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and 2,4-dihydroxybenzaldehyde in ethanol demonstrated
excellent selectivity and sensitivity towards Cu?* (1.3 x 10 M)
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The detection of Al** and Cu?* ions using
isonicotinohydrazide-based chemosensors and
their application to live-cell imaging¥

£° Jung-Seop Lee,” Shrikant Dashrath Warkad,©
d Satish Balasaheb Nimse {2 *° and

In-ho Song,$® Pritam Torawane,
Amulrao Borase,® Suban K. Sahoo,
Anil Kuwar (2 *°

A new Schiff base receptor (3) was synthesized by an equimolar reaction between isonicotinic hydrazide and
2,4-dihydroxybenzaldehyde in ethanol. Receptor 3 demonstrated excellent selectivity and sensitivity towards
Cu?* ions and AB* ions by UV-vis absorption spectroscopy and fluorescence spectroscopy, respectively.
Receptor 3 showed a detectable color change from colorless to yellow with a red-shift (A1 ~ 70 nm) in the
absorption spectra in the presence of Cu?*. In the emission study of 3, A®* showed significant fluorescent
enhancement (le,, = 473 Nm) over a wide range of tested metal ions. The quantum yield of receptor 3 (¢ =
0.0021) increases ~230 folds in the presence of AP* ions to form receptor 3-Al>* complex (@ = 0.484).
Receptor 3 showed high selectivity for AP+ with a K, of 4.8 x 10* M~ and LOD of 3.0 nM. In comparison, K,
for Cu?" was 1.3 x 10* M~ and LOD of 1.9 uM. Receptor 3 is an excellent chemosensor for detecting A"
ions as indicated by its nanomolar range LOD. The quick response, easy-synthesis, and high sensitivity make

rsc.li/materials-advances

1. Introduction

Development of highly specific and sensitive chemosensors has
attracted significant interest in detecting bioactive metal ions
and toxic metal ions due to their importance in chemical,
biological, medical, material, and environmental sciences.'™
Development of colorimetric and fluorescence-based detection
methods that target precise recognition of bioactive metals
such as copper (Cu®") and aluminum (AI**) is a topic of high
interest among researchers.” !

Cu*" is the third most abundant heavy metal after Fe*" and
Zn>" in the human body. Several biological processes require
Cu”* in optimum amounts.’>™ Enzymes such as tyrosinase,
lysyl oxidase, cytochrome ¢ oxidase, and superoxide dismutase
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receptor 3 an ideal sensor for detecting A* ions in a semi-aqueous medium and living cells.

require Cu®* for redox reactions.'®"” Even though Cu®" is potentially
toxic, it is an essential element.'® The deficiency of Cu®>* leads to
Menkes disease.'?® Whereas, the accumulation of Cu?* is corre-
lated to the Wilson disease,>"** Amyotrophic Lateral Sclerosis,****
and Alzheimer’s disease.>>*® The crucial physiological relevance of
Cu®™ and its associated biomedical insinuations has resulted in
substantial attention for the scheming of highly selective and
sensitive copper chemosensors.””

AP’" is one of the most abundant biosphere elements at
approximately 8% of the total mineral components. The neu-
rotoxicity of AlI’* has been known to humans for over one
hundred years.”®**° AI>* can cause many health issues, includ-
ing Alzheimer’s disease®® and osteomalacia,®" and increased
risk of breast cancer.*? The World Health Organization (WHO)
recommends 3-10 mg of AlI*" as an average daily intake. At the
same time, the weekly tolerable dietary intake is about 7 mg
kg ! body weight. Thus, recognizing Al** in life and environ-
mentally significant samples is critical to address.**?* The
detection of AI** has been challenging compared to other metal
ions because of poor spectroscopic characteristics, meager
coordination ability, and easy hydration.>**” The development
of highly sensitive and selective chemosensor for AI** detection
is in great demand. Therefore, it is of substantial importance to
build receptors for the selective detection of AI**,

According to recent literature, noncyclic receptors contain-
ing multiple coordination sites have considerably improved in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Scheme for the synthesis of receptor 3, (b) Single X-ray crystal structure of receptor 3 (50% probability ellipsoids).

Fig. 1

the chemosensor design because of their ability to recognize
different ionic and neutral molecules.*®*® Such noncyclic
receptors are well known to show interesting coordination
properties due to heteroatoms in chelating sites. With this in
mind, a Schiff base (receptor 3, Fig. 1a) was prepared from
isonicotinohydrazide and 2,4-dihydroxybenzaldehyde and eval-
uated as the target receptor for the metal ions. It was hypothe-
sized that N atoms of the -CH=N- bond and the O atom of
ortho -OH in receptor 3 could coordinate with the metal ion to
form a stable complex. Herein, we report receptor 3 as a
selective chemosensor for Cu®** as it showed the distinctive
red shift in the absorption maxima but without any fluores-
cence signal for the complex. Receptor 3 was found to be an
excellent fluorescence sensor for AI**, as evident from the
chelation-enhanced fluorescence (CHEF) effect. The applica-
tion of receptor 3 in fluorescence imaging was evaluated by
confocal fluorescence microscopy in A549 cells, proving recep-
tor 3 as a convenient tool for tracking AI** in vivo.

2. Material and methods
2.1 Materials and instrumentation

All reagents were purchased from Sigma-Aldrich and were used
as received unless stated otherwise. The reaction was carried
out under an inert atmosphere (Argon gas) and monitoring the
reaction using thin-layer chromatography (TLC) to confirm the
formation of the product. The developed plates were visualized
under UV light (254 nm). The synthesized compound was
characterized by '"H and "*C NMR on a Jeol FT-NMR spectro-
meter (400 MHz; JEOL, Japan) in DMSO-d,. The chemical shifts
(0 ppm) and the coupling constants (J Hz) are reported. UV-
visible spectra were recorded on a Shimadzu UV-24500
(Shimadzu, Japan) in the range of 200-600 nm at room tem-
perature using a quartz cuvette of 1 cm optical path length.
Fluorescence emission spectra were measured on an Agilent
Cary Eclipse fluorescence spectrophotometer (Agilent Technol-
ogies, USA). FT-IR spectra were recorded on a Nicolet iS5 FT-IR
(ThermoScientific) spectrometer in the range of 400-4000 cm ™"
using KBr pellets. The JMS-700 MStation Mass Spectrometer
(JEOL, Japan) was used for recording the high-resolution mass
spectra of receptor 3. The mass spectra of 3-AI** complex were
obtained by matrix-assisted laser deposition/ionization (time-
of-flight), MALDI-TOF mass spectrometry on a Bruker Autoflex
speed TOF/TOF spectrometer (Bruker Daltonics, Bremen, Ger-
many). X-ray analysis was performed using a Bruker AXS D8
Quest CMOS diffractometer (Bruker, USA). The microplate
reader was Spectramax Plus 384 (Molecular Devices, USA),
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and the fluorescent microscope Zeiss-ScopeAl (Germany) was
used in this study.

2.2 Synthesis of receptor 3

Isonicotinohydrazide (0.198 g, 1.0 mmol) and 2,4-dihydroxy-
benzaldehyde (0.200 g, 1.0 mmol) were reacted in ethanol
(25 mL) at room temperature until the completion of the
reaction (5 h). The yellow color solid obtained was filtered
and dried. Then, the obtained yellow colored crud product was
recrystallization from ethanol (yield = 90%). "H NMR (400 MHz,
DMSO-dg): 0 6.36 (d, 2H, Ar-H), 7.36 (s, 1H, Ar-H), 7.82 (d, 2H, Ar-H),
8.54 (s, 1H, CH=N), 8.77 (d, 2H, Ar-H), 10.08 (s, 1H, Ar-OH), 11.29
(s, 1H, NH), 12.14 (s, 1H, Ar-OH); *C NMR (100 MHz, DMSO-de):
5 102.61, 107.84, 110.40, 121.43, 131.20, 140.07, 150.29, 159.49, 161;
mass: expt. 7m/z = 258.0870 (C;3H,;N;0; [M + H]), calc. m/z = 257.245.

2.3 UV-vis and fluorescence spectral measurements

All stock and working solutions were prepared using double
distilled water and spectroscopic grade DMSO. A stock solution
of receptor 3 (1 x 10~° M) was prepared in DMSO, and the
corresponding working solutions (10 x 10~° M) were prepared
simply by diluting with DMSO. Similarly, stock solutions of
cations (1 x 107> M) were prepared in double-distilled water,
and the corresponding working solutions (1 x 107> M) were
prepared by diluting with water. The UV-visible absorption and
emission spectra of the receptor 3 (10 x 10~ ° M) dissolved in
DMSO were recorded by adding the aqueous solution of various
metal ions (Na*, K*, Ag", Cs*, Sr**, Ca**, Co**, Cu®’, Pd**, Mn>",
Mg™*, Ba®", Ni**, Zn*", Ccd*', Pb>*, AI**, Cr*", Fe*, Fe’") to
examine the selectivity at room temperatures (298 K). For the
sensitivity study, UV-visible absorption and emission titration
experiments were performed through a stepwise addition of
four equivalents of metals (1 x 10~% M) to a solution of receptor
3 (10 x 107°® M) in DMSO. The absorbance intensity and
emission intensity were recorded in the range of 200-600 nm
and 360-600 nm, respectively, alongside a reagent blank.
Receptor 3 showed selectivity for detecting Cu®" in the absorp-
tion titrations and detecting AI** in the fluorescence titrations.
The binding stoichiometry of receptor 3 with Cu** ion (UV-
visible absorption spectroscopy) and AI** ion (fluorescence
spectroscopy) were investigated by Job’s plot method. A recep-
tor 3 was titrated with successive addition of Cu®" or AI** (1 uL,
1.0 x 10~* M) in water to a receptor 3 (1.0 mL) solution in
DMSO. The collected data were processed using the Benesi-
Hildebrand equation®' to determine the association constant
(K,) of analyte Cu** and AI** ion with receptor 3. The absorbance
changes at 413 nm were used alongside a reagent blank for the

Mater. Adv,, 2021, 2, 6306-6314 | 6307
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detection of Cu®" ions. The fluorescence intensity was recorded at
JexlAem = 343/473 nm alongside a reagent blank with the excitation
and emission slits set to 5.0 nm. The limit of detection (LOD) was
estimated by applying the ITUPAC recommended equation, LOD =
3a/slope.” Where ¢ is the standard deviation of (n = 10) blank
samples and the slope is the slope for calibration curves.

2.4 Crystal growth for single X-ray crystallography

The single crystals of receptor 3 were obtained by slow diffusion of
ethanol in DMSO. However, several attempts to obtain the single
crystals of receptor 3 and AI*" complex (3-AI*"), receptor 3 and Cu®*
complex (3-Cu®*) were unsuccessful. A suitable single crystal was
carefully mounted for X-ray crystallography with the help of a trace
of Fomblin oil on a Mitegen micromesh mount. Then it was
transferred to the goniometer head with a fixed chi angle, a
molybdenum K, wavelength fine focus sealed X-ray tube (1 =
0.71073), a single crystal curved graphite incident beam monochro-
mator, a Photon100 CMOS area detector, and an Oxford Cryosys-
tems low-temperature device. X-ray diffraction data were collected at
150 K using o and ¢ scans to a maximum resolution of @ = 33.221°.
Data reduction, scaling, and absorption corrections were performed
using SAINT (Bruker, V8.38A). The final completeness is 89.00% out
of 33.221° in @. Multi-scan absorption correction was performed
using SADABS 2016/2." The absorption coefficient i of this material
was 0.107 mm " at this wavelength (2 = 0.71073 A). The space group
was determined based on systematic absences using XPREP** as
Pna2,. The structure was solved using direct methods with ShelXS-
97 and refined by full-matrix least-squares on F* using ShelXL-2018/
3 and the graphical interface ShelXLE (Rev937).**> All non-hydrogen
atoms were refined anisotropically. Hydrogen atom positions were
calculated geometrically and improved using a riding model. Mer-
cury, PyMol, and POVRay were utilized for molecular measurements
and molecular visualization.*®

2.5 Effect of pH on the detection of AI’** and reversibility of
receptor 3

The effect of pH (pH = 2-12) on receptor 3 was examined by
fluorescence spectroscopy both in the absence and presence of
AP’ ions. The pH was adjusted by adding perchloric acid and
tetrabutylammonium hydroxide in the HEPES buffered system.
Reversibility is a critical aspect of the fluorescent recognition
process. Hence, we examined the reversibility of receptor 3 in the
presence of ethylenediaminetetraacetic acid disodium salt
(EDTANa,). For the reversibility study, EDTANa, (4 equiv.) was
added to the solution containing receptor 3-AI** complex obtained
by adding AI*" at a 1:4 mole ratio. The reversibility was recorded by
alternate additions of AI** (4 equiv.) and EDTANa, (4 equiv.).

2.6 Determination of quantum yield of receptor 3 and
receptor 3-AI** complex

Quantum yields (&) of receptor 3 and its complexes with AI**

were measured using the following formula.

2
(ODslandard X Asamplc X r]samp]e )

d)sample = X Dgtandard

(ODsample X Agtandard X nstandardz)
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where 4 is the area under the emission spectral curve, OD is the
compound’s optical density at the excitation wavelength, and »
is the refractive index of the solvent. The quantum yield of
receptor 3 and its complexes with AI*" was determined using
B-carboline (@ = 0.570) as the standard."’

2.7 Cell culture studies

The cytotoxicity assay (MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay) and cell imaging study
of receptor 3, AI**, and AI** combined with receptor 3 was
conducted using A549 cells (colorectal carcinoma cell line). The
A549 cells were procured from the Korea cell line bank, Seoul,
South Korea. Dulbecco Modified Eagle Medium (DMEM), fetal
bovine serum (FBS), trypsin, 3-(4,5-dimethyl thiazol-2yl)-2,5-
diphenyl tetrazolium bromide was procured from Thermo
Fisher Scientific, USA. DMSO was procured from Biosesang,
Korea. Cell culture plates and glass coverslips were procured
from SPL Life Sciences, Korea. A549 cells were grown in an
incubator at 37 °C and 5% CO, using DMEM media containing
2 mM glutamine and 10% FBS. Cells were trypsinized for
seeding at 70-90% of cell confluency.

2.8 Cytotoxicity assay and cell imaging

About 2000 A549 cells per well were seeded in 96-well plates.
After 24 h, the media containing receptor 3, AI>" ion, and
receptor 3 with AI** (1, 10, 25, and 50 uM) were added to the
wells and incubated for another 24 h. Control wells were treated
with equivalent volumes of dimethyl sulfoxide (DMSO). 200 pL
of fresh media containing MTT solution and incubated for four
hours at 37 °C. The absorbance was recorded at 570 nm to
evaluate the cell viability. Each experiment was executed three
times. The data analysis was performed using the Origin
software.

For cell imaging, A549 cells were seeded separately on poly-L-
lysine coated 14 mm coverslips in 6 well plates and allowed to
grow for 24 h. For cell imaging control experiments, 10 uM of
AI’" ion and 10 uM of receptor 3 were incubated separately for
30 min at 37 °C and 5% CO, in the dark. For cell imaging of
receptor 3 and AI>* complex, 10 uM of AI** ion was incubated
separately for 30 min. The media was then replaced with 10 uM
of receptor 3 and incubated for an additional 30 min. The cells
were washed with PBS buffer (pH = 7.4), followed by fixing with
2% paraformaldehyde for 30 min after removing the media.
Coverslip was mounted on a glass slide, and imaging was
performed under a fluorescence microscope (Zeiss-ScopeA1l,
Germany). Images were taken through a green channel.

3. Results and discussion

3.1 Synthesis of receptor 3

The Schiff base (E)}-N'-(2,4-dihydroxybenzylidene)isonicotino-
hydrazide (receptor 3) was synthesized with a slight modification
of the reported*® method through a direct reaction between iso-
nicotinohydrazide and 2,4-dihydroxybenzaldehyde (Fig. 1a) in etha-
nol with stirring and refluxing for 5 h. The molecular structure of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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receptor 3 was characterized using various spectral techniques (FT-
IR, "H NMR, "*C NMR, and Mass), data (ESL,} Fig. $1-S3) and finally
confirmed by single-crystal X-ray crystallography (Fig. 1b). The
crystallographic data, selected bond parameters, and hydrogen-
bond parameters are presented in Tables S1, S2 and S3, respectively.
The CIF file for receptor 3 was placed in the Cambridge Structure
Database (CCDC 2051947+). The orange-colored crystal (0.55 X
0.42 x 0.05 mm®) of receptor 3 demonstrated an orthorhombic
system having a Pna2, space group within the unit cell. The ORTEP
diagram with numbering and packing diagram is shown in Fig. 1b.
The receptor 3 in its free form displays the molecular association via
intramolecular hydrogen bonding between the phenolic hydroxyl to
imine nitrogen. Receptor 3 shows an intramolecular hydrogen bond
(O(1)-H: - -N(1)) with a distance of 1.92 (3) A and a bond angle of
150 (2) A, which is in the expected range of such hydrogen bonds.
Receptor 3 undergoes a solvent-assisted keto tautomerization suita-
ble for the intramolecular charge transfer (ICT) process.” The
fluorescence intensity enhancement of receptor 3 in the presence
of A** is attributed to the ICT process.

3.2 Determination of selectivity of receptor 3 as a
chemosensor for metal ions

The selectivity of receptor 3 for cation detection was investi-
gated using the UV-visible absorption and fluorescence spectro-
scopy. The UV-vis absorption spectra of receptor 3 (10 x 10~ ° M,
in DMSO) were recorded in the absence and presence of
4 equivalents of various metal ions, such as Na', K, Ag", Cs",
Sr2+, Ca2+, COH, Cu2+, Pd2+’ Ml’ly, Mg”, Ba2+’ Niz+’ Z1’12+, Cd2+,
Pb>*, AI**, Cr’**, Fe?!, Fe** (1 x 107 M, in H,0).

Receptor 3 showed an absorption band at 343 nm, most
likely due to the m to n* transition (Fig. 2a). Upon addition of
Cu”* ions, the absorption band at 343 nm was red-shifted to
413 nm (A1 =~ 70 nm), indicating that receptor 3 has a higher
binding affinity towards Cu®* ions than other surveyed metal
ions. Receptor 3 showed two additional shoulder peaks at
428 nm and 475 nm to the major peak at 413 nm. In the
presence of other metal ions, receptor 3 showed either no
change or moderate decrease in the absorption intensity
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relative to the receptor. These results indicated the intra-
molecular charge transfer (ICT) character of the synthesized
receptor 3 by recognizing Cu®" ions through imine-N, amide
carbonyl, and hydroxyl groups.>® The push-pull character of the
ICT state due to multiple coordination resulted in a red-shift
(A2 =~ 70 nm). These results indicated that receptor 3 shows
selectivity for Cu®" ions.

The fluorescence emission spectra of receptor 3 (10 x 10~ °
M, in DMSO) were recorded in the absence and presence of
4 equivalents of various metal ions, such as Na*, K, Ag", Cs",
Sr2+, Caz+, C02+, Cu”, Pd2+, Mn2+, Mg2+, Ba”, Ni2+, an+7 Cd2+,
pPb>*, AI**, Ccr**, Fe**, Fe** (1 x 107 M, in H,0). Receptor 3
showed weak fluorescence emission at 473 nm upon excitation
at 343 nm. Fascinatingly, fluorescence was remarkably
enhanced (~430-folds) in the presence of AI’" ions (Fig. 2b).
Interestingly, there was no change in the emission performance
of receptor 3 in the presence of other cations, including Cu*".
The increase in fluorescence emission intensity was due to the
azomethine group of receptor 3. Receptor 3 is reducibly fluor-
escent due to the C=N double bond’s isomerization at the
excited state and the excited-state proton transfer (ESPT). The
ESPT involves the phenolic proton of the substituted dihydroxyl
moieties of salicylaldehyde in receptor 3. Upon stable chelation
with AI**, the C=N isomerization is inhibited. The coordina-
tion of receptor 3 with the AI*" prohibits the ESPT process, as
indicated by the fluorescence enhancement.”*>*

3.3 Binding mechanism and association constant

Job’s plot was used to determine the binding stoichiometry of
receptor 3 with Cu®" ions (UV-visible absorption spectroscopy)
and AI** ions (fluorescence spectroscopy). The molar ratio of
metal ions was changed from 0.1 to 1.0 by keeping the total
concentration of receptor 3 and Cu®" ions at 10 x 10~° M. The
absorption maxima (4 = 413 nm) was observed when the molar
ratio of the receptor 3 to Cu®>" was 0.33, indicating the for-
mation of a 2:1 3-Cu” complex (Fig. S4a, ESI{). Similarly, the
change in fluorescence intensity (/ex = 343 nm, Ay, = 473 nm)
was used to determine the binding stoichiometry of receptor 3

(b ) 700 —3 —Pd*
- ——Na* Mn?*
2 6004 —K ——Mg*
= ——Ag* —Ba®*
—cs' Ni2*
"E =0 St ——2zn?*
g ——Ca?* —Cd*
£ 400+ Co?* Pb2*
3 cu? AP
£ 300- —Fe*
e —cr
9 2004 ——Fe?*
o
2
L 100
0

450 475 500 525 550 575

Wavelength (nm)

400 425

Fig. 2 (a) Changes in UV-vis absorption spectra and (b) fluorescence intensity (Jex = 343 NM, Aem = 473 nm) of receptor 3 (10 x 10~® M) upon the
addition of 4 equivalents of different metal ions (1 x 107> M, in H,O). Inset shows the color change of the solutions from colorless to pale green and

fluorescence ‘turn-on’ effect.
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Fig. 3 FT-IR spectra of (a) 3-Cu?* complex and (b) 3-A3* complex recorded using the reflectance technique (4000-400 cm™).

with AI*". The molar ratio of AI** was changed from 0.1 to 1.0 by
keeping the total concentration of receptor 3, and AI** ions at 10 x
10~ ® M. The emission maxima (/4 = 473 nm) was observed when the
molar ratio of the receptor 3 to A" was 0.33, indicating the
formation of a 2:1 3-A** complex (Fig. S4b, ESIt). The complexes
3-Cu® and 3-AP** were obtained by refluxing four equivalents of
Cu®" and AI** with receptor 3 in an ethanolic solution. To ascertain
the formation of receptor 3-Cu®* complex and 3-AP* complex, we
compared FT-IR spectra for receptor 3 with that of respective
complexes, as shown in Fig. 3.

The FT-IR spectrum of receptor 3 (Fig. 3a) demonstrated
signals at 3436.05, 3224.39 (amide), 3086.99 (intramolecular
bonded O-H), and 1647.39 (imine) cm . For the receptor 3-
Cu** complex, the FT-IR spectrum demonstrated a broad signal
at 3422.06 (amide), no frequency for intramolecular bonded
O-H, and 1621.84 (imine) cm™'. These results indicate that
receptor 3 forms a stable complex with Cu”>’. Similarly, the
FT-IR spectrum of receptor 3-AI** complex demonstrated a
broad signal at 3430.74 (amide), no frequency for intra-
molecular bonded O-H, and 1623.77 (imine) cm . The FT-IR
spectrum shifts in the 3-Cu®* and 3-AI** complexes compared to
the receptor 3, confirming the involvement of imine and amide
groups in the complexation process.

As shown in Fig. 4, the "H NMR titration experiment was
conducted using the mixture of 0.5% D,0O-d, in DMSO-d¢. The
"H NMR of receptor 3 demonstrated sharp peaks at dy 12.12
(amide N-H), oy 11.25, and Jy 10.01 (phenolic -OH). The
signals for one N-H proton and two -OH protons gradually
disappeared upon increasing the amount of AI** ions
(0-1 equiv.). However, there was no significant change in the
peak corresponding to imine C-H (0y 8.52). These results
indicate that the amide group, imine group, and phenolic
moiety of receptor 3 take part in the complexation with AI**
ions. Further, the MALDI-TOF mass spectrum of receptor 3-AI**
complex showed a signal at an m/z value of 544.129 and 561.133
(Fig. S5, ESIt). These results rationalize the formation of the
2:1 complexation pattern for the 3-AI** complex. The para-
magnetic property of Cu®* results in the peak broadening in
proton NMR spectra. Thus, the binding process of receptor 3
with Cu®" could not be monitored by NMR studies.”*
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The association constants (K,) of Cu>* (UV-visible absorption
spectroscopy) and AI’** (fluorescence spectroscopy) complexes
with receptor 3 were determined by Benesi-Hildebrand equa-
tions (eqn (S1) and (S2), ESIt). As shown in Fig. 5a, the receptor
3 (1.0 mL, 10 x 10 ° M) in DMSO was titrated with successive
addition of Cu®* (0-20 L in H,0, ¢ = 10 x 10~* M) to measure
the association constant (K,). The absorbance values at absorp-
tion maxima (/. = 413 nm) were processed using the Benesi-
Hildebrand equation (eqn (S1), ESIf) to obtain the binding
curve (Fig. S6a, ESIt). The K, value for the complexation of Cu**
with receptor 3 was 1.3 x 10* M.

As shown in Fig. 5b, receptor 3 (1.0 mL, 10 x 10~ ° M) in DMSO
was titrated with successive addition of AI** (0-20 pL in H,O, ¢ =
10 x 10~ * M). The changes in fluorescence intensity (/. = 343 nm,
Jem = 473 nm) were used to determine the K, value by plotting the
binding curve (Fig. S6b, ESIt) according to the Benesi-Hildebrand
equation (eqn (S2), ESIT). The K, value for the complexation of AI**
with receptor 3 was 4.8 x 10* M~ ". The binding affinity of A** for
receptor 3 is 4-fold higher than that of Cu®" ions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Computational studies were conducted by applying the
density functional theory (DFT) using Gaussian 09. The mole-
cular geometries of the singlet ground state of receptor 3,
3-Cu®" complex, and 3-Al**complex were optimized using hybrid
B3LYP functions with a 6-31G++(d,p) (C, H, N, O) and LANL2DZ
(Cu, Al) basis sets.”® The HOMO, LUMO results, information for
bond length, and bond angles were obtained using Avogadro
1.2.0.>® The 3D structures of the 3-Cu>* and 3-AI**complexes
were calculated by the DFT method using the 2:1 binding
stoichiometry between receptor 3 and respective ions. The
DFT computed structure of receptor 3 and its complexes are
presented in Fig. S7 (ESIf). The LUMO-HOMO bandgap (AE
(eV) = ELumo — Enomo) for receptor 3 was found to be 0.293.

In contrast, the LUMO-HOMO bandgap for 3-Cu®** and 3-
APP*complexes were 0.279 and 0.078, respectively. These results
provided the basis for ascertaining the ICT between receptor 3
and Cu®* and AI’** ions. Comparing the electron densities of the
HOMO and LUMO of receptor 3 with the 3-Cu®* complex
supported the charge transfer occuring between the receptor
and metal ions that further lowered the bandgap. The lowering
of the bandgap upon complexation supported the red-shift of
the absorbance of receptor 3 upon the addition of Cu**. On the
contrary, the significant decrease in the LUMO-HOMO band-
gap (AE = 0.078) indicated the formation of a relatively stable 3-
APP* complex as compared to the 3-Cu”* complex. The increase
in fluorescence enhancement was complemented by a sharp
decrease in energy HOMO-LUMO bandgap of the receptor 3.

3.4 Receptor 3 as a chemosensor for Cu®>* and AI** ions

The detection of the target analyte in the presence of possibly
competing analytes is a crucial aspect for any compound to be
an excellent chemosensor. Therefore, we evaluated the specifi-
city of receptor 3 for Cu®" in a competition experiment by
recording the absorption (4 = 413 nm) receptor 3 in the
presence of Cu** (1 equiv.) ion mixed with other cations
(4 equiv.). The results of the competition experiments are
presented in Fig. S8a (ESIt). Similarly, we determined
the efficiency of receptor 3 for detecting Al** ions in a competi-
tion experiment by recording the fluorescence intensity

© 2021 The Author(s). Published by the Royal Society of Chemistry

(ex = 343 nm, ey = 473 nm). As shown in Fig. S8b (ESIT),
the fluorescence intensity for receptor 3 was measured in the
presence of AI** (1 equiv.) ion mixed with other cations
(4 equiv.) The coefficient of variation in the change of absor-
bance and fluorescence intensity for Cu®" detection and AI**
detection, were below +10%, respectively. These results indi-
cate that receptor 3 is a highly valuable chemosensor for
detecting Cu®>" by UV-vis absorption spectroscopy. Moreover,
receptor 3 demonstrated its excellence in detecting AI** ions
with high specificity by fluorescence spectroscopy. Therefore,
the high selectivity and specificity of receptor 3 for Cu®* and
A" ions make it an excellent chemosensor for analytical
applications. The absorbance (4 = 413 nm) and fluorescence
intensity (Lex = 343 nm, A, = 473 nm) were plotted at various
concentrations of Cu”" ions and AI’" ions, respectively, to
obtain the calibration plots (Fig. S9, ESIT). The LOD for detect-
ing Cu®" ions by UV-vis absorption spectroscopy was 1.86 uM.
Whereas, the LOD for the detection of AI** ions by Fluorescence
spectroscopy was 3.08 nM. The approximately 600-fold lower
sensitivity of receptor 3 for AI** ions compared to Cu”" ions was
attributed to the ~4-fold higher binding constant for 3-A1**
complex. It is important to notice that receptor 3 demonstrated
relatively lower detection limits for Cu** and AI** than some of
the reported methods presented in Tables S4 and S5 (ESIY).

3.5 Effect of pH on the detection of AI>* and reversibility of
receptor 3

The effect of pH on receptor 3 for detecting Al’* ions was tested
in the pH range of 2.0-12.0, as shown in Fig. 6a. The emission
intensity (lem = 473 nm) of receptor 3 did not change signifi-
cantly with the pH change. However, equimolar AI*" ions
changed the fluorescence intensity of receptor 3-AI** complex
considerably with the pH change. The receptor 3-APP* complex’s
emission intensity was significantly high at pH 2.0-8.0 than pH
9.0-12.0. These results indicate that interactions of AI** ions
with receptor 3 are pH dependant. The decrease in emission
intensity at higher pH values (9.0-12.0) specifies that the AI**
ions are freed from the complex, possibly due to more robust
interactions with increased -OH levels. Nonetheless, receptor 3

Mater. Adv., 2021, 2, 6306-6314 | 6311
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demonstrated significant fluorescence intensity at pH 5.0-8.0
in the presence of AI*" ions, indicating its applicability for the
detection of intracellular Al’** ions.

It is of a great advantage if a sensor can be reversible and
reusable for sensing cations with high selectivity. A literature
survey revealed that most of the reported Al** ion sensors are
based on chemodosimetry that is typically irreversible.>” Rever-
sibility test experiments were conducted by alternate additions
of AI*" ion and EDTA (Fig. 6b) to the solution of receptor 3. As
shown in Fig. 6b, the emission spectra of receptor 3 in the
presence of AI*" (4 equiv.) showed high emission intensity,
which was quenched by EDTANa, (6 equiv.) on the solution.
However, further addition of AI’** (4 equiv.) demonstrated
fluorescence signal, but this time slightly lower than the pre-
vious cycle. Adding AI** ions (4 equiv.) causes emission
enhancement, which can be quenched by adding another
portion of EDTANa, (6 equiv.). The reversibility of receptor 3
was repetitive, with a slight loss in fluorescence efficiency due
to AI*'/EDTANa, additions. The observed decrease in fluores-
cence intensity for each cycle results from an excess of
EDTANa, (6 equiv.) compared to AI** (4 equiv.). This experi-
ment suggests that receptor 3 can act as a likely environmental
receptor for AI’* detection.
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3.6 Quantum yield of receptor 3 and receptor 3-Al>* complex

Quantum yields of receptor 3 and 3-AI** complex were deter-
mined using norharmene as a standard. The quantum yield of
receptor 3 (@ = 0.0021) increases ~ 230 folds in the presence of
AP’ jons to form receptor 3-APP* complex (& = 0.484).

3.7 Application of receptor 3 in cell imaging application for
detection of intracellular AI** ions

The complexation-induced fluorescence ‘‘turn on” or ‘““turn off”
effect is crucial for bio-imaging applications of small molecular
probes designed to detect the cationic analyte. Receptor 3 did
not show any change in fluorescence intensity upon binding
with Cu®" ions. However, the fluorescence signal of receptor 3
was increased by a few hundred folds in the presence of AI**
ions. Therefore, receptor 3 was used to detect AI** ions in the
living A549 cell lines to explore their biological applications.
The MTT assay allowed us to estimate the cytotoxicity of
receptor 3, AI**, and receptor 3-AI** complex after exposure of
cells to concentrations of 1, 10, 25, and 50 pM for 24 h with
DMSO as a control. As depicted in Fig. 7a, the results are shown
as the percent cell growth for each group compared to the
control. There was no significant cell death even after 24 h of

(b)

Fig. 7 (a) Cytotoxicity's of receptor 3, Al**, and receptor 3 + A" on the A549 cells after 24 h, (b) bright-field images (top row) and green channel

(bottom row), control, receptor 3, Al**, and receptor 3 + Al
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treatment at 1-25 uM of the receptor 3, Al** ions, and the
receptor 3-AI** complex. However, upon treatment at 50 uM of
receptor 3 and receptor 3-AI** complex, about a 20% decrease in
cell growth was observed. Hence, 10 uM of receptor 3 was used
for cell imaging applications. As shown in Fig. 7b, the cells did
not show significant fluorescence upon incubation with AI**
ions (10 puM) alone. However, very weak fluorescence was
observed upon incubation of cells with receptor 3 (10 uM).
Interestingly, the fluorescence intensity was increased upon
incubation of cells with receptor 3 (10 uM) in the presence of
AI’" ions (10 uM). These results indicated that receptor 3 has a
high potential in biological applications to detect AlI*" in an
in vitro assay.

4. Conclusions

In conclusion, we have developed a new optical receptor 3
based on Schiff base chemistry that demonstrated excellent
selectivity and sensitivity towards Cu** ions in UV-vis absorp-
tion spectroscopy. Whereas the developed receptor 3 showed
excellent selectivity and sensitivity for the detection of AI** ion
by using fluorescence spectroscopy. In either case, the receptor
did not show any interference from other tested metal ions. The
2:1 binding stoichiometry of receptor 3 and AI** ions was
confirmed by FT-IR, NMR, and mass spectroscopy. The rever-
sibility of receptor 3 for AI** ions in the presence of EDTA
ensures its ability as an excellent probe for detecting AI** in
various samples, including living cells. Receptor 3 showed high
selectivity for AI*" with a K, of 4.8 x 10* M~ ' and LOD of
3.0 nM. In comparison, the K, for Cu** was 1.3 x 10* M~ ' and
LOD of 1.9 uM. Receptor 3 is an excellent chemosensor for
detecting AI** ions indicated by its nanomolar range LOD. The
quick response, easy synthesis, and high sensitivity make
receptor 3 an ideal sensor for detecting Cu®* and Al*" ions.
Further, the synthesized receptor showed a highly sensitive and
highly specific fluorescent ‘turn-on’ effect (1e, = 473 nm) for
the 2:1 binding with AI*" ions in a semi-aqueous medium and
living cells.
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