maximum emission of 587 nm in the presence 

of Hg
2+

 (0.03–0.09 µM) in aqueous/acetonitrile, (1:1, v/v) at neutral 

pH condition. 

 
Fig. 7 The fluorescence intensity contrast bars in order to 

investigate the interference effect of other metal ions (Sc
3+

, Yb
3+

, 

In
3+

, Ce
3+

, Sm
3+

, Cr
3+

, Sn
2+

, Pb
2+

, Fe
2+

, Ni
2+

, Co
2+

, Cu
2+

, Ba
2+

, Ca
2+

, 

Mg
2+

, Ag
+
, Cs

+
, Cu

+
, K

+
) on the detection ability of ligand for Hg

2+
, 

red bars represent the fluorescence response of ligand (0.03 µM) to 

Hg
2+

 (0.5 µM) in the presence of interfering metal ions (0.5 µM) and 

black bars represent the fluorescence intensity of ligand (0.03 µM) 

with competing ions (0.5 µM) in the absence of Hg
2+

. 
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Pb2+, Fe2+, Ni2+, Co2+, Cu2+, Ba2+, Ca2+, Mg2+, Ag+, Cs+, Cu+ and K+ 

in acetonitrile/water (1:1, v/v, pH 7) were measured. The tested 

background metal ions showed small or no interference with the 

detection of Hg2+ (Fig. 7). Moreover, the miscellaneous competitive 

cations did not lead to any significant fluorescence changes. These 

facts suggested that ligand could recognize Hg2+ with high 

selectivity against other metal ions under physiological conditions 

and excess of competing cations did not obviously influence the 

detection of Hg2+ in aqueous/acetonitrile, 1:1, solution. 

 

3.1.5. Solvent effect on ligand–mercury response mechanism 

     The effect of water contents on the fluorescence and UV–visible 

spectral measurement of ligand with Hg2+ were investigated, as 

shown in Fig. 8. The cation sensing ability of the sensor varies with 

the volume ratio of water. It can be observed that the sensor 2 

exhibited sensitive response to Hg2+ in aqueous/acetonitrile,  

(1:1, v/v) solvent system, the fluorescence emission and absorption 

signal intensity gradually increased and reached to maximum value 

at approximately, 40 % aqueous/acetonitrile solvent system while 

further increase in acetonitrile content bring slight change in signal 

intensity at 587 nm in case of fluorescence and at 554 nm in  

UV–visible absorption measurement, and become stable above 50 % 

aqueous acetonitrile solution. Inspiring from these results, 50 % 

aqueous/acetonitrile media was selected for the fluorescence 

excitation, emission and UV–visible spectral recording; while ligand 

alone showed no emission and absorption signal at 587 nm and 554 

nm, respectively, with the used solvent system at neutral pH 

condition.  

    The coordination reaction was greatly dependent on the nature of 

solvent; organic solvent exert significant effect on the absorption and 

emission intensity, maximum absorption response was observed in  

 
Fig. 9 Fluorescence intensity variation at maximum emission of 

587 nm, with alteration of pH from 2 to 10 in buffer solution. 

 

mixed acetonitrile water (1:1, v/v) solution. The effect of different 

aqueous organic solvent on the emission and absorption intensity 

upon chelation of mercury ion with ligand is tabulated in Table 1. 

 

 
Fig. 8 (A) Variation of fluorescence intensity of ligand 2 (0.03 µM) with and without mercury ion (0.06 µM) at 587 nm upon different water : 

acetonitrile, ratio; while base line signal are due to only ligand without metal addition in aqueous/acetonitrile solvent system; (B) Variation of 

absorption intensity of ligand 2 (0.06 µM) with and without mercury ion (0.5 µM) at 587 nm upon different water : acetonitrile, ratio at ambient 

temperature under neutral pH condition and base line signal are due to only ligand without metal addition in aqueous/acetonitrile solvent 

system. 

 

Table 1: Solvent effect on the mercury–ligand chelation 

S. No. Solvent aF/Fₒ 
Emission 

maxima (nm) 
bA 

Absorption 

maxima (nm) 

Stokes 

shift (cm-1) 

1 Water 08 587 0.020 554 1014 

2 MeCN : H2O (1:1, v/v) 176 587 0.420 554 1014 

3 MeOH : H2O (1:1, v/v) 156 587 0.401 554 1014 

4 EtOH : H2O (1:1, v/v) 148 587 0.401 554 1014 

5 DMSO : H2O (1:1, v/v) 122 587 0.302 554 1014 
a
F/Fₒ = Fluorescence intensity of 0.03 µM ligand at emission maxima 587 nm, in the presence and absence of 0.12 µM Hg

2+
. 

 
b
A = Absorption signal intensity of 0.06 µM ligand at absorption maxima 554 nm, in the presence of 0.12 µM Hg

2+
. 
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3.1.6. pH effect on ligand–mercury chelation 

     For practical applicability, the proper pH condition of synthesized 

chemosensor was evaluated by recording the fluorescence spectra in 

buffer with pH range of 2 to 10 as shown in Fig. 9. The ring opening 

of free rhodamine B derivative 2 took place spontaneously under 

acidic conditions (pH <5) because of the strong protonation of 

spirolactam carbonyl by acid while rhodamine B derivative 2 

(ligand) spirolactam ring remain stable at neutral pH and did not 

show any fluorescence and absorption signal under neutral pH 

condition due to existence of ligand in spirolactam conformation 

with localized electronic cloud. When the pH of solution was over 5, 

no acid induced ring opening of 2 was observed. However, in the 

presence of Hg2+, there was an obvious fluorescence off–on change 

between pH 5 and 8 which was attributed to the opening of the 

spirolactam ring of ligand triggered by mercury chelation. However, 

around pH 7, the F/Fₒ value reached maximum, indicating that 2 

possessed the highest sensing ability in a physiological environment, 

which was more fruitful for cell imaging study that required nearly 

neutral pH condition. These results indicate that the optimal pH span 

for ligand sensation is 5.0–8.0. This property of ligand 2 suggests 

that no buffer solutions are required for the detection of Hg2+, 

which is convenient for practical application to probe mercury in 

drinking water and biological fluid under neutral pH.  

 

3.1.7. Stokes shift  

    The difference between positions of band maxima of excitation 

and emission spectra of the same electronic transition is called 

Stokes shift. The ligand 2 after mercury chelation exhibited 

significant Stokes shift of 1014 cm-1 for easy separation of 

excitation and emission signal, (Fig. 10) calculated by the  

equation 1,51 in aqueous/acetonitrile (1:1, v/v, pH 7) solution. The 

larger Stokes shift and longer wavelength chromophore considered 

to be more compatible for sensing and intracellular cell imaging.52-

55 

 
Where υA and υF are the absorption and fluorescence frequencies, 

λA and λF are the absorption maxima and fluorescence emission 

maxima, respectively.  

 

 
Fig. 10 Fluorescence excitation and emission spectrum of 2 in the 

presence of Hg
2+

 in aqueous/acetonitrile (1:1, v/v) at pH 7.0 

 

3.1.8. Fluorescence quantum yield determination 

Fluorescence quantum yield of ligand-Hg2+ complex solution was 

calculated to be ФFL = 0.54 (relative to the standard rhodamine B in 

acetonitrile, Фstd = 0.59), 56 using equation 2.57  

Фunk = Фstd (Iunk/Aunk)(Astd/Istd)(ηunk/ηstd)
2 ……(2) 

Where Фunk is the fluorescence quantum yield of the sample, Фstd is 

the quantum yield of the standard, Iunk and Istd are the integrated 

fluorescence intensities of the sample and the standard, respectively, 

Aunk and Astd are the absorbance’s of sample and the standard at the 

absorption wavelength, respectively, ηunk and ηstd are the refractive 

indices of corresponding solutions. 

  

 

 

 

 

3.2. Bioimaging applications of ligand 2 in L-929 and BHK-21 

cell lines 

3.2.1. Bio-imaging applications of ligand 2 in L-929 cells (mouse 

fibroblast cells) 

    To investigate the capability of the ligand 2 to track the change in 

Hg2+ level within biological samples, the fluorescence imaging 

experiments were performed following the reported procedure58 with 

some modifications. Briefly, L-929 cells (mouse fibroblast cells) and 

BHK-21 (hamster kidney fibroblast) were incubated with ligand 2 

(1.5 µM) in complete MEM (minimum essential media) for 4 hours 

at 30 °C, then very fragile fluorescence was observed in both cell 

 
Fig. 11 Confocal fluorescence microscopic images for L-929 

cells; (A1-A3) L-929 cells incubated with probe (1.5 µM); (B1-B3) 

L-929 cells incubated with probe (1.5 µM) in the presence of (1.25 

µM) mercuric ion; (C1-C3) L-929 cells incubated with probe (1.5 

µM) in the presence of (2.5 µM) mercuric ion; (D1-D3) L-929 cells 

incubated with probe (1.5 µM) in the presence of (5 µM) mercuric 

ion. A1-D1: Bright field images; A2-D2: fluorescence images:  

A3-D3: merged images. 
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lines. After washing with PBS twice, the samples were treated with 

Hg2+ in different concentrations ranging from 1.5-5 µM for more 

than 30 min at 37 °C, which displayed distinct intracellular 

fluorescence depending on the Hg2+ concentrations. The results of 

bioimaging experiments against L-929 are shown in Fig. 11.  

 

3.2.2. Bioimaging applications of ligand 2 in BHK-21 (hamster 

kidney fibroblast) 

     As the major accumulation of mercury inside the human body 

takes place in the kidney as compared to other body organs such as 

liver and brain, furthermore, the renal toxicity caused by mercury is 

widely documented in literature. 59-64 Meanwhile, thiol-dependent 

nuclear factor KB (NF-KB) controls the apoptotic stimulus and 

promotes cell survival. Mercuric ions are well known thiol-binding 

agent which impairs the NF-KB function in kidney epithelial cells 

leading to the cell death.65 These finding inspired us to further 

investigate the bioimaging studies utilizing BHK-21 (hamster 

kidney fibroblast). However, ligand 2 was successfully applied for 

the fluorescent imaging of Hg2+ inside hamster kidney fibroblast 

cells (Fig. 12). From this experiment, we concluded that the 

synthesized ligand 2 can be used to probe mercury in multiple cell 

lines with promising fluorescence response. 

 

3.3. Cytotoxicity evaluation 

 
 Moreover, to assess the toxicity level, MTT assay was performed 

after 4, and 24 hours of ligand 2 treatment. BHK-21 cells showed 

little toxic effect at 4 hours while L-929 cells exhibited no toxicity 

as shown in Fig. 13A and B, respectively. 

 

4. Conclusion 

 
      In summary, we have devised an efficient ratiometric 

fluorescent probe 2 for mercury sensation based on the metal–

promoted spirolactam ring opening of synthesized ligand, 

exhibiting potent binding affinity for mercury ion showing strong 

absorption band at 554 nm and fluorescence emission at 587 nm 

with distinct color change of solution for naked eye detection, while 

common metal ions (Sc3+, Yb3+, In3+, Ce3+, Sm3+, Cr3+, Sn2+, Pb2+, 

Fe2+, Ni2+, Co2+, Cu2+, Ba2+, Ca2+, Mg2+, Ag+, Cs+, Cu+, K+) do not 

interfere the detection of mercury with ligand reflecting the 

stronger competition binding ability of mercury toward the ligand 

investigated in aqueous/acetonitrile (1:1, v/v) at pH 7.0. 

Furthermore, quick response toward mercury chelation with 

promising selectivity, high detection sensitivity, less toxicity, 

satisfactory solubility in mixed solvent, switchable photphysical 

properties and easy preparative protocol of proposed sensing 

system make it a reliable platform for nano molar mercury 

detection in aqueous solution and living cells. The bio-imaging 

results showed the equal applicability of ligand for L-929 cells 

(mouse fibroblast cells) and BHK-21 (hamster kidney fibroblast) 

with precise cell permeability and low toxicity against the tested cell 

lines. 

 

 

Acknowledgements 
     This research was supported by the Basic Science Research 

Program through the National Research Foundation of Korea (NRF) 

funded by the Ministry of Education, Science and Technology (No. 

2011–0015056) and the National Research Foundation of 

 
Fig. 12 Confocal fluorescence microscopic images for BHK-21 

cells; (A1-A3) BHK-21 cells incubated with probe (1.5 µM); (B1-

B3) BHK-21 cells incubated with probe (1.5 µM) in the presence of 

(1.25 µM) mercuric ion; (C1-C3) BHK-21 cells incubated with 

probe (1.5 µM) in the presence of (2.5 µM) mercuric ion; (D1-D3) 

BHK-21 cells incubated with probe (1.5 µM) in the presence of (5 

µM) mercuric ion. A1-D1: Bright field images; A2-D2: 

fluorescence images: A3-D3: merged images. 

 

 

 

   

   
Fig. 13 Cell viability of (A) BHK-21 and (B) L-929 cells 

cultured in complete media with ligand 2 (1.5 µM) while the 

control cells were cultured in the medium without ligand. 
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