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ABSTRACT: Four dual-responsive probe molecules 1,5-bis-

(thiophene-2-carbaldehyde)carbohydrazone (R1), 1,5-bis-
(thiophene-2-carbaldehyde)thiocarbohydrazone (R2), 1,5-bis-

(indole-3-carbaldehyde)carbohydrazone (R3), and 1,5-bis(indole-
3-carbaldehyde)thiocarbohydrazone (R4) were synthesized, char-

o NH
acterized, and investigated for their sensing efficacy. The initial @J\%‘\NJLN/N%/[@

sensing behavior of the probes was tested by colorimetric signaling, b =

followed by spectral and theoretical techniques, which supported ‘

the dual-sensing ability of the selected inorganic ions. The probes Non-fluorescent Strong fluorescent
exhibited highly selective optical recognition for Cu®*/Fe** cations (Tum off) (Tum on)
and F~/ClO,™ anions compared to the tested cations and anions. EDTA

Interestingly, the addition of Cu®** and F~ ions to the probes

resulted in “turn-on” fluorescence responses. Job’s plot studies showed 1:2 stoichiometry between the probe molecules and cations
and 1:1 stoichiometry between the probe molecules and anions. The binding constant of the probe molecules with the sensed ions
was determined by the Benesi—Hildebrand equation and was found to be between 7.08 X 10* and 7.44 X 10° M~ with a limit of
detection between 0.11 and 0.80 yM, in CH;CN:DMF (9:1, v/v). Density functional theory calculations established the nature of
the interaction between the probe molecules and sensed ions. Further, the practical utility of the probes was successfully
demonstrated with paper strip experiments, fluorescence imaging of Cu®* ions in DrG cells and zebrafish larvae, as well as in the
development of molecular logic gates.

B INTRODUCTION The heavy inorganic metal ions and anions may contaminate
environmental, industrial, and biological samples that pave the
way for molecular recognition in the selective sensing of these
ions.”” For example, higher concentrations of Cu**/Fe*" ions

The development of an effective approach for the detection and
monitoring of toxic inorganic ions in environmental and
biological systems is a major challenge for inorganic researchers.
The detection of inorganic ions at trace levels can be inferred
from the changes in color, wavelength, voltage, and other
parameters when the analyte species interact with the sensor
molecules. During the past few years, many synthetic probe

may cause serious health issues in humans such as Alzheimer’s,
Huntington’s, Parkinson’s, Menke’s, and Wilson’s diseases.
According to the U.S. Environmental Protection Agency (EPA),
the standard concentrations of Cu®" and Fe*" ions in drinking

molecules have been reported for sensing these ions. The water are defined as 1.0 and 0.3 mg/L, respectively.”” In
incorporation of chromophores into the probe molecules may inorganic anions, the F™ anion is one of the most important
increase the sensitivity and decrease the limit of detection."” anions due to its ability to fight dental caries and its advantages
The visual-based sensors are considered a powerful sensing tool,

which does not require any special instruments and can be Received: April 26, 2024

detected by the naked eye even before the use of Revised:  October 10, 2024

spectrophotometric analysis, despite the fact that the fluorescent Accepted:  December 6, 2024

sensors have been attracting the attention of chemosensor Published: December 18, 2024

researchers.”* The selectivity and sensitivity of sensor molecules
are influenced by the solvent used and substitutional groups.”
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when present within the permissible limit in drinking water.
Fluorosis, acute kidney and stomach ailments, and other
illnesses are brought on by a fluoride imbalance and may
cause metabolic disorders, spotted teeth, and skeletal illnesses."’
The American Dental Association (ADA) and the EPA
recommended F~ anion concentrations of ~0.6—1.2 and ~2—
4 mg/L in bottled water and drinking water, respectively. The
perchlorate salts may also contaminate the environment due to
their widespread use in automotive airbag systems, batteries,
explosives, lubricants, paint production, pyrotechnics, solid
rocket propellants, etc. Based on the recommendations of the
National Academy of Sciences, the EPA has set a new limit of
perchlorate to 15 ug/L in drinking water.'"'* As a result,
researchers have focused on developing new colorimetric and
fluorometric devices to monitor these ions in order to avoid the
ill effects on the human body due to their excessive
concentration.

The design of sensor molecules with dual binding sites for the
simultaneous detection of cations and anions under given
physiological conditions is a burgeoning area of supramolecular
chemistry due to their important role in biological, environ-
mental, and industrial processes. The heteroaromatic thiophene
family, which is electronically connected to the recognition sites,
is an efficient 7-conjugated system.6 Similarly, indole and related
heterocycles containing relatively acidic hydrogen atoms may
act as components of neutral anion-receptor systems, could be
widely used for the formation of complexes with ions, and are
rapidly emerging as an important new class of ion-binding
agents."” Indole-based probes exhibited high selectivity in their
anion-binding capability and also served as dual-channel
sensors.'* In addition, carbohydrazone/thiocarbohydrazone-
containing z-conjugated heterocyclic derivatives are appropriate
systems for the colorimetric and fluorometric sensing of
inorganic ions."”'® These sensors utilize various types of
signaling mechanisms, including excited-state proton transfer
(ESPT), internal charge transfer (ICT), and photoinduced
electron transfer (PET)."

In the current context, the quintessential scope of many
researchers is to develop colorimetric and fluorometric chemo-
sensors capable of recognizing and detecting different analytes
with high binding constants and low detection limits. Therefore,
we constructed four dual-responsive carbohydrazone/thiocar-
bohydrazone-based probe molecules 1,5-bis(thiophene-2-
carbaldehyde)carbohydrazone (R1), 1,5-bis(thiophene-2-
carbaldehyde)thiocarbohydrazone (R2), 1,5-bis(indole-3-
carbaldehyde)carbohydrazone (R3), and 1,5-bis(indole-3-
carbaldehyde)thiocarbohydrazone (R4) for the detection of
inorganic cations and anions in an organic medium. The
fluorescent behavior of these probe molecules toward Cu** ions
was successfully demonstrated in live-cell imaging studies using
the DrG cell lines in vitro and zebrafish (Danio rerio) larvae as in
vivo vertebrate model systems. To broaden its practical
applicability, we extended our investigation to paper strips and
molecular logic gate studies.

B EXPERIMENTAL SECTION

Materials and Methods. Thiophene-2-carbaldehyde, in-
dole-3-carbaldehyde, carbohydrazide, and thiocarbohydrazide
were obtained from Sigma-Aldrich and were used as received.
HPLC-grade acetonitrile, diethyl ether, dimethylformamide,
dimethyl sulfoxide, ethanol, and methanol were purchased from
AVRA Chemicals (India). Chloride salts of cations, such as K,
Mg*, Ca**, Mn*', Fe*, Co®, Ni*, Cu**, and Zn>', were

purchased from Merck Chemicals, while tetrabutylammonium
(TBA) salts of anions, such as F~, CI~, Br~, I, HSO,, ClO,",
NO;~, and OH™, were obtained from AVRA Chemicals (India)
and used as received. The melting points were measured using
an electrothermal capillary apparatus and are reported as
uncorrected values. CHN elemental analyses were carried out
using a Carlo Erba Model 1106 elemental analyzer. Fourier
transform infrared (FT-IR) spectra were recorded on a
PerkinElmer FT-IR LX-185256 spectrophotometer between
4000 and 400 cm™'. The UV—vis spectra were recorded on a
PerkinElmer Lamda-25 UV-—vis spectrophotometer. Fluores-
cence spectra were recorded on a Horiba FluoroMax Plus
R928P 1700 nm emission spectrofluorometer. A Qtof Micro
YA263 TOF mass spectrometer was used to record the ESI-
LCMS mass spectra. Bruker advance 500 and 400 MHz
spectrometers were used to record "H and "*C NMR spectra,
respectively, in DMSO-dy with tetramethylsilane (TMS) as an
internal standard at ambient temperature. Chemical shifts are
expressed in 6 ppm units.

Synthesis of Dual-Responsive Probe Molecules (R1—
R4). Synthesis of 1,5-Bis(thiophene-2-carbaldehyde)-
carbohydrazone (R1). An ethanolic solution (20 mL) of
thiophene-2-carbaldehyde (0.224 g, 2 mmol) was slowly added
to an aqueous solution (20 mL) of carbohydrazide (0.090 g, 1
mmol) in acetic acid (2 drops) as the catalyst with constant
stirring. After complete addition, the reaction mixture was
refluxed by stirring for 24 h. The precipitate formed was cooled
to room temperature, filtered, washed with ethanol and diethyl
ether, and dried. Yield: 0.34 g (89%). Color: pale brown. M.p.:
178 °C. Anal. Caled for C,;H,,N,0S, (FW: 278.33, g/mol): C,
47.46; H, 3.62; N, 20.13. Found: C, 47.18; H, 3.84; N, 19.86
(%). FT-IR data (v/cm™"): 3088 v(N—H), 1676 (C=0), 1610
(C=N). UV—vis [Ap, (nm) (¢, M~ cm™)] in CH,CN: 278
(3202), 310 (4578). '"H NMR (500 MHz, DMSO-d,, 5 ppm):
10.59,10.39 (s, 2H, N—NH), 8.37, 8.10 (s, 2H, HC=N), 7.67—
7.32 (m, 6H, thiophene—H). *C NMR (400 MHz, DMSO-dg, &
ppm): 159.53 (C=0), 158.65, 156.05 (C=N), 127.51—
115.23 (aromatic C). ESI-LCMS: 279.00 [C,;H,;,N,0S,]*,
127.00 [C{H,N,S]".

Synthesis of 1,5-bis(thiophene-2-carbaldehyde)-
thiocarbohydrazone (R2). The dual-responsive probe molecule
R2 was synthesized using the same procedure as that for probe
R1 using thiocarbohydrazide (0.106 g, 1 mmol) instead of
carbohydrazide. Yield: 0.32 g (88%). Color: yellowish brown.
M.p.: 180 °C. Anal. Calcd for C;;H,,N,S; (FW: 294.39, g/mol):
C, 44.88; H, 3.42; N, 19.03. Found: C, 45.05; H, 3.11; N, 19.48
(%). FT-IR data (v/cm™): 3057 v(N—H), 1604 (C=N), 738
(C=S). UV—vis [, (nm) (¢, M~™' cm™")] in CH,CN: 340
(5753). "H NMR (500 MHz, DMSO-d,, § ppm): 11.64, 11.58
(s, 2H, N—NH), 10.46, 9.08 (s, 2H, HC=N), 7.24—7.19 (m,
6H, thiophene—H). *C NMR (400 MHz, DMSO-d, § ppm):
176.67 (C=S), 140.65 (C=N), 127.88—115.35 (aromatic C).
ESL.LCMS: 295.00 [Cy,HoN,S;]*, 184.00 [CeH,N,S,]",
169.00 [C4H4N,S,]*, and 127.00 [CH,N,S]".

Synthesis of 1,5-bis(indole-3-carbaldehyde)-
carbohydrazone (R3). The dual-responsive probe molecule
R3 was synthesized using the same procedure as that for probe
R1 using indole-3-carbaldehyde (0.290 g, 2 mmol) instead of
thiophene-2-carbaldehyde. Yield: 0.30 g (78%). Color: pale
yellow; m.p.: 245 °C. Anal. Calcd for C;gH;(N¢O: (FW: 344.34,
g/mol): C, 66.27; H, 4.68; N, 24.40. Found: C, 66.98; H, 4.13;
N, 23.97 (%). FT-IR data (v/cm™): 2921 v(N—H), 1648
v(C=0), 1608 v(C=N). UV—vis [A, (nm) (¢, M~ cm™)]

https://doi.org/10.1021/acsomega.4c04001
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in CH,CN: 318 (7466). '"H NMR (500 MHz, DMSO-d,, &
ppm): 11.69, 11.50 (s, 2H indole—NH), 10.30, 10.07 (s, 2H,
N-NH), 8.92 (s, 2H, HC=N), 8.36—7.18 (m, Ar—H). 13C
NMR (400 MHz, DMSO-d,, 8 ppm): 165.58 (C=0), 163.94,
160.39 (C=N), 143.06—131.14 (aromatic C).

Synthesis of 1,5-bis(indole-3-carbaldehyde)-
thiocarbohydrazone (R4). The dual-responsive probe molecule
R4 was synthesized using the same procedure as that for probe
R1 using indole-3-carbaldehyde (0.290 g 2 mmol) and
thiocarbohydrazide (0.106 g, 1 mmol) instead of thiophene-2-
carbaldehyde and carbohydrazide, respectively. Yield: 0.38 g
(81%). Color: pale yellow; m.p.: 249 °C. Anal. Caled for
C1oH,NS: (FW: 360.95, g/mol): C, 63.31; H, 4.47; N, 23.32.
Found: C, 62.94; H, 4.17; N, 23.14 (%). FT-IR data (v/cm™):
2977 v(N—H), 1601 (C=N), 724 v (C=S). UV—vis [,
(nm) (e, M™' em™)] in CH,CN: 353 (9276). 'H NMR (500
MHz, DMSO-dg, § ppm): 11.81, 11.44 (s, 2H indole—NH),
9.43,9.37 (s, 2H, N—NH), 8.68 (s, 2H, HC=N), 7.86—7.19
(m, Ar—H). ®C NMR data (400 MHz, DMSO-d,, § ppm):
177.66 (C=S), 142.17 (C=N), 134.49—131.52 (aromatic C).

Chromogenic and Fluorogenic Detection of Cations
and Anions. The recognition efficacy of the synthesized probe
molecules toward various cations and anions was investigated in
CH,;CN:DMF (9:1, v/v) solution. Titration experiments were
carried out using chloride salts of cations (K, Mg2+, Ca*", Mn*",
Fe®*, Co**, Ni**, Cu**, and Zn>") and TBA salts of anions (F~,
Cl, Br7, I, HSO, , ClO,”, NO;~, and OH"). For optical
sensing studies, a 1 yL aliquot of the cationic or anionic (2.5 x
10~* M) solution was added to 2 mL solution of the probes (R1
and R3 =2.5 X 1075, and R2 and R4 = § X 10°). The apparent
binding constants (K,) for the formation of different probes and
ions (RI-R4 + ions) were evaluated using the Benesi—
Hildebrand (B—H) equation from UV—vis absorbance as well
as fluorescence titrations data, using the following equations

1/(A — Ay) = 1/(A, — Ay) + 1/(A, — Ay)K,[ion]™
(1)

1/(I-1) =1/(I, = I,) + 1/(I, = I,)K,[ion]™ Q)

where [ion]™ is the concentration of metal ions or anions, A, is
the maximum absorbance of the probe molecules (R1—R4)
obtained at a particular wavelength, A is the absorbance of the
probes in the presence of a particular concentration of ions, and
A, is the maximum absorbance of R1—R4 in the presence of
excess ions. Similarly, I, is the emission intensity of the probe
molecules in the absence of ions, I is the emission intensity of the
probes in the presence of intermediate concentrations of the
ions, and I; is the maximum emission intensity of the probe
molecules in the presence of excess ions.'”

The detection limit (LOD) was determined using the
following equation

LOD = 36/m (3)

where o represents the standard deviation (SD) of the regression
line, and m is the slope of the calibration line. To obtain the
slope, the absorbance intensity was plotted as a function of the
concentration of probes.”'” The binding stoichiometric ratio of
the probe molecules with the sensed cations and anions was
determined by Job’s plot, using UV—vis absorbance titrations,
keeping the total volume of the solution constant (2 mL) and
changing the molar ratio of ions from 0.1 to 0.9."*

The fluorescence quantum yield (@) of probe RI and its
complexes (Rl + Cu®*/F~) were determined using quinine

sulfate (literature quantum yield is 0.54) as a reference in 0.1 M
H,S0,, according to the following equation:

2
I, A n,
=P X=X —X|—=
1 A 7

T S

(4)

where @ is the quantum yield, I is the integrated area under the
fluorescence spectra, A is the absorbance, 7 is the refractive index
of the solvent, and subscripts s and r denote the sample and
reference, respectively. The same excitation wavelength and
bandwidth were applied to the sample and reference.

To ascertain the practical application of the synthesized probe
molecules, paper strip experiments were carried out according to
the previously described procedure.'”

Theoretical Studies. The ground state (S,) geometries of
probe molecules (R1—R4) and their complexes were inves-
tigated using density functional theory (DFT) calculations and
the Gaussian 03 program with the B3LYP/6-31+G(d,p) and
B3LYP/LanL2DZ basis set."*’

Bioimaging Studies. Cell Culture. The Danio rerio gill
(DrG) cells were obtained from the Access Center of National
Repository for Fish Cell Lines (AC-NRFC), C. Abdul Hakeem
College, Tamil Nadu, India, and cultured in Leibovitz’s L-15
(GIBCO) medium containing the antibiotics fungizone (2.5 ug
mL™") and kanamycin (100 ug mL™") supplemented with 10%
fetal bovine serum (FBS). The DrG cells were maintained at 28
°C in a BOD incubator.

In Vitro Morphological Changes in the Danio rerio gill
(DrG) Cell Line. DrG cells were plated into a 6-well tissue culture
plate at a density of 2 X 10° cells (in 1.5 mL growth medium).
The supernatants from the culture plates were removed after
overnight growth, and fresh aliquots of growth medium
containing five different concentrations (0, S, 10, 20, 40, and
80 uM mL™") of the probes (R1—R4) were added. After 24 h of
incubation, the cells were washed with phosphate-buffered
saline (PBS, pH 7.4), and the morphological changes were
examined under an inverted phase-contrast microscope at 100X
magnification (Carl Zeiss, Germany).

In Vitro Cytotoxicity Assays. The DrG cells were split and
plated in 96-well tissue culture plates at a density of 5 X 10° cells
mL~’, and the sealed plates with DrG cells were incubated for 24
h before exposure to the probes (R1—R4). Five different
concentrations of probe molecules, prepared as described above,
were added to eight replicates, and the cells were incubated for
another 24 h. Two endpoints for the cytotoxicity assays (MTT
and neutral red (NR)) were determined after 24 h of exposure.
Cytotoxicity was determined in at least three independent
experiments with eight replicates. Cell viability was expressed as
a fraction of the negative control (cells treated with the medium
alone).

MTT Assay. The MTT assay hinges on the uptake of 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT)
and its reduction in the mitochondria of viable cells to produce
MTT formazan, whereas the dead cells were mostly negative in
this cleavage activity.”' Following a 24 h exposure to different
concentrations of the probes (R1—R4), 20 uL of MTT solution
(S mg mL™" in PBS buffer) was added to each well. After
incubating the 96-well tissue culture plates for 4 h, excess MTT
solution was removed from each well, followed by the addition
of DMSO (200 uL) solution to individual wells. After 10 min of
shaking at 450 rpm, 25 uL of Sorensen’s glycine buffer (50 mM
glycine, 50 mM NaCl/NaOH, pH 10.5) was added, the
absorbance of each well was measured at 490 nm using a

https://doi.org/10.1021/acsomega.4c04001
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Scheme 1. Synthesis of Dual-Responsive Sensor Molecules (R1—R4)
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microplate reader (Thermo Electron Corporation, Japan), and
the ECy, values were determined.

NR Assay. The NR (neutral red) assay is based on the uptake
and accumulation of NR in living cells. The damaged cells can
alter the uptake rates, whereas the dead cells cannot retain the
dye.””** The detailed procedure for the NR assay is described in
the literature.”* The DrG cells were exposed to probe molecules
(R1—R4) for 24 h, and the cells were washed with PBS followed
by the addition of 200 L of NR (50 ug mL™" in medium) to
each well. After the mixture was incubated for 3 h, excess
solution was discarded. The NR dye taken up by DrG cells was
extracted and dissolved in isopropanol, and the absorbance of
each plate was measured at 540 nm by using a microplate reader.

Cellular Imaging. The 6-well culture plates were used to seed
and cultivate DrG cells. After confluence, the cells were switched
to serum-free L-15 medium with Cu®* ions (20 yM) and
incubated for 30 min, and three PBS washes lasting S min each
were performed. After 30 min, probe molecules (R1—R4) at
concentrations of 10 and 20 #M were added to the designated
wells and incubated for another 30 min. Finally, the cells were
washed three times for 5 min each with PBS, and the images
were captured using a fluorescence microscope (Carl Zeiss,
Germany) at 100X magniﬁcation.25

In Vivo Tracing of Cu?* lons in Newly Hatched Zebrafish
Larvae. The zebrafish were kept at 28 + 2 °C and maintained
under optimal breeding conditions. For mating, male and female
zebrafish were maintained in the same tank at 28 +2 °Cona 12
h light/12 h dark cycle, and then, the spawning of eggs was
triggered by light stimulation. E3 embryo medium was used to
nurture the zebrafish larvae. Newly hatched zebrafish larvae were
exposed to Cu®" ions (20 M) in aqueous solution for 30 min at
28 + 2 °C. The solution was then removed, and the larvae were
rinsed with deionized water (2 mL) three times to eliminate the
unbound Cu?* ions. Then, the larvae were incubated for 30 min
with aqueous solutions containing 10 and 20 M probe
molecules (RI—R4) at 28 + 2 °C, and the E3 solution was

50960

then removed. After three washes with deionized water (2 mL),
the images of larvae were captured using a fluorescence
microscope (40X magnification).”® In the present study, all
animal experiments were carried out in accordance with the
guidelines and approval of the Committee for the Purpose of
Control and Supervision of Experiments on Animals (1011/
PO/Re/S/06/CPCSEA), Ministry of Environment and Forests,
Government of India. All efforts were made to minimize
suffering.

B RESULTS AND DISCUSSION

Synthesis of Dual-Responsive Probe Molecules (R1—
R4). The dual-responsive probe molecules 1,5-bis(thiophene-2-
carbaldehyde)carbohydrazone (R1), 1,5-bis(thiophene-2-
carbaldehyde)thiocarbohydrazone (R2), 1,5-bis(indole-3-
carbaldehyde)carbohydrazone (R3), and 1,5-bis(indole-3-
carbaldehyde)thiocarbohydrazone (R4) were synthesized by a
simple Schiff base condensation reaction between thiophene-2-
carbaldehyde/indole-3-carbaldehyde and carbohydrazide/thio-
carbohydrazide (Scheme 1). All of the probes were soluble in
CH;CN, DMF, and ethyl alcohol. The structures of the probe
molecules were characterized by elemental analysis, FT-IR
spectroscopy, UV—vis absorption, 'H and "*C NMR, and ESI-
LCMS spectral studies.

Spectral Characterization. The formation of dual-
responsive probes (RI—R4) by the condensation reaction was
supported by FT-IR spectral analysis (Figure S1). The
disappearance of the aldehyde peak of thiophene-2-carbalde-
hyde at 1660 cm ™" and indole-3-carbaldehyde at 1636 cm™" with
the presence of a new azomethine v(C=N) stretching peak at
1601—1610 cm™ indicated the formation of probe molecules
due to the Schiff base reaction. The bands corresponding to
v(N—H) were obtained at 2921—3088 cm™. Probes R1 and R3
showed the stretching vibration owing to v(C=0) at 1676 and
1648 cm™!, whereas R2 and R4 showed bands at 738 and 724
cm ™! owing to v(C=S), respectively. The UV—vis absorption
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Figure 1. Visual detection of R1 with various cations (a), anions (b), simultaneous addition of cations followed by F~ anions (c), and simultaneous
addition of cations followed by ClO,™ anions (d) in CH;CN:DMF (9:1 v/v) solution.

spectra of the dual-responsive probes showed a strong
absorption band at 278—353 nm owing to intramolecular
transitions (Figure S2).

The structures of the synthesized dual-responsive probe
molecules were also confirmed by 'H and *C NMR spectral
studies (Figures S3—S6). The '"H NMR spectra of the probes
showed signals at 11.81—11.44, 11.64—9.37, 10.46—8.10, and
8.36—7.18 ppm, corresponding to indole —NH, NH,
azomethine (CH=N), and aromatic protons, respectively.
The *C NMR spectra of probes R1 and R3 displayed signals at
159.53 and 165.58 ppm corresponding to the carbon of the C=
O group, while probes R2 and R4 exhibited signals at 176.67 and
177.66 ppm owing to the carbon of the C=S group,
respectively. The C=N and aromatic carbon signals of the
probe molecules were obtained at 163.94—140.65 and 143.06—
115.23 ppm, respectively. ESI-LCMS spectra were also recorded
to determine the stoichiometric composition of the synthesized
probe molecules. The obtained molecular ion peak at m/z
278.00 and 295.00 due to [C,;H,(N,0S,]* and [C,;H,(N,S;]*
corresponds to the molecular weight of the probe molecules R1
and R2, respectively (Figure S7). The various fragments
observed for the probes with differing intensities at distinct m/
z values were associated with the formation of the probe
molecules (Figure S8). The observed mass spectral data
supported the proposed molecular formulae of the synthesized
probe molecules.
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Sensor Properties of the Dual-Responsive Probes
(R1—R4). Colorimetric Responses with Cations and Anions.
The visual color change method is a simple and significant
technique for optical sensing of different analytes. Hence, the
naked-eye colorimetric responses of the synthesized dual
binding probes (R1—R4) were carried out with the chloride
salts of cations (K*, Mg**, Ca**, Mn*', Fe**, Co**, Ni**, Cu*",
and Zn**) and the TBA salts of anions (F~, CI~, Br~, 1", HSO,~,
ClO,~, NO;~, and OH") in an organic medium to observe the
rapid detection of cations and anions, both separately and on the
simultaneous addition of cations followed by anions (Figures 1
and S9—S11). The solution of probes, cations, and anions at
concentrations 1.5 X 107°, 1.0 X 107% and 2.5 X 107> M,
respectively, were prepared in CH;CN:DMF (9:1 v/v). The
sensitivity and selectivity of the tested inorganic ions were
assessed by adding a 1 yL aliquot of cationic or anionic solution
to 2.5 mL of probe solutions. Distinct color changes were
observed upon individual addition of Fe** and Cu®" cations, F~
and ClO,” anions, and simultaneous addition of cations,
followed by anions (Fe** + F~, Cu?* + F~, Fe** + ClO,”, and
Cu** + ClO,7) to the probe solutions. All four probe solutions
were colorless. The interaction of Fe*" ion with the probe
molecules R1, R3, and R4 results in color changes from colorless
to pale yellow, whereas R2 shows a brownish yellow color. The
interaction of Cu®" ions with R1—R4 results in color changes
from colorless to reddish brown, yellow, pale yellow, and brown
colors, respectively. The other cations tested did not show any
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Figure 2. Absorption spectral titrations of probe R3 upon stepwise addition of Fe** (a) and Cu** (c) cations, and the corresponding calibration plots

upon the addition of Fe** (b) and Cu®* (d) cations.

detectable color changes with the probe molecules. Similarly,
when the TBA salts of anions were individually added to the
probes, only the F~ and ClO,™ anions displayed rapid responses,
whereas the other tested anions did not show any noticeable
responses. The interaction of R1—R4 with the F~ anion results
in a color change from colorless to greenish yellow for R1, R3,
and R4, whereas R2 shows a pale brown color. The interaction of
R1—R4 with the ClO,™ anion results in a color change from
colorless to yellow for R1, R3, and R4, whereas R2 shows a
greenish yellow color. The occurrence of dramatic color changes
signifies the hydrogen bonding interaction between the F~ and
ClO,™ anions and the —NH groups of the probe molecules.
The chromogenic detection ability of the probe molecules
with respect to the simultaneous addition of sensed cations
(Fe**/Cu**) followed by anions (F~/ClO,~) was also analyzed.
The simultaneous addition of the Fe®* cations followed by the
F~ anions to the probes (R1—R4) resulted in color changes from
colorless to dark yellow and brownish yellow for R1 and R2,
respectively, whereas no noticeable responses were observed for
R3 and R4. The simultaneous addition of Fe** followed by
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ClO,~ to R1—R4 showed no noticeable responses. Similarly,
when the Cu®* cation followed by F~ anion was added
simultaneously to R1—R4, only R4 resulted in a color change
from colorless to greenish gray, whereas the other probes did not
show any noticeable responses. When the Cu** cation followed
by CIO,” anion was added simultaneously to R1—R4, only R3
resulted in a color change from colorless to greenish gray,
whereas the other probe molecules did not show any noticeable
responses. The sensor molecules bearing the binding sites
(=NH/O/N/S) are responsible for the coordination of cations
and anions, and simultaneous sensing of both ions. The above
colorimetric studies show that the probe molecules act as
effective chromogenic sensors by the naked eye for individual as
well as simultaneous detection of Fe**/Cu®" cations and F~/
ClO,™ anions, in which the dual binding behavior of the sensor
molecules has been observed in a single molecule.

Absorption Responses with Cations and Anions. The UV—
vis absorption titration experiments were performed to confirm
the sensing behavior of the probe molecules (R1—R4)
containing different binding sites (N/O/S). The binding
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Figure 3. Absorption spectral titrations of probes R1 (a), R3 (c), and R4 (e) upon stepwise addition of F~ anions, and the corresponding calibration
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Figure 4. Benesi—Hildebrand plots for R1 with Fe** (a) and Cu?* (b) cations, and R2 with Fe* (c) and Cu** (d) cations in a CH;CN:DMF (9:1v/v)

solution to calculate the association constants by absorption titrations.

efficacy of R1—R4 with cations was analyzed by adding 2 yL of
chloride salts of cations (K*, Mg**, Ca**, Mn®*, Fe**, Co**, Ni*",
Cu?*, and Zn?*) and TBA salts of anions (F~, CI~, Br~, I,
HSO,”, ClO,”, NO;~, and OH") in CH;CN:DMF (9:1 v/v)
solution with an analyte concentration of 2.5 X 10> M (Figures
S$12 and S13). The titration of probe molecules with cations and
anions showed notable absorption changes with Fe**/Cu®* and
F7/ClO,” ions due to the complexation of host—guest
molecules, while the other cations and anions tested showed
only negligible variations in intensity without any change in the
peak positions. Upon the addition of the Fe®" cation to probe
R1, the intensity of the absorption bands at 278 and 310 nm
increased with the appearance of a new band at 361 nm. The
addition of the Fe®* cations to R2 results in a bathochromic shift
of 45 nm from 340 to 385 nm with increasing intensity. The
addition of Fe®" cations to R3 results in an increase in the
intensity of the absorption band at 318 nm with the appearance
of a new band at 360 nm, whereas the intensity of the absorption

band at 353 nm decreases with the appearance of a new band at
407 nm for R4. The addition of Cu®* cations to R1 results in an
increase in the absorption intensity at 278 and 310 nm with the
appearance of a new absorption band at 413 nm. The addition of
Cu?* cations to R2 results in a bathochromic shift of 43 nm from
340 to 383 nm with an increase in the absorption intensity and
the appearance of a new band at 401 nm. The interaction of Cu**
with R3 results in an increase in the absorption intensity at 318
nm with the appearance of a new band at 463 nm, whereas the
intensity of the absorption band at 353 nm decreases with the
appearance of two new bands at 401 and 464 nm for R4.

The addition of F~ anions to probe R1 results in an increase in
the absorption intensity at 278 nm accompanied by a
bathochromic shift of 90 nm from 310 to 400 nm, whereas R2
results in a decrease in the absorption intensity at 340 nm with
the appearance of a new band at 436 nm. The addition of the F~
anions to R3 results in a bathochromic shift of 53 nm from 318
to 371 nm with the appearance of a new band at 430 nm,

50964 https://doi.org/10.1021/acsomega.4c04001

ACS Omega 2024, 9, 50957—-50977


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04001/suppl_file/ao4c04001_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04001/suppl_file/ao4c04001_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04001?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04001?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04001?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04001?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
(a) (b)
4.5
] 3.0
E 4.0
1 =
S 35 < 25
) O
(o/e] 1 (ap)
N 3.0+ <
= 1 ® 20
8 2.5 8
g 1 S
a) 2.0 B 1.5
— ] —
o =)
QN 154 2]
2 ] Nl
1.0 1 < 1.0 4
0.5 T T T T T T T T T T T 1 . . . .
01 02 03 04 05 06 07 08 09 02 04 . 08 10
[Cu2t]/[R2] + [Cu?'] [F7]+[R2]/[F]
() (d)
3.0
54
|
é I g 25
>~ 4 | — 1
() | <r 1
<r I on |
-~ =1 l
5 | < 20 !
2 ' : :
< : L] < |
2 : 2 154 |
o 2 [} 1
Z | 2 |
| 1
< 4 | < !
1.0 :
14 ! !
1 |
L T 1 T L T i
0.

- —— - ——
0.1 02 03 04 05 6 07 08 09

[Fe3*]/ [R4] + [Fe3*]

T T T T T T
0.2 0.4 0.6 0.8 1.0

[ClO4 ]/[R4]+[ClO4 ]

Figure S. Job’s plots for determining the stoichiometry of the probes with cations and anions in a CH;CN:DMF (9:1 v/v) solution using absorption
spectral studies: R2 + Cu* (a), R2 + F~ (b), R4 + Fe** (c), and R4 + ClO,~ (d).

whereas R4 results in a decrease in the absorption intensity at
353 nm with the appearance of a new band at 421 nm. The
addition of C1O,™ anions to probe R1 results in a decrease in the
absorption intensity at 278 and 310 nm with the appearance of a
new band at 413 nm, and no appreciable change was observed
with probe R2. The addition of ClO,” to R3 showed a
bathochromic shift of 25 nm from 318 to 343 nm with an
increase in the absorbance intensity, while R4 with ClO,”
experienced a hypsochromic shift of 12 nm from 353 to 341
nm with a decrease in the absorbance intensity. The observed
shift in the wavelength of the peaks was due to colorization of the
probe solution and evidence of hydrogen bond stretching
toward the probe—anion interaction. Thus, the probes (R1—R4)
show sensing properties with F~ and ClO,™ anions, whereas the
rest of the anions tested displayed insignificant responses or
showed trivial changes in a shift in wavelength/intensity of
absorption due to their low affinity with probes, which indicates
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the selective sensing of F~/ClO,” anions by all four probe
molecules. Among the four probes (R1—R4), the probe—anion
interaction was easily observed by R1 and R2. All probes exhibit
authentic H-bonding and deprotonation with F~/ClO,™ anions
due to N—H binding interactions. The sensing selectivity of F~/
ClO,™ anions is in the order R2 > R1 > R3 ~ R4.

To gain more insight into the binding characteristics,
titrations were carried out with stepwise addition of sensed
cations (Fe’*/Cu®") and anions (F7/ClO,”) to the probe
molecules (R1—R4) at a concentration of 2.5—5.0 X 107° M,
and the absorption spectra were obtained after each addition of
analytes and calibration plots were plotted (Figures 2, 3, and
S14—S17). From the UV—vis spectral titration data, the binding
constants for probes with sensed ions were calculated using the
Benesi—Hildebrand equation by plotting the changes in the
absorbance against the concentration of the analyte, and the
limit of detection and the binding stoichiometric ratio were
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resolved using calibration and Job’s plots, respectively (Figures
4,5,S18,and S19 and Table 1). The probe R1 with CIO,~ (R1 +

Table 1. Binding Constant, Limit of Detection, and Binding
Stoichiometry of the Probes (R1—R4) toward Cations and
Anions

binding limit of

sl.  probes + inorganic constant detection binding
no. ions (V) (uM) stoichiometry
1 RI1 + Fe?* 343 x 10° 0.21 1:2

2 R1 + Cu®* 4.63 x 10° 0.64 1:2

3 Rl + F~ 3.70 x 10° 0.24 1:1

4 R1 + ClO,~ 3.20 x 10° 0.46 1:1

5 R2 + Fe** 2.60 X 10° 0.18 1:2

6 R2 + Cu?* 7.69 X 10* 0.31 1:2

7 R2 + F~ 6.32 % 10° 0.42 1:1

8 R2 + ClO,~ 4.40 X 10° 0.20 1:1

9 R3 + Fe** 3.01 x 10° 0.80 1:2
10 R3 + Cu®* 413 x 10° 0.47 1:2
11 R3 + F~ 2.73 X 10° 0.70 1:1
12 R3 + ClO,~ 7.08 x 10* 0.52 1:1
13 R4 + Fe?* 3.15 % 10° 0.13 1:2
14 R4 + Cu®* 7.44 % 10° 021 1:2
15 R4 + F~ 6.64 x 10° 0.11 1:1
16 R4 + ClO,~ 8.08 x 10* 0.19 1:1

ClO,”), R2 with Fe**, F~, and ClO,” (R2 + Fe**/F~/ClO,"),
R3 with Fe** (R3 + Fe®*), and R4 with Cu®* (R4 + Cu**) show
high binding constant values (2.60 X 10°~7.44 x 10° M™") with
a high magnitude and low limit of detection (0.11—0.80 uM)
than the others. The selectivity and sensitivity of probe R4 were
found to be efficacious toward Cu** cations with a lower limit of
detection compared to the other sensed cations. Meanwhile, the
isosbestic points at 398, 448, and 357 nm also confirmed the
formation of complexes between probe R3 and Fe’'/Cu®
cations and between probe R4 and F~ anions, respectively.
Job’s plot analysis for the interaction between the probes and
sensed cations (Cu?*/Fe’") exhibited 1:2 binding stoichiometry,
whereas that between probes and sensed anions (F~/ClO,")
showed 1:1 binding stoichiometry by plotting absorption
intensity versus equivalence of sensed ions. To better under-
stand the complexation behavior of the probe molecules,
MALDI-time-of-flight (TOF) mass analysis of the R3 + Cu?*
complex was carried out (Figure S20). The appearance of a peak
at m/z 607.05 assignable to [R3 + 2Cu*" + 4Cl] clearly supports
the results of Job’s plot analysis.

Fluorescence Responses with Cations and Anions. To gain
deeper insight into the detection capabilities of the synthesized
dual-responsive probes (R1—R4), fluorescence spectral titra-
tions were carried out by adding cations and anions, both
separately and simultaneously (Figures 6, 7, and S21). The
fluorescence responses were investigated for the probe—cation
(R1-R4 + Cu?"), probe—anion (R1-R4 + F~/ClO,”), and
simultaneous addition of Cu®* cations and ClO,” anions to
probe R2 (R2 + Cu** + ClO,”) interactions. The probes (R1—
R4) showed weak fluorescence emission at 400—508 nm upon
excitation at 310—360 nm. Upon addition of the Cu®* cations to
R1—R4, the intensity of the emission bands at 468,411,431, and
422 nm increased by 10, 14, 02, and 15-fold, respectively,
without any significant shift in the wavelength. Upon the
addition of F~ to R1—R4, the intensity of the emission band
increased by 13, 8, 6, and 21-fold, and upon the addition of
ClO,™ to R1—R4, the intensity of the emission band increased

by 12,7, 5, and 41-fold, respectively, without any significant shift
in the wavelength. The observed increase in the fluorescence
intensity could be due to the combination of intramolecular
charge transfer (ICT) and chelation-enhanced fluorescence
(CHEF) behavior.””*® These properties, along with the
excitation wavelength and emission maxima, indicate excellent
photophysical characteristics, including high fluorescence
enhancement and Stokes shift, which support the sensing
abilities of the synthesized probe molecules (Table S1). The
fluorescence quantum yield (@) was determined for one probe
molecule (R1) and its complexes (R1 + Cu**/F~). ® of R1 was
found to be 0.010, which increased to 0.025 and 0.057 upon
complexation with Cu®** cations and F~ anions, respectively,
further supporting the sensing capabilities of the synthesized
probe molecules toward inorganic ions. In addition, upon
simultaneous addition of Cu®* cations followed by ClO,~ anions
to probe R2, the intensity of the emission band at 411 nm
increased up to 11-fold, which supports the effective dual-
responsive behavior of the probe. Furthermore, emission
titrations were also performed with stepwise addition of Cu**
cations and F7/ClO,” anions to probes R1 and R2 at a
concentration of 5 X 107> M, and the spectra were recorded for
every addition of analytes, and the corresponding calibration
plots were plotted. The binding constants for R4 + Cu** and R2
+ F~ were estimated to be 7.44 X 10° and 6.32 x 10° M~" with
limits of detection of 0.21 and 0.42 uM, respectively (Figures
$22-524).

In order to explore the practical applications of the
synthesized probes, we examined the pH effect, response time,
and reversibility behaviors of the probes using fluorescence
spectroscopy. The suitable pH range is one of the most
significant factors for the recognition of inorganic ions in real
applications; hence, the fluorescence intensity of probe R1 in the
absence and presence of Cu®" cations and F~ anions at various
pH values (1.0—13.0) was measured. Probe R1 showed weak
emission at 468 nm within the pH range, and no noticeable
change in color was observed for free Rl in the pH range
examined. Upon the addition of Cu**/F~ ions, significant color
and spectral changes were observed for the R1 + Cu*'/F~
complexes at all pH values (Figure 8a). The response of R1 +
Cu®*/F~ in the pH range of 6.0—10.0 is independent of the pH
of the solution and exhibits maximum intensity. Hence, we
chose CH;CN:DMF (9:1, v/v, pH 7.1) as the solvent medium
for our investigation. These results demonstrate that probe
molecules can be used for the detection and determination of
Cu>/F ions. To evaluate the real-time recognition of sensed
ions and hence the stability of complex formation, the response
time of probe R1 toward Cu®* cations and F~ anions in a
CH;CN:DMF (9:1, v/v) solution was investigated (Figure 8b).
The probe R1 interacted quickly with both ions, in which the
color changed from colorless to reddish brown and greenish
yellow upon the addition of a few drops of Cu®* and F~ ions,
respectively, in a very short time, with the formation of stable R1
+ Cu®**/F~ complexes. The fluorescence intensity of the R1 +
Cu®*/F~ complexes at 468 nm remained nearly constant
throughout the analysis. The color of the complex solutions
remained almost unchanged for several days under laboratory
conditions. This indicates that the probe is highly sensitive to
analytes and the complexes formed are also very stable.

The reversibility of the synthesized probes was studied using
ethylenediaminetetraacetic acid (EDTA), a strong chelating
agent, and probe R3 as a model compound (Figure 9). Probe R3
shows only weak fluorescence at 431 nm, and upon the addition
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Figure 6. Emission spectral responses of probes R1 (a), R2 (b), R3 (c), and R4 (d) upon addition of various cations in CH;CN:DMF (9:1 v/v)

solution.

of Cu®" cations to R3, the fluorescence emission intensity
increased by 36-fold without a significant shift in the wavelength
due to the formation of the R3 + Cu®" complex. Upon the
addition of 10 yM EDTA solution, the intensity was
dramatically reduced due to the formation of nonfluorescent
products (R3 and EDTA + Cu®"). The original emission
intensity was reversed by further addition of an equivalent
amount of Cu** to this solution due to the formation of the R3 +
Cu** complex. The changes in fluorescence intensity were found
to be recyclable through the alternate addition of Cu®* cations
and EDTA. The titration was repeated five times, and the
original spectrum was recovered each time. These results
indicate that the coordination process is reversible with the
sequential addition of Cu®** cations and EDTA, and the probe
molecules could be reused repeatedly as “off—on—off” sensors
for the detection of cations.””’

'"H NMR Titrations of Probes (R1—R4) with F~/ClO,~
Anions. To gain insight into the sensing mechanism of probe
molecules toward sensed anions, NMR titration experiments
were performed by sequential addition of F~/ClO,™ anions as

50967

tetrabutylammonium salts to R1—R4, which provided strong
evidence for the probe—anion interaction (Figures 10 and S25—
S27). It is quite challenging to predict complex formation
involving hydrogen bonding or deprotonation by using the
adequate basic strength of the guest molecule. Upon sequential
addition (1—6 equiv) of F~ anions to probes R1 and R2, the
intensity of the N—H signals at 11.64—10.39 ppm diminishes,
which indicates the formation of hydrogen bonds between the
probes and F~ anions; at higher equivalents, these signals vanish
accompanied by a downfield shift of aromatic proton signals,
whereas, upon the addition of ClO,™ anions to R1 and R2, the
intensity of these signals decreases with broadening at higher
equivalents and disappears only in the case of R2. In the case of
R3 and R4, upon sequential addition of F~ anions to the solution
of probes, the intensity of indole —NH signals at 11.81—11.44
ppm and the intensity of N—H signals at 10.30—9.37 ppm
disappear, which suggests deprotonation of these protons,
whereas the addition of CIO,~ anion to R3 and R4, the intensity
of these signals decrease with a downfield shift and broadening
at higher equivalents, and disappear only in the case of R4,
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Figure 7. Emission spectral titrations of probe R2 upon simultaneous
addition of cations followed by ClO,™ anions.

suggesting the formation of H—bonding."’1 Besides, the aromatic
protons also displayed prominent downfield chemical shifts. The
observed chemical shifts are due to deprotonation, which results
in increased electron density leading to enhanced ICT processes
within the probe molecules.*” These findings demonstrate that
the probe molecules can sense F~/CIO,” anions via the H-
bonding/deprotonation mechanism.

Paper Strip Tests. The practical applicability of the probe
molecules was ascertained using paper strip experiments by
testing the sensing ability of R4 as a model compound. Whatman
filter paper No. 40 (4 X 1 cm) was plugged with a solution of R4
(1.5 X 107> M) for 5§ min and dried. Then, solutions of various
concentrations (2.5 X 107> to 107 M) of ions were added to the
pretreated paper strips of R4 (Figure 11). The R4-coated paper
strips showed distinct color changes in the presence of the
analyzed ions in solution, which decreased when moving toward
lower concentrations. However, the color of R4-coated paper

strips showed no noticeable color changes at a concentration of
less than 107> M. The observed results demonstrated that the
paper strip experiments can be used as a simple and operative
technique for tracking the Fe3*/Cu?" cations and F~/ Clo,~
anions in real samples, without any additional instruments.***

Theoretical Studies. Geometry Optimization. The bind-
ing and structural properties of compounds can be provided with
exclusive information through molecular modeling, along with
the energy-minimized conformation, in the absence of crystal
data. In order to analyze the geometric parameters, such as bond
length, bond angle, and binding ability of the compounds,
theoretical calculations were carried out to obtain optimized
structures of the compounds with inorganic ions, based on DFT
studies using the B3LYP function with 631+G and LANL2DZ
basis sets (Figures S28—533 and Tables S2—S9). The optimized
structures and structural parameters of the probes (R1—R4) and
their binding with Fe®*/Cu®" cations and F~/ClO,” anions
indicate the significant contribution of -NH/O/N/S atoms in
sensing inorganic cations and anions. The C=0 bond distances
of R1 and R3 increase from 1.205 and 1.288 A to 1.612 and
1.491 A, respectively, upon binding with Fe®*, and increase to
1.341 and 1.682 A, respectively, upon binding with Cu** ions. In
the case of R2 and R4, the C=S bond distances increase from
1.582 and 1.348 A to 1.828 and 1.490 A, respectively, upon
binding with Fe*', and increase to 1.853 and 1.682 A,
respectively, upon binding with Cu®** ions. The C=N bond
length values of R1—R4 obtained in the range of 1.245—1.463 A
increase to 1.310—1.606 and 1.410—1.620 A, after binding with
Fe*" and Cu®" ions, respectively. The increase in bond lengths of
C=0, C=S, and C=N after binding with Fe** and Cu®*
cations indicate the sensing of these ions by probe
molecules.””*® The calculated N—H bond lengths of R1—R4
are obtained in the range of 1.033—1.049 A, indicating a single
bond between nitrogen and hydrogen atoms, which increases to
1.316—1.543 and 1.219—1.523 A, after binding with F~ and
ClO,™ anions, respectively, indicating the formation of hydrogen
bond upon sensing of F~/ClO,” anions by the probe
molecules.””
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The calculated bond angles (°) within the probe molecules
(R1—R4) display reductions and increments subsequent to their
interaction with sensed ions (Fe**/Cu®" cations and F~/ClO,~
anions). Upon binding of Fe** and Cu®* cations to R1 and R3,
noticeable changes in the bond angles are observed. The
variations in bond angles of C6—N7—H22, N7-N8-011, C9—

N8—-010, and C9—N10—010 were 1.97, 4.91, 4.06, and 6.10,
and 3.47,6.97, 6.68 and 3.69, respectively, when R1 and R3 bind
with Fe3* and Cu®" cations, and those of C6—N7—H22, C9—
N10—H24, and N10—N12—H25 were 2.42, 2.68, and 2.20, and
8.40, 6.97, and 2.90, respectively, when R2 and R4 bind with
Fe¥" and Cu?" cations. After the interaction of the metal ions
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Figure 11. Photographs of paper strips of probe R4 upon addition of
Fe** (a), Cu** (b), F~ (c), and ClO,” (d) ions at different

concentrations.

with probes, clear binding through C=0/C==S and C=N is
evidenced by oxygen, sulfur, and nitrogen atoms. The variation
in the bond angles of C9—N8-H23, C9—N10—-H24, C13—
N12—H34, and C13—N14—H35 are found to be between 1.05
and 4.77 when the probes bind with F~ anions, and between 1.05
and 3.23 when the probes bind with C1O,™ anions. The changes
in bond angles indicate the hydrogen bonding interaction
between the N—H and the sensed anions.*®

Frontier Molecular Orbital (FMO) Analysis. In frontier
molecular orbital (FMO) analysis, the lowest unoccupied
molecular orbital (LUMO) reflects the ability to gain an
electron, while the highest occupied molecular orbital (HOMO)
reflects the electron-donating ability. The FMOs for probe
molecules (R1—R4), RI—R4 + Fe**/Cu**, and R1—R4 + F~/
ClO,~ were measured to analyze the energy gap and electron
transfer mechanism within the probes (Figures 12 and $34—S38
and Table $10). The HOMO is the orbital that primarily acts as
an electron donor, while the LUMO is the orbital that primarily
acts as an electron acceptor and compounds with low HOMO—
LUMO energy gaps exhibit significant intramolecular charge
transfer (ICT), which helps to predict the stability and reactivity

of molecules.’”** The Eyomo and Ejyyo energy values were
derived from the orbital energy level analysis of probes (R1—
R4), R1-R4 + Fe**/Cu*, and R1-R4 + F~/ClO,™. The AE
values of R1—R4 are found to be between 0.1209 and 0.1472,
which upon binding with Fe** and Cu®* cations decrease to
0.0831—0.1051 and 0.0990—0.1238 eV, respectively, and to
0.1139—-0.1304 and 0.0882—0.1272 eV, respectively, upon
binding with F~ and ClO,” anions. The small energy gap in
the molecules indicates higher reactivity and offers electrons
easily, which means they are easier to charge transfer than
molecules with a large energy gap. The AE values of probe
molecules after binding with sensed ions are found to be less
than those of the free probes and are in good agreement with the
results obtained from the optical spectra with respect to the shift
in wavelength. These results provide additional evidence for the
binding mode of the probe molecules with sensed cations and
anions.

Plausible Sensing Mechanism. Based on the spectral and
theoretical studies, the possible coordination mode and sensing
mechanism of the probe molecules (R1—R4) with sensed
cations and anions have been proposed (Figure 13). As the
probe molecules have different binding sites, it was necessary to
examine the effect of the F~/ClO, ™~ anions on the binding ability
of the probes for cations and vice versa. Optical studies were
performed in two different ways: first, the probes were titrated
with sensed metal ions and anions individually, followed by the
simultaneous addition of sensed cations (Cu?**/Fe®*) and anions
(F~/ClO,7). Low fluorescence responses were observed for the
probes due to the photoinduced electron transfer effect. In
contrast, an increase in fluorescence intensity was observed with
the addition of sensed inorganic ions due to the chelation-
enhanced fluorescence effect. The notable changes observed in
the fluorescence studies highlight the dual-responsive nature of
the synthesized probe molecules. '"H NMR titration studies
provide strong evidence for the sensing of F~/ClO,™ anions and
the H-bonding/deprotonation of the NH protons of the probe
molecules. Further, the dual-sensing behavior of the probe
molecules observed in the experimental studies was also
supported by the theoretical studies, where significant changes
in the bond length and bond angle indicated the same sensing
behavior.

Toxicity Assessment. In order to investigate the potential
application of the fluorescent probes (R1—R4) and Cu** cations
in the DrG cell line and zebrafish larvae, the toxicity of the probe
molecules was evaluated. DrG cells treated with probes did not
show morphological changes up to 20 uM mL™" after 24 h of
exposure (Figure $39). At higher concentrations (80 uM mL™")
of probes R2 and R4, 65% cell death was observed in the DrG
cell line.

In Vitro Cytotoxicity by MTT and NR Assays. Cytotoxicity
assessment by MTT and NR assays showed the viability of DrG
cells when treated with probes (R1—R4) at concentrations up to
80 uM mL™" for 24 h. Varying concentrations of probes between
5 and 80 4uM mL ™" were employed for in vitro cytotoxicity assays
in zebrafish gill cell lines using two standard endpoints (Figure
S40). In the case of R2 and R4, the highest concentration (80
uM mL™") was found to be toxic, and less toxicity was observed
for R1 and R3; however, at lower concentrations (up to 20 uM
mL™"), all probes were not significantly cytotoxic to DrG cells
compared to the control cells. Thus, a progressive increase in the
concentration of probes leads to an increase in toxicity when
compared to control cells.
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Figure 13. Plausible sensing mechanism of the dual-responsive probes (R1 and R4) in the presence of sensed cations and anions.

In Vitro Recognition of Cu?* Cations in Live Cells. The
intracellular distribution of Cu®" cations and the probe’s ability
to reach the cell membranes were investigated using
fluorescence microscopy (Figure 14). In order to ascertain the
intracellular Cu** cations, exponentially growing DrG cells were
incubated with Cu®* cations (20 kM mL™") at 28 °C for 30 min,
and then washed with PBS to remove excess Cu®* cations. For
fluorescence detection of intracellular Cu®* cations, cells were
incubated with serum-free medium (2 mL) containing 10 and 20
M mL™' R1-R4 (10 mM stock solution prepared in DMSO
and diluted in culture media) for 30 min. The cells were rinsed
with three additional PBS washes before imaging. Fluorescence
microscopy images of DrG cells showed high levels of blue
fluorescence in the cytoplasm. The obvious blue fluorescence
signal may be due to the complexation of probe molecules with
Cu®* cations (RI-R4 + Cu®*) in the DrG cells. Intracellular
imaging of DrG cells treated with R1—R4 alone revealed no
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fluorescence by fluorescence microscopy. These results indicate
that the probe molecules can diffuse cell membranes, allowing
for visualization of the intracellular distribution of Cu®" cations
in DrG cells."'

In Vivo Recognition of Cu?* Cations in Zebrafish Larvae.
To assess the suitability of the probes (R1—R4) for in vivo
applications, we investigated their ability to detect Cu®" cations
in zebrafish larvae (Figure 15). Zebrafish larvae are widely used
as model organisms for in vivo bioimaging of metal ions due to
their small size and transparency.”””*" The blue fluorescence
resulting from R1—R4 + Cu®* complexes is distinctly visible in
the anterior region of the larvae. Upon examining the images of
the fish head and eyes revealed that blue fluorescence was
present throughout the body. These results indicate that the
probes have the potential to serve as Cu®* sensors in living
organisms. Similar results were also observed when the 3-day-
old zebrafish larvae were exposed to AI’** and thiophene-3-
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Figure 14. Fluorescence photographs of the DrG cell line upon incubation with probes R1 (a), R2 (b), R3 (c), and R4 (d) alone for 30 min as a control,
incubation with 10 4uM of R1 (e), R2 (f), R3 (g), and R4 (h) for 30 min, followed by incubation with 20 4M of Cu** cations for 30 min, and incubation
with 20 uM of R1 (i), R2 (j), R3 (k), and R4 (1) for 30 min, followed by incubation with 20 #M of Cu®* cations. All of the fluorescence
microphotographs were captured at 100X magnification.

(G)) ©) (i)

Figure 15. Fluorescence photographs of the newly hatched zebrafish larvae upon incubation with probes R1 (a), R2 (b), R3 (c), and R4 (d) alone for
30 min as a control, incubation with 10 uM of R1 (e), R2 (f), R3 (g), and R4 (h) for 30 min, followed by incubation with 20 uM of Cu** cations for 30
min, and incubation with 20 uM of R1 (i), R2 (j), R3 (k), and R4 (1) for 30 min, followed by incubation with 20 4uM of Cu** cations. All of the
fluorescence images were captured at 40X magnification.

carbohydrazide probe, in which the blue fluorescence dots were Molecular Logic Gates. Molecular logic gates are the second
clearly observed in the zebrafish head and digestive tract due to most leading application and the fundamental components of
the formation of probe-Al** complex.” any kind of electronic or digital device.'”*> In general, logic
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Figure 16. Fluorescence spectral titrations of probe R2 upon addition of Cu®* cations, C1O,™ anions, and simultaneous addition of Cu** cations and
ClO,™ anions (a), molecular logic circuit for probe R2 and truth table for OR logic gate (b, c), and molecular logic circuit for probe R3 and truth table

for INHIBIT logic gate (d, e), derived from fluorescence data.

circuit outputs are derived from chemically encoded information
as inputs and their emission properties as outputs (Figure 16). It
is possible to design different molecular logic circuits, for
example, (i) the INHIBIT logic circuit with an AND logic gate
and (ii) the combination of NOT logic gates based on the truth
table. Since the fluorescence response of the probes is distinctly
affected by the addition of both cations and anions, we used a
binary logic function with Cu** and ClO,” ions as dual
stimulating inputs, and fluorescence as outputs. The logic
function of the OR gate, which is one of the basic gates from
which all other functions can be constructed, is normally
switched on if either one or both inputs are turned on. As a
consequence of the observed emission shift of probe R2 in the
presence of Cu®" and ClO,” ions, an OR gate can be easily
interpreted by utilizing Cu®>* and ClO,~ ions as input signals,
along with the corresponding emission as the output. Boolean
operations are typically used to depict this system, where high
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emission intensity values are ON (1), and low emission intensity
values are OFF (0). The fluorescence emission at 411 nm could
be at a high value when either one or both inputs (Cu** and
ClO,") are present, and the output would be zero only when all
inputs are in the low state.”® The truth table supports the OR
logical behavior of probe R2. The truth table is also designed
with fluorescence spectra for two chemical inputs, Cu®" and
EDTA, to probe R3, which supports an INHIBIT logic gate. The
combined logic gate was motivated by the reversible and
reproducible interaction between R3 + Cu** and EDTA, along
with the resulting changes in the emission intensity. Four ionic
inputs were used to construct INHIBIT logic gates using
fluorescence output signals. There was an increase in
fluorescence emission after the addition of Cu®" ions, indicating
fluorescence ON.

Comparison of Synthesized Probes with Other Similar
Reported Probes. A comparison of the present probe molecules
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with other carbohydrazone/thiocarbohydrazone-based probe
molecules reported in the literature is presented in Table S11.
To the best of our knowledge, unlike our probe molecules, there
are only a limited number of reports in which a single probe is
used as a dual-sensor molecule. Even though each probe
molecule showed some advantages with respect to the solvent
used, sensitivity, naked-eye detection, and applications, the
present probe molecules exhibit quite distinctive analytical
features with respect to their ease of synthesis, dual-sensing
behi\;/i(g{, detection limit, and application in live-cell imag-
ing.”" ™

B CONCLUSIONS

In summary, we developed four dual-responsive chromogenic/
fluorogenic probe molecules (R1—R4) with three binding sites
for the detection of inorganic ions in solution. These probes
exhibited selective and sensitive responses to metal ions (Fe**/
Cu**) and anions (F~/ClO,~) at micromolar concentrations, as
confirmed by spectral techniques and further supported by
theoretical calculations. The sensing of F~/ClO,” anions is
attributed to H—bonding and deprotonation of the NH protons
of the carbohydrazone/thiocarbohydrazone moiety. The probes
could be regenerated from their complexes, as evidenced by the
reversibility of the reaction with EDTA. The potential
applications of the synthesized probe molecules are demon-
strated with paper strip experiments for the detection of sensed
ions in real samples, in addition to bioimaging and molecular
logic function studies. The probes were effectively employed for
bioimaging of Cu®* cations, which were clearly observed in the
anterior part of larvae, offering strong probes for live-cell
imaging to examine chemical signaling in complex multicellular
systems. Further, INHIBIT molecular logic gates for the
detection of inorganic ions were developed using fluorescence
data. The key findings of this work have inspired us to focus on
future research by modifying the design strategy to develop
sensor molecules to be used as fluorescent markers for ion
sensing in human cancer cells, and we are now engaged in the
tuning of the spacer and efficient fluorophores with respect to
the development of novel probe molecules.
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