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[** and In®* has recently

received greater attention due to the crucial roles these metal ions play in many biotic and material processes.

The development of a probe for the selective recognition of trivalent cations Al

In this regard, [2,2'-bipyridine] 6,6'-dicarbohydrazide has been designed to synthesize a Schiff-base (L) using
diethyl amino salicylaldehyde for the selective detection of At and In®*. The probe L exhibits selective
colorimetric response at 444 nm with In®* and turn-on fluorescence response at 497 nm with A" in DMSO :
H,O (7:3, pH = 7.4). The probe L could form a 1:2 [L: M] stoichiometry complex confirmed by Job's plot and
ESI mass analysis with an estimated association constant of 9.38 x 10° M2 and 4.75 x 10* M2 with A** and
In®* ions, respectively. The probe could detect A** and In*" down to 10.98 nM and 110 nM without much
interference from other common interfering ions. Inhibition of C=N isomerization and chelation-enhanced
fluorescence (CHEF) could be induced to vary the photophysical properties of L upon interaction with A5,
whereas, the L with In®*, exhibits ligand-to-metal charge transfer (LMCT) due to the presence of vacant

f-orbitals. The binding mechanism of probe L with metal ions was investigated using *H NMR, mass, and DFT

DOI: 10.1039/d3sd00282a

studies. More importantly, the potential application of probe L could be used to quantify Al

l3+

rsc.li/sensors samples and Al

1. Introduction

Developing a selective chemosensor capable of detecting
group IIIA trivalent metal ions such as AI’*, Ga*", and In®**
has attracted researchers’ attention, as these metal ions play
an extensive vital role in several biological and environmental
processes.”” Al is widely used in manufacturing, construction,
and food packing materials. Besides, Al salts are used in
drinking water purification and pharmaceutical drugs.**
Secondly, indium, a lustrous and malleable metal, has been
widely employed in various industrial applications, including
transparent electrically conductive coatings and gas
sensors.”® Due to its wide range of applications, it might
readily accumulate in the human body and become
poisonous to humans.” Several chemosensors for group IIIA
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13* and In** in water

in DrG cells and a zebrafish in vivo imaging model.

metal ions have been developed, but many cannot
discriminate between Ga®', AI**, and In*" because of their
similar chemical properties.®*?

Current analysis techniques, such as atomic absorption
spectrometry (AAS), inductively coupled plasma-optical
emission spectrometry (ICP-OES),"® inductively coupled
plasma  mass  spectrometry  (ICP-MS),"* liquid
chromatography-mass spectrometry (LC-MS),"> and ion-
chromatography,'® have been developed for the detection of
AP’ and In**. However, these techniques involve complicated
sample pre-treatment procedures, well-controlled
experimental conditions, and additional reagents required.
In order to overcome these difficulties, chromogenic and
fluorogenic sensor-based methods are examined, which
exhibit many advantages, such as simplicity, high sensitivity,
selectivity, and affordability in industry and academic labs.
On the other hand, a new dual-chemosensor could reduce
the cost of sensing material and the time required for
developing an additional chemosensor. A dual chemosensor
can detect two distinct species by varying the photophysical
properties.””*® This would allow for the simultaneous
monitoring of analytes and the improvement of the two most
significant properties of the sensors, selectivity and
sensitivity, which are both critical.*"
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It is well known in the literature that carbohydrazide with
substituted salicylaldehyde Schiff base ligands are excellent
sensors for metal ion recognition.”®*” Qur recent studies found
that the 1,10-phenanthroline and pyridine based ligand system
showed excellent sensing ability with AI**, In*', and Th*
ions.”®*° Continuing the earlier design, the bipyridine at the
2,9 position attached with the semi carbohydrazide linked
4-(diethylamino)salicylaldehyde Schiff base L. Probe L exhibits
two different photophysical properties.

The probe L exhibits a noticeable absorption spectral change
toward In*" and fluorescence enhancement toward AI’'.
Importantly, L can detect AI** and In*" in different ways, such
as spectrophotometric and spectrofluorometric, as well as
colourimetric. Various spectroscopic methods and theoretical
calculations have suggested the sensing mechanism of L
towards AI** and In*" ions.

2. Experimental section
2.1 Materials and methods

To synthesize the designed probe L the following materials
are required: 6,6'-dimethyl-2,2"-bipyridine, diethylamino
salicylaldehyde, selenium dioxide, and hydrazine hydrate,
which were purchased from Sigma Aldrich and TCI chemical.
All metal nitrate salts of SD Fine and Sigma Aldrich were
used for preparing stock solutions. All solvents of reagent
grade were purchased from Merck Chemical India and used
without further purification. The absorbance and
fluorescence spectra were recorded using a 1 cm quartz cell
with a JASCO V-730 spectrophotometer and JASCO FP-8200
spectrofluorometer. A Shimadzu Affinity FT-IR spectrometer
was used to record infrared spectra between 4000 cm™' and
400 cm™'. The NMR spectra were acquired with a 400 MHz
Bruker Avance NMR spectrometer with tetramethylsilane
(TMS) as an internal standard. A Waters QTOF mass
spectrometer was used to obtain the ESI-TOF mass analysis.

2.2 Synthesis of probe L

As shown in Scheme 1, the synthesis of probe L was
accomplished in four steps involving the use of several
intermediates such as [2,2"-bipyridine]-6,6'-dicarboxylic acid
(BPy-COOH), dimethyl [2,2"-bipyridine]-6,6"-dicarboxylate (BPy-

som2
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OMe), and [2,2-bipyridine]-6,6"-dicarbohydrazide (BPy-Hyz). In
the first step, 6,6-dimethyl-2,2"-bipyridine (BPy-DM) (1.17 g,
0.006 mol) was suspended in 100 mL of water, and to this
solution, potassium permanganate (6.55 g, 0.042 mol) was
added. The resulting mixture was heated at 100 °C for 15 h; this
mixture was allowed to settle at room temperature, a brown
precipitate was removed by filtering, and the filtrate was
extracted three times with diethyl ether. The combined aqueous
solution was acidified to a pH of 2.0 using 1 M hydrochloric
acid, resulting in a white precipitate (BPy-COOH) recovered by
filtration with a yield of 67% (1.05 g).>' In the second step, a
stirred solution of BPy-COOH (1.00 g, 0.004 mol) in methanol
was slowly added to thionyl chloride (5 mL) and stirred for
about 6 h at 60 °C and the as-formed mixture was quenched in
ice-cold water; it generates a white solid precipitate (BPy-OMe)
with a yield of 70% (0.70 g).** In the third step, BPy-OMe (0.58
2, 0.003 mol) was dissolved in absolute ethanol (20 mL), and to
this solution, 1 mL hydrazine hydrate (99%) was added, and the
reaction mixture was refluxed for 5 h at 70 °C, after completing
the reaction, cooled to room temperature, and finally poured
into ice-cold water, yielding an off-white solid precipitate,
filtered and rinsed with water. Finally, the product (BPy-Hyz)
was recrystallized using a chloroform and ethanol (1:1) mixture
with a yield of 89%. In the final step, BPy-Hyz (0.215 g, 1 equiv.)
was dissolved in a solvent mixture containing ethanol and
dimethyl sulfoxide (7:3, v/v). To this solution 4-(diethylamino)
salicylaldehyde (0.335 g, 2.1 equiv.) containing a catalytic
amount of acetic acid was added. The reaction mixture was
stirred at 100 °C for about 5 h. After the completion of the
reaction, the solid product was filtered and washed with ethanol
to obtain the pure product appearing as a pale-yellow solid (L)
with a yield of 96%.

All synthesized compounds were characterized by NMR
(*H, **C), FTIR, and mass analysis: Py-COOH (C1,HgN,0,): 'H
NMR: (400 MHz, DMSO-d,) (Fig. S1%): § 8.70 (d, J= 7.6 Hz,
2H), 8.15 (d, J = 7.72 Hz, 2H), 8.11 (t, J = 7.6 Hz, 2H). °C
NMR: (100 MHz, DMSO-d) (Fig. S27): 166.37, 154.90, 148.52,
139.40, 125.71, and 124.57. HR-MS [M + H]" (Fig. S37):
calculated mass 245.0557 and obtained mass 245.0510.

BPy-OMe (C;,H;,N,0,): '"H NMR: (400 MHz, DMSO-d,)
(Fig. S41): ¢ 8.63 (d, J= 7.2 Hz, 2H), 8.23 (d, J = 7.6 Hz, 2H),
8.19 (t, J = 7.2 Hz, 2H), 3.95 (s, 6H). >*C NMR: (100 MHz,

LR e SR
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Scheme 1 Reactions and conditions for the synthesis of probe L.
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DMSO-ds) (Fig. S5t): 165.48, 155.06, 147.83, 139.60, 126.02,
124.61, and 53.10. HR-MS [M + H]" (Fig. S67): calculated mass
273.0870 and obtained mass 273.0871.

BPy-Hyz (C1,H;,N¢O,): "H NMR: (400 MHz, DMSO-d;) (Fig.
S71): 6 10.22 (s, 2H), 9.04 (d, J = 7.6 Hz, 2H), 8.07 (t, ] = 7.6
Hz, 2H), 8.0 (d, J = 8 Hz, 2H) 4.57 (s, 4H). >C NMR: (100
MHz, DMSO-d) (Fig. S8T): 162.99, 154.08, 149.78, 139.16,
124.36, and 122.73. HR-MS [M + H]" (Fig. S91): calculated
mass 273.1095 and obtained mass 273.1033.

L (C34H35N0,): "H NMR: (400 MHz, DMSO-d;) (Fig. S10%):
6 12.00 (s, 2H), 11.48 (s, 2H), 9.18 (d, J = 7.6 Hz, 2H), 8.75 (s,
2H), 8.30 (d, J = 8 Hz, 2H), 8.26 (t,J = 6.8 Hz, 2H), 7.26 (d, ] =
8.8 Hz, 2H), 6.32 (d, J = 8.8 Hz, 2H), 6.16 (s, 2H), 3.41 (q, J =
7.2 Hz, 8H), 1.14 (t, J = 7.2 Hz, 12H). >*C NMR: (100 MHz,
DMSO-d,) (Fig. S117) 160.36, 159.95, 154.05, 152.42, 150.85,
149.67, 139.53, 132.22, 125.03, 123.70, 106.95, 104.31, 97.99,
44.31, 13.02. FTIR (ATR, cm™") (Fig. S127): 3271 (-OH), 3091
(-NH), 2972 (Ar-CH), 1660 (C=0), 1629 (C=C), 1513 (C=N),
1245 (C-N), 1130 (C-O). HR-MS [M + H]" (Fig. S137):
calculated mass 623.3089 and obtained mass 623.3073.

2.3 Computational study

The Gaussian 09 computational program was used for all
DFT/TD-DFT computations based on the hybrid exchange-
correlation functional B3LYP.*>** The main group elements
(C, H, N, and O) were calculated using the conventional
6-311G** basis set, whereas Al and In were computed using
the LanL.2DZ effective core potential (ECP).*>*” There was no
imaginary frequency in vibrational frequency calculations for
the optimized geometries of L, L + AP**, and L + In*,
indicating that these geometries reflect local minima. The
solvent impact of water was incorporated in all computations
using Cossi and Barone's CPCM (conductor-like polarizable
continuum model).*®**? TD-DFT was performed in the ground
state geometries of L, L + AI’**, and L + In** to explore the
electronic properties of singlet excited states.’® Twenty singlet
states were computed and investigated. Chemission 4.1 was
used to calculate molecular orbital contributions in electronic
transitions.*'

2.4 UV-vis and fluorescence spectral study

Initially, a 1 mM stock solution of probe L was made in
dimethyl sulfoxide (DMSO), and a working concentration
solution was prepared in DMSO: H,O (7:3 v/v, 10 mM HEPES
buffer, pH 7.4). The steady-state absorption and fluorescence
spectral response have been recorded at room temperature in
the absence and presence of selected metal ions. For all
sensing studies, nitrate salts of various metals such as AI’",
In*', zn*", cd*', K', Pb*", La*', Bi*", Ni*", Na', Fe’**, Cca*",
Mn*", Eu’', Mg, Hg*", cu®, Co>", Ag®, Cr’", U0, and
Th** were used.

2.5 In vitro cytotoxicity study

The DrG cell line was obtained from the Access Centre of the
National Repository for fish cell lines from C. Abdul Hakeem

© 2024 The Author(s). Published by the Royal Society of Chemistry
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College (Autonomous), Tamil Nadu, India. The cells were
grown in Leibovitz's L-15 (GIBCO) medium with antibiotics
(100 mg mL™" Kanamycin and 2.5 mg mL ™" Fungizone) and
10% fetal bovine serum (FBS). Cells were kept at 28 °C in a
BOD incubator. Following harvest, the cells were planted at 2
x 10" cells per well in 96-well tissue culture plates and
cultured overnight at 28 °C. The media were withdrawn after
incubation, and the cells were subjected for 24 h to a
medium containing 0 (control), 10, 20, 30, 40, 50, and 60 uM
probe L. MTT and NR tests were used to determine the
cytotoxicity of probe L.*>*?

2.6 Cellular imaging

The DrG cells were cultured in six-well cell culture plates.
Cells were transferred to serum-free L-15 media with AI** (50
pM and 100 uM) and incubated for 30 min, and then cells
were washed with fresh L-15 medium to remove the excess
A’ After flowing, cells were exposed to different
concentrations of probe L in the labeled wells and incubated
again for 30 min. Finally, cells were washed thrice with
serum-free media for five minutes each. Then, the cells were
subsequently dyed with 4’,6-diamidino-2-phenylindole (DAPI)
mounting media, and the morphology was captured at 200%
magnification using a fluorescence microscope (Carl Zeiss,
Germany).**

2.7 In vivo tracing of AP** in zebrafish larvae

Zebrafish were kept at 28 °C and were kept under ideal
breeding conditions. Both male and female zebrafish were
held in the same tank at 28 °C in a 12 h light/12 h dark cycle,
and egg spawning was initiated by providing light
stimulation. E3 embryo media were used to keep zebrafish
larvae alive for 30 min at 28 °C; newly born zebrafish larvae
were exposed to 50 and 100 puM of AI** in an aqueous
solution. The solution was then withdrawn, and the larvae
were washed three times with 2 mL of deionized water to
remove excess Al(NO;); salt. The larvae were then incubated
for 30 min. at 28 °C in an aqueous solution containing 20
and 40 uM of L, and the E3 solution was removed after three
washes with deionized water. The larvae were then viewed,
and photographs were captured using a fluorescence
microscope (Carl Zeiss, Germany).*®

2.8 Declarations: ethics approval

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of C.
Abdul Hakeem College and approved by the Animal Ethics
Committee of 1011/PO/Re/S/06/CPCSEA.

3. Results and discussion

The desired probe L was synthesized by a reaction between
BPy-Hyz and 4-(diethylamino)salicylaldehyde in an EtOH and
DMSO (7:3, v/v) solvent mixture with acetic acid as an acid
catalyst. The probe L was characterized by '"H NMR, FTIR,

Sens. Diagn., 2024, 3, 455-467 | 457
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Fig. 1 Visible colour change of probe L (1 x 107> M) with (10 equiv.) various metal ions in DMSO : H,O media (7:3, v/v, pH = 7.4) under (a) natural

light and (b) UV light (365 nm).

and HR-mass analysis. It contains characteristic functional
groups such as imine, hydroxyl, and carbonyl involved in
binding with AI** and In*', while the 4-(diethylamino)-2-
hydroxy imine acts as a signaling unit for fluorescence. The
electronegativity of AI** and In*" is almost the same, so both
are Lewis acids. Therefore, binding between L and the
analyte (Al and In) could follow Pearson's HSAB theory, and
the reversibility of the complex is moderate. Hence, L is
selected as a suitable sensing material for Al and In.

3.1 Visual naked-eye detection

To evaluate the colourimetric sensing ability of probe L, the
naked-eye detection of various metal ions such as AI**, In*',
Zn**, Pb*', La*, Bi*", Ni*', Na*, Ca®’, Mn*', Eu’*", Mg*", K,
Hg™, Fe**, cu®, Co™", Ag', Cr*', cd*, UO,>" and Th*" (10
equiv.) was carried out in DMSO:H,0 (7:3, pH = 7.4) solvent
media under natural and UV light (Fig. 1a and b). The neat
probe L is colourless, while metal ions such as AI**, Cu**, and
In** with probe L exhibit pale yellow and intense yellow colors,
respectively. Further, under UV light, only the vial containing
AP*" exhibits highly intense cyan colour fluorescence upon
reaction with probe L. This simple test clearly shows dual
sensing behaviour regarding the chromogenic and fluorogenic
nature of L with boron family members.

400 450 500
Wavelength (nm)

0.00 T
300 350

3.2 Chromogenic and Fluorogenic response

UV-vis spectral and spectrofluorometric responses of probe L
(20 uM) were recorded in the absence and presence of different
metal ions in DMSO:H,O (7:3, v/v, pH = 7.4, 10 mM HEPES)
media. As seen from Fig. 2a, probe L alone exhibits a strong,
intense band at 385 nm, while probe with AI** and In** exhibits
a new intense band at 419 nm and 444 nm, respectively. The
highly intense L, L + AP*, and L + In*" bands could be due to
intra-ligand charge transfer (ILCT) and ligand-to-metal charge
transfer (LMCT). Further, UV-vis spectral titration of L with AI**
and In*" exhibits only one isosbestic point, indicating the
formation of one new species (Fig. 2b and Fig. S14f). The
spectrofluorimetric response of the test solution was performed
by excitation at 385 nm, and the emission was recorded at 497
nm (Fig. 3a). This reveals that probe L has no fluorescence
behaviour. However, the vial containing only L + AI** exhibits
unprecedented photoluminescence ability while L + Th*
exhibits weak fluorescence, and all other metals studied did not
show any fluorescence. Further, the average time taken for the
optimum response of absorbance and emission change of
probe L with In** and AI** ions was found to be 140 s and 120 s,
respectively (Fig. S151). The non-fluorescence and fluorescence
nature of probe L and L + AP* could be due to photo-induced
intramolecular electron transfer (PET) leading to a non-

0.16 (b}
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N
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350 400 450
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Fig. 2 (a) UV-vis spectral response of probe L in the presence and absence of various metal ions (10 equiv.) and (b) UV-vis spectral titration of

probe L in DMSO : H,O media (7:3, v/v, pH = 7.4).
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Fig. 3 (a) Fluorescence spectral response of probe L (1 x 107> M) in the presence and absence of various metal ions (10 equiv.) and (b)
fluorescence spectral titration of probe L (1 x 107> M) in DMSO : H,O media (7:3, v/v, pH = 7.4) upon excitation at 385 nm.

fluorescent tautomer while the rigid L + AI** complex
experiences inhibition of C=N isomerization and PET leading
to chelation enhanced fluorescence (CHEF).

3.3 Effect of pH

The effect of pH on the absorbance and emission intensity of
probe L in the pH range of 1.0 to 12.0 has been investigated in
the absence and presence of 2 equiv. of In*" and AI** ions. The
emission of L + AP* was measured at 497 nm, whereas the
absorbance of L + In*" was measured at 444 nm. As seen from
Fig. 4a and b, the absorbance and emission intensity of probe L
did not change significantly until pH 12, showing maximum
stability in the entire pH region. But L + In** and L + AP*
complexes showed a maximum and stable spectral response in
the pH region 4-10. Beyond this pH region, the spectral
response decreases as the pH of the medium varies, and this
could be due to interference of protons and hydrolysis of both
metal ions leading to the formation of metal hydroxides,
thereby reducing complex formation with the probe L.

3.4 Stoichiometry, binding constant, and sensitivities of L
with A" and In**

The stoichiometry of the complex formation was evaluated
using Job's plot analysis to obtain the composition of the

0.45](a)

—o—L+In**

Absorbance
o
w
1)
.

complex.’® As seen from Fig. 5a and b, the maximum

photophysical value was attained when the composition of the
complex attains a mole ratio of 0.66 for L + In** and 0.63 for L +
AP**, which corresponds to the formation of a 1:2 (ligand:
metal) ratio. The binding strength of the complex was analyzed
by the Benesi-Hildebrand method.*” The calculated binding
constant values for AI*" and In*" ions were 9.38 x 10> M and
4.75 x 10* M2, respectively (Fig. 5¢ and d).

The sensitivity of probe L is determined by the limit of
detection (LOD) and the limit of quantification (LOQ). The LOD
and LOQ are estimated using “3o/slope” and “10g/slope”
formulae, respectively, as per the International Union of Pure
and Applied Chemistry (IUPAC)."® The calibration plot yielded
LOD and LOQ values of 110 nM and 152 nM for In*" and 10.98
nM and 76.92 nM for AI*" using spectrophotometric and
spectrofluorometric methods, respectively (Fig. S16a and bt).
This implies that the probe is extremely sensitive to both metal
ions. The obtained LOD values are far lower than the WHO's
allowable AI** and In®" levels in drinking water.*’

3.5 Quantum yield and lifetime analysis

The fluorescence lifetime and quantum yield are essential
parameters for practical applications of fluorescence-lifetime
imaging microscopy. To know this, quinine sulfate was used

20004(b)
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Fig. 4 Effect of pH on the photophysical properties of L, (a) L + In** and (b) L + Al®** in DMSO : H,O (7:3, v/v, pH = 7.4) media.
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Fig. 5 Job's plot (a and b) and BH plot (c & d) for L + In** and L + Al** ions in DMSO : H,O media (7:3, v/v, pH = 7.4) by UV-vis spectrophotometric

and spectrofluorimetric methods.

as a standard to determine the quantum yield of L and its
complexes with AI** and In*" (Fig. S17atf). This reveals that
the quantum yield for probe L, L + AI*" and L + In** is 0.013,
0.321 and 0.010, respectively, as shown in Table S1.f°*°" The
time-resolved emission studies have been carried out using
an excitation wavelength of 385 nm in the absence and
presence of AI** and In*" (Fig. S17bt). This reveals that probe
L, L + AP* and L + In®*" exhibit 1.21 ns, 3.71 ns, and 1.03 ns,
respectively. Besides, the radiative decay rate constant is
highest for L + AP* (8.65 x 107 s™"). The calculated k, value
indicates the high range, confirming high fluorescence even
at a low concentration level.
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i
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=
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0.03 1

0.00 T T

300 350 400 450 500 550 600

Wavelength (nm)

3.6 Reversibility and selectivity of L

The reversibility of a probe is a critical characteristic for
evaluating its application and in vitro stability. As seen from
Fig. 6a and b, probe L alone exhibits a strong, intense band
at 385 nm, and excitation at this wavelength leads to an
emission band centered at 497 nm. Upon addition of In*" to
L, it exhibits a new intense band with a redshift at 444 nm.
Still, on the addition of a stoichiometric quantity of EDTA,
this band experienced a blue shift, and further equivalent
addition of In*" ions caused a red shift in spectral response.
The switching of the redshift and blue shift in the presence

b ——L

20004 (b) P
’? —a— L+AP*
é 1500 d EDTA
- —+—L, EDTA+AP*
=
= AP
-% 1000 - —e— L+AP*, EDTA+AP*
@»n
£

500

500 550 600
Wavelength (nm)

0 T
400 450 650

Fig. 6 Reversible sensing behaviour of L with (a) In®** and (b) A" in DMSO : H,O media (7:3, v/v, pH = 7.4) (lex = 385 nm and em = 497 nm).
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Fig. 7 Effect of interfering ions on the chromogenic and fluorogenic spectral response of L: (a) L (1 equiv.) with 2 equiv. of In®* and 10 equiv. of
various metal ions in DMSO:H,O (7:3, v/v, pH = 7.4) media and measured absorbance at 444 nm; (b) L (1 equiv.) with 2 equiv. of Al®* and 10
equiv. of various metal ions in DMSO : H,O (7:3, v/v, pH = 7.4) media and emission measured at 497 nm by excitation at 385 nm.

of EDTA and In** shows that probe L exhibits a dynamic
response. A similar spectral response of ON-OFF-ON was
observed with AI’" with the sequential addition of AI’**, EDTA,
and AI’" to probe L. This repeated cycle suggests that the
probe L exhibits a dynamic response.

To study the selectivity of probe L with AI*'/In*" in the
presence of various other interfering ions using UV visible
and spectrofluorometer spectral responses. Competitive
investigations were carried out in the presence of 2 equiv. of
AP’ and In*" ions mixed with 10 equiv. of other competitive
metal ions such as Ag®, Na*, Ba**, cd**, Co*", Mn*", Hg*",
cr’t, cu®', La®t, Fe*', Al*', In*', Ni**, U0,>", and Zr"' ions. As
shown in Fig. 7a and b, no substantial change in absorbance
and fluorescence intensities at 444 nm and 497 nm was
observed upon examination with or without other metal ions,
respectively, suggesting that the presence of other metal ions
did not influence the actual quantification of In*" and AI**
However, the paramagnetic effect decreased
fluorescence intensity in the presence of Cu** and Fe*" ions.

Furthermore, the selectivity of L with two equivalents of
In®" in the presence of different equivalents of AI** (1, 5, 10,
20, and 50) was recorded in the spectral response. As seen
from Fig. S18,f the spectral response remains almost the
same till 10 equiv., but at 20 equiv. and 50 equiv. there is
interference in the quantification of In*". Similarly, for the
selectivity of AI*" in the presence of different equivalents of
In** (1, 5, 10, 20 and 50) the fluorescence intensity at 497 nm
is recorded. As seen from Fig. S19,f spectral responses
remain almost the same till 10 equiv. At 20 equiv. and 50
equiv., there is interference of AI** in quantification of In*".
In order to avoid interference, we have used EDTA as a
masking agent to improve the selectivity of the probe towards
the analyte. This reveals that L can selectively detect In** and
AP’" ions by spectrophotometry and spectrofluorimetry,
respectively. EDTA showed a synergistic effect on L, which is
useful for analyzing environmental samples.

ions.

3.7 Binding mechanism using NMR, UV-visible, mass, and
DFT studies

To elucidate the coordination mechanism between L and AI**
ions, "H NMR titration assays were carried out. The "H NMR

© 2024 The Author(s). Published by the Royal Society of Chemistry

spectra of probe L and L with two equiv. of AI’* and In*" have

been recorded in DMSO-ds as shown in Fig. 8a and b. The
free probe L shows amide protons at 12.01 ppm, and
phenolic protons appear at 11.47 ppm. The peak at 8.73 ppm
can be attributed to the imine protons, whereas aromatic
protons appear between 6.07 and 8.3 ppm. Peaks at 1.14 and
3.41 ppm may be produced by the methylene and methyl
protons of the diethyl amine group in the salicylaldehyde
unit. Meanwhile '"H NMR spectra are recorded in the

(a) (|n3+) -3

L+ 2.00 eq. l m
L+ 1.50 eq. l
L+ 1.00 eq. ‘

L+ 0.50 eq. |
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Fig. 8 Overlay of *H NMR spectra obtained during titration of L (1 x
107° M) in DMSO-ds with incremental addition of (a) In®** and (b) A*
of nitrate salts dissolved in DMSO-dg.
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Fig. 9 ESI mass spectrum of (a) L + In®* and (b) L + Al®* complexes.

presence of both metal ions; there is a significant shift
change in the spectrum. In the presence of Al**, the phenolic
-OH peak of probe L vanishes, which suggests deprotonation
of the phenolic proton and bond formation between
deprotonated O and the metal centre, but the amide and
imine protons exhibit slight deshielding from 12.01 ppm to
12.06 ppm and 8.73 to 8.76 ppm respectively. The other
aromatic protons slightly shifted, and new peaks appeared
significantly around 9.2 and 8.6 ppm, indicating the loss of
symmetry during the complexation. This indicates the
involvement of phenolic -OH, imine N, and amide carbonyl
in the AI** and In** ion interaction.

Furthermore, the L-In** and L-AI** complexes were analyzed
by ESI-TOF mass, as shown in Fig. 9a and b. The appearance of
the m/z peak at 1099.0423 corresponds to the formation of [1L +
2In*" + 4NO; + H]" and the peak at 1134.0623 corresponds to
the formation of [1L + 2In*" + 4NO; + 2H,0 + H|" and the m/z
peak at 923.2017 corresponds to the formation of [1L + 2AI°* +
4NO; + H]|" and a peak at 958.2176 corresponds to the
formation of [1L + 2A1*" + 4NO; + 2H,0 + H]" with a calculated
mass of 1099.0490 for the L-In** complex and 923.2043 for the
L-AP" complex, respectively. These results reveal the formation
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of a 1:2 (ligand: metal) stoichiometric complex, which is well
supported by Job's method.

Both Al and In, belonging to group 3A, vary considerably in
their physicochemical properties. The ionic radius of AI*" and
In*" is 50 pm and 81 pm, and the electronegativity value is 1.5
and 1.7, respectively. Both are Lewis acids, and their
coordination behavior is similar to L. However, the magnitude
of interaction could vary depending on the denticity of L and
the properties of AI** and In*" ions. Evidence from Job's plot
and mass spectral studies has been taken to understand
binding stoichiometry and the number of donor sites involved,
confirming the 2:1 metal to L stoichiometry. Besides, the mass
spectral response shows the involvement of two nitrate ions
through the chelating mode to the metal centre. The 'H NMR
titration indicates the involvement of phenolic -OH, imine N,
and amide carbonyl of L in coordination with Al**/In*", The
optimized structures of L, L + AI**, and L + In*" are shown in
Fig. 10. In the instance of AI**/In*" ions, their hexa-coordination
is satisfied by two tridentate ligands (two oxygen atoms and one
nitrogen atom) and for computational clarity, anions are
omitted. The coordination bond length of the complex, in the
range of 1.71-2.06 °A, lies in the average coordination bond
distance. The optimized structure of L + AI** is near planar, but
the structure of L + In®" is twisted with a considerable dihedral
angle (approximately ~0°). The interaction energy of L with AI**
and In®' is found to be —252 kcal mol* and -451 kcal mol?,
while the band gap is 1.71 eV and 1.46 eV, respectively. This
reveals that when the binding site of L interacts with Al**, the
polarization of the electron cloud of the donor site of L could
not be completely polarized by AI*" as compared to In** due to
low ion-molecular size fit and electronegativity. Furthermore,
the calculated bandgap would be well supported by the
absorption spectrum (Fig. 2a) regarding the redshift of L-In**
compared to L-AP**. The binding constant (K,) of L with AI**
and In** was found to be 9.38 x 10> M "> and 4.75 x 10" M > as
estimated by the BH method, confirming a similar type of
binding nature with L and different magnitudes of interaction.

However, the photophysical properties of both complexes are
quite different. Under steady-state conditions, L-In*" is highly
colourimetric (yellow-orange). In contrast, L-Al** has a very
weak colourimetric nature (pale yellow), but under excited state
conditions, L-AP* is highly luminescent (cyan), while L-In** is
non-luminescent. To explain this behaviour, the following key
points are taken into consideration. The non-fluorogenic nature
of the L-In*" complex might be due to the combined PET and
C=N isomerization in the excited and ground states after
complexation. Extensive charge transfer leads to intense colors.
In the case of the L-AP** complex, it experiences chelation-
enhanced fluorescence with inhibition of C=N isomerization
and turn-off PET.

On the other hand, Fig. S20t displays the energies and
frontier molecular orbitals (FMO) of L and its two complexes (L
+ AP* and L + In**). The electron density in L's HOMO is located
in the diethylamino salicylaldehyde ring system. In contrast, the
electron density in the LUMO is located in the bipyridine ring
system, with little contribution from the rest of the groups.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Optimized molecular geometry of (a) L, (b and c) L + Al** and (d and e) L + In®*" with and without nitrate ion coordination in DMSO

medium by the DFT/B3LYP method.

When the FMOs of L are changed, it is evident that PET is
occurring from the diethylamine ring system to the bipyridine
ring system, leading to decreasing fluorescence intensity. When
L is complexing with AI*" and In*", the HOMOs are located in
the diethylamino salicylaldehyde ring system, while the LUMO
is located on metal center (Al or In) and changes in the bandgap
L + AP (1.70 eV) and L + In*" (1.46 eV) complexes had their
HOMO/LUMO energy gaps are smaller than the free sensor L
(3.19 eV), indicating complexation significantly stabilized the
sensors because of this CHEF suppressed the PET when it
bound to the AI**. Charge transfer (CT) may be seen in the
electronic distribution in the HOMO of the L + In*" complex,
with the electron density concentrated at the In** core. In
contrast, the electron density is distributed to the imine
hydrazone group in the LUMO. Also, the UV-vis absorbance
spectra of L, L + AP*, and L+In*" were calculated using time-
dependent density functional theory (TD-DFT) calculations by
applying the same level of theory in the DMSO medium. The
ligand L exhibits well-set bands at 385 nm, which agree with the
theoretical value of 399.29 nm (S, — S; transition). The L + AI**
complex reveals well-resolved absorption bands at 420 nm in
the DMSO medium, and the consistent theoretical absorption
bands are assigned at 464.03 nm (S, — So transition). The L +
In** complex reveals well-resolved absorption bands at 444 nm
in the DMSO medium, and the consistent theoretical
absorption bands are assigned at 471.25 nm (S — Siy
transition), which are well in agreement with the experimental
results (Table S2 and Fig. S217).

4. Applications

Based on the characteristic properties acquired by probe L,
the potential applications include determining AI** and In**
in various water samples, detecting A" at the cellular level,
and sensing behavior performed in logic gate operations.

© 2024 The Author(s). Published by the Royal Society of Chemistry

4.1 Test strip studies

The Whatman filter paper was used to develop a test strip by
soaking the filter paper in 0.1 mM of L dissolved in DMSO:
H,0 and drying it in a hot air oven for 5 h. It exhibited a
yellow color when test strips were dipped in aqueous
solutions of AI**, Cu®*, and In*". In contrast, other tested
metal ions did not show any colour (Fig. 11a). However,
under UV light, it exhibited visible cyan fluorescence with
AI*" jons, and with In®" it showed a dark blue colour, which
is visible to the naked eye (Fig. 11b). Thus, it is apparent that
probe L shows excellent colourimetry and fluorescence
sensing performance in the solid-state.

4.2 Water sample analysis

The known volume of water sample was spiked with AI>* and
n’’, probe L solution added, pH maintained at 6.8-7.4, and
spectral response measured using a spectrofluorometer and UV
visible spectrophotometer, as seen from Table S3;f summarizes
sample analysis of AI** and In*" and the recovery percentages
were fall in the range of 93 to 98% and 96 to 99% respectively.
The results showed that the probe L could detect AI>" and In*",
which will help develop a more effective probe. Further, the
performance of probe L has been compared with previously
reported sensors in Table S4f in terms of selectivity, binding
constant, detection limit, and applications.*'***% The results
reveal that very few sensors work in a nearly aqueous
environment, and this probe L is comparable with the
previously reported sensors.

4.3 Toxicity assessment of L and in vivo tracing of AI>* in
zebrafish larvae

Before using the probe to detect AI’* at a cellular level, the

cytotoxicity of probe L has been evaluated using the DrG cell
line (Fig. S22t). The DrG Cell line was incubated at various

Sens. Diagn., 2024, 3, 455-467 | 463
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light.

concentrations of probe L (control, 20, 40, 60, 80, and 100
uM mL™") dissolved in L-15 media and subject to two
different cytotoxicity assays, neutral red (NR) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
The study reveals that up to 40 uM mL™" (25 ppm), the cell
viability was found to be 96.3% and 98% using NR and MTT
assays, respectively. Further, at this concentration of probe L
to DrG, cells are physiologically compatible. Beyond 80 pM
mL™" probe L, DrG cells exhibit morphological changes.
Hence, 40 uM mL™" probe L was the optimum concentration
for DrG cells for studying metal ion detection (Fig. S237).
Furthermore, rhodamine 123 labelling was utilized to analyze
mitochondrial alterations in DrG zebrafish cell lines. Besides,
no significant mitochondrial changes identified
compared to control cells.

To detect intracellular AI*", 80 to 90% confluent DrG cells
were first treated with 50 and 100 uM mL™ (2 ppm) of
aluminium nitrate for 30 min at 28 °C. The residual AI** ions
were washed using serum-free media three times. To detect
the presence of intracellular AI**, cells were exposed to a
serum-free medium containing 20 and 40 uM of probe L, and
cells were incubated for 30 min. Later, cells were washed
three times with serum-free media, and images were taken.
As seen in Fig. 12, a fluorescence image of DrG cells shows a
high level of green fluorescence in the cytoplasm, consistent
with the development of the L + AP* complex in DrG cells (at
both 20 and 40 uM of probe L). No fluorescence was observed
in the control cells, which had only been exposed to probe L.
The results indicated that probe L was selective for AI** in
live cells. This study illustrates probe L's ability to reach cell
membranes and examines the intracellular distribution of
A" (Fig. 12).

To further evaluate the possible applicability of probe L in a
biological system, we studied in vivo AI*" detection in the
zebrafish larvae. Zebrafish have been widely used as model
animals for in vivo bioimaging of metal ions due to their small
size and transparency. The results are shown in (Fig. 13), where
the green fluorescence of AlI** with the probe L complex can be
observed in the fish larvae head and digestive system (at probe
L concentrations of 20 and 40 uM mL™).

were

464 | Sens. Diagn., 2024, 3, 455-467

4.4 Molecular logic gate

Whitehead and Russell invented the IMPLICATION logic
operation and three basic logic operations: AND, OR, and
NOT. Few molecular logic gates with remarkable implication
functions (IMP) have been reported. Three input and two
output logic gates are used in IMPLICATION operations. We
consider AI** and In** as input 1 and input 3 and EDTA as
input 2, and the absorbance intensity value at 444 nm and
the fluorescence intensity value at 497 nm as the output 1
and output 2 signals for the building of the IMPLICATION
gate (Fig. 14a).

Fig. 12 Fluorescence images of the Danio rerio gill (DrG) cell line after
incubation with 20 and 40 uM mL™ probe L for 30 min. (a, d, g and j)
Bright-field images. (b) Control cells. (e) After incubation with probe L
alone. h - 20 uM mL™* and k - 40 uM mL™* probe L for 30 min and then
further incubated with A* (50 and 100 uM) for 30 min. (c) Overlapped
fluorescence images of a and b. (f) Overlapped fluorescence images of
d and e. (i) Overlapped fluorescence images of g and h. (l) Overlapped
fluorescence images of j and k. All the photographs were captured at
100x magnification.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Fluorescence images of newly hatched Danio rerio larvae after
incubation with 20 and 40 uM mL™ probe L for 30 min. (a, d, g and j)
bright-field images. (b) Control cells. (e) After incubation with probe L
alone. h - 20 uM mL™ and k - 40 uM mL™ probe L for 30 min and then
further incubated with A®* (50 and 100 uM) for 30 min. (c) Overlapped
fluorescence images of a and b. (f) Overlapped fluorescence images of
d and e. (i) Overlapped fluorescence images of g and h. (1) Overlapped
fluorescence images of j and k. All the images were captured at 40x
magnification.

According to the truth table in Fig. 14b, adding only In**
(inputl = 1 and input 2 = 3 = 0) results in an absorbance
intensity value indicating that the output signal is over the
threshold value (outputl = 1). Similarly, adding only AlI**
(input 3 = 1 and input 1, 2 = 0) results in a fluorescence
intensity value output signal greater than the threshold
values (output 2 = 1). Meanwhile the presence of AI** and
In®* (input 1 = 1 and input 3 = 1) results in both absorbance
and fluorescence output signals being over the threshold
values (output 1 = 1 and output 2 = 1). Other alternative input
combinations [(0, 1, 0), (1, 1, 0), and (0, 1, 1)] result in output

(a) vy :

B

In(llN)

m Abs (444nm)

E
B

(a) IMPLICATION logic gate representation of probe L using a conventional gate notation and its (b) truth table.

Fig. 14
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signals (absorption and emission) that are less than the
threshold value, ie., output 1 = 1 and output 2 = 0. As a
result, an IMPLICATION logic gate can be shown by
monitoring the absorbance and fluorescence changes of
probe L at 444 nm and 497 nm with the three inputs (In*",
AI’", and EDTA).

5. Conclusion

A novel dual chemosensor was designed and synthesized using
[2,2-bipyridine]-6,6-dicarbohydrazide and diethylamino
salicylaldehyde. In semi-aqueous media, probe L showed
excellent sensitivity and remarkable selectivity toward group IIIA
metal ions such as AI’* and In** over competing metal ions.
The probe L binding to Al**/In*" was chemically reversible with
EDTA. Further, probe L could be a colourimetric sensor that can
distinguish In** and a fluorogenic chemosensor that can
distinguish AI’* from the other group IIIA metal ions in semi-
aqueous media. Furthermore, "H NMR changes, ESI mass, and
theoretical calculations were used to elucidate the sensing
mechanism for AI>* and In*". To the best of our knowledge, no
single chemosensor for detecting AP’ and In*" without
interacting with one another has been reported. Thus, this work
provides a chemosensor that can be used as an example of a
“bimodal chemosensor for dual analytes” for dual-mode
spectrophotometry detection of In** and spectrofluorimetric
detection of AI**. Also, the development of paper strips for the
visual detection of In*" and AI’* was carried out under normal
and UV light. Probe L successfully bioimaged AI’* in the yolk,
digestive tract, and skull of living zebrafish embryos (D. rerio) to
study chemical signalling in complex multicellular systems.
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