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Highlights:

= Novel Rhodamine 6G based chemosensor PS was designed and synthesized.

= The proposed chemosensor PS exhibit high selectivity and sensitivity towards Hg2* metal
ion.

= Detection limit for Hg2* metal ion could be measured at nano molar (30.37 nM) level.

= The stoichiometry between probe PSand Hg2* ion was found to 1:1.

= The probe PS can successfully use for sensing Hg?* ions in aqueous media and living
cells (MDA-MB-231 & A375).

Abstract

A novel fluorescent chemosensor PS founded on rhodamine 6G for Hg2* has been synthesized
and authenticated by employing H NMR, 13C NMR, and LC-MS skills. The fluorescent
chemosensor displays an intense selectivity and sensitivity for Hg2* over additional metal ions

explored in the combined organic aqueous phase. A strong fluorescence enhancement was



detected after the addition of Hg?*, which was accompanied by ring-opening of a rhodamine
spiro-cyclic structure. The stoichiometric ratio of the PS-Hg?* complexes was determined to be
1:1 according to Job’s plot and tH NMR experiment. The binding constant and detection limit
(LOD) for PS-Hg?* complexation is estimated to be 6 x 104 M-1and 3.0375 x 108 M (30 nM),
respectively. The extreme fluorescent enhancement caused by Hg2* binding in chemosensor PS
occurred at a pH range of 6-8. Owing to practical application, the Hg2* metal ion was efficiently
determined using a spike and recovery approach from real water samples. Additionally, the
probe PSwas further used in the cell imaging experiment for the detection of the Hg?*
intracellularly using MDA-MB231 and A375 breast cancer cells by MTT assay method with low
cytotoxicity.

Keywords

Rhodamine derivative; Chemosensor for Hg?* detection; Nano molar detection; Cell imaging;
cytotoxicity.

Introduction

The design of optical chemosensors for selective appreciation and sensing anticipated metal ions

is an essential and modern research field. In this regard, the metal selective fluorescent



chemosensors function as a valuable tool for identifying the distinct metal ions. Therefore, the
fluorescent chemosensors have been widely utilized to detect biologically and environmentally
related metal ions[1-4]. There are several metal ions that exist on earth. Among them, some are
toxic, and others are nontoxic to the living organism. Mercury is one of the highly vital heavy
transition metal ions (HTM), which is considered as one of the most dominant toxic metal
elements in the environment. And three types of mercury exist: the types are an element, an
inorganic species, and an organic species [5-7]. Among all, organic species is one of the utmost
toxics, by means of both naturally aswell as artificially. It can effortlessly pass through the
biological membrane such as skin, breathing, and gastrointestinal tissues [8-10]. It has been
substantiated that, mercury ion can cause a broad range of disorders such as serious cognitive,
motion disorders, and brain damage. Therefore, it is extremely imperative to develop a new
system which can easily detect the metal ions which is harmful to the living organism or
environment. At present, chemosensor is one of the most effective approaches which has been
extensively utilized for the detection of various analytes. Hence, a great deal of attention has
been devoted to creating successful chemosensor to track the trace quantity of harmful metal
ions. [11-14].

However, up to date detecting heavy metal ions for environmentally and clinical samples are
mainly based upon atomic absorption/ emission spectroscopy, inductively coupled plasma mass
spectroscopy (ICP-MS), capillary electrophoresis, and high-performance liquid chromatography.
However, the wide utilization of these methods is largely limited because these techniques
demand the expensive and complicated sample pretreatment and instrumentation [15-17]. Owing
to the features of high sensitivity, selectivity, and less expensive cost, the fluorescent
chemosensors have attracted significant devotion and progressively becomes a crucial research
area for sensing of heavy metal ions or anions [18-20, 60, 61]. Recently, rhodamine and its
derivatives have received increasing attention in the design of chemosensors for metal ion
detection. Rhodamine derivatives recognized for good solubility, high quantum yield, long
excitation wavelength, and large molar absorption coefficient. Under these fascinating
properties, various rhodamine based chemosensors have been widely used for the recognition of
the numerous analytes. The metal ion sensing mechanism of these sensors is based on the change
in the structure between the spirocyclic and open-cycle forms [21-24]. Furthermore, rhodamine

based chemosensors can accomplish fluorescence turning on/off together with an obvious color



change from colorless to pink. Thus, most of the chemosensors comprise of rhodamine core
structure, especially for Hg2* metal ion based sensors are of chromogenic and fluorogenic types
[25a].

Herein, we report our work in the design and synthesis of rhodamine based organic compound
that is 2-(5-(4-bromophenyl)-1,3,4-thiadiazol-2-yl)-3',6'-bis(ethylamino)-2',7'-dimethyls piro [isoin
doline-1,9'-xanthen]-3-one (PS) that selectively detects Hg?* metal ion. Agreeably, the
synthesized novel chemosensor PS demonstrates extremely selective and sensitive fluorescent
enhancement after the addition of the Hg?* because of the chelation enhanced fluorescence
phenomenon. As per the practical application point of view, the present method was successfully
applied for the quantitative determination Hg2* metal ion by using real water samples (tap and
drinking water) and also utilized for the intracellular bio-imaging of the mercury (I1) ion using
two cells i.e. A375 and MDA-MB-231.

Experimental Section

2.1 Materials and instrume ntations

Rhodamine 6G, Thiosemicarbazide, 4-bromo benzoic acid, and potassium tert-butoxide were
purchased from Sigma Aldrich. Tetrahydrofuran (THF), ethyl acetate (EtOAc), dichloromethane,
and methanol were procured from a commercial vendor (Samchun chemicals Korea). All the
chemicals were used without purification. Shimadzu Spectrophotometer (Scinco, Korea) was
used for absorption spectra and FS-2 fluorescence spectrometer (Scinco, Korea) was used for the
fluorescence study. For all the samples, the absorption and fluorescence analysis done at room
temperature. In a fluorescence study, the samples were excited at 530 nm. The LC-MS has
inspected on 2795/Z2Q2000 (waters) spectrometer. FT-IR spectra were recorded on a Frontier IR
(Perkin Elmer) spectrometer using KBr pellets. TH NMR and 13C NMR spectra were recorded on
Bruker Avance 400 MHz spectrophotometer (400 and 100 MHz for proton and carbon NMR) in
which TMS is used as an internal standard. The melting point measured by using the MPA 160
instrument of Fisher Scientific (USA). In the existence and non-existence of the Hg2*, the
fluorescence time decay performance of the probe PS was measured at respective wavelength by
a time-correlated single-photon counting (TCSPC) spectrophotometer (HORIBA-1hr320, Japan).

As a result, obtained outputs were examined on data station software provided with an



instrument for the assessment of fluorescence lifetime values of probe PSin the presence and

absence of the Hg?*.

2.2 Preparation of the metal ions solution for optical studies

A stock solution of probe PS (1 mM) was prepared in tetrahydrofuran (THF) solvent and the
stock solution of all the metal ion (1 mM) containing Hg?*, BaZ*, Ca2*, Cd?*, Co?*, Cu?*, Fe?*,
Mg?*, Mn2*, Ni2*, Pb?+, Zn2*, AR+, Cr3*, Fe3*, Na*, K*, Cu* and Ca*, etc. were prepared by
dissolving corresponding salts in double-distilled water. Earlier to spectroscopic measurement,
the known amount of stock solution of probe PS was added to a 10 ml volumetric flask followed
by addition of known volume of corresponding metal ion and pH 7 solution, and finally diluted
to the equivalent concentrations by using THF : water (8:2, v/v) system [25b]. Afterword, the
absorption, and fluorescence intensity were recorded after 10 minutes for all the samples. For
fluorescence measurement, all the samples were excited at 530 nm. The excitation and emission
slits were both set for 5 nm [21].

2.3 Synthesis

2.3.1 Synthesis of 5-(4-bromophenyl)-1,3,4-thiadiazol-2-amine (1A)

The intermediary 1A was synthesized by following the formerly published article [26]. To a 100
round bottom flask (RBF) was added 4-Bromo-Benzoic acid (0.5 gm, 2.4 mmol) and
thiosemicarbazide (0.24 gm, 2.73 mmol) in POCl; (3 mL). The reaction mixture was heated to
75-80°C. After 1 hour, stopped the heating and the reaction mass gradually cooled to room
temperature. Further, the reaction mass was cooled to 0-5°C and slowly quenched with distilled
water and again the reaction mass was refluxed for 5 hours. Afterward, the reaction mixture was
gradually cooled to ambient temperature followed by cooling to 0-5°C and basified (pH=8) with
50% NaOH. The suspended solid material stirred for an additional 1 hour at 0-5°C then filtered,
dried, and recrystallized in absolute ethanol to afford a compound 1A, which was further used

for the next step.

2.3.2 Synthesis of 2-(5-(4-bromophenyl)-1,3,4-thiadiazol-2-yl)-3',6'-bis(ethylamino)-2',7'-
dimethylspiro[isoindoline-1,9'-xanthen]-3-one (PS)

To a mixture of rhodamine 6G (0.5 gm, 1.042 mmol), 2-Amino-5-{4-bromophenyl}-1, 3, 4-
thiadiazole (0.32 gm, 1.042 mmol) in ethanol (5 ml) atambient temperature under nitrogen

atmosphere. The reaction mixture was stirred for 10 min at ambient temperature then slowly



added potassium tert-butoxide (0.14 gm, 1.252 mmol) and continued the reaction until the
completion of the reaction (12 h) under nitrogen atmosphere [24]. After completion of the

reaction (monitored by TLC), the reaction mixture was quenched with cold water (15 mL) and

extracted with ethyl acetate (3x 15 mL). The ethyl acetate layer was washed with water (10 mL)

followed by brine solution (15 mL). The organic layer was dried over anhydrous sodium

sulphate and distilled under vacuum and purified by column chromatography using

(dichloromethane/methanol) as an eluent to afford a pink Solid, Yield: 85%, M.P: > 260°C; Fig.

S1:1H NMR (DMSO-dg, 400 MHz) & (ppm): & 8.58 — 6.78 (m, 8H), 6.25 (m, 4H), 5.76 (s, 2H),
3.19 - 3.09 (q, 4H), 1.82 (s, 6H), 1.20 (t, 6H). Fig. S2:13C NMR (101 MHz, DMSO) & 167.25,

147.77, 135.44, 132.63, 132.22, 131.52, 129.22, 128.90, 104.44, 37.39, 14.20. Fig. S3: IR (KBr)

vicm: 3022.19, 2889.70, 2299.44, 1946.44, 1693.56, 967.13, 903.90. Fig. S4: LC-MS: 654.4
m/z. (M+2) Fig. S5: GCMS: 653 m/z.

Rhodamine 6G 1A PS

Scheme 1: Synthesis route, reagents, and conditions: i) POCls, Reflux 1 hr.; H,O and reflux 5

hr. i) Potassium tert-butoxide, ethanol, RT, 12 hr. Potassium tert- butoxide.

2.4 Cell imaging study

2.4.1 Cell culture and treatment

The human melanoma cancer cell line A375 and breast cancer cell line MDA-MB-231 used in
this study were obtained from the KCLB (Korean Cell Line Bank, Seoul, Korea). A375 cells
were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher




Scientific, Inc., Waltham, MA, USA) and MDA-MB-231 cells were cultured in RPMI-1640
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Both media containing 10% heat-
inactivated fetal bovine serum (FBS; Tissue Culture Biologicals. Long Beach, CA, USA),
streptomycin (50 ug/mL; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), and penicillin (50
unit/mL; Sigma-Aldrich). These cells were grown at 37°C in a humidified incubator with 5%
CO,. Probe (10 uM) was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) and solutions
of Hg?* was prepared in distilled water. In this experiment, the already grown cell (MDA-MB-
231 and A375) were untreated (Control) or treated with probe PS (10 uM) in the growth medium
for 3 h followed by two times washing with PBS. Later, the cells were then incubated with
different concentrations of Hg2* (5 and 10 uM) for 3 h and then it was washed two times with

PBS at 37°C. The images of both the cells were achieved using a fluorescence microscope [30].

2.4.2 Cell viability assay

The consequence of probe PSand complex of PS-Hg?* on cell viability was strongminded by
MTT (3-(4,5-dimethylthiazol-2-yl)-2-5 diphenyl tetrazolium bromide) assay. A375 melanoma
and MDA-MB-231 cells were seeded at the density of 0.4 x 105> and 0.2 x 10° cells respectively
in each well of 96-well plate. Cells were treated with probe PSat 10 uM, 10 uM of Hg?* and co-
treated with varying concentrations of probe (5 and 10 uM) for 24 hrs. Inhibition of cell viability
was scrutinized by MTT assay (10 pl MTT/100 i cells), as described previously [27], The

optical absorbance was measured at 570 nm by using a microplate reader.

2.4.3 In-Vitro Fluorescence Imaging Study

The fluorescence intensity of A375 and MDA-MB-231 cells were confirmed by a fluorescence
microscope (BX51, Olympus, Tokyo, Japan), as described previously [28]. Briefly, MDA-MB-
231 and A375 cells were seeded at 1.5 x10° cells in a 35 mm culture plate. Further, cells were

examined under green light (wavelength was 532 nm).

Results and Discussion

3.1. Effect of pH
To verify the output of the probe PS in contrast to different pH ranges have been demonstrated
using the UV-Visible absorption experiment. In which the distinct pH solution prepared to vary

from pH 3 to 10 and used to strengthen the best operating range for the current chemosensor PS.



From the pH titration experiment, it has been found that metal-free chemosensor PS exhibit low
absorbance values, at pH 8-10. Whereas the absorbance values increase towards low pH because
the protonation induced ring-opening phenomenon. However, after mixing the Hg2* metal to the
chemosensor PS the absorbance was higher at a pH range 6-8, afterwards the absorbance rates
decline promptly in a highly basic condition i.e. pH 9-10 as revealed in Fig.1. The low
absorbance values obtained at high pH values, which suggest that the Hg2* metal ion may get
hydrolyzed into its hydroxide form and that could not form a complex with the chemosensor PS.
Therefore, from the above experiment, we have opted to retain the pH=7.0 in the entire

experiment and the same system is suitable for the cell biology experiment as well.
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Fig. 1. Effect of pH on absorbance of chemosensor PS (10 uM) in absence and presence of Hg2*

(50 pm)
3.2 Spectroscopic properties

3.2.1 Selectivity of probe PS using absorption and fluorescence studies

To explore the sensing assets and its sensitivity of the probe PS against various metal ion viz.
BaZt, Ca?*, Cd?*, Co?*, Cu?*, Fe2*, Mg?*, Mn2*, Ni2*, Pb2t, Zn?+, AR+, Cr3*, Fe3*, Na*, K+, Cu*
and Cat, etc. can be identified by using UV-Vis absorbance and fluorescence study in THF:

water system (8:2, v/v, at pH=7.0). In UV-Vis absorption experiment, the absorption spectra of



the probe PS (10 pM) in a mixed organic and aqueous system does not show up any response
beyond 500 nm (Fig. 2A), which demonstrates that the probe PS exists in the closed spirocyclic
form (non-fluorescent) rather than open ring (fluorescent) in mixed organic and aqueous solvent
phase [29]. Furthermore, there were no more substantial variations noticed due to the addition of
5.0 equivalents of the various metal ions (such as alkali, alkaline earth group, transition, and non-
transition metal) except for Hg?*. But, after the addition of the Hg?*, a great transformation was
observed in the absorption spectrum which indicates that probe PS can selectively discriminate

the Hg2* metal ion.
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Fig. 2. (A) Absorption spectrum of the probe PS (10 uM) in presence of various metal ions.

(B) Fluorescence emission spectrum of the probe PS (10 uM) in presence of various metal ions.

Likewise, the selectivity of the probe PS for Hg2* metal ion further principally inspected by
using fluorescence spectroscopy technique in the mixed organic and aqueous system (THF:
Water, 8:2, VIV, pH=7). As displayed in Fig. 2B, probe PS is non-fluorescent because of its
closed five-membered spirolactam framework. When probe PS was integrated with a series of
the numerous metal salts (5.0 equiv.) viz. BaZ* Ca2*, Cd?*, Co?*, Cu2*, Fe2t, Mg?*, MnZ*, N2,
Pb2*, Zn?*, AB* Cr3+ Fe3t Na*, K+, Cutand Cat, etc., it does not create any substantial variation
in an emission spectra. But, after integrating the probe PS with Hg2* metal ion a sensational shift
as well as marvelous fluorescent enhancement was noticed in the emission spectra at 558 nm;
which makes the probe PS as a “turn on” fluorescent chemosensor for the detection of the Hg2*

metal ion (Fig. 2B). A noticeable variation was observed in case of Hg?* metal ion which



reinforces that, probe PS after interaction with Hg?* exist in the Spirolactam open ring form

(fluorescent).

3.2.2 Effect of the PS-Hg?* over other metal ions

In chemosensor development, achieving the selectivity and sensitivity across other metal ions is
a demanding and obligatory task. Therefore, to explore the consequence of the other co-existing
metal ions on the emission intensity, we have conducted the competing metal ion experiment. To
investigate the impact of the participating metal ions on the fluorescence intensity of probe PS
(10 pM) induced by Hg?* (50 uM), other metal ion-containing Ba2*, CaZ*, Cd?*, Co?*, Cu2*, Fe?+,
Mg?*, Mn2*, Ni2*, Pb2+, Zn2*, AR+, Cr3*, Fe3*, Nat, K*, Cu* and Ca* (50 uM) was incorporated to
the solution holding a combination of PS and Hg?* in a mixed organic and aqueous system. The
fluorescence emission intensity outcomes of the probe PS in presence of each metal ions (red
pillars) and probe PS+Hg?2* ion in the presence of the other metal ions (green pillars) have been
shown in Fig 3. The examined background metal ions displayed a slight or no interference with
the recognition of the Hg2* metal ion. Besides, as presented in Fig. 3 (red pillars), the Co?* metal
ion exhibits slightly more response in fluorescence emission intensity as compared with the other
metal ions over PS-Hg?* complex. However, the fluorescence intensity of the Ps-Hg?* complex
was not significantly affected even if the Co2* metal ion presence in the same solution.
Remarkably, the study of the foreign metal ions could not interfere and influence on the
detection of the Hg2* metal ion by the addition of the various analytes. Thus, the obtained results
imply that fluorescence intensity response in the direction of studied metal ions exhibits
selectivity and sensitivity for Hg* metal ion.
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Fig. 3. The selectivity and competition of probe PS (10 uM) for Hg2*(50 uM). The pillars in the
front row represent the fluorescence response of probe PS (10 uM) for the examined metal ions.
The back pillars represent the successive addition of Hg?* (50 uM) to the solution including PS
(10 pM) and the other metal ions (50 M), respectively (Aex =530 nm).
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Fig. 4. Fluorescent intensity (Aex=530 nm) changes of PS (10 uM) in THF: Water (viv; 8:2;
pH=7) upon the incremental addition of the Hg?* ion (0-10 V).

3.3 Statistical Data Analysis

3.3.1 Fluorescence titration and limit of the detection (LOD)

The fluorescence intensity of the probe PS in the existence and non-existence with Hg?* metal
ion within the concentration range of 0-10 UM was thoroughly presented in Fig. 4. Ithas been
found that the fluorescence emission strength of the probe PS surges linearly with the
incremental addition of the Hg?* metal ion within the range between 0-10 pM. From the above
result, a graph of fluorescence intensity against [Hg2*] was plotted which obeys a straight-line
equation shown in Fig. 5. The straight-line equation is well fitted to the fluorescent incremental
enhancement results in a range of 0-10 uM. The limit of the detection (LOD) was computed [30-
32] by utilizing equation 1 and is observed to be 3.0375 x 108 M (30 nM).

L0D=3'3G

)



Where ¢ and K represent the standard deviation of the blank measurement and slope between the
fluorescence intensity to the Hg2* metal ion concentration. Besides, the LOD was calculated by
using the current method is considerably much lower than the previously reported method. A
comparison table has been prepared to compare the LOD of the present method with other
reported methods concerning solvent for HgZ* metal ion (Table. 1).
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Fig. 5. A Plot of emission intensity of PS (10 uM) at 558 nm versus concentrations of Hg2* (0-
10 pum).

Table 1: Comparison syntax among reported fluorescent probes and present chemosensor PS

with respect LOD of Hg?*.

Sr. | Detection Chemosensor used | Solventsystem | Real sample LOD Ref. No
No method used analysis
operated

1 Fluorescence Thiosemicarbazone | 0.01 M acetic - 0.77 uM [33]
acid/ sodium
acetate buffer

2 Fluorescence GT capped AgNPs Doubledistilled | Tap/River 0.037 nM [34]
water water, Catalytic

activity




3 Fluorescence Azo Crown ether Methanol - 13.9 uM [35]
4 Amperometry | Polyaniline-naflon - - 0.05 uMm [36]
nanostructure
5 Potentiometric | Poly (vinylchloride) | - Tap water 0.02 uMm [37]
6 Spectrophotore | Rutheniumcomplex | Ethanol - 0.1 um [38]
try
7 Colorimetric Silver nanoparticles | Aqueous Tap/ Lake water | 0.85 uM [39]
solution
8 Spectrophotorre | Rhodamine Aqueous Digital 77 nM [40]
try derivatives solution information
9 Potentiometric | Gold nanoparticles Doubly distilled | Sewage water | 0.05 uM [41]
water
10 Colorimetric Gold nanoparticles Ultrapure water | Pond/River 50 nM [42]
water
11 Colorimetric Biosynthesized Deionized milli- | - 1.44 uM [43]
AUNPs Q water
12 Amperometry Modified carbon Citrate Natural water 25 uM [44]
paste phosphate buffer
(0.1 M, pH 7.0
with a glucose
solution (12.2
mvl)
13 Electrochemical | Thiolfunctionalized | Milli-Q water Tap water 0.2 UM [45]
reduced GO
14 Fluorescence coumarin 3- DMSO: Water Intracellular 45 uM /22 | [46]
/Colorimetric azomethine (1:99, viv) cell imaging UM

derivative (AGB)




15 Fluorescence 2-Hydroxy THF: HEPES Intracellular 0.27 uM [47]
benzothiazole (46, vIv) cell imaging
modified rhodol
16 Fluorescence Double naphthalene | DMSO - 0.0559 uM | [48]
Schiff base
17 Fluorescence Nitrogen-doped Aqueous Tap/ Lake water | 0.23 uM [49]
carbon quantumdots | solution
18 Fluorescence copolymer of THF - 0.1 uMm [50]
carbazole and thieno
[3.4b]-pyrazine
19 Fluorescence Amino Acid Based Water: DMF - 57.2 nM [51]
Sensor (98:2, viv,10
mM HEPES)
20 Fluorescence Squaraine— Acetonitrile - 0.0169 uM | [52]
bis(rhodamine-6G)
21 Fluorescence Squaraine based Ethanol: Water | - 0.0219 uM | [53]
fluorescent probe (20:80, v/v)
22 Fluorescence Rhodamine appended | THF - 0.5uM [54a]
terphenyl
23 Fluorescence Tetraphenylethylene | Water Intracellular 63 nm [54b]
based AIE cell imaging
probe
24 Fluorescence TPE-boronic acid 90% Water-THF 0.12 ppm [54c]
chemodosimeter mixture
25 Fluorescence Rhodamine 6G based | THF: Water Tap/Drinking | 30.37 nM Present
(8:2, v/iv,pH=7) | waterand work
Intracellular
cell imaging

3.3.2 Determination of the binding stoichiometry and binding constant complex.

To determine the binding stoichiometry between the chemosensor PS-Hg?* complex has been

studied by conducting a Jobs plot experiment [55]. In this experiment, the final sum of the mole




fraction of the ligand (PS) and metal (Hg?*) was remained constant with simply altering the mole
fraction of ligand (Hg?*). Fig. 6 signifies the Job’s plot, shows the corresponding absorption
values of every solution having a mole fraction 0.1-0.9 for Hg2* metal ion. From this experiment,
it was found that the maximum absorbance was spotted at a mole fraction around 0.5 for Hg2*
metal ion. Therefore, one can be concluded from the above results that, the chemosensor PS and

the Hg2* metal ions form 1:1 complex.
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Fig. 6. Jobs plot suggesting stoichiometry among chemosensor PS and Hg?* =1:1.

Additionally, the binding constant (Kg) between the probe PS and Hg?* from the fluorescence
intensities data (at 558 nm) by following the modified Benesi-Hildebrand equation (2) [56].

1 1 1 1
= t e (2)
F—Fo Fmax—Fo Kg[Hg?*]™ (Fmax—Fo)

Where, Fo, F, and Fpnax are the emission intensity ( at 558 nm) of the probe PS in the absence of
the Hg?*, in the presence of Hg?* at dissimilar concentration and maximum fluorescence
intensity in the presence of Hg?* metal ion. However, Kgis the binding constant and n is the
number of Hg?* metal ion bound in chemosensor PS and HgZ* complexation (Here, n=1).
Furthermore, the modified Benesi-Hildebrand (B-H) graph was plotted as displayed in Fig. 7.

The obtained slope value from the linear B-H plot was used to compute the binding constant and



which demonstrate a high binding constant value, provided as Kg=6 x 10* M1, for 1:1

complexation developed among probe PS and Hg2* metal ion.
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Fig. 7. Modified Benesi-Hildebrand plot of chemosensor PS-Hg?* complexes in THF: Water
(viv, 82, pH= 7.0) solution.

3.3.3 Sensing mechanism

Rhodamine or its derivatives are an ultimate model in chemosensors study since of its unique
structural property. It retains closed five-membered cyclic amide functionality (spirolactum)
exhibit non-fluorescent behavior while the open-ring form of spirolactum induces a potent
fluorescence emission intensity. Moreover, in the absence of heavy metal ions or cations, these
probes occur in a spirocyclic form, which is colorless and non-fluorescent. But in the presence of
discriminatory metal cations triggers the opening of the spirocyclic ring as a result these probes
become more fluorescent or exhibiting strong fluorescence emission intensity in a fluorescence
study. Therefore, it could be suggested that a spirocyclic ring-opening mechanism operates
through chelation, in which the Hg?* metal ion from a coordinated complex with the oxygen
atom of amide functionality existing in probe PS. Furthermore, there are numerous reports are
present on rhodamine based spirolactum chemosensors, the Hg?* stimulated fluorescence
enhancement of chemosensor PS is a highly expected outcome of the spirolactum ring-opening

mechanism [47,52,54]. Thus, to scrutinize the mechanism of chelation boosted fluorescence of



probe PS by the addition of Hg?* metal ion operated through the spirocyclic ring-opening
approach. To explain in detail, we have performed several experiments including Jobs plot, 1H
NMR titration, and fluorescence lifetime, correspondingly.

From the Jobs plot experiment (Fig. 7), the absorbance values of titration solution demonstrate
an inflection point ataround 0.5, which implies the formation of the 1:1 coordination class
among probe PS and Hg2* metal ion (i.e. PS-Hg?*) in a mixed organic and aqueous system (8:2,
THF: Water). Likewise, the stoichiometry and coordination between probe PS and Hg?* metal
ion were confirmed by H NMR titration experiment. In which, probe PS (1.0 equiv) integrated
with various concentrations of Hg?+* metal ion such as, 0.5 and 1.0 equiv, correspondingly. Fig 8
comprises of three distinct 1H NMR spectra’s (A / B & C), in which spectra A was recorded only
for probe PS while spectra B and C comprises probe PS (1.0 equiv.) with 0.5 & 1.0 equivalent of
Hg?* respectively. Asshown in Fig 8A and B, the peak was appeared having chemical shift
value 5.04 ppm for N-H proton suggesting that the five-membered spirocyclic ring still present
in its closed form. It means after the addition of 0.5 equivalent of Hg2* metal ion-containing
probe PS does not form a complex. However, interestingly the N-H proton gets disappeared after
the addition of 1.0 equivalent of Hg2* which is shown in Fig. 8C [57]. Therefore, the 1H NMR
titration experiment confirms the ring-opening mechanism initiated via a chelation approach in
which metal ion binds with probe PS to form a complex (PS-Hg?*). The plausible binding mode

of probe PS with Hg?* metal ion representation is shown in Scheme 2.
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Scheme. 2. Proposed binding mode of probe PS with Hg?* metal ion (X= coordinating anion or

solvent).

Besides, the excited state complexation of probe PS-Hg?* was further authenticated by

inspecting the fluorescence lifetime values in the presence and absence of distinct concentration



of Hg?* metal ion to the probe PS in mixed THF: water (V/V, 8:2, pH=7) system as
demonstrated in Table 2. Primarily, fluorescence lifetime was calculated for probe PS, detected
to be 1.63 ns. Later, after the addition of the Hg?* metal ion within the concentration scale of 0-
10 uM. It was found that the fluorescent lifetime value incessantly increases with the addition of
the Hg2* metal ions and is found to 3.13, 3.53, and 3.91, respectively. This result indicates that
enhancement of fluorescence intensity and resultant excited singlet state lifetime is noticeable
through complexation owing to freezing of non-radiative pathways produced by inflexible
composition of the probe PS-Hg?* complex than the relatively more flexible composition of the
probe PS.
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Fig. 8. IH NMR spectra of (A) 1.0 equiv. of Chemosensor PSin DMSO-dg (B) Chemosensor PS
+ 0.5 equiv. of Hg?*in DMSO-dg (C) Chemosensor PS + 1.0 equiv. of Hg?*. (*equiv. =

equivalent)

Table 2: Fluorescence lifetime of probe PS and PS-Hg?* complex in THF: Water (8:2) system.

Sr. No ' Concentration of added Hg?* Fluorescence lifetime value of PS+Hg?*

metal ion (UM) (ns)
1 0 1.98
2 0.3 3.13
3 0.6 3.53
4 1.0 3.91

3.4. Applications of proposed fluorescence method.

3.4.1. Quantitative determination of Hg2* in environmental samples using chemosensor PS.

The practical applicability of the invented chemosensor PS was assessed by using a spike and
recovery approach [55]. In which the contamination of the Hg?* was revealed in drinking and tap
water. The samples were collected from the local campus of a university. To carry out this
experiment, three distinct concentration solutions of Hg2* metal ion was prepared by spiking
standard solution of Hg?* metal ion. The testing was performed by spiking the known amount of
standard Hg?* metal ion solutions. The fluorescence emission intensity of these three testers was
evaluated and correlated with fluorescence emission intensity within the range of 0-10 uM which
is presented in Fig. 4. The real water sample analysis data represented in Table 3. For the real
water sample analysis, the calculated recovery for the known amount of Hg?* added was between
96 to 100%. Hence, it reveals that the current approach can be applied for real water sample

assessment.

Table 3: Determination of Hg?* ion in real water samples.

Water samples Amount of standard | Total Hg2* ion found | Recovery of Hg2*

studied Hg?* ion added (M) (M) (n=3) ions added (%)
0.50 x 10 0.48 x 10 96.00

Tap Water 4.50 x 106 4.45 x 106 98.88




9.50 x 106 9.47 x 106 99.68
0.50 x 106 0.49 x 106 98.00
Drinking Water 4.50 x 106 4.49 x 106 99.77
9.50 x 106 9.49 x 106 99.89

3.4.2 Intracellular cell imaging of Hg2* utilizing chemosensor (PS) and cytotoxicity studies:

3.4.2.1 Cell imaging

Mercury is a naturally occurring element found in air, soil, and water. Mercury is one of the most
dangerous among the top ten chemicals as per WHO. The inhalation of mercury can cause severe
health issues on human health such as effects on the nervous, immune, digestive system, kidneys,
and lungs problem, and chances of fatal [58,59]. Therefore, to overcome this concern, we have
synthesized and developed such a chemosensor that possesses a high rate of selectivity as well as
sensitivity towards Hg2* metal ion. To verify the reliability and functional capability of the
present chemosensor, we have conducted a bioimaging study [27,30]. In which the synthesized
chemosensor PS with or without treating with Hg2* were explored on two cancer cell lines
specifically MDA-MB-231 and A375, respectively. In this experiment, the cultured cells were
systemically treated with probe PS, Hg2* metal ion at various concentrations and the
fluorescence images acquired for the various models have been displayed in Fig. 9 & 10. The
fluorescence images exhibited in Fig. 9 comprise, probe PS (10 uM) in DMSO (B1), PS (10 uM)
+ 5 uM of Hg?* (B2), and PS (10 uM) + 10 uM of Hg?* (B3) for MDA-MB-231 cell. Likewise,
Fig. 10 encompasses, probe PS (10 uM) in DMSO (M1), PS (10 uM) + 5 uM of Hg?* (M2), and
PS (10 uM) + 10 uM of Hg?* (M3), respectively. Fluorescence microscopy measurements at an
excitation wavelength (green light) of 532 nm were used to assess the fluorescence images. The
fluorescence and bright-field transmission images of test samples were equated with control for
living MDA-MB-231 and A375 cell as shown in Fig. 9 & 10. The experimental results indicate
that both the figures exhibit high fluorescence when the probe PS and Hg?* metal ion are
interacting with each other. In detail, for both the cancer cell lines when only probe PS treated
with already grown cancer cells in which it displays no fluorescence (MDA-MB-231) or very
less (for A375). Besides, when both, probe PS (10 uM) and Hg?* with different concentrations (5
& 10 uM) collectively treated with the grown MDA-MB-231 and A375 cells. 1t was found that

probe PS strongly coordinating with the Hg2* metal ion and it also exhibits strong fluorescence



while increasing the concentration of the Hg2* metal ion. Therefore, based on these experimental
results and observations, one can conclude that probe PS could be the best assortment to look at

as a chemosensor for the recognition of intracellular Hg?* metal ion.

Control B1 B2 B3

Bright filed (24 h)

532 nm (24 h)

Fig. 9. Bright field transmission images of living MDA-MB-231 cells with control (a), Probe
(PS) in DMSO (b), PS+ 5 uM Hg?* (c), and PS+ 10 uM Hg?* (d) and fluorescence images of
living MDA-MB-231 cells with control (e), Probe (PS) in DMSO (f), PS+ 5 uM Hg?* (g), and
PS+ 10 uM Hg?* (h) by exposing at 532 nm.

Bright filed (24 h)

532 nm (24 h)

Fig. 10. Bright field transmission images of living A375 cells with controls (A), Probe (PS) in
DMSO (B), PS+5 uM Hg?* (C), and PS+ 10 uM Hg?* (D) and fluorescence images of living
MDA-MB-231 cells with control (E), Probe (PS) in DMSO (F), PS+5 uM Hg?* (G), and PS+
10 uM Hg?* (H) by exposing at532 nm.



3.4.2.2 Cytotoxicity

The cytotoxic impact of the probe PS in the presence or absence of the Hg?* metal ion was
investigated using two cancer cells, for instance, MDA-MB-231 and A375 respectively, by using
MTT assay method [21, 27, 30]. Owing to its non-toxic nature to the cell surface, dimethyl
sulfoxide (DMSQO) was used as a solvent in an overall experiment. Furthermore, the Probe PS
(10 uM), Hg?* (10 uM) and different concentrations of the Hg2* (5, & 10 uM) over probe PS (10
uM) were treated with both the cancer cells for 24 h. The cell viability measurements performed
on both the cancer cells and presented in Fig. 11 (1 & 2). The non-toxic behavior of all the tested
samples was in the vicinity with control. Delightfully, all the samples including probe PS, and
the PS-Hg2* complex were found to be non-toxic to the breast cancer cell MDA-MB-231 and
human melanoma A375 cell. From the above findings, it can be inferred that probe PS and its

complex with Hg?* ion is non-toxic and could be useful for intracellular detection of the Hg2*

metal ion.
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Fig. 11. Cell viability measurement using the MTT assay. (1) MDA-MB-231, cells were
untreated (control)and cells treated with 10 uM Hg (I1) metal ion, probe PS (B1), PS +5 uM
Hg?* (B2) and PS+ 10 uM Hg?* (B3) for 24 h. (2) A-375, cells were untreated (control) and
treated with10 uM Hg (IT) metal ion, probe PS (M1), PS +5 uM Hg?* (M2) and PS+ 10 uM
Hg?+ (M3) for 24 h.

Conclusion:
In conclusion, we have designed an efficient fluorescent “off-on” chemosensor PS for the

recognition of the Hg?* in the mixed organic and aqueous phase. The probe PS displayed high



discerning and sensitive fluorescent enhancement towards Hg2* metal ion, in which the
transformation of the spirocyclic form (spirolactum) to open ring form was accomplished after
the addition of the Hg?*. Moreover, probe PS demonstrated chelation enhanced mechanism
towards Hg?* metal ion with 1:1 binding stoichiometry which was validated by Jobs plot and *H
NMR titration experiment. The limit of detection (LOD) estimated for Hg2* observed 3.0375 x
108 M (30.37 nM) utilizing the proposed approach and its superiority systematically explained
and equated with other reported methods. The primary inspections in real water sample utilizing
tap and drinking water signify that probe PS proves the selectivity in the identification of the
Hg2* metal ion even though in the existence of additional metal ions employing spike and
recovery method, which draw attention to its prospective advantage in the field. Also,
chemosensor PS was demonstrated to be an effective fluorescent “off-on” chemosensor for
recognition of Hg?* intracellularly using MDA-MB231 and A375 cancer cells. As a result, the
low detection limit (LOD), utilization of water system in sensing assessment, useful applicability
to ordinary water sample evaluation, and cell imaging and cytotoxicity study are the foremost

gains of our research methodology.
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