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HIGHLIGHTS

« The chemosensor 4DBS synthesized
via greener and simple synthetic
methods.

« The colorimetric and fluorescence
recognition of Hg?* ion was
accomplished.

« The LOD for 4DBS towards Hg?* was
0.451 uM.

« Bioimaging of 4DBS was
accomplished in live cells and
zebrafish larvae.

« 4DBS showed the discriminative
identification of Hg?* in live cells.
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ABSTRACT

A new colorimetric and ratiometric fluorescence chemosensor 4-((3-(octadecylthio)-1,4-dioxo-1,4-dihy
dronaphthalen-2-yl)amino)benzenesulfonamide (4DBS) was synthesized and investigated for the selec-
tive detection of Hg?" in DMSO-H,0 (9:1, v/v) solution. The chemosensor was efficiently synthesized
in two steps via Michael-like addition and nucleophilic substitution reactions. The ratiometric fluores-
cence turn-on response was obtained towards Hg?*, and its fluorescence emission peak was red-
shifted by 140 nm with an associated color change from light maroon to pale yellow due to the
intramolecular charge transfer effect. The formed coordination metal complex was further evaluated
by FT-IR, 'H NMR, and quantum chemical analyses to confirm the binding mechanism. The detection pro-
cess was sensitive/reversible, and the calculated limit of detection for Hg?* was 0.451 uM. Furthermore,
4DBS was effectively utilized as a bioimaging agent for detection of Hg?" in live cells and zebrafish larvae.
Additionally, 4DBS showed distinguishing detection of Hg?* in cancer cells in comparison with normal
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cells. Thus, 4DBS could be employed as an efficient bioimaging probe for discriminative identification of

human cancer cells.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

In humans or other life forms, metal ions play significant roles
in biological processes such as metabolism, osmotic regulation,
and cell signaling. Some alkali or alkaline earth metals such as cop-
per, iron, zinc, and sodium ions at trace levels are beneficial to liv-
ing systems [1,2]. Other heavy metals, including Hg?*, Cd?*, or Pd?*
ions, which are widely used in gold mining, coal plants, and mer-
cury lamps, are widespread in water, soil, and air and can impart
severe impacts to the environment and humans [3]. Among various
heavy metals, mercury is well-known for its high toxicity even at a
lower level, and due to the hazardous nature, its utilization is
restricted in electronic appliances by the European Union’s Restric-
tion on Hazardous Substances (RoHS) [4]. The metal ion Hg?" is
easily propagated and can be introduced into the human body
through respiration or absorption by skin and digestive tissues.
After accumulation of Hg?* ions at a certain level in the human
body, high binding behavior with thiol groups in proteins and
enzymes induces potential impairment of the kidneys, heart, brain,
immune system, lungs, central nervous system and other tissues
[5-8]. According to the U.S. Environmental Protection Agency
(USEPA), the permissible level of Hg?* contamination in drinking
water is 2 pg L', and a maximum concentration of 5 pg L~! leads
to harmful effects in culture medium [9,10]. Thus, effective meth-
ods should be developed for monitoring and selective determina-
tion of Hg?" ions in environmental and biological samples, which
are of the highest requirement in the current circumstances.

Considering heavy metal pollution, over the past few decades,
several efficient techniques have been examined in an overall large
research effort. Of late, modern analytical techniques have often
been employed for the quantitative and qualitative determination
of heavy metals. These techniques include atomic absorption/
emission  spectrometry, capillary electrophoresis, high-
performance liquid chromatography, gas chromatography, mass
spectrometry, and electrochemical methods [11-16]. These analyt-
ical techniques are comprised of several practical advantages such
as precise accuracy, high reliability, repeatability, and easy separa-
tion of selective analytes [17,18]. However, these analytical tech-
niques also have several practical drawbacks including the need
for complex instrumental operation, prolonged analysis time, uti-
lization of expensive materials, sample preparations under haz-
ardous conditions, and expensive instruments that require
sophisticated maintenance [19]. Therefore, simple and efficient
analytical techniques must be developed which allow rapid analy-
sis, high selectivity, easy operation, and economic feasibility.
Among various recent methods available for metal ion detention,
optical chemosensor have attracted wide attention among
researchers. In contrast, colorimetric and fluorescence chemosen-
sor are known to be practically more advantageous, exhibiting
real-time analysis, operational simplicity, highly reversibility, low
detection limit, qualitative/quantitative detection of specific ana-
lytes while avoiding the utilization of complex analytical or spec-
troscopic techniques [20,21]. Over the past several years,
varieties of colorimetric chemosensor have been developed that
provide low-cost direct identification of analytes based on color.
If the sensing output is a color change, this phenomenon can be
easily recognized by the naked-eye or inexpensive instruments
by a non-technical observer [22,23]. On the contrary, to overcome
the practical disadvantages of modern analytical techniques, the

ratiometric approach is one of the efficient methodologies with
good reliability for analyte detection. In ratiometric chemical sen-
sors, the analyte induces changes with more than one absorption
or emission band. The ratio of these bands improves the quantifi-
cation and sensitivity of the chemosensor [24]. Thus, the combina-
tion of colorimetric and ratiometric fluorescence properties leads
to development of active chemosensors for the sensing of toxic
heavy metals in the environment and in living systems.

At present, the construction of effective colorimetric and ratio-
metric fluorescence chemosensor is of great need due to their sim-
plicity and easy operation [25]. Nevertheless, most of the available
chemosensors are active in the emission mode, though they do not
induce any colorimetric or ratiometric response towards specific
analytes. In addition, the higher selectivity of these chemosensors
is restricted with other alkaline earth metal ions [26,27]. Therefore,
with the essential need of the colorimetric and ratiometric fluores-
cence performance of the sensing probes in mind, we fabricated
and report the new chemosensor 4-((3-(octadecylthio)-1,4-dioxo-
1,4-dihydronaphthalen-2-yl)amino)benzenesulfonamide (4DBS)
for the colorimetric and ratiometric fluorescence detection of
Hg?* in DMSO-H,0 (9:1, v/v) solution. The present chemosensor
4DBS showed good performance in terms of high selectivity, low
detection limit (LOD), high binding constant value, and negligible
interference from other analytes. The coordination mechanism in
the 4DBS-Hg?" complex was confirmed by FT-IR and 'H NMR anal-
yses. Furthermore, quantum chemical calculations were performed
to support the proposed binding mechanism. Subsequent intracel-
lular detection of Hg?* in living cells and zebrafish larvae was per-
formed. The chemosensor 4DBS showed discriminative detection
of Hg?" in cancer cells that helped to distinguish human cancer
cells from normal live cells.

2. Experimental section
2.1. Synthesis of chemosensor 4DBS

The chemosensor 4DBS was synthesized according to our previ-
ously reported synthetic procedures with necessary modifications
(Scheme 1) [28]. The preparation and the spectral analysis of com-
pound 3 is accessible in our earlier investigation [29]. All synthetic
procedures and the structural characterization of the chemosensor
4DBS are briefly described in the supporting information section
(SI) (Figs. S1 and S2).

2.2. Preparation of 4DBS and metal ion stock solutions

A stock solution of 2.0 x 10~> M 4DBS was prepared by mixing
0f 0.0122 g of 4DBS in 10 mL of DMSO. 1.0 x 10~ ! M alkaline earth
cations, amino acids and peptides were prepared in deionized
water. Tetrabuytl ammonium salts of anions were prepared in ace-
tonitrile (CH3CN). From the prepared stock solutions, 25 pL 4DBS
and 50 pL analytes were diluted with 4 mL of DMSO-H,0 (9:1, v/
v) solution to obtain a final concentration of 1.25 x 107> M and
1.25 x 1073 M, respectively. The prepared solutions were investi-
gated for their binding properties at ambient temperature (RT).
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Scheme 1. Synthetic pathways for the preparation of chemosensor 4DBS.

2.3. 4DBS-Hg’* complex preparation for FT-IR analysis

The ligand 4DBS (0.076 g, 0.0025 M) and mercury(Il) acetate
(0.039 g, 0.0025 M) were mixed in CH3CN (50 mL). The obtained
mixture was stirred at RT for 3 h. After stirring, the resulting pre-
cipitate was isolated, washed with CH5CN (100 mL), and dried in
a hot air oven at 45 °C. The isolated organic metal complex was
analyzed by FT-IR.

2.4. In vitro cytotoxicity assay of 4DBS

Mouse fibroblast cells (L929) and human breast cancer cells
(MCF-7) were maintained in DMEM medium with 10% FBS and
1% Pen/Strep. (Hyclone, USA). After reaching a subsequent mono-
layer confluency of cells with a density of 30,000 cells per well,
both cell lines were incubated for 24 h with different concentra-
tions of chemosensor 4DBS from 0.0975 uM to 100 uM (11 doses,
dissolved in DMSO). The incubated cells were treated with 10%
CCK-8 solution (Dojindo Laboratories, Japan), and the cells were
further incubated for another 3 h. Finally, OD values were mea-
sured at 450 nm (Microplate reader, Tecan, Austria). All cytotoxic-
ity experiments were carried out in triplicate [30].

2.5. Bioimaging in live cells

Before bioimaging studies with L929 and MCF-7 cells, the cells
were cultured in a 24-well plate for 24 h with 5% CO, at 37 °C. Ini-
tially, both cell lines were treated with either 6.25 uM Hg?* or
4DBS for 10 min, and the images were recorded. Next, the cells
were incubated with both 6.25 uM Hg?" and 4DBS. In each incuba-
tion step, the cells were washed three times with 1X phosphate-
buffered saline (PBS, pH = 7.4) to eliminate traces of unreacted
Hg?" and 4DBS. The Hg?* and 4DBS incubated cells were fixed with
paraformaldehyde solution (4% in PBS). Finally, images of the L929
and MCF-7 cells were captured by fluorescence microscopy under
green (excitation at 490 nm; emission at 550 nm) and red (excita-
tion at 597 nm; emission at 657 nm) channels (ECLIPSE Ts2-FL,
Nikon). The quantitative amounts of fluorescence emission from
live cells were measured using Image] software [31].

2.6. Bioimaging in zebrafish larvae

5-day-old zebrafish larvae were cultured and maintained at
28 °C in E3 medium. First, the zebrafish larvae were incubated with
a water solution of 6.25 uM Hg?* for 30 min and washed with 1X
PBS (pH = 7.4). Next, Hg?" treated zebrafish larvae were incubated
with 6.25 uM 4DBS for 30 min and subsequently washed with 1X
PBS. After completion of the treatment with Hg?>* and 4DBS, the
fluorescence emission of the zebrafish larvae were captured by
confocal microscopy (Carl Zeiss, Germany, LSM 510 META) under
green channel (excitation at 554 nm; emission at 578 nm) and
red channel (excitation at 625 nm; emission at 663 nm) at the Cen-
ter for University-Wide Research Facilities (CURF) at Jeonbuk
National University (JBNU, Jeonju, South Korea) [32].

3. Results and discussion
3.1. Design and preparation of the chemosensor 4DBS

According to Pearson’s hard-soft acid-base theory, sulfur and
nitrogen binding sites are more preferable moieties for selective
recognition of the soft heavy metal Hg?* [33,34]. Moreover, Hg?*
ion is a strong electrophilic metal; thus, it would preferably be
attracted by the electronegative functional group -NH in the
ligand. Considering the characteristics of Hg?* ion, we rationally
designed and synthesized the chemosensor 4DBS by employing
simple and effective synthetic methods. First, equal stoichiometric
amounts of starting materials 2,3-dichloro-1,4-naphthoquinone
(1) and p-aminobenzenesulfonamide (2) were dispersed in water.
Through the Michael-like addition reaction, compound 3 was iso-
lated in good yield. Compound 3 was further modified with the
introduction of a long aliphatic hydrocarbon chain containing a
sulfur atom. The nucleophilic substitution reaction was performed
between compound 3 and 1-octadecanethiol in CH3CN with tri-
ethylamine (TEA), which gave the preferred chemosensor 4DBS
in good yield (Scheme 1).

3.2. Colorimetric detection of Hg>* by 4DBS

The colorimetric detection ability of the chemosensor 4DBS was
investigated in DMSO-H,O (9:1, v/v) solution. Several metal
cations, anions, amino acids and peptides such as Cs*, K", Li*, Ag",
Na*, Mn?*, Cd?*, Hg**, Mg?*, Ba®*, Ni*, Ca®*, Co**, Zn?", Sr**, A",
La3*, Br~, CI~, Cl0z, OAc™, NO3, F~, POz, BF3, N-acetylglycine (Ac-
Gly-OH), N-acetylglycine (Ac-Gly-OH), L-glutamine (L-Gln), L-(+)-
2-aminobutyric acid (L-ABA), N-acetyl-L-methionine (Ac-L-Met-
OH), L-methionine (Met), L-glutathione reduced (GSH), S-acetyl
glutathione (S-A-GSH), S-hexylglutathione (S-Hexyl-GSH), glu-
tathione ethyl ester (GSH-MEE), and L-glutathione oxidized (GSSG)
was introduced into a solution containing 4DBS. No color change
was perceived for the screened analytes except for Hg?*. A signifi-
cant color change was obtained for the chemosensor 4DBS with the
addition of Hg?* from light maroon to pale yellow in DMSO-H,0
(9:1, v/v) solution. The obtained color change was due to deproto-
nation or dissociation of protons in the chemosensor 4DBS. Addi-
tionally, the obtained intramolecular charge transfer (ICT) effect
in the 4DBS — Hg?* complex was another rationale for the color
transformation (Fig. 1) [35].

3.3. Ratiometric fluorescence investigation of 4BDS towards different
analytes

Initially, the absorption behavior of 4DBS (1.25 x 10~> M) was
investigated in various solvents with an added amount of water
(9:1, v/v) to find a suitable solvent medium for fluorescence emis-
sion studies. Two absorption maxima were observed for the
chemosensor 4DBS at 297 nm and 514 nm from n-n* and n-m*
transition states. The absorption behavior of 4DBS was studied in
various solvents; DMSO-H,0 (9:1, v/v) showed the fine absorption
spectrum with high solubility of the ligand 4DBS (Fig. S3). Next, the
effect of fluorescence emission at different excitation wavelengths
was examined to determine a suitable excitation wavelength for



P. Ravichandiran, Vignesh Krishnamoorthi Kaliannagounder, N. Maroli et al.

24 25

19 20 21 22 23

£y QT -au:, B G ey
,r[ (& | _:, [ - ‘

- e

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 257 (2021) 119776

35 36 37

] T S
J [ o

Fig. 1. “Naked-eye” investigation of 4DBS (1.25 x 10~> M) with the addition of different analytes (1.25 x 103 M) in DMSO-H,0 (9:1, v/v) solution; where L: 4DBS, 1: Cs*, 2:
K*, 3: Li*, 4: Ag*, 5: Na*, 6: Cu?*, 7: Mn?", 8: Cd?*, 9: Hg?*; 10: Mg?*, 11: Ba%*, 12: Ni*", 13: Ca®", 14: Co**, 15: Zn?", 16: Sr**, 17: A**, 18: La®**, 19: Br~, 20: CI~, 21: ClOz, 22:
OAc™, 23: NOg3, 24: F~, 25: POg, 26: BFy, 27: Ac-Gly-OH, 28: Ac-GLN-OH, 29: L-Gln, 30: L-ABA, 31: Ac-L-Met-OH, 32: Met, 33: GSH, 34: S-A-GSH, 35: S-Hexyl-GSH, 36: GSH-

MEE, 37: GSSG.

fluorescence metal ion selectivity studies. While increasing the
excitation wavelength from 270 nm to 300 nm, the emission inten-
sity gradually decreased. The maximum emission intensity was
obtained at an excitation wavelength of 270 nm (Fig. S4). Thus,
based on the high solubility of the chemosensor 4DBS in DMSO-
H,0 (9:1, v/v) and the obtained high emission intensity from exci-
tation at 270 nm, these parameters were selected for further fluo-
rescence emission investigations. First, the analytes binding study
of 4DBS was performed in the presence of various metal cations,
anions, amino acids and peptides including Cs*, K*, Li*, Ag", Na“,
Mn?*, Cd?*, Mg?*, Ba%*, Ni%*, Ca®*, Co?*, Zn**, Sr**, AI**, La®*, Br,
Cl-, ClO0g, OAc™, NO3, F~, POy, BFs, Ac-Gly-OH, Ac-GLN-OH, L-Gln,
L-ABA, Ac-L-Met-OH, Met, GSH, S-A-GSH, S-Hexyl-GSH, GSH-
MEE, and GSSG. With the addition of various analytes into the
4DBS solution, no characteristic change in fluorescence or peak
shift was obtained. Interestingly, a huge peak shift was obtained
with the addition of Hg?* into 4DBS solution through the fluores-
cence turn-on mode. Insignificant peak shifts were noticed for
added analytes in 4DBS solution; nevertheless, a red-shifted emis-
sion peak was observed with Hg?". A small amount of fluorescence
quenching was observed for Cu?* which was due to their strong
quenching and paramagnetic characters [36]. The peak at 330 nm
decreased and a new emission peak appeared at 470 nm due to the
ICT effect, which confirms the ratiometric character of the
chemosensor 4DBS (Fig. 2). Furthermore, the obtained ICT effect
was experimentally verified by carried out UV/vis titration analy-
sis. Well-defined absorption peaks were obtained for 4DBS at
252, 297 and 514 nm. Upon addition of Hg?* from 0 to 50 equiv.
to 4DBS solution, huge shifts were obtained in the peak positions.
Red-shifted peaks were obtained from 252 to 257 nm, whereas,
blue-shifted peaks were obtained from 297 to 290 nm and 514
to 487 nm (Fig S5). In addition, a good linear relationship curve
was obtained for the titration analysis (R? = 0.9952, Fig. S6). More-
over, the ICT effect was further evaluated by the plot of Stokes shift
(in wavenumber) against solvent orientation polarizability (Af)
which was calculated from a Lippert-Mataga equation (Af = (e-1)
/(2 + 1)-(n?-1)/(2n? + 1), where ¢ is the dielectric constant and n
is the refractive index of the solvent) [37]. All the spectral data of
4DBS and its Hg?* complex were presented in Table S1. From the
attained results, it was observed that the 4DBS-Hg?* complex
show ICT effect in CH3CN, MeOH and DMSO by shifting their Stokes
shifts non-linearly with the increment of Af value (Fig. S7). Also,
the positive values representing that the excited state of the mole-
cules are more polar in comparison to the ground state. Hence,
these results indicate that the ICT effect was obtained between
the 4DBS — Hg?* complex which induced the enhanced ratiometric
fluorescence emission. Likewise, the obtained higher selectivity
with enhanced fluorescence emission intensity could be reason-
ably justified as follows. According to Pearson’s hard-soft acid-
base theory, secondary amine (-NH) is a soft base and Hg?* is a soft

4DBS, 4DBS + Cs*,

K*, Li*, Ag*', Na*,
— an*, Cd2+, Mgz+’
Ba?*, Ni*, Ca?*, Co?",
Zn?+, Sr2+, A3+, La®
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300 -

200

Fluorescence Intensity (a.u.)

0 T T T
300 370 440 510
Wavelength (nm)
500
(b) 4DBS, 4DBS + Br, CI,, ClOg;,
OAc-, NO;, F-, POy, BF,, Ac-
400 - 2 Gly-OH, Ac-GLN-OH, L-Gin,

N L-ABA, Ac-L-Met-OH, Met,
GSH, S-A-GSH, S-Hexyl-GSH,

2+
GSH-MEE, GSSG Hg

w

[=3

o
1

N
(=]
o

Fluorescence Intensity (a.u.)

100 -

0 T
300 400 500

Wavelength (nm)

Fig. 2. Selectivity study of 4DBS (1.25 x 10> M) upon addition of different analytes
(1.25 x 103 M) in DMSO-H,0 (9:1, v/v) solution. (a) Selectivity study of 4DBS with
various metal ions. (b) Selectivity study of 4DBS with various anions, amino acids
and peptides, Lex = 270 nm.

acid. Thus, Hg?* would preferably establish its coordinate bond
with secondary amine (-NH) in 4DBS with a ratiometric fluores-
cence signal [38]. Also, the induced excitation energy transfer of
-NH to free d orbitals of Hg?* improves good selectivity/emission
behaviors [39]. Another most significant reason is the hydrogen
bonding interaction between 4DBS and Hg?" that enhances better
fluorescence performance. Concerning the IUPAC rule, the higher
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electrophilic nature of Hg?" perfectly interacts through the
hydrogen bonding with the high electronegative -NH group [31].
Thus, because of the high nucleophilicity of fluorophore (-NH),
and electrophilicity of Hg** coordinated through the suitable
way, 4DBS showed good selectivity with higher ratiometric fluo-
rescence emission signal for Hg?* over the other analytes investi-
gated. The effect of water on the 4DBS — Hg?' system was
investigated by increasing the quantity of water in DMSO solution
of 4DBS. The results revealed that the maximum fluorescence
intensity was obtained with a 10% water fraction. The emission
intensity was significantly reduced upon addition of 20-100%
water. In addition, the fluorescence emission intensity was consid-
erably reduced with the addition of 20 mM HEPES buffer solution
(pH = 7.5) in DMSO-H,0 (9:1, v/v) solution (Fig. S8). Moreover, the
effect of solvents for the 4DBS — Hg?" complex in various solvents
was investigated. Among various solvents, the solvents such as
CH3CN, MeOH and DMSO were exhibited higher fluorescence emis-
sion intensities, nevertheless, poor linear relationship curves were
obtained for CH;CN (R? = 0.4833), and MeOH (R? = 0.8755)
(Figs. S9-S11). Therefore, DMSO-H,0 (9:1, v/v) solvent system is
a more feasible sensing medium for the chemosensor 4DBS for
the detection of Hg?" ion.

Next, a fluorescence titration experiment was performed to
evaluate the stability of the complex with increasing amounts of
Hg?* in 4DBS solution. Upon excitation at 270 nm, with increasing
concentrations of Hg?* in 4DBS solution, the emission intensity at
330 nm gradually decreased and a new red-shifted emission peak
at 470 nm gradually developed with a good linear relationship
curve (Fig. S12, R2 = 0.9896). A well-shaped isoemission point
was observed at 366 nm, which indicates formation of the
4DBS — Hg?* complex [40]. Fluorescence spectral changes were
stopped after the addition of 100 equiv. of Hg?* in 4DBS solution
(Fig. 3), which was the maximum saturation level of 4DBS solution.
This fluorescence titration study indicates that the chemosensor
4DBS could be employed in the quantitative determination of
Hg?* in environmental and biological samples. Furthermore, the
selectivity and influence of other metal ions, anions, amino acids
and peptides on the 4DBS — Hg?* complex were examined. As pre-
sented in Fig. 4, the competitive study indicated that the presence
of other analytes showed zero or negligible interference in the
detection of Hg?*, and the ratio of the ratiometric spectral changes
was not disrupted by the other metals, anions, amino acids and
peptides. These findings reveal that the chemosensor 4DBS distin-

100 equiv.
330 nm
400 -

300 - /\
4 00 equiv.
S

10 equiv.

470 nm
ng*‘

Hth

200 -

100 +

Fluorescence Intensity (a.u.)

288 358 428 498
Wavelength (nm)

Fig. 3. Fluorescence titration analysis of 4DBS (1.25 x 10~> M) with the increased
amount of Hg?* (1.25 x 107 M to 1.25 x 10~3 M) in DMSO-H,0 (9:1, v/v) solution,
Aex = 270 nm.
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(1.25 x 1073 M) and co-existed with other metal cations, anions, amino acids and
peptides (1.25 x 1073 M) in DMSO-H,0 (9:1, v/v) solution, ke, = 270 nm.

guished Hg?* from other chemically related analytes, in particular
Ag*, which is the most interactive metal ion in several chemosen-
sors [41].

3.4. Evaluation of binding stoichiometry and limit of detection (LOD)

A Job’s plot analysis was employed to evaluate the binding sto-
ichiometry of the 4DBS-Hg?" complex from the fluorescence inten-
sity ratio (I470/l330) [42]. With increasing addition of Hg?* into
4DBS solution, the ratio of the fluorescence intensity consistently
increased; whereas, the ratio of the emission intensity decreased
after 0.5-mole fraction. The obtained Job’s plot analysis indicates
that a 1:1 coordination stoichiometry was obtained in the 4DBS-
Hg?* complex (Fig. S13). Next, from the Benesi-Hildebrand plot,
the association constant (Ks) was determined based on the ratio
of the fluorescence titration analysis. The determined K; value for
the 4DBS-Hg?* system was K = 5.55 x 10> M~! (Fig. S14). The
LOD of 4DBS towards Hg?* was calculated to be 0.451 uM from
the formula 3c/k [43] where, ¢ = standard deviation and
k = slope value.

3.5. The reversibility of the chemosensor 4DBS towards Hg>*

Reversibility of the chemosensor is a key feature, which can be
extensively utilized in the finding of selective analytes [44]. Thus,
the reversibility of the chemosensor 4DBS was investigated with
the chelating agent EDTA. As expected, the addition of EDTA to
the 4DBS and Hg?* mixture resulted in a decrease in the fluores-
cence intensity at 470 nm and a concurrent increase in the fluores-
cence intensity at 330 nm. The fluorescence intensity at 470 nm
could be regenerated upon further addition of Hg?* (Fig. 5). Regen-
eration and reversibility are significant properties in the develop-
ment of novel chemical sensing probes, and these results suggest
that the present chemosensor 4DBS could be utilized in real time
analysis.

3.6. Effect of pH

To utilize the chemosensor for various applications, the effect of
fluorescence under different pH (from 1 to 13) for 4DBS and the
4DBS-Hg?* complex were investigated in DMSO-H,0 (9:1, v/v)
solution. From the obtained results, 4DBS showed weaker emission
intensity for the entire pH window and continue unchanged. Inter-
estingly, with the addition of Hg?* to 4DBS solution, the intensified
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Fig. 5. Chemosensor reversibility analysis of 4DBS (1.25 x 107> M) with Hg?*
(625 x 10 M) and EDTA (2.5 x 102 M) in DMSO-H,0 (9:1, v/v) solution,
hex = 270 nm.

fluorescence signals were obtained from pH 9-13. Nevertheless,
poor fluorescence emissions were received over the pH of 1-8
(Fig. S15). Under acidic and neutral conditions, because of the func-
tional group’s protonation in 4BDS, the fluorescence emission
intensity was hindered in 4DBS-Hg?* complex, nevertheless, in
extremely basic environments, the hydrolysis of Hg?* to form Hg
(OH), which induced the enhanced fluorescence emissions [45].
Thus, the obtained results indicate that the chemosensor 4BDS
could be utilized to monitor Hg?* under extreme basic pH
conditions.

3.7. FT-IR analysis of 4DBS-Hg>* complex

Initially, to determine the binding mode of the chemosensor
4DBS towards Hg?*, IR spectra for Hg?*, 4DBS, and the 4DBS-
Hg?* complex were examined. All of the measured FT-IR spectra
are given in Fig. 6. From the obtained IR signals, sharp stretching
vibrational signals were obtained at 3261 cm™! and 3308 cm™!
for the -NH, group of the chemosensor 4DBS. A clear well-
defined IR signal was observed at 3357 cm™! for -the NH group
of the probe. In the FT-IR spectrum of the 4DBS-Hg?* complex,
the —NH signal at 3357 cm™' completely disappeared. The -NH,
stretching vibrational signals broadened and appeared at
3274 cm~! due to the induced electronic effects between the
chemosensor and the metal ion [46]. None of the signals from
the other functional groups were altered because of the coordina-
tion in the metal complex. From these results, it could be inferred
that the coordination binding was established for Hg?* with the —
NH group in 4DBS. This coordination behavior could be justified
according to Pearson’s acid-base theory. The electrophilic nature
of the soft heavy metal Hg?* specifically preferred to bind with
the nucleophilic nitrogen atom in the chemosensor 4DBS [38].
Thus, these findings showed that the coordination of Hg?* mainly
occurred with the -NH group of 4DBS.

3.8. 'H NMR titration analysis

To provide a deeper analysis of participation of the functional
groups in the 4DBS-Hg?* complex, 'H NMR titration analysis was
undertaken with the absence and presence of Hg?" in 4DBS solu-
tion. In a typical titration experiment, Hg?* was gradually added
to the solution of 4DBS (3.0 mg, 10 mmol) in DMSO dg. As presented
in Fig. 7a, a sharp signal appeared for the secondary amine (-NH) of
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4DBS at 9.2822 ppm. Upon initial addition of 0.2 equiv. of Hg?* in
4DBS solution, the intensity of the -NH signal at 9.2822 ppm
slightly decreased. Moreover, with further addition of Hg?* into
4DBS solution, the signal for the -NH group became less sharp
and the peak intensity gradually decreased without any position
shift. No further changes were perceived after the addition of 0.8
equiv. of Hg?*, which indicates that the 4DBS solution reached its
maximum saturation point and the obtained metal complex ratio
was 1:1. No other significant changes were obtained from the
NMR signals of the other aromatic and aliphatic moieties of 4DBS.
In addition, the hydrolytic stability of the 4DBS-Hg?" complex in
DMSO ds-D,0 (9:1, v/v) was investigated. As presented in Fig. 7b,
the peaks for primary (-NH;) and secondary amines (-NH) were
disappeared at 7.1784 and 9.1992 ppm, respectively, without the
presence of Hg?". The disappearance of the peaks occurred because
of the exchange of protons from D,O to 4DBS. However, with the
addition of 0.2 equiv. Hg?*, the considerable amount of proton sig-
nal for primary amine (-NH,) at 7.1784 ppm was regenerated due
to the coordination of Hg** with secondary amine (-NH). For the
entire titration analysis, the peak at 9.1992 ppm remains
unchanged which indicates the obtained possible coordination
mechanism between secondary amine (-NH) in 4DBS and Hg?*.
Furthermore, the hydrolytic stability of the coordination complex
was investigated at different time intervals (Figs. S16 and S17).
The observed results indicate that the coordination complex was
highly stable even after 6 h. Additionally, the temperature effect
on the complex was investigated. At 60 °C, the protons for primary
(-NH,) and secondary amines (-NH) were exchanged with D,0 and
their respective signals were disappeared, whereas, the remaining
aromatic and aliphatic proton signals were kept unchanged
(Fig. S18). Thus, these results confirm that the secondary amine (-
NH) in 4DBS was involved in the coordination mechanism with
Hg?*. Also, these combined titration analyses in the aqueous DMSO
revealed that the 4DBS and its Hg?" complex were highly stable
under different experimental conditions.

3.9. Electrochemical measurements

The naphthoquinone derivatives were electroactive, underwent
redox processes [47]. To confirm the coordination binding between
the chemosensor 4DBS and Hg?", the electrochemical measurement
was carried out by employing cyclic voltammetry (CV). 0.1 M Tetra-
butylammonium tetrafluoroborate (TBATFB, dissolved in CH3CN)
was used as a supporting electrolyte medium with a scan rate of
100 mV s~ [48]. The redox potential (E;eqox) values were calculated
by employing the midpoint peak potentials. First, the CV of 4DBS
was measured, and well-formed anodic and cathodic peaks
appeared at —1.142, —0.922, and —1.354, —1.025 V, respectively.
Though, the reduction potentials of the 4DBS-Hg?* complex was
shifted to the anodic region due to the electron-donating character
of the amino-phenyl moiety linked to naphthoquinone. The respec-
tive anodic and cathodic peaks were obtained at 0.289, —0.078 and
—1.069, —0.371 V, respectively (Fig. S19). It has been noticed that
the chemosensor and its Hg?* complex displays a reversible reduc-
tion reaction to form semiquinone radical and finally, semiquinone
radical fully reduced to its corresponding hydroquinone (Q/SQ*~/
H,Q, Egs. 1-3). Constructed on the redox potential, the reduction
ability of 4DBS and its Hg?* complex was determined (Table S2).
The calculated redox potentials indicate that 4DBS was easily
reduced than the 4DBS-Hg?* complex because of occurred ICT
effect between 4DBS and Hg?*. Furthermore, the CV studies of
4DBS and 4DBS-Hg?* complex were investigated in the DMSO
medium (Fig. S20). Well-defined redox peaks have appeared for
the systems, however, their reduction potential is comparatively
lower than that of CV analysis of 4DBS and its Hg?* complex in CHs5-
CN. This may be because of the less acidity of CH;CN (pK, = 25) than
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Fig. 6. FT-IR analysis of Hg(OAc),, 4DBS and 4DBS-Hg?* complex.

DMSO (pK, = 35) which could be easily provided the protons to
make the feasible reduction reaction [49]. This comparative study
is indicative of the reduction reaction in the DMSO medium were
not a diffusion-controlled process. Therefore, these electrochemical
analyses confirmed a strong binding affinity was obtained between
the chemosensor 4DBS and Hg**.

Q + e =SQ~ (1)
SQ*~+e—+2H™=H,Q (2)
Net Q + 2e~+2H*=H,Q 3)

3.10. Quantum chemical calculations (DFT)

To verify the electronic character of 4DBS and its Hg?* complex,
theoretical calculations (DFT) were performed with the B3LYP

method along with the LANL2DZ basis set using the Gaussian 09
software package [50]. The optimized structure of 4DBS showed
the naphthoquinone and octadecanethiol moieties to be approxi-
mately in the same plane. However, the sulfonamide moiety was
slightly twisted from the naphthoquinone unit. Moreover, in the
optimized geometry of the 4DBS-Hg?" system, Hg?* made a coor-
dination bond with the -NH group through a hydrogen bonding
interaction with a bond distance of 2.40 A (Fig. S21). As shown in
Fig. 8, the free 4DBS exhibited an energy distribution at LUMO
and HOMO energy levels similar to the naphthoquinone unit with
an energy value of 1.831 eV. Upon coordination of 4DBS with Hg**,
the energy distribution at the LUMO and HOMO energy levels com-
pletely migrated to the sulfonamide and octadecanethiol units
with an energy value of 0.171 eV. In addition, the energy of the
4DBS-Hg?" complex was significantly decreased in comparison
with that of the free 4DBS, which indicates formation of a stable
coordination complex with an energy difference of 1.66 eV. These
results suggest that the binding of Hg?* with the
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naphthoquinone-sulfonamide moiety promotes the ICT effect via
enhancing the electron-withdrawing capacity of the -NH group.
This phenomenon induced the ratiometric turn-on response
towards Hg?* with a red-shift in the emission spectrum [51].
Moreover, the excited state properties of 4DBS and its Hg?*
complex were investigated by the TD-DFT method (Fig. S22). The
chemosensor 4DBS shows the excitation and emission peaks at
216, 250, 338, 440 nm and 408, 434, 461, 479, 513, 541, 590,
690 nm, respectively, that corresponds to the highest energy of
5.93 eV and 3.02 eV. The excitation and emission spectra calcula-

tions were executed with an energy limit of 8.00 eV (Fig. S22a).
Upon addition of Hg?* to the chemosensor 4DBS, that induced
the changes in the structural and transition states at different level
which resulted in emission at various ranges. The excitation
spectra of the 4DBS-Hg?* complex display peaks at
222,238,247,262,309 and 326 nm. The emission spectra show
intense peaks at 157,183,232 and 342 nm that corresponds to
the highest energy of 7.68 eV and 7.88 eV (Fig. S22b). The fluores-
cence shift was calculated from the excitation-emission spectra
that demonstrate the transitions from green-blue which is
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consistent with the color changes observed from the colorimetric
experiment (Fig. S22c,d). The experiment shows a transformation
of color from light maroon to pale yellow, the peaks were shifted
from a higher wavelength to a lower wavelength which in agree-
ment with the DFT calculations. Likewise, the natural transition
orbital (NTO) analysis was carried out to understand the distribu-
tion of photogenerated holes and electron density of the 4DBS and
4DBS-Hg?* complex. The NTO calculations were performed up to
the 12 excited state and the distribution for 4DBS which exhibit
the transition from the tail region to the center of the chemosensor.
However, with the addition of Hg?* to 4DBS, the wave function of
4DBS was modified and the electron density distribution was per-
ceived around Hg?" ion (Figs. S23 and S24). These energy transfer
may happen because of the interaction of Hg* with the chemosen-
sor 4DBS. These changes in the energy distribution indicate the
structural changes made by the metal binding with the chemosen-
sor, which resulted in the observed color change and the ratiomet-
ric fluorescence behavior. These discussions are more consistent
with the proposed coordination mechanism of 4DBS for Hg?*
detection (Scheme 2).

3.11. Bioimaging investigations
3.11.1. Discriminative identification of Hg>* in live cells

To investigate the efficiency of the chemosensor 4DBS in biolog-
ical samples, bioimaging study was performed in live cells and zeb-

rafish larvae. To verify the toxicity of the chemosensor 4DBS, cell
viability assay was carried out in two cell lines including the
mouse fibroblast cells (L929) and human breast cancer cells
(MCF-7). The obtained results revealed that the chemosensor
4DBS has a very weak or negligible toxicity effect in live cells even
at a higher concentration. Greater than 90% of the cells were viable
in the presence of chemosensor 4DBS (Fig. S25). Hence, the present
chemosensor 4DBS is biocompatible with live cells.

Based on the profound photophysical and photochemical prop-
erties of the chemosensor 4DBS for the selective detection of Hg?*,
we were further motivated to investigate the intracellular detec-
tion of Hg?* in live cells. For the intracellular analysis of the
chemosensor 4DBS, 1929 and MCF-7 cells were chosen for detec-
tion of Hg?". From the obtained cytotoxicity analysis, two safer
concentrations of 4DBS (6.25 uM and 12.5 uM) were carefully
selected for the bioimaging analysis. First, Hg?* and 4DBS were
separately incubated with L929 and MCF-7 cells, and no fluores-
cence emission was observed (Figs. S26 and S27). Fascinatingly,
when the L929 and MCF-7 cells were incubated with Hg?* and
4DBS in a combined manner (Hg?" incubated at first), a higher con-
trast fluorescence emission was obtained in MCF-7 cells than in
L929 cells (Fig. 9). A robust fluorescence emission intensity was
obtained in MCF-7 cells, which was 3.55 fold (green channel) and
6.02 fold (red channel) higher than the emission attained in L929
cells. The intensity of the fluorescence emission increased in a
dose-dependent manner (Figs. S28-S30). The subcellular distribu-
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Scheme 2. The proposed coordination mechanism of 4DBS towards Hg?*.
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Fig. 10. Confocal fluorescence bioimaging of Hg?" in zebrafish larvae; where, a-c = zebrafish larvae incubated with 6.25 yM Hg?*; d—f = zebrafish larvae incubated with
6.25 uM 4DBS; g-i = zebrafish larvae incubated with 6.25 uM Hg?* and 4DBS, respectively.

tion of the chemosensor 4DBS and Hg?* were mainly found in the
cytoplasm of the cells. The obtained results indicate that the
chemosensor 4DBS effectively detected Hg?* in human cancer cells
in contrast to normal live cells. Thus, it is demonstrated that the
chemosensor 4DBS has significant capacity to penetrate the cell
walls and could induce discriminative tracking of Hg?* in human
cancer cells compared to normal cells. Moreover, the analytical
parameters of recently reported chemosensors given in Table S3
which highlighted the better selectivity, sensitivity, and binding
constant of the presently constructed chemosensor 4DBS.

3.11.2. Bioimaging analysis in zebrafish larvae

Finally, we verified the sensing capability of the chemosensor
4DBS in 5-day-old zebrafish larvae. Zebrafish larvae are well docu-
mented for in vivo bioimaging analysis due to their transparent
nature. Besides, zebrafish larvae share about 70% of the compara-
ble genetic assembly to humans. Hence, zebrafish larvae are a suit-
able animal model for the in vivo bioimaging analysis [52]. As given
in Fig. 10, at first, zebrafish larvae were incubated with 6.25 pM
Hg?* for 30 min, and the images were recorded. No fluorescence
emission was observed (Fig. 10a—c). Next, the zebrafish larvae were
incubated with 6.25 uM 4DBS for 30 min, and a similar fluores-
cence emission to the previous experiments was displayed
(Fig. 10d-f). Finally, the zebrafish larvae were incubated with both
6.25 uM Hg?" and 4DBS for 30 min. Fascinatingly, enhanced fluo-
rescence emission was obtained in both the green and red channels
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(Fig. 10g-i). The obtained results indicate that the chemosensor
4DBS has excellent tissue penetration capacity and could effec-
tively recognized Hg?* distribution in zebrafish larvae.

4. Conclusions

In conclusion, a new rationally designed naphthoquinone-based
colorimetric and ratiometric fluorescence chemosensor 4DBS was
successfully synthesized and its luminescence sensing properties
were investigated for Hg?*. The chemosensor was shown to possess
excellent selectivity, sensitivity, rapid response for Hg* (less than
2 min), and a good association constant value in DMSO-H,0 (9:1, v/
v) solution. The colorimetric detection of Hg?* could be expediently
visualized in a direct naked-eye manner, which provided a conve-
nient, low-cost identification of Hg?*. The selectivity towards Hg?"
was enabled by quenching of the monomeric fluorescence emis-
sion at 330 nm with progressive red-shifted emission development
of a new peak at 470 nm for ratiometric recognition. The complex-
ometric titration studies indicate that the chemosensor was highly
selective for Hg?* without interference from other co-existed ana-
lytes. In addition, 4DBS was successfully employed to track Hg?" at
micromolar concentrations in two different live cell lines and zeb-
rafish larvae. Moreover, the discriminative detection of Hg?* at the
intracellular level in human cancer cells and normal cells were
accomplished. Thus, the outcome of these results suggests 4DBS
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is a potential lead molecule for the further development of
bioimaging agents in the identification of cancer cells.
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