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A novel cell-permeable urea-linked dipodal naphthalene-based fluorescent receptor 1 (1,1'-(1,5,5-
trimethyl-3-oxocyclohexane-1,2-diyl)bis(3-(naphthalen-2-yl)urea) was designed and synthesized. The
cation recognition ability of 1 was evaluated with a library of metal ions in DMSO/H,0 (9:1, v/v). The
receptor showed a selective chromogenic and fluorescent turn-off response towards Hg?* among the
surveyed metal ions. The developed sensor was successfully applied to image intracellular Hg?* in living
cells and also for the determination of Hg?* content in real water samples. Moreover, the DFT
calculations were performed to complement the experimental evidences.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Topologically interesting amide and urea/thiourea based fluor-
escent probes mostly appended to organic scaffolds leading to the
formulation of anion coordination chemistry [1]. The literature
survey reveals that these receptors are on the verge of getting
transformed towards judicial use in cation recognition [2,3], but
further exploration is required for the development of more
selective, efficient and cost-effective receptors. Also, there are
some noteworthy contests in the designing of Hg?™ sensors
particularly on desulfurization-based, however, under the sulfur-
rich environment, the sensing process suffered particularly from
the excess requirement of Hg?* or elevated temperatures [4,5].

It is well known that far and wide distribution of mercury and
its derivatives are enormously poisonous, and enter the environ-
ment through a variety of natural and anthropogenic sources
producing prevalent anxiety due to their severe effect to the
environment and flora and fauna [6]. The accretion of mercury
ions in human body can induce various diseases, such as prenatal
brain damage, serious cognitive, motion disorders and minamata
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disease [7-9]. A key source of human revelation is Hg?* in
contaminated natural water, and therefore there is a need of
simple, convenient, rapid, cost-effective and selective method for
the sensing of Hg?* in aqueous media. For these reasons, the
development of well-organized fluorogenic and chromogenic
receptors giving a worthy response towards the mercury ion has
fetched a great attention due to the advantages of simplicity,
sensitivity, specificity and minimization of sophisticated instru-
mentation compared to other analytical methods, such as electro-
analytical techniques and atomic absorption spectrometry [10,11].

In the present study, we have designed and synthesized a
flexible dipodal receptor 1 for the selective recognition of Hg?™* in
DMSO/H,0 (9:1, v/v) by using the chromogenic and fluorogenic
turn-off modes. The analytical applications of 1 were tested for the
detection of Hg?* in living cells and real water samples. Also, the
experimental evidences were complemented with the theoretical
(DFT) results.

2. Experimental
2.1. Chemicals and instrumentation

All the solvents, reagents and metal salts were purchased from
Sigma-Aldrich Ltd and were used as received unless otherwise
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mentioned. All absorbance and fluorescence spectra were
recorded on a Shimadzu UV-Visible 2400 spectrophotometer
and HORIBA JOBIN YVON Fluoromax-4 Spectrofluorometer,
respectively. The 'H and '>C NMR spectra were recorded on a

17

were recorded on a Perkin Elmer Spectrum spectrometer, using
Nujol Mull. Mass spectra of receptor 1 and 1.Hg>* complex were
obtained on Bruker Ultraflex II MALDI/TOF spectrometer. Thermal
analysis study was carried out on Perkin Elmer DSC 400 and Perkin

Bruker AV-400 and 100 MHz spectrometer. The infrared spectra Elmer TGA 400.
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Scheme 1. Synthesis of receptor 1.

a
Pack = 93.66 °C |
100 {— =t i - — = ) * 2
90 { Area=0.824% i 7 5 5
~ 80 \ g5 B
e N \ A /86.293 % Y
s 60 ATERZ-30:223 20 a5 °
=z 50 b =
2 40 S Peak = 311.02 °C 2
- 30 25 &
- o
2l 30 £
10 - B
0 -35 g
50 100 150 200 250 300 350 400 450 500 550 599.8
Temperaure (°C)
11.66
15
| Paek=97.97 °C
20 e
£ Wl — g
= "
S 25 Area =-0.006 b N Py
I3 . T { e 4
- Delta H =-0.0016 J/g \ [\ /
o 1!\
E
2 35 r
£
2 40 }
R I
49.26
100 150 200 250 300 350 397
Temperature (°C)
Fig. 1. (a) TGA (at the heating rate of 10 °C min~') and (b) DSC graphs of receptor 1.
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Fig. 2. (a) Absorption spectra of receptor 1 (1 x 10~% M) upon addition of various metal salts. (b) Absorption titration of receptor 1 (1 x 10~% M) upon addition of increasing
amounts of Hg?* (1 x 107> M) in DMSO/H,0 (9:1, v/v). Inset showing the graph between [G] vs. absorbance at 307 nm; where [G] is [Hg?*].
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Fig. 4. (a) Fluorescence quenching efficiency of receptor 1 (2000 uL, 1 x 10~ % M) in the presence of various metal ions (100 pL, 1 x 10~ M). (b) Plot of interference of various
surveyed metal ions (400 pL, 2 equiv.) in Hg?>* ion (100 uL, 0.5 equiv.) determination by receptor 1 (2000 pL).
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Fig. 5. (a) Fluorescence titration of receptor 1 (1 x 10~ M) with varying concentrations of Hg>* (1 x 10~> M) in DMSO/H,0 (9:1, v/v). (b) Normalized plot for determination
of detection limit and limit of quantification of receptor 1 which responds to Hg?* ion in the micromolar level; where [G] is [Hg?*].
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116.5, 121.6, 122.2, 122.3, 125.8, 128.9, 134.1, 135.6, 135.7, 155.3,
156.2, 209.3; MS (ESI): m/z (%): 510 (32%), 509 (100%).

2.3. UV-visible and fluorescence spectral measurements

The metal ions Na*, K*, Ca®*, Mg?*, AP+, Ba?*, Ce>*, Fe3*,
Co?™*, Ni2*, cu?*, Zn?*, Hg?*, Pb?*, Cd?*, Th** and Ag* were
added as their nitrate salts where as Sr>* and Mn?* were added
as their chloride salts for the different absorption and fluorescence
spectroscopic experiments. Stock solutions of metal ions
(1x1073M) and the receptor 1 (1 x 10-*M) were prepared in
DMSO/H,0 (90:10, v/v). These stock solutions were used further
for different spectroscopic experiments. The excitation was carried
out at 307 nm for receptor 1 with 5 nm emission slit widths in
fluorometer. For the absorbance and fluorescence measurements
1 cm width and 3.5 cm height quartz cells were used.

2.4. Cellular imaging study

Cellular imaging experiments were performed according to
Lu et al. [12] with modification. Briefly, the human cervical cancer
(HeLa) cell was obtained from National Centre for Cell Sciences
(NCCS), Pune, India and grown in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% Fetal Bovine Serum
(FBS), 1% L-glutamine-penicillin-streptomycin and maintained at
37 °C in a humidified atmosphere with 5% CO,. The cells were
seeded on the cover slip in the 35 mm culture dish with a seeding
density of 3 x10% cells per 35mm dish. After reaching 60%
confluence, the cells were serum starved for overnight. Immedi-
ately, the cells were washed with serum free media prior to the
addition of Hg?*. Cells were treated with 50 yM and 100 uM
concentration of Hg?* for 2 h for Hg?* uptake. Cells were washed
with 1 x PBS and receptor 1 was added (80 uM) for 2 min at room
temperature. The cells were then washed twice with 1 x PBS. The
cover slip on which the cells were seeded was mounted on a glass
slide and observed under a fluorescence microscope (Leica DM
1000) with an excitation filter at 515 nm.

3. Results and discussion
3.1. Synthesis of receptor 1

The synthesis of receptor 1 is depicted in Scheme 1. Receptor 1
was obtained by refluxing 2,4-diisocyanato-1-methylbenzene with
naphthalen-2-amino in acetone. The receptor 1 was obtained with
quantitative yield and characterized by several techniques such as
IR, 'H-NMR, 3C-NMR and mass spectra (Supporting information,
Fig. S1a-d). The spectral investigation gave consistent data for the
structure of 1.

3.2. Thermal analysis of receptor 1

The thermal behavior of receptor 1 was recorded on TGA and
DSC as shown in Fig. 1. In TGA, the initial 0.824% decomposition at
93 °C is observed due to the evaporation of water molecules.
Owing to the weight loss at lower temperature, these water
molecules may be considered as crystal water [13]. The sharp
onset decomposition of peak was obtained at 271.3 °C which may
be attributed to cleavage of amide linkage. The DSC curve of
receptor 1 showed two peaks, which are similar to two decom-
position points as seen in the TGA curve. The DSC revealed the
sharp endothermic peak at 273.14 °C corresponding to the decom-
position of receptor 1 which was in concordance with the results
of TGA value.

3.3. Absorption studies of receptor 1

The absorption spectral properties of receptor 1 were studied
in the absence and presence of different alkaline and alkaline-
earth metal ions (Na*, K*, Cs*, Mg?*, Ca®*, Sr?*, Ba’*),
transitions and lanthanides metal ions (Mn?*, Fe>*, Co?™*, Ni**,
Cu?*,Zn?*, Hg?*, Pb?*, Cd>*, Th**, Ag*) in DMSO/H,0 (9:1, v/v).
The free receptor 1 exhibited the characteristic naphthalene unit
bands with a strong absorption band at 307 nm and a weak band
at 326 nm with ¢=1.64 x 10° M~ ! cm . Interestingly, addition of
Hg?™" ion resulted in no visual color change of receptors 1 but
in absorption spectra, it has shown selective and discriminating
quenching in compared to other tested metal ions (Fig. 2a).
Further, we investigated the effect of successive increase in the
concentration of Hg?* (0-220 uL) on the absorption behavior of
receptor 1, which resulted in the decrease in the absorption
maxima both at 307 nm and 326 nm (Fig. 2b).
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Fig. 6. Job's plot for determining the stoichiometry of receptor 1.Hg?* ion
complexation. Here, AF=Fy—F.
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3.4. Fluorescence studies of receptor 1

The fluorescence properties of receptor 1 were next studied in
the absence and presence of different metal ions in DMSO/H,0
(90:10, v/v). The receptor 1 exhibited a fluorescence emission at
382 nm, when excited at 307 nm. The fluorescence was selectively
and significantly quenched in the presence of Hg?* ions. The
quenching response may be due to the enhanced spin-orbit
coupling associated with the heavy atom effect of the complexed
Hg?* [14]. However, there was no such fluorescence turn-off

a

'Y

02

o

Fig. 9. The DFT optimized geometrical parameters of receptor (a)

observed in the emission outline of receptor 1 in the presence of
other tested metal ions, which reveals the high selectivity of
receptor 1 for Hg?* (Fig. 3).

The competition experiments were conducted in the presence
of 0.5 equiv. of Hg?" mixed with excess of other metal ions
(2 equiv.). The fluorescence contour of receptor 1 with Hg?* was
almost not affected in the co-existence of other interfering metal
ions in excess (Fig. 4a and b). These results indicate that the
receptor 1 showed a good sensitivity and selectivity towards Hg?*
over other competitive metal ions.

b

)1 and (b) 1.Hg?* complex obtained by using B3LYP/6-31G and B3LYP/LANL2DZ method.

3.93 eV

4 > "

HOMO

>

Fig. 10. The HOMO-LUMO gap of (a) receptor 1 and (b) 1.Hg?* calculated at the B3LYP/6-31G/LanL2DZ level, respectively.
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Further, the emission spectroscopy titration of receptor 1 was
carried out with the successive addition of Hg?* (Fig. 5a). The
fluorescence intensity of receptor 1 with emission peak maximum
at 382 nm was gradually quenched by over seven fold with the
addition of increasing amount of Hg?*. Unlike other metal ions,
the quenching induced by Hg?* ion suggesting that the com-
plexation described above occurred which also has the advantage
of ion discrimination. Meantime, Fig. 5b is made to determine the
detection limit of receptor 1, which responds to Hg?* ion linearly
in the micromolar level in its concentration range with the
detection limit down to 0.23 uM.

3.5. Stoichiometry of complexation

The stoichiometry for the complexation of receptor 1 with
Hg?* was studied using Job's continuous variation method [15].
Job's plot obtained from the fluorescence measurements showed
the formation of receptor 1.Hg?* complex in 1:1 stoichiometric
ratio (Fig. 6). This data was further confirmed by mass spectro-
scopy analysis. MALDI/TOF-MS data showed the formation of a 1:1
complex (1.Hg?*) ([receptorl.Hg?*]**H,0, MW =726.20, calcd for
C31H3,N405Hg - Ho0, 726.19, Fig. S2a, Supporting information).
Further, the infrared spectrum of 1.Hg?* complex inferred that
the vc_o of the free receptor at 1637 cm~! was shifted to
1641 cm~ ' on complexation with Hg?* (Fig. S2b, Supporting
information).

Table 1
Some calculated physicochemical (bond lengths and angles) and electronic (band
gap) parameters of 1 and 1.Hg?* ion at B3LYP/6-31G/LanL2DZ level.

Parameters 1 1.Hg?+
C1-01 1.232A 1255 A
C2-02 1229 A 1244 A
Hg-01 - 2392A
Hg-02 - 2536 A
0O1-Hg-02 - 79.3°

C1-01-Hg-02 - —-779°
(C2-02-Hg-01 - 96.4°

HOMO-LUMO band gap 3.39eV 0.73 eV

The binding constant was calculated by following the method
reported by Chen et al. [16] and was found to be 3 x 10 M~!
(Fig. 7). Then, the Stern-Volmer methodology was utilized to
probe the nature of the quenching process of receptor 1 upon
complexation with Hg?* [17]. Stern-Volmer plot is useful method
of presenting data on emission quenching, and the dynamic or
static quenching processes can be determined. Plotting relative
emission intensities (Fy/F) against quencher concentration [Q] for a
static process should yield a linear Stern-Volmer plot. Then, the
static quenching (affinity) constant K, can be obtained from the
slope of the plotted line using Eq. (1)

(Fo/F)=1+Kq[Q] (M

The linear behavior of the Stern-Volmer analysis was observed
from Fig. 8, which indicates that, the static quenching process and
the dynamic quenching is not significant in the case of receptor 1.
Thus, the fluorescence quenching mechanism of receptor 1.Hg?™*
complexation was analyzed and proposed to be a static quenching
mode in the range of low Hg?* concentration based on the Stern-
Volmer plot where the energy and electron-transfer processes
cannot be ruled out.

The computational study was conducted by using the density
functional theory (DFT) method in an attempt to better under-
stand the nature of receptor 1 and its interaction with Hg?*. The
B3LYP function with 6-31G (for O, C, N, H atoms) and LanL2DZ
(only for Hg?*) basis sets was employed for the calculations by
using Gaussian 09 program [18]. The B3LYP/6-31G optimization
of receptor 1 has resulted a three dimensional structure where
the two arms are oriented in the different directions to reduce
the stress from steric crowding (Fig. 9). It was observed that
the oxygen atoms of urea groups constitute the pseudo cavity for
the complexation of metal ions. Meanwhile, the 1.Hg?* complex
was optimized by using B3LYP/6-31G and LanL2DZ basis set
for Hg?". On coordination of Hg?*, there is an increase in the
stability of the whole system. The band gap between HOMO and
LUMO becomes lower for 1.Hg?>* complex as compared to the
receptor 1 alone (Fig. 10, Table 1). Further analyses of the HOMO
and LUMO diagrams of receptor 1 and 1.Hg?* reveals that the
electron density distribution of 1 was significantly influenced on

Fig. 11. Fluorescence images of HeLa cells treated with receptor 1 and Hg?*. (A) Phase contrast image of control cells devoid of receptor 1 and Hg (20 x ), (B) phase contrast
image of the cells treated with receptor 1, (C) phase contrast image of the cells treated with receptor 1 and Hg? (D) phase contrast image of the cells treated with Hg? only,
(E) fluorescence photo-micrograph of cells neither treated with receptor 1 nor Hg?*, (F) fluorescence photo-micrograph of cells incubated with receptor 1 (80 uM) (20 x ),
(G) fluorescence photo-micrograph of cells incubated with receptor 1 (80 uM) and Hg?* (100 uM) (20 x ). (H) Fluorescence photo-micrograph of cells incubated with Hg?*
(100 uM) only (20 x ). (All fluorescence images were taken using excitation filter 515 nm).
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Table 2
Results of Hg? " sensing in mineral water and well water samples with receptor 1.

Sample Amount of Hg?* added Amount of Hg?* found
(ngL™) (ngL™h
Mineral 20 19.95 + 0.041
water
30 30.02 + 0.050
Well water 20 19.94 + 0.047
30 30.04 +0.028

complexation with Hg?* due to the possible charge transfer
process occurred between the naphthalene units and the Hg?*.

The utility of the sensor in cellular imaging was tested on
human cervical cancer cell HeLa. Here, both the receptor 1 and
Hg?* were taken up by the cells and the images of the cells were
recorded by fluorescence microscopy following excitation at
515 nm (Fig. 11). The receptor 1 has the property of auto-fluores-
cence, and cells were fluorized when receptor 1 was taken up by
the growing cells. When the cells were treated with both Hg?* for
2 h and receptor 1 for 2 min; significant enhancement in fluores-
cence intensity of the cells was recorded. Thus, it can be said that
receptor 1 might be used to visualize the cellular localization.

The practical applicability of the proposed sensing system was
also evaluated by determining the Hg?* contents in mineral and
well water samples. The water samples were first filtered to
remove insoluble substances. All the samples without or with
the addition of Hg?™ at different concentration levels of 20 ug L~!
and 30 pg L' were analyzed by receptor 1 for Hg?* (Table 2).
The observed results show that the receptor 1 is able to measure
the concentrations of spiked Hg?* with high-quality recovery.
This indicates the suitability and practicality of the present
receptor 1 for the detection of Hg?>* from water samples without
any interference from other environmentally relevant competitive
metal ions.

4. Conclusion

We report a much easy (noncyclic, one-step synthesis), cost-
effective, naphthalene based highly selective fluorescent chemo-
sensor for Hg?* in the presence of other competitive metal ions.
The stoichiometry of the complex formation of receptor 1 with
Hg?* was determined to be 1:1 using Job's plot and ESI-MS. The
detection limit was up to micromolar level. The practical applica-
tions in live cells inferred the ability of the receptor 1 to penetrate

in Living HeLa cells and detecting intracellular Hg?>*. Moreover,
the sensor was successfully applied for the determination of Hg?+
in different water samples. Therefore, the presence sensing system
has great prospective for facile real-time monitoring for Hg>* ion.
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