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A chemosensor for micro- to nano-molar
detection of Ag* and Hg?* ions in pure aqueous
media and its applications in cell imaging+
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The pyridine substituted thiourea derivative PTB-1 was synthesized and characterized by spectroscopic
techniques as well as by single crystal X-ray crystallography. The metal ion sensing ability of PTB-1 was
explored by various experimental (naked-eye, UV-Vis, fluorescence, mass spectrometry and H NMR
spectroscopy) and theoretical (B3LYP/6-31G**/LANL2DZ) methods. PTB-1 exhibited a highly selective
naked-eye detectable color change from colorless to dark brown and UV-Vis spectral changes for the
detection of Ag* with a detection limit of 3.67 UM in aqueous medium. The detection of Ag* ions was
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Introduction

The synthesis and development of colorimetric and fluo-
rescence chemosensors for heavy transition metal ions is
gaining significant impetus due to their biological and
environmental importance.”> Among the transition metal
ions, Ag" and Hg>" ions have attracted considerable attention.
The excessive intake and long-term accumulation of silver ions
can lead to insoluble precipitates in the eyes and skin® and
also can deactivate the normal functions of sulfhydryl

enzymes.”® Regular feasting of Ag" can cause anemia, growth
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achieved by test paper strip and supported silica methods. In contrast, PTB-1 exhibited a 23-fold
enhanced emission at 420 nm in the presence of Hg>" ions with a nano-molar detection limit of
0.69 nM. Finally, the sensor PTB-1 was applied successfully for the intracellular detection of Hg2+ ions in
a HepG2 liver cell line, which was monitored by the use of confocal imaging techniques.

retardation, cardiac enlargement and degenerative changes in
animals.'® In addition, very strong Ag" ion recognition is
essential for '''Ag-based radio immunotherapy'"'* and is
useful for the recovery of Ag" from waste water, the latter
mostly results from the photographic industries. However, the
Ag' ion has only moderate coordination ability which makes it
quite difficult to be separated from other chemically similar
metal ions.

Additionally, mercury has been considered as the most
toxic metal ion amongst the heavy transition metal ions to
humans,**™* and causes severe neurotoxic, immunotoxic and
genotoxic effects. Mercury contamination of ecosystems occurs
through a number of sources, which include volcanic and
oceanic discharges, burning of fossil fuels and solid waste
incineration.’®!” Mercury can be accumulated in the human
body through the food chain. When it is accumulated in the
human body, it can cause serious and lasting damage to the
kidneys, endocrine system, brain, nervous system and immune
system when present at a very low concentration.'®*?

At present, a number of methods have been developed to
detect Ag" and Hg”" ions such as inductively coupled plasma
detectors, inductively coupled plasma mass spectrometry
(ICP-MS), fluorescence anisotropy assays, quantum dot based
assays, atomic absorption spectrometry (AAS) and inductively
coupled plasma atomic emission spectrometry (ICP-AES).>*
Although these technologies can detect Ag” and Hg>* ions
selectively with high sensitivity, they require exclusive and
sophisticated instrumentation, highly trained hands and
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complex sample-preparation steps, which are major blockages
in their everyday use. In contrast, the naked-eye detection
method allows detection up to micro/submicromolar levels
and that too without involving any expensive/sophisticated
instruments. Silver and mercury are normally found as ions
(Ag* and Hg?") in water. Therefore, there is a high demand for
highly selective and sensitive chemosensors for detecting Ag"
and Hg*" ions from aqueous solution. However, most of the
previously reported chemosensors for this purpose have a
number of downsides viz. poor detection limit, tedious syn-
thetic procedures, intervention from other transition metal
ions, long response times, use of organic solvents, and most of
the reported sensors are selective only for either Ag” or Hg*"
ions (Table S17).

Furthermore, the fluorescence sensing of cations, such as
Hg>, Fe’*, Pb®" and Cu*", is a particularly challenging task
since these ions mostly act as quenchers via electron transfers
and facilitated intersystem crossing processes. Therefore, it
remains a challenge to develop a “turn-on” fluorescence
sensor for Hg>" that can be applied in aqueous medium and
applied to living systems. Although there are several sensors
capable of recognizing Ag” and Hg>" ions individually, to the
best of our knowledge, only around 5-10% of them are selec-
tive and sensitive for both. Additionally, among the reported
sensors, most of them are chemodosimeters for Hg>" ions.
Thus, the development of sensitive and selective methods for
the determination of trace amounts of Ag" and Hg>" ions in
aqueous media is of considerable importance for both
environmental protection and human health. From the litera-
ture, we also note that the presence of sulfur (as a soft Lewis
base) is highly desirable in the ligands to be utilized for Ag"
and Hg>" ion recognition.

Considering the above facts and as a part of our on-going
research on the design and synthesis of chemosensors,** " we
report herein a new pyridine substituted thiourea based sensor
PTB-1 (Scheme 1) for the selective and sensitive detection of
Ag" and Hg”" ions from 100% aqueous solution.

Results and discussion
Synthesis of PTB-1

The synthesis of PTB-1 was achieved by using a simple nucleo-
philic attack by the primary amine group of pyridine to the iso-
thiocyanato group of phenyl isothiocyanate under reflux con-
ditions in acetone (Scheme 1).*° The structure of PTB-1 was
characterized by IR, 'H-NMR, 'C-NMR spectroscopy, and
HRMS spectrometry (Fig. S1-S47). Finally, a suitable crystal of

XN NH, o s = |
| PPN
NCS ~N N N N
e —— H H
Acetone
PTB-1

Scheme 1 Synthesis of chemosensor PTB-1.
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Fig. 1 Molecular structure of PTB-1. Displacement ellipsoids are drawn
at the 50% probability level. Selected bond lengths (A) and angles (°):
S(1)-C(1) 1.6686(18); O(1)-C(11) 1.224(2); N(1)-C(11) 1.385(2); N(1)-C(1)
1.390(2); N(1)-H(1) 0.83(2); N(2)-C(1) 1.329(2); N(2)-C(2) 1.407(2); N(2)—
H(2) 0.82(2); N(3)-C(6) 1.330(3); N(3)-C(2) 1.334(2); C(11)-N(1)-C(1)
128.03(17); C(11)-N(1)-H(1) 115.4(13); C(1)-N(1)-H(1) 115.5(13); C(1)-
N(2)-C(2) 133.00(17); C(1)-N(2)-H(2) 113.6(16); C(2)-N(2)-H(2)
113.3(16); O(1)-C(11)-N(1) 121.54(18); O(1)-C(11)-C(12) 121.22(16); N(1)-
C(11)-C(12) 117.25(16). The intramolecular hydrogen bond is shown as a
dashed line: N(2)---O(1) 2.592(2); N(2)-H(2)---O(1) 144(2).

PTB-1 for single crystal X-ray diffraction} was obtained from
acetone, and the molecular structure is shown in Fig. 1.

Naked-eye selectivity study of PTB-1

The recognition properties of PTB-1 were studied experi-
mentally toward different metal ions by the naked eye, UV-
visible, and fluorescence methods. During the naked-eye
experiments (Fig. 2), the colorless solution of PTB-1 [2 mlL,
5 x 107" M, in CH;0H : H,0 (20: 80, v/v)] turned dark brown
selectively only in the presence of Ag" among the other tested
metal ions (Cs*, Ba>", Hg*", K, Li*, Cu**, cd**, AI**, Co*", Cr*",
Mg>, Na¥, Ni**, Fe**, Fe**, Mn**, Ca®>", Pb>" and Zn** (200 uL,
1 x 107> M, in H,0)). No significant color change of PTB-1 was
observed in the presence of the other examined cations even
when present in excess, except for Hg** which exhibited a
slight yellow coloration. These results clearly indicated the
selective colorimetric response of PTB-1 towards Ag'.
Furthermore, the concentration dependent naked-eye sensing
of Ag" ions was performed (Fig. S57), and we observed visible
color changes from colorless to brown, even at a low concen-
tration Ze. up to 5 x 10~* M of Ag* ions. Encouraged by these
Ag' responses shown by PTB-1, the qualitative and quantitative
metal ion sensing ability of PTB-1 was determined further by
the use of spectrophotometric methods.

UV-visible absorption study of PTB-1

The changes in the absorption spectra of PTB-1 in
CH;0H : H,0 (20: 80, v/v) (2 mL, 4 x 10~° M) in the absence
and presence of 5 equivalents of different metal cations
(40 pL, 1 x 107> M, in water) are shown in Fig. 3A. The absorp-
tion bands of PTB-1 were significantly and selectively affected
by the addition of Ag" ions. The receptor PTB-1 has two dis-
tinct absorption bands at 210 nm and 265 nm. Upon addition
of Ag' ions, the absorption bands of PTB-1 at 210 nm and
265 nm were merged together and appeared as a broad band
having an absorption maximum at 243 nm along with the
advent of a broad band between 350 and 600 nm. This

1 CCDC 9860437 contains the supplementary X-ray data for this paper.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Photograph of the vials containing PTB-1[2 mL, 5 x 10~% M, in CHsOH : H,O (20 : 80, v/v)] in the presence of 2 equivalents of different tested

metal cations (200 pL, 1 x 1072 M, in H,0).

— A
—Ba(Il
—Ca(ll)
—Cd(n
—Co(ll)

PTB-1+ Ag(l)

PTB-1+ Hg(Il)

PTB-1+ Other Cations

Absorbance
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Wavelength (nm)

Wavelength (nm)

Fig. 3 UV-Vis absorption spectra of PTB-1 (2 mL, 4 x 107> M) in CH3OH : H,O (20: 80, v/v) (A) upon addition of 5 equivalents of various metal
cations (40 pL, 1 x 1072 M, in H,0); (B) with the successive addition of 0—10 equivalents of Ag* ions (1 x 107> M, in H,O).

observed wide-ranging band between 350 and 600 nm is
responsible for the generation of the dark brown color.
A slight spectral change of PTB-1 was observed with Hg>" with
the appearance of a new broad absorption band having a
maximum at 214 nm. However, no noticeable spectral changes
were observed with the other tested cations.

To gain more insight into the cation chemosensing pro-
perties and the mechanism of PTB-1, an absorption titration was
performed with Ag* ions. As shown in Fig. 3B, upon sequential
addition of Ag" ions (0-10 equivalent, 1 x 107> M, in H,O) to the
PTB-1 solution [2 mL, 4 x 10~> M, in CH30H : H,O (20 : 80, v/v)],
the intensity of the absorption band centered at 243 nm was
uninterruptedly amplified with the diminishing of the band at
265 nm. Also, a new broad band appeared between 350 and
600 nm. From the absorption titration data, a linear dependence
of absorption at 243 nm was observed as a function of the Ag"
concentration (Fig. S61), and thereby the stoichiometry of PTB-1
with Ag" could be estimated to be 1 : 2. Moreover, the mole ratio
plot (Fig. S71) and the Job’s plot (Fig. 4) support the formation
of a complex between PTB-1 and Ag' in a 1:2 binding stoichio-
metry. Furthermore, direct evidence for the formation of a 1:2
complex was obtained from the ESI-MS spectra of PTB-1 in the
presence of 2.0 equivalents Ag' in methanol/water (20 : 80, v/v)
(Fig. S8t). The main characteristic MS peak was observed at
mjz = 258.0714 ([PTB-1 + H]") for pure PTB-1. However, on
addition of 2.0 equivalents of Ag', the peak at 258.0714 dis-
appeared and a new peak appeared at m/z = 491.2671 corres-
ponding to the complex [{(PTB-1)-2H + 2Ag} + Na]".

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Job's plot for determining the 1: 2 stoichiometry of PTB-1 [4 X
107> M, in CH3OH : H,O (20 : 80, v/v)] and Ag" ions (4 x 107> M, in H,0).

Based on the 1:2 stoichiometry for PTB-1-Ag' complexa-
tion, the binding constant (K,) of PTB-1 with Ag" was deter-
mined using the Benesi-Hildebrand plot analysis,* by using

eqn (1).

1 1 1
= +
A=Ay Ky(Amax — Ao)[AZ (1)]*  Amax — Ao

(1)

where, A and A, are the absorbance of the PTB-1 solution in
the presence and absence of Ag" ions, An., is the saturated
absorbance of PTB-1 in the presence of excess amounts of Ag”,
and [Ag"] is the concentration of Ag” ions added (mol L™%).

Dalton Trans., 2017, 46, 14201-14209 | 14203
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Finally, the plotting of 1/A4 vs. 1/[Ag'] showed a linear relation-
ship (Fig. S97), and the binding constant (K,) was determined
from the slope and was estimated to be 15963 M™" for the
PTB-1-Ag" complexation.

Furthermore, the limit of detection (LOD) and limit of
quantification (LOQ) of the receptor PTB-1 were calculated.
According to the IUPAC definition, the LOD and LOQ were cal-
culated using the relationship LOD = (3.3 x standard devi-
ation)/slope and LOQ = (10 x standard deviation)/slope. To cal-
culate the relative standard deviation, the absorption measure-
ments of ten blank samples were recorded. The calibration
curves (absorbance vs. [Ag']) were plotted (Fig. S67), and then
the obtained slope was used to calculate the LOD and LOQ.
The obtained LOD and LOQ values of PTB-1 for Ag" were
found to be 3.67 uM and 0.11 pM, respectively.

Emission spectroscopic study of PTB-1

The cation binding behavior of PTB-1 was also investigated by
fluorescence spectroscopy. We observed a remarkable fluo-
rescence enhancement of PTB-1 [2 mL, 4 x 10™° M, in
CH;O0H :H,0 (20:80, v/v)] at 420 nm (dex = 290 nm) upon
addition of Hg>" ions (40 pL, 1 x 10”> M, in H,0), while no sig-
nificant changes were observed in the presence of other tested
metal ions (Fig. 5A). The emission data of PTB-1 with Hg*"
exhibited an ~23-fold fluorescence enhancement at 420 nm.
In the fluorescence titration experiment (Fig. 5B), upon the
addition of increasing amounts of Hg>" ions from 0 to 40 uL
(0-0.5 equivalent, 1 x 10~* M, in H,0), the emission bands of
PTB-1 at 420 nm increased dramatically, whereas less changes
in the emission intensity were observed upon the addition of
80 pL (0-1 equivalent) and a decrease was observed after the
addition of 1 equivalent (80 uL) of Hg>" ions to 10 equivalents
(800 pL). This suggested the formation of a host-guest
complex of a 2 : 1 stoichiometry. To confirm this stoichiometry,
the Job’s plot analysis (Fig. S101) and the mole ratio plot
(Fig. S11t) were performed. More direct evidence for the for-
mation of this 2:1 complex was evaluated from the ESI-MS
spectra of PTB-1 in the presence and absence of 1.0 equivalent

View Article Online
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of Hg®" in methanol/water (20 : 80, v/v) (Fig. $121). The peaks
at m/z = 715.0420 [{2(PTB-1)-2H + Hg} + H]" and m/z =
258.0714 ([PTB-1 + H]") corresponded to the complex and the
receptor alone, respectively. Then, the binding constant (K,) of
PTB-1 with Hg”" was determined by a Benesi-Hildebrand plot
analysis by using the fluorescence titration data (Fig. S137).
The cation binding affinity of PTB-1 was found to be ~100 000
M~ for Hg>". Based on the fluorescence titrations, the LOD
and LOQ of PTB-1 for Hg>* were found to be 0.69 nM and 0.02
nM, respectively, and these values are an improvement on
reported sensors (Table S1t). Moreover, the linear response
range of chemosensor PTB-1 was calculated by plotting the
ratio of fluorescence intensity vs. the increasing concentration
of Hg>" and Ag". The chemosensor exhibited a dynamic
response range for Hg*" (Fig. S14af) from 1.0 x 1077 to 1.8 x
10> M and 1.2 x 10 ° to 2.4 x 10~° M for Ag" (Fig. S14b¥).

To examine the selectivity and reversibility of PTB-1 towards
Ag" and Hg>*, we carried out emission reversible titrations
by using EDTA (Fig. S15t). Upon addition of an equimolar
amount of EDTA solution [DMSO:H,O (90:10, v/v)] to
the solution of PTB-1:Hg>" [4 x 10™° M, in CH3OH:H,0
(20: 80, v/v)], the color changed from yellow to colorless and a
significant decrease in the fluorescence signal at 420 nm was
observed (Fig. S15a7t). These results indicate that PTB-1 detects
Hg”" ions reversibly. The sequential alternate addition of Hg”*
and EDTA solutions was repeated several times, which indi-
cates only a slight decrease in the emission intensity,
suggesting the reusability of PTB-1 (Fig. S15bt). In contrast,
the alternate addition of an equimolar amount of Ag' and
EDTA solutions [DMSO: H,O (90:10, v/v)] to the solution of
PTB-1:Ag" [4 x 107> M, in CH;OH : H,0 (20: 80, v/v)] showed
no change in color and fluorescence intensity (Fig. S15¢ and
df). These results indicate that the PTB-1:Ag’ complexation
process was irreversible with EDTA.

Possible recognition mechanism

The molecular structure of PTB-1 and its complexes with Ag"
and Hg>" was computed by applying the DFT method

PTB-1+Hg(Il)
—Hig(l
- =8
\ —Ba(ll)

@ —Ca(Ih
2 2 —Cd(l
Q —Co(ll)
£ —ao’
g -
S PTB-1+Ag(l) R
] —Fe(ll)
: 150000 —K0
£ PTB-1+ Other cations
E 100000
2

Wavelength (nm)

—PTB-1

Emission Intensity (CPS)
5 & 8 & 8 & 8
RERERER

g

(5]

500 550

400 450
Wavelength (nm)

Fig. 5 Changes in the fluorescence emission intensity of PTB-1 [2 mL, 4 x 10~> M, in CHzOH : H,O (20 : 80, v/v)] upon the addition of (A) 5 equiva-
lents of various cations (40 pL, 1 x 1072 M, in H,0), at 1ex = 290 nm; (B) incremental amounts of Hg?* (0-160 pL, 1 x 107> M, in H,0), at lex =

290 nm.
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(Fig. S167). The different possible binding modes of PTB-1
with Ag" and Hg>" were tested by considering the binding stoi-
chiometry obtained from the Job’s plots and other analyses. As
shown in Fig. S16,7 the N, S and O atoms of PTB-1 are used on
complexation with Ag", whereas a tetrahedral environment was
provided by the pyridine-N and S atoms of two PTB-1 mole-
cules to complex with Hg**. On complexation of PTB-1 with
Ag' and Hg™', the interaction energy (Einc = Ecomplex — Ereceptor
— Eug’'/Ag") was lowered by —390.86 kcal mol™' and
—263.86 kcal mol™", respectively, which indicates the for-
mation of a stable complex. The plots of the frontier molecular
orbitals of the receptor PTB-1 and its complexes with Hg*" and
Ag" were analyzed (Fig. 6). The chelation of PTB-1 with metal
ions resulted in the lowering of the band gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) due to the intra-
molecular charge transfer (ICT), which may be responsible for
the naked-eye detectable color change and the appearance of a
new absorption spectral band in the visible region. Also, the
calculated band gap of the PTB-1-(Ag"), complex was found to
be lower than the (PTB-1),-Hg”" complex. These calculated
results correlated well with the metal ion selectivity observed
by UV-Vis absorption spectroscopy. Furthermore, to under-
stand the fluorescence enhancement of PTB-1 with Hg>",
the electron density distribution of the HOMO and LUMO in
PTB-1 and the (PTB-1),-Hg>* complex was analyzed. In the free
receptor, the HOMO was localized mainly over the S atom and
the LUMO was distributed uniformly over the receptor which
allowed for the photoinduced electron transfer (PET) process
from the chelating moiety to the fluorophore moiety. Upon
complexation with Hg”"*, the electron density over the S atom
of PTB-1 was transferred to the Hg>" ions which inhibited the
possibility of fluorescence quenching through PET in the
(PTB-1),-Hg”* complex.

Furthermore, we carried out "H NMR spectroscopic titration
experiments on PTB-1 solutions with various equivalents of
Hg>" and Ag® ions separately (Fig. S17 and $18f). Upon
addition of 0.5 equiv. of Hg>" ions, it was observed that the
peaks due to the two NH protons of PTB-1 at 13.12 and
9.07 ppm disappeared, whilst a broad peak appeared at

(@)
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16.13 ppm probably due to the OH group (Fig. S17f). In
addition, some of the aromatic protons of PTB-1 exhibited an
up-field shift (from 8.83, 8.46 and 7.78 ppm to 8.46, 8.05 and
7.67 ppm, respectively) while some other aromatic protons
exhibited a down-field shift (from 7.92, 7.54 and 7.18 to 8.06,
7.58 and 7.32 ppm, respectively) in the presence of Hg*" ions
accompanied by a broadening of the peaks. Similar NMR
studies conducted on PTB-1 by adding various equivalents of
Ag" also exhibited the disappearance of both the NH protons
of PTB-1 at 13.12 and 9.07 ppm (Fig. S187); 2.0 equiv. of Ag"
ions are required for the complete disappearance of these
peaks. However, in contrast to the case of Hg”" addition, no
broad peak at 16.12 ppm appeared upon addition of Ag" ions.
In addition, some of the aromatic protons of PTB-1 revealed
an up-field shift (from 8.83 and 8.46 ppm to 8.37 and
8.06 ppm, respectively) whilst others exhibited a down-field
shift (from 7.92, 7.54 and 7.18 ppm to 7.99, 7.59 and
7.51 ppm, respectively) upon addition of Ag" ions, which was
accompanied by broadening of peaks. It is noteworthy that
some aromatic protons of PTB-1 experience a slight net
increase in shielding which may be attributed to the aniso-
tropic effect and conformation changes after coordination
with Hg*" or Ag™.*?

Direct evidence for the formation of complexes of PTB-1
with Hg”* and Ag" was obtained from HR-MS analysis. The
HR-MS spectra of pure PTB-1 exhibited a characteristic MS
peak at m/z = 258.0714 corresponding to [(PTB-1) + H]
(Fig. S471). However, upon addition of 0.5 equivalents of the
Hg>" ion, a new peak appeared at m/z = 715.0420, corres-
ponding to the species [{2(PTB-1) — 2H + Hg} + H]", which con-
firmed the formation of a 2:1 complex of PTB-1 with the Hg”*
ion (Fig. S127). Similarly, upon addition of 2.0 equivalents of
Ag', the parent ion peak of PTB-1 at m/z = 258.0714 dis-
appeared and a new peak appeared at m/z = 491.2671 corres-
ponding to the species [{(PTB-1) — 2H + 2Ag} + Nal’,
suggesting the formation of a 1:2 complex (Fig. S8%).
Additionally, FT-IR comparative studies of PTB-1 and the
PTB-1-Hg>" complex were performed (Fig. $197). The shifting
of the -NH, C=S and C=O0 bands also supports the proposed
binding mechanism.

*AE % 0.1409

o‘s,.

2,

Fig. 6 The DFT computed LUMO (above) and HOMO (below) diagrams of (a) PTB-1 and its (b) PTB-1-(Ag*), and (c) (PTB-1),-Hg>* complexes.
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Interference and pH effects

The UV-Vis and emission responses of receptor PTB-1 to
various possible interfering metal ions and its selectivity for
Ag" and Hg”" ions were tested. To study this, two equivalents
of Ag" and Hg*" ions (16 pL, 1 x 107> M, in H,0) were added to
the solution containing PTB-1 [4 x 107> M, in CH;OH : H,0
(20:80, v/v)] and two equivalents of the other competitive
metal ions (16 uL, 1 x 107> M, in H,0) of interest; their absorp-
tion and emission spectra were recorded. From the absorption
study, the Ag" selectivity of PTB-1 was not affected by the
presence of the other tested ions, including Hg>" (Fig. 7A).
Similarly, the fluorescent sensing of Hg”" by chemosensor
PTB-1 was found to be barely affected by a number of com-
monly co-existing miscellaneous competitive cations, includ-
ing Ag" (Fig. 7B). Additionally, the UV-Vis and fluorescence
responses of the sensor PTB-1 in acidic and basic pH regions
were examined. It was observed that the optimum pH range
for the use of PTB-1 for detecting Ag* and Hg”" ions was 5-9.

Test strips and supported silica based applications of PTB-1

In order to ensure that PTB-1 is potentially of practical use,
PTB-1 loaded test strips were prepared to detect Ag" ions from
an aqueous environment. The desired test strips were prepared
by soaking small strips of cellulose paper (Whatman No. 42) in
the solution of PTB-1 (1 x 10~> M) in methanol and were dried
in air. When these strips were treated with 10 mL aqueous
solution of Ag” (1 x 10™* M), the colorless strips sharply turned
dark brown (Fig. 8A and ESI videot). The rapid color change of
the test strip in solution clearly inferred the practical appli-
cation of PTB-1. To evaluate the applicability of the PTB-1
loaded test strips for the quantitative determination of Ag" in
aqueous solution, the test strips were immersed at different
concentrations of Ag" showing a clear color change (Fig. S207).
The detection limit of the test strips was found to be 1 x 107°
M, allowing for the sensitive detection of Ag" ions.

The sensing of Ag’ by PTB-1 also worked on a solid
support. The silica gel (60-120 mesh, 5.0 g, colorless) was
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(A) (B)

Changes in silica gel

Changes in test strip

Fig. 8 Practical application of PTB-1 for the detection of Ag* by (A) the
test strip method and (B) the silica support method.

soaked in PTB-1 (in methanol, 5 mL, 1 x 10> M) and then the
solvent was removed. A very faint off-white color for the silica
gel appeared, which indicated the adsorption of the receptor
on the surface. When it was treated with 10 mL aqueous solu-
tion of Ag"” (1 x 10~* M), the colorless solution promptly
turned dark brown (Fig. 8B & ESI videot). The instantaneous
color change of the solid silica gel in solution clearly inferred
the practical application of PTB-1 for the qualitative detection
of Ag" in aqueous media.

Live cell imaging study of PTB-1

The fluorescent behavior of PTB-1 was applied to the intra-
cellular detection and monitoring of Hg>" in a HepGz2 liver cell
line ie. the human hepatocellular liver carcinoma cell line.
After being incubated with PTB-1 (10 pM) in RPMI 1640 for
20 min, the cells were imaged by using a confocal fluorescence
microscope as shown in Fig. 9A. As expected, no fluorescent
image was observed. Then, the HepG2 cells loaded with PTB-1
were incubated with 100 yM of Hg>" for 0.5 h in RPMI
1640 medium at 37 °C, and then washed with RPMI 1640 to
remove excess Hg>" ions and were imaged (Fig. 9C). As shown
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Fig. 7 Competitive (A) absorbance response of PTB-1 and PTB-1:Ag* complex at 243 nm, (B) fluorescence response of PTB-1 and PTB-1:Hg2+

complex at 420 nm in presence of different metal cations.
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Fig. 9 Fluorescence confocal microscopy images of living HepG2 cells
incubated with Hg?*: (A) cells loaded with 10 pM of PTB-1 for 20 min as
a control, (C) cells in ‘A’ loaded with Hg?* 100 uM for 0.5 h, (D) overlay
of fluorescence channels in ‘C’, (B and E) bright field images of ‘A" and
‘'C’, respectively. The scale bar is 20 pm.

in Fig. 9C and D, there was a significant increase in the intra-
cellular fluorescence emission intensity compared to the
control cells as shown in Fig. 9A and B, which indicated the
ability of PTB-1 to detect intracellular Hg”" ions. Moreover, the
fluorescence stability of PTB-1 and PTB-1 + 0.5 equiv. of Hg(u)
[(2 mL, 4 x 107> M) in CH;0H :H,O (20:80, v/v)] was also
evaluated (Fig. S217), and the fluorescence intensity hardly
changed over 3 h. On this basis, we suggested that PTB-1 had
good fluorescence stability.

To access the potential toxicity of PTB-1,>* MTT assays were
carried out. HepG2 cells (10° cells per mL) were planted into
96-well microtiter plates in DMEM with 10% fetal bovine serum
(FBS). Plates were maintained at 37 °C in a 5% CO,/95% air
incubator for 12 h. Then the cells were incubated for 24 h at
37 °C in the 5% CO,/95% air incubator with different concen-
tration probes of 0 pM to 100 pM, respectively. MTT solution
(5.0 mg mL ™", PBS) was then added to each well. After 4 h, the
remaining MTT solution was removed, and 200 pL of DMSO
was added to each well, followed by shaking for 10 min to dis-
solve the formazan crystals at room temperature. Absorbance
was measured at 490 nm using a TECAN infinite M200pro
microplate reader. The high cell viability of PTB-1 indicated that
the probe displayed low cytotoxicity to living cells (Fig. S227).

Crystal structure of PTB-1

The pyridine substituted thiourea fragment (CsH,N)-NH-C
(=S)-NH-C(=O0)- is planar within 0.103(1) A (Fig. 1). This
conformation is stabilized by a short intramolecular hydrogen
bond N(2)-H(2)---O(1) with an N---O separation of 2.592(2) A.
The phenyl ring C(12)-C(17) is slightly skewed around the
C(11)-C(12) bond; the torsion angle O(1)-C(11)-C(12)-C(13) is
equal to 25.6(3)°. According to the Cambridge Structural
Database,*” all the bond lengths and angles in this structure
exhibit ordinary values. In the structure, adjacent molecules
are connected as centrosymmetric dimers via N(1)-H(1)---S(1)
hydrogen bonds (Fig. S237).
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Experimental
Materials and measurements

All the starting reagents and metal perchlorates were pur-
chased either from S.D. Fine chemicals or Sigma Aldrich
depending on their availability, and were used as received. All
the solvents were of spectroscopic grade and were used
without further treatment. The purity of the compounds and
the progress of reactions were determined and monitored by
means of analytical thin layer chromatography (TLC). Pre-
coated silica gel 60 F,5, (Merck) on alumina plates (7 x 3 cm)
were used and visualized by using either an iodine chamber or
a short UV-visible lamp. Melting points were recorded on the
Celsius scale by the open capillary method and are uncor-
rected. IR spectra were recorded on a PerkinElmer Spectrum
One FT-IR spectrometer as potassium bromide pellets and
Nujol mulls, unless otherwise mentioned. IR bands are
expressed in frequency (em™). The 'H and *C NMR spectra
were recorded on a Jeol JNM-ECX 500 MHz multinuclear probe
NMR spectrometer at ambient temperature in DMSO with TMS
as an internal standard and chemical shifts are reported in
ppm. The abbreviations s, d and t stand for singlet, doublet
and triplets, respectively. Mass spectra were recorded on a
Bruker Compact HD mass spectrometer. UV-Vis spectra were
recorded on a U-3900 spectrophotometer (PerkinElmer Co.,
USA) with a quartz cuvette (path length = 1 ¢cm). Fluorescence
spectra were recorded on a Fluoromax-4 spectrofluorometer
(HORIBA JobinYvon Co., France).

Synthesis of PTB-1. In a 100 mL three necked flask fitted
with a reflux condenser and a dropping funnel, ammonium
thiocyanate (5.0 g, 0.0656 mol) in 25 mL of dry acetone was
placed. To this solution, benzoyl chloride (9.23 g, 0.0656 mol)
in 10 mL of dry acetone was added dropwise using a dropping
funnel. After completion of the addition, the reaction mixture
was refluxed for 15 to 20 min. To this refluxed solution,
2-amino pyridine (6.18 g, 0.0656 mol) dissolved in 15 mL of
dry acetone was added dropwise. Refluxing was continued for
2 h, and the reaction progress was monitored by TLC. After
completion of the reaction, the reaction mixture was cooled to
room temperature and was poured into ice cold water with vig-
orous stirring. The yellow colored solid was filtered, washed
with cold water (3 x 20 mL) to give a crude product. The pure
PTB-1 was afforded after recrystallization from acetone. Yield:
91%; mol. formula: C;3H;;N;0S; mol. weight: 257.06 g; physi-
cal nature: yellow solid; m.p.: 108-110 °C; IR (cm™') [KBr]:
3277, 3224, 3005, 1678, 1597, 1550, 1438, 1284, 1251, 1157,
1109, 885; '"H NMR (500 MHz, CDCl;, § ppm): 7.18 (t, J = 7.5
Hz, 1H, Ar-H), 7.54 (t, J = 7.5 Hz, 2H, Ar-H), 7.65 (t, ] = 7.5 Hz,
1H, Ar-H), 7.78 (t, J = 7.5 Hz, 1H, Ar-H), 7.92 (d, J = 10.0 Hz,
2H, Ar-H), 8.46 (d, J = 5.0 Hz, 1H, Ar-H), 8.83 (d, J = 10 Hz, 1H
Ar-H), 9.07 (s, 1H, NH), 13.12 (s, 1H, NH); >C NMR (125 MHz,
CDCl;, § ppm): 116.0, 121.4, 127.5, 129.2, 131.6, 133.7, 137.69,
148.6, 151.2, 166.4, and 176.9; HRMS (ESI): m/z: calculated for
C13Hy;N;08: [M + H]' 258.06, found: 258.0714.

X-ray diffraction studies. Crystal data of PTB-1:
C13H11N304S;, M = 257.31, monoclinic, a = 5.2573(8), b =
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20.338(3), ¢ = 11.7359(17) A, # = 90.393(2)°, V = 1254.8(3) A?,
space group P2,/n, Z = 4, D, = 1.362 g cm™>, F(000) = 536,
u(MoK,) = 0.249 mm™, colorless plate with dimensions ca.
0.32 x 0.09 x 0.01. A total of 8081 reflections (2343 unique,
Rin¢ = 0.0418) were measured on a Bruker SMART APEX II diffr-
actometer (graphite monochromatized MoK, radiation, A =
0.71073 A) using w-scan mode at 150 K. The structure was
solved by direct methods and refined by full matrix least-
squares on F> with anisotropic thermal parameters for all non-
hydrogen atoms.*® All H atoms were found from difference
Fourier synthesis and refined isotropically. The final residuals
were R, = 0.0373, wR, = 0.0797 for 1720 reflections with
I > 20(I) and 0.0628, 0.0886 for all data and 207 parameters.
GooF = 1.006, maximum Ap = 0.229 e A3,

Computational methods. The Gaussian 09W computer
program was used for all theoretical calculations.>® The optim-
ization of PTB-1 and its complexes with Ag" and Hg>" was
carried out without symmetry constraints by applying the
B3LYP/6-31G(d,p) method in the gas phase. The basis set
LANL2DZ was used for Ag and Hg atoms.

Spectroscopic study. The aqueous stock solutions of cations
of concentration 1 x 107> mol L™ were prepared from their
corresponding salts i.e. AgClO,, Al(ClO,);-9H,0, Ba(ClO,),, Ca
(NO3),-4H,0, Cd(ClO,),-H,0, Co(ClO,),-6H,0, Cr(Cl0,);-6H,0,
CsNO;, KNO3, NaNO;, Fe(ClO,),-xH,0, HgCl,, LiBr, Mg(ClO,),,
Mn(ClO,),-H,0, Ni(ClO,),-6H,0, Fe(Cl0,);-H,0, Pb(ClO,),-3H,0,
Zn(ClO,),-6H,0 and Cu(ClO,),-6H,0. These solutions were used
for all spectroscopic studies after appropriate dilution. The stock
solution of PTB-1 (1.0 x 10~ mol L") was prepared in methanol
and then diluted to 4 x 10~ mol L™ with CH;0H : H,O (20: 80,
v/v) mixed solvents. For the spectroscopic (UV-Vis and fluo-
rescence) titrations, the required amount of the diluted receptor
PTB-1 [2 mL, 4 x 107> mol L™, in CH;0H : H,O (20 : 80, v/v)] was
taken directly into a cuvette and the spectra were recorded after
each successive addition of cations (0-240 uL, 1 x 10~ mol L™},
in H,O) by using a micropipette. The interaction of PTB-1
with Ag" and Hg”>" ions was completed in less than 2 minutes,
and therefore all readings were taken 2 minutes after the
addition.

Living cell imaging. The solution of PTB-1 (DMSO, 1.0 mM)
was maintained in a refrigerator at 4 °C. HgCl, was used as the
Hg>"-supplemented source. The HepG2 cells (human hepato-
cellular liver carcinoma cell line) were purchased from the
Committee on type Culture Collection of Chinese Academy of
Sciences. Cells were seeded at a density of 1 x 106 cells per mL
for confocal imaging in RPMI 1640 medium supplemented
with 20% fetal bovine serum (FBS), NaHCO; (2 g L"), and 1%
antibiotics (penicillin/streptomycin, 100 U ml™"). Cultures
were maintained at 37 °C under a humidified atmosphere con-
taining 5% CO,. The cells were sub-cultured by scraping and
seeding on 15 mm Petri-dishes according to the instructions
from the manufacturer. The fluorescent images of cells were
acquired on an ‘Olympus laser-scanning microscope’ with an
objective lens (x40). The excitation of PTB-1 was carried out
using a laser at 351 nm and emission was collected between
400 and 500 nm. Prior to imaging, the medium was removed.
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Cell imaging was carried out after washing the cells with
RPMI-1640 three times.

Conclusions

In conclusion, we have synthesized and developed a simple
thiourea based colorimetric Ag" selective and fluorescent
‘turn-on’ Hg>" selective sensor PTB-1. Sensor PTB-1 exhibited
an excellent selectivity for Ag" and Hg>" ions over other poss-
ible interfering metal ions with a detection limit down to
micromolar (3.67 pM) and nanomolar (0.69 nM) concen-
trations, respectively. The sensor PTB-1 recognized Ag™ and
Hg>" with a 1:2 and 2:1 binding stoichiometry, respectively.
Confocal microscopy images indicate that PTB-1 can be used
for detecting changes in Hg** levels within living cells. Also,
PTB-1 can be applied for the colorimetric detection of Ag" in
the aqueous media by the naked eye using test strip and silica
support methods.
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