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e based Al(III) ‘turn on’ sensor for
MCF7 cancer cell imaging and detection of picric
acid†

Sayan Saha,‡a Avik De, ‡a Arijit Ghosh,b Avik Ghosh,c Kaushik Bera,d

Krishna Sundar Das,a Sohel Akhtar, a Nakul C. Maiti,d Abhijit Kumar Das, c

Benu Brata Dasb and Raju Mondal *a

We report herein the development of a new pyridine-pyrazole based bis-bidentate asymmetric

chemosensor that shows excellent turn-on chelation-enhanced Al3+-responsive fluorescence. The

presence of two ‘hard’ phenolic hydroxyl groups plays a pivotal role in switching-on the sensing through

coordination to the ‘hard’ Al3+ ion, while the mechanism can be interpreted by the chelation-enhanced

fluorescence (CHEF) process. The X-ray single structure show a planar conjugated structure of the

ligand, which was further stabilized by extensive H-bonding and p–p stacking. The photophysical

studies related to the sensing behavior of the titular ligand toward aluminum was investigated in detail

using various spectroscopic techniques like UV-Vis, photoluminescence, fluorescence and time-

correlated single-photon count (TCSPC) and time-resolved NMR. The spectroscopic methods also

confirm the selective detection of Al3+ ion in the presence of other metal ions. The theoretical

calculations using Density Functional Theory (DFT) and the Time Dependent Density Functional Theory

(TD-DFT) provide further insight on the mechanistic aspects of the turn-on sensing behavior including

the electronic spectra of both the ligand and the complex. Interestingly, the as-synthesized H2DPC–Al

complex can also be utilized as a fluorescence-based sensor for various nitroaromatics including picric

acid, for which an INHIBIT logic gate can also be constructed. The as synthesized complex was

subsequently used as a fluorescent probe for imaging of human breast adenocarcinoma (MCF7) cells

using live cell confocal microscopic techniques.
Introduction

While the jury is still out on the potential health benets of
aluminum (Al) on the human body, it certainly bears the accu-
sation of doing serious harm when somebody is exposed to
larger-than-normal amounts.1–5 Al, being the most abundant
metal in Earth's crust (8.3% by weight), occurs ubiquitously in
the environment. Many things that we see and use in our daily
life, ranging from basic household utensils, electrical
ociation for the Cultivation of Science,

es.in

Biological Sciences, Indian Association for

India

l Sciences, Indian Association for the

Mullick Road, Jadavpur, Kolkata-700032,

ision, CSIR-Indian Institute of Chemical

700032, India

ESI) available. CCDC 2052615. For ESI
other electronic format see DOI:

109
equipment, cosmetics, to the aviation industry, are made of Al
or its alloys.6–8 Al is also one of the most common and oen
indispensable components of medicine and extensively used in
the pharmaceutical industry.9–11 Wide spread use of Al in
various food additives and packaging industry further enhance
the risk of oral exposure.12 The risk primarily comes from the
fact that Al is a well-known neurotoxin and excess accumulation
can lead to various neurodegenerative and neurological disor-
ders.13–15 Two such well-documented detrimental effects of Al
accumulation would be Parkinson's disease and Alzheimer's
disease, for which to date the best solution relies on the phil-
osophical remedy of “prevention is better than cure”.16–19

Naturally as preventive measures, precise sensing and quanti-
tative estimation of Al remain the rst and foremost step in the
ght against Al-related diseases. It is noteworthy here that the
permissible Al consumption limit set by the World Health
Organization (WHO) is 7 mg per week per kg body weight, while
that of the European Food Safety Authority (EFSA) is 1 mg per
week per kg body weight.20,21

The above points clearly underline the importance of
designing selective and sophisticated yet easy techniques for
sensing of Al in its most common trivalent state (Al3+).22
© 2021 The Author(s). Published by the Royal Society of Chemistry
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However, sensing of Al3+, because of its unique coordination
and chemical characteristics, is somewhat different and chal-
lenging from other toxic metal sensing.23 Some of the major
limitations include strong hydration enthalpy, poor coordina-
tion ability and lack of spectroscopic characteristics.24,25

Notwithstanding above limitations, a vast number of methods
for Al-sensing have been developed over the years including
atomic absorption spectrometry, inductively coupled plasma
atomic emission spectrometry, mass spectrometry, electro-
chemical detection as well as 27Al NMR technologies.26,27

However, most of these methods suffer from serious limitations
like time consuming lengthy experimentations, requirement of
costly and sophisticated instruments.28,29 In contrast to these
instrumental methods, optical sensing-based methods has
recently gained immense interest for providing low-cost, time-
saving, efficient, selective results.30,31

Among the optical sensing-based techniques, uorescence
based chemosensor has gained popularity in recent time due to
cost effectiveness, ease of synthesis, robust, accurate, low
detection limit.32,33 The essence of this method is to use a uo-
rescent probe as chemosensor which through metal-
coordination “turn-on” the Al3+ responsive uorescence.34,35

The method usually involves three popular mechanisms in
inorganic chemistry: chelation-enhanced uorescence, photo-
induced electron transfer (PET) and metal–ligand charge
transfer.36–38 Naturally, the successful execution of this method
depends on the design of uorescent probe and its metal–
ligand coordination driven luminescent behaviour.39–41

The chelation-enhanced uorescence of the resultant Al-
compounds also exhibits various applications beyond chemo-
sensing.42–45 One such popular application would be
uorescence-based bio-imaging and bio-labeling. The ‘turn-on’
uorescent probes have widely been used to detect the Al-
induced neurotoxicity in rodents and zebrash.42,46,47

The change in luminescent behavior of Al-complexes upon
addition of a chemical probe has turned out to be important
tool for sensing and detection itself.48 The most common
examples include the ‘turn-off’ or uorescence quenching
based detection of electron decient nitroaromatics.49 Of
particular importance is the detection of picric acid (PA)
because of its ambivalent signicances. On one hand, picric
acid is an essential multipurpose ingredient used in various
elds like rocket fuel, leather industry or antiseptic agent.50–54

On the other hand, PA is highly explosive in nature and
a notorious environmental pollutant causing serious damage to
the aquatic system.55–57 Interestingly, Al-complexes, inter alia,
have turned out to be simpler and economical yet efficient
analytical technique for faster detection of PA.

We extend our work along these lines using a new pyridine-
pyrazole based bis-bidentate asymmetric ligand, (E)-N0-(2,3-
dihydroxybenzylidene)-3-(pyridin-2-yl)-1H-pyrazole-5-
carbohydrazide (H2DPC). The motivation comes from our
earlier work where similar semi-rigid ligands efficiently coor-
dinate to the transition metals as well as ‘hard’ trivalent
lanthanides.58–63 Considering comparable coordination behav-
iors of lanthanides and Al3+, we envisioned that H2DPC con-
taining –CONH, C]N, and –OH groups would lead to similar
© 2021 The Author(s). Published by the Royal Society of Chemistry
coordination complex formation with Al3+, while the presence
of two phenolic groups should turn-on the desired chelation-
enhanced uorescence. Indeed, H2DPC act as a chemosensor
and helps to detect through Al3+-responsive uorescence. The
selective detection of Al3+ ion in presence of other metal ions is
also conrmed. The as-synthesized H2DPC–Al complex was
further successfully utilized for bio-imaging human breast
cancer cells (MCF7). Furthermore, applicability of the as-
synthesized H2DPC–Al complex for uorescence-based sensing
of various nitroaromatics including PA have also been investi-
gated in detail.

Result and discussions
Design and synthesis of chemosensor

Clearly, the “turn-on” Al3+ responsive uorescence through
metal-coordination is at the heart of the matter, for the current
chemosensor design. While the major obstacle remains the
metal–ligand coordination, owing to the uncanny coordination
behavior of the Al3+ ion. Optimization of coordination behavior
of the ligand is therefore the most crucial aspect in Al3+ che-
mosensor design. We have recently demonstrated the effec-
tiveness of asymmetric semi-rigid pyridine-pyrazole based
Schiff base ligands in lanthanide complex formation.58,60 The
coordination behavior of lanthanides closely resembles to that
of Al3+ and led us believe that pyridine-pyrazole based Schiff
base ligands will be equally useful for Al3+.

The titular chemosensor of this study, H2DPC, was synthe-
sized in reasonably good yield following a typical condensation
reaction between 2,3-dihydroxybenzaldehyde and 3-(pyridin-2-
yl)-1H-pyrazole-5-carbohydrazide. We chose ortho-dihydrox-
ybenzene moiety for two reasons: (a) presence of two hard O-
chelating sites should favour the coordination to trivalent Al
and (b) the phenolic OH-group are well known to induce chro-
mophoric effect, which would denitely be benecial in
inducing turn-on uorescence. For the current ligand, the PET
effect expected to occur due to the lone pair of electrons of
conjugated azomethine-N and phenolic-O which concomitantly
quenches the uorescence. But upon addition of Al3+, themetal-
coordination is expected to stop the PET effect while enhancing
the uorescence.

The H2DPC molecule was thoroughly characterized by
elemental analysis, various spectroscopic techniques like FT-IR,
ESI-MS, 1H, 13C NMR as well as diffraction techniques. The FT-
IR spectrum of the ligand conrms the presence of two phenolic
(–OH) with a characteristics broad peak at 3284 cm�1. On the
other hand, sharp peaks at 1680 cm�1 and at 3325.05 cm�1 were
observed for amide (O]C) stretch and amide (N–H) stretch,
respectively. The 1H and 13C NMR data is consisted with the
expected values. A characteristic peak at d 14.18 ppm conrms
the presence of pyrazole hydrogen, whereas peaks for –OH
proton appear at 11.38 ppm and 10.79 ppm. The peak for amide
hydrogen appears at 12.18 ppm. Further corroboration comes
from the ESI-MS spectra which shows a single m/z peak at
324.10 assigned to [H2DPC + H+] and [H2DPC + Na+] at 346.07
(Fig. S1†). For conformation of the suspected complex, we have
also collected sequential mass spectra and aer addition of
RSC Adv., 2021, 11, 10094–10109 | 10095
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AlCl3 solution as a source of Al3+ ion there was a new peak
generate at 385.05 presumably for the Al–DPC complex assigned
as (H2DPC + Al3+ + Cl� + H+) and another at 408.14 assigned as
(H2DPC + Al3+ + Cl� + H+ + Na+) (Fig. S2 and S3†). Furthermore,
comparison of isotopic distribution pattern of the complex
system with the simulated mass spectra shows that they are
superimposable with each other and henceforth conrms the
formation of the complex (Fig. S4†).

Suitable single crystals of diffraction quality were also ob-
tained from a MeOH-DMF solvent mixture. The X-ray single
crystal structure of H2DPC (monoclinic, P21/c) shows an ex-
pected planar orientation of themolecule (Fig. 1 & S5†). The exo-
hydroxyl groups of two adjacent H2DPCs form strong O–H/O
hydrogen bonds with the keto groups to sustain a sideways self-
assembly. The sideways arrangement is further supported by
pair wise N–H/N hydrogen bonds between two juxtaposed
pyrazole-pyridine moieties. Strong p–p interactions involving
all the aromatic rings, on the other hand, help the supramo-
lecular self-assembly in the perpendicular directions.

Although the crystal structure provides sufficient informa-
tion about the connectivity and solid state self-assembly, it
Fig. 1 (a) X-Ray single crystal structures of H2DPC (light gray-H, dark gray
shown by black dotted lines).

10096 | RSC Adv., 2021, 11, 10094–10109
cannot predict the stable solvated form of the ligand. For which,
we have carried out theoretical calculations. The experimental
crystal structure shows some interesting synergy with the
theoretically calculated structure and predicted stable
conformer. In the solvent medium, H2DPC may exist in two
tautomeric forms, viz., keto and enol form. Our theoretical
exploration suggests that the keto form of the ligand is 0.09 eV
more stable than the enol form (Fig. S6†). The ground state
optimized geometry of keto-H2DPC reveals O1–C1 and C1–N1
bond distances of 1.23 and 1.37 Å respectively, as exhibited in
Fig. S6,† with NPA charges �0.689, 0.689 and �0.464 of O1, C1
and N1.
Photophysical studies

Considering the fact that the theme of this work is primarily
based on the chelation enhanced ‘turn-on’ Al3+ uorescence,
a detailed photophysical behavior of the ligand and ligand–Al
complex were investigated using absorbance (UV-visible), pho-
toluminescence (PL), uorescence and time-resolved spectro-
scopic methods. The ligand, H2DPC shows a characteristic
absorption band at 302 nm in DMSO–H2O mixture (1 : 1 v/v). In
-C, blue-N, red-O) (in (b) intra and inter molecular hydrogen bonds are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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order to check the inuence of metal ions on the spectral
behavior of the ligand, UV-Vis absorption spectra were collected
using the DMSO solution of H2DPC maintained at pH 7.4 by
using 10 mM aqueous solution of HEPES buffer. Accordingly,
absorption spectrum of 10�4 M ligand solution was recorded
upon addition of 10�4 M aqueous solution of different metal
ions, such as Na+, K+, Ca2+, Cr3+, Al3+, Mn2+, Ni2+, Co2+ Zn2+, Pb2+

and Cd2+. We have also taken the images for aqueous solutions
of mixture of individual metal salt with ligand, under white
light and under UV light (365 nm) to observe the differences in
bare eyes (Fig. S7†). As illustrated in Fig. 2, the spectral pattern
of free ligand does not show any signicant change on adding
majority of metal ions except Al3+. Addition of Al3+ solution to
the ligand brings two signicant changes in the absorption
spectra (a) a red shi of the absorption band from 302 nm to
330 nm and (b) appearance of a new absorption band at 393 nm,
with somewhat lower intensity. The newly developed band
towards the visible region is further manifested in the change in
the color of the solution, from colorless to yellow, and clearly
indicates ligand–Al complex formation.

The marked changes in the absorption spectra enhance the
prospect of H2DPC as a turn-on Al3+ chemosensor. In order to
have better insight of the interaction of H2DPC with Al3+ ion, we
have carried out a spectrophotometric titration at room
temperature in DMSO–water (1 : 1, v/v, pH ¼ 7.4) by using
aqueous 10 mMHEPES buffer solution. For the UV-Vis titration,
0.5 mL aliquot of 1 � 10�3M Al3+ solution was added sequen-
tially into the 1.5 ml, 1 � 10�5 M H2DPC solution. Thus, we vary
the exact concentration of Al3+ in the solution from 3.33 �
10�7 M to 1.2 � 10�5 M. Upon gradual addition of metal salts
(Al3+), the strong p–p* absorption band of the free ligand at
302 nm shows a red shi to 330 nm with gradual decrease in
absorbance value. Concomitantly, a new weak broad band at
393 nm appeared in the spectrum, which might be attributed to
ligand to metal charge transfer (LMCT), showed a gradual
increase in absorbance value without any signicant shiing of
the peak (Fig. 3).
Fig. 2 UV-Vis spectra of H2DPC on addition of various metal ions and
specific change was observed in case of Al3+ ion.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The binding constant was also calculated from the absorp-
tion titration experiment using the Benesi–Hildebrand (B–H)
plot:

1/(A � A0) ¼ 1/{Ka(Amax � A0)[Al3+]} + 1/(Amax � A0)

where, A0 and A are the absorbance of the ligand in the absence
and presence of Al3+ ions respectively. Amax is the saturated
absorbance of the ligand in the presence of Al3+ ions. Ka is the
binding constant, which for the above UV-Vis titration turn out
to be 3.50 � 105 M�1 (Fig. S8a†).

On the other hand, appearance of an isosbestic point at
321 nm clearly indicates that the reaction is clean and
straightforward. Interestingly, the metal–ligand complex
formation can also be monitored visually as gradual addition of
the metal solution keep intensifying a yellow tinge to the initial
colorless solution of the free ligand which ultimately turns it to
a bright yellow solution.
Photoluminescence studies

The Photoluminescence spectra of 1 � 10�3 M H2DPC in 3 ml
DMSO–water 1 : 1 mixture solution (v/v) was collected aer
exciting the sample at lex ¼ 417 nm. The free ligand however
shows negligible uorescence intensity. In order to evaluate the
possibility of chelation enhance uorescence, the emission
spectra of H2DPC were recorded in presence of other metal
salts. Accordingly, spectra were collected for 1.5 ml of aqueous 1
� 10�3M chloride salt solutions of individually Na+, K+, Ca2+,
Cr3+, Al3+, Mn2+, Ni2+, Co2+, Zn2+, Pb2+, Hg2+ and Cd2+, mixed
with 1.5 ml DMSO solution of 1 � 10�3 M ligand solution. All
the spectra were collected in buffer (pH-7.4) by using aqueous
10 mM HEPES buffer solution in DMSO water mixture (1 : 1 v/v)
at room temperature using excitation wavelength 417 nm. As
illustrated in Fig. 4, except Zn2+ and Al3+ ion all the other cations
did not show any signicant enhancement of intensity than that
of the ligand. Only a slight enhancement in emission intensity
Fig. 3 On gradual addition of Al3+ the change in absorbance value of
H2DPC spectra. Inset: image of free ligand solution and mixture of
ligand and Al3+ solution.

RSC Adv., 2021, 11, 10094–10109 | 10097
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Fig. 4 (a) PL spectra of ligand in presence of various metal ions and (b)
the corresponding bar plot.

Fig. 5 The change of PL spectra of the ligand after gradual addition of
Al3+ metal ion. The inset pictures show the comparative photographs
of free ligand and green-colored luminescent ligand–metal complex
after illuminating with UV light of 365 nm.

Scheme 1 The possible mode of interaction between H2DPC and Al3+

ion by PET and CHEF mechanism.
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is observed upon the addition of Zn2+ salt. To eliminate the
participation of Zn2+ ion in the detection process EDTA has
been used as a chelating ligand. The EDTA–Zn2+ complex has
higher binding constant than the corresponding Al3+ complex.
Naturally, EDTA can easily forms complex with Zn2+ and sepa-
rated it from Al3+ in the solution phase. To support that we have
taken the PL spectra of Zn2+–H2DPC complex and aer that we
added 1 ml 10�3(M) concentration of aqueous EDTA solution.
As a result, the quenching of intensity of the solution was
observed because of forming Zn–EDTA complex. Subsequently
when some aqueous solution of Al3+ was added the intensity of
photoluminescence in the mixture increases abruptly (Fig. S9†).

As illustrated in the Fig. 4a, we can observe that for H2DPC +
Al3+ solution, a remarkable ca. 18-fold increase of the turn-on
uorescence intensity was observed at 502 nm with a red shi
of 18 nm, a subsequent uorometric titration was performed in
DMSO–H2O (1 : 1, v/v, pH 7.4) by using aqueous 10 mM HEPES
buffer solution to know more about the reaction of H2DPC and
Al3+ (Fig. 5). As per our expectation, sequential addition of Al3+

to the ligand solution leads to a gradual enhance of the uo-
rescence intensity till it reaches to the saturation point. For the
PL titration an 0.5 mL aliquots Al3+ solution with the concen-
tration of 1 � 10�3 M were added sequentially into the 1.5 ml
solution of the H2DPC having the concentration of 1 � 10�5 M.
Thus, we vary the exact concentration of Al3+ in the solution
10098 | RSC Adv., 2021, 11, 10094–10109
from 3.33 � 10�7 M to 1.2 � 10�5 M. The binding constant of
the ligand metal complex was calculated by using the Benesi–
Hildebrand (B–H) plot:

1/(I � I0) ¼ 1/{K(Imax � I0)[Al3+]} + 1/(Imax � I0)

where, I0 is the emission intensity of ligand observed at 500 nm
wavelength, I is the observed emission intensity at 500 nm in
the presence of Al3+, Imax is the maximum value of emission
intensity that was obtained at 500 nm when saturation point
reaches, K is the binding constant [(Imax � I0)/(I � I0)] vs. 1/[Al

3+]
has been plotted following the above equation and a straight
line was obtained. The binding constant was determined from
the slope of the linear plot and the value was 1.37 � 105 M�1
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The change of intensity of free H2DPC and H2DPC–Al solution
in various range of pH.
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(Fig. S8b†). The detection limit was also calculated using the
equation:

limit of detection (LOD) ¼ 3s/k

where, s is the standard deviation of blank measurement, and k
is the previously determined slope. The standard deviation for
the current system is turned out to be 0.141902 and henceforth
the limit of detection (LOD) of Al3+ has been calculated as
2.15565 � 10�7 M or 0.216 mM by using the above 3s method
(Fig. S10†). We also compared our values of binding constant
and limit of detection (LOD) with some previous works done by
other groups and by comparing the results we can conclude that
our designed molecule is very much handful to detect the Al3+

ion from the aqueous solution (Table S1†).
Furthermore, the Job's plot analysis was carried out by

plotting uorescence intensity against different mole fractions
of Al3+ while keeping volume of solution constant (Fig. S11a†). A
Fig. 7 The bar plot of intensity in presence of various metal ions mixtur

© 2021 The Author(s). Published by the Royal Society of Chemistry
maximum in this plot was obtained at 0.5 mole fraction, which
indicates a 1 : 1 complex formation of H2DPC and Al3+. The
same experiment was also performed by UV-Vis data
(Fig. S11b†).

The enhancement in the uorescence intensity can be
attributed to the most common two-step processes of turn-on
sensing: (a) suspension of photoinduced electron transfer
(PET) and (b) activation of chelation enhanced uorescence
(CHEF) through the co-ordination of azomethine-N and
phenolic-O with the metal ion. For free ligand, the electrons of
both azomethine-N and phenolic-O lone pairs take part in
conjugation process and activates the photoinduced electron
transfer (PET) and concomitantly quenches the uorescence.
However, as soon as the Al–ligand chelation take place the lone
pairs participate in metal coordination which stops PET but
activate CHEF with consequential enhancement in uorescence
intensity (Scheme 1).

Effect of pH variation on uorescence intensity of free ligand
and Al-complex has also been studied (Fig. 6) in detail. As
illustrated in Fig. 6 there was no signicant uorescence
emission for free ligand observed between the pH range of 4 to
12. The emission spectra of the ligand were, however,
completely different in presence of Al3+ ion. In comparison to
the ligand, the Al-ligand chelation leads to the increase in
emission intensity between the pH ranges of 3 to 8 (Fig. 6).
Though the sharp decrease in PL intensity at the higher pH
range more specically at alkaline medium can be explained in
terms of Al(OH)3 precipitation. Interestingly, the occurrence of
CHEF at the physiological pH is immensely important for any
biological studies, and as such enhances the potential of the as-
synthesized Al-complex as a probe for bioimaging, as discussed
in later section.

Another important issue of chemosensing is the selectivity
towards the concerned metal ion. In order to evaluate the
selectivity of H2DPC towards Al, the intensity of photo-
luminescence of H2DPC + Al in presence of other competitive
metal ions (Co2+, Ca2+, Cd2+, Cr3+, Hg2+, K+, Mn2+, Na+, Pb2+,
Zn2+) were investigated. As evident from Fig. 7, addition of
e in ligand–Al solution.

RSC Adv., 2021, 11, 10094–10109 | 10099
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Fig. 8 The bar plot of intensity in presence of various counter ions mixture in ligand–Al solution.

Fig. 9 Decay profile of H2DPC and Al–H2DPC complex.
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competitive metal ions did not yield any signicant change to
the original intensity of the H2DPC + Al solution. The result
clearly indicates that H2DPC can detect Al3+ selectively even in
presence of other metal ions.

To check the effect of counter anion on the uorescence of
Al–ligand complex similar experiments were performed using
different counter anions. The H2DPC molecule showed no
Table 1 The values for average life time of H2DPC and Al–H2DPC com

Environment a1 a2 s1 (ns)

H2DPC 0.2255 0.7745 0.5999
H2DPC–Al 0.7272 0.2728 1.5461

10100 | RSC Adv., 2021, 11, 10094–10109
signicant change in uorescence intensity when different
counter anions were added to the Al3+ solution (Fig. 8). For these
experiments, 10�3 M solution of each anion (PF6

�, Br�,
MeSO3

�, F�, CH3COO
�, ClO4

�, I�, Cl�, SCN�, NO3
�) was added

into the 2 ml of 10�3 M solution of the ligand–metal system.
Interestingly, for CH3COO

� and ClO4
�, there was very little

decrease in the original intensity of the complex (Fig. S12†) were
observed. Furthermore, the uorescence intensities in presence
various inorganic acids, such as HCl, HNO3 and H2SO4

(Fig. S13†) were also investigated. The result shows that the
intensity was increased in presence of all acids while maximum
effect was observed for H2SO4.

Time resolved uorescence spectroscopy

The uorescence lifetime measurements using time-correlated
single-photon count (TCSPC) experiments were carried out to
determine and compare the average life-time free H2DPC
molecule and Al–H2DPC complex. Lifetime measurement data
were taken on excitation at 405 nm and as depicted in Fig. 9, the
uorescence decay plot exhibits a bi-exponential nature. As ex-
pected for a CHEF process, the life time of the free ligand
(H2DPC, 3.74510 ns) decrease in presence of Al3+ ion, with
a corroborating life time 1.8 ns for the Al–H2DPC complex
(Table 1). Further support comes from the theoretically calcu-
lated values show that theDE value for free ligand is higher than
the DE value of complex. In the theoretical study we have seen
that the DE value for ligand is 4.12 eV whereas for metal
plex

s2 (ns) c2 hsi (ns)

95 4.66082 1.507279991 3.74510
2 3.00989 1.002613126 1.94543

© 2021 The Author(s). Published by the Royal Society of Chemistry
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complexes it is 3.72 eV so due to the low energetic HOMO–
LUMO gap for complex than ligand. The overall number of
transitions between two state getting increase as a result the
intensity getting higher aer adding Al3+ ion in ligand solution
but overall, the average life time for metal complex also getting
decrease than only ligand. The values of a1 and a2 are also
determined using the equation,

a1 ¼ B1

B1 þ B2

and

a2 ¼ B2

B1 þ B2

:

The value of B1 and B2 are given as 22.55% and 77.45% for
ligand and 72.72% and 27.28% for ligand metal complex and B
is referred as relative amplitude and the average life time was
calculated with the following equation hsi ¼ a1s1 + a2s2.

1H-NMR titration analysis

For better understanding of the interaction of H2DPC with Al3+

ion, 1H-NMR spectroscopic titration was carried out in DMSO-d6
solvent. The titration was done with sequential addition of AlCl3
Fig. 10 The NMR titration of H2DPC (in DMSO-d6 solution) with gradua

© 2021 The Author(s). Published by the Royal Society of Chemistry
(D2O solution) in H2DPC (DMSO-d6) solution. Upon gradual
addition of Al3+ solution into the ligand solution led to the
disappearance of the peaks for phenolic–OH protons at
d 11.383 ppm and d 10.792 ppm (Fig. 10). It actually implies the
breaking of intra molecular hydrogen bonding between the
phenolic–OH and imine –C]N and also the deprotonation of
phenolic–OH. We have observed in theoretical structure that
the –NH beside the carbonyl group get tautomerized and form
C]N in complex formation. The time-resolved NMR spectra
also exhibits the disappearance of peak for amide H in
d 12.181 ppm upon step by step increase of metal ion concen-
tration, which actually conrms the complex formation.
Furthermore, a downeld shi was observed for the proton at
d 8.645 ppm. Based on the titration data we can conclude that
because of the high ionic potential of Al3+ there is hard–hard
interaction between Al3+ and phenolic (O�), as well as with
imine N(�C]N), which actually driven the complex formation
process.
Theoretical studies

Even aer numerous attempts, we could not nd a diffraction
quality single crystal of the H2DPC–Al complex. This prompts us
to carry out theoretical calculation was done on H2DPC–Al. As
l addition of Al3+ (in D2O solution).

RSC Adv., 2021, 11, 10094–10109 | 10101
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Fig. 11 (a) Frontier molecular orbitals involved in electronic transition of keto-H2DPC. (b) Frontier molecular orbitals involved in electronic
transition of H2DPC–Al (inset: optimized geometry of the complex H2DPC–Al).
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evident from Fig. 11 (inset) the phenolic oxygen (O2), carbonyl
oxygen (O1) and the nitrogen (N2) which is next to amide
nitrogen act as the chelating sites in the complex H2DPC–Al,
with O–Al–O bond angle of 156.7�. Upon complex formation
with Al3+, the distance between C1 and O1 increases to 1.31 Å,
while that between N1 and C1 decreases slightly to 1.32 Å, as
displayed in (Table S2†). The NPA charges of O1, C1, N1 and Al
are found to be �0.880, 0.605, �0.436 and 0.241 respectively,
while �0.926, 0.334 and �0.514 of O2, C2, N2.

Theoretical outcome shows that the HOMO of keto-H2DPC,
in Fig. 11a, is congested over the 2-hydroxyphenol part of the
ligand and the LUMO mainly over the 2-hydroxyphenol part,
with a slight localization over the pyrazole part, as well. As
depicted in Fig. 11b, the HOMO of H2DPC–Al complex is con-
gested over the 2-hydroxyphenol part of the ligand, similar to
that of keto-H2DPC, while the (HOMO�1) is distributed solely
over the pyrazole part. On the other hand, both the LUMO and
Table 2 The values of TZVP along with all the oscillator strength value

Molecule Basis set
Energy
(eV)

Electronic transition
state

Excitation
(nm)

Keto-H2DPC 6-31++ G** 3.99 S0–S7 310.80
TZVP 3.91 S0–S7 317.48

DPC–Al 6-31++ G** 3.58 S0–S5 346.75
TZVP 3.54 S0–S5 349.80
6-31++ G** 3.35 S1–S6 370.36
TZVP 3.32 S1–S6 373.99

10102 | RSC Adv., 2021, 11, 10094–10109
(LUMO+1), are distributed nearly over the entire ligand, and not
on the Al centre. Thus, it is evident, that the absorption bands
are due to intra-ligand n–p* and p–p* electronic transitions
and not because of any metal to ligand or ligand to metal charge
transfer.

The HOMO–LUMO gap for the ligand is calculated to be
4.12 eV, which gets lowered to 3.72 eV in the complex H2DPC–
Al. The decrease in HOMO–LUMO gap by 0.40 eV accounts for
the red shi in the UV-visible spectra. The electronic transition,
S0 / S5, at 310.8 nm, corresponding to electron transfer from
HOMO to LUMO accounts for the experimentally observed peak
at 301.52 nm in the UV-visible spectra. The absorption bands at
330.6 and 390.11 nm in the spectra result from the electronic
transitions, S0 / S5 (at 346.75 nm) and S1 / S6 (at 370.36 nm),
corresponding to (HOMO�1) to LUMO and HOMO to
(LUMO+1) electron transfers. The results obtained using TZVP
basis set are in accordance with the 6-31++G** values. The TZVP
Oscillator strength
(f)

Experimentally observed
transition (nm) Corresponding MOs

1.0790 301.52 HOMO / LUMO
1.0866
1.0657 330.60 (HOMO�1) / LUMO
1.0589
1.1015 390.11 HOMO / (LUMO+1)
1.1158

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Change of intensity of H2DPC–Al complex solution after gradual addition of picric acid into the solution. (b) PL spectra of H2DPC–Al
complex in presence of various nitro aromatic molecules.
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values, along with all the oscillator strength values have been
exhibited in Table 2.
Application of H2DPC–Al in picric acid sensing

Interestingly, uorescence properties of H2DPC–Al ensemble
are found to be dependent on the presence of nitroaromatic
(NA) compounds and therefore can be employed for their
detection. The uorescence of H2DPC–Al compound exhibits
the quenching of emission upon the addition of (100 mL)
various nitro aromatic compounds including nitrobenzene, 2,4-
dinitrophenol, 2-nitrophenol, 2,4,6-trinitrophenol and 4-nitro-
phenol (Fig. 12b). Such a quenching effect should be attributed
to the charge transfer electron transitions from the H2DPC–Al
ensembles to NA due to the electron-decient property of NA
and the p–p interactions between complex and NA molecules.
Among the different NAs, 2,4,6-trinitrophenol or picric acid,
Scheme 2 The probable quenching mechanism of Al–H2DPC complex

© 2021 The Author(s). Published by the Royal Society of Chemistry
which can also be envisaged as the most important variant of
NAs for various ambivalent reasons, shows the most prominent
emission quenching. We observed that under UV light the
change in intensity for picric acid solution is most pronounce
(Fig. S14†). This supports the candidature of H2DPC–Al as
a promising luminescent probe for detecting picric acid among
all the NAs. For detailed study, the uorescence intensity of the
H2DPC–Al solution was monitored upon sequential addition of
small aliquot of picric acid solutions. As depicted in Fig. 12a,
quenching of the uorescence intensity was observed. While the
detection limit of the H2DPC–Al ensemble toward PA was
calculated using the formula of detection limit ¼ 3s/k. Here, s
(standard deviation) ¼ 1.384999 and k (slop of the plot) ¼
33895.77. The value of detection limit is 1.2257 � 10�4 (M)
(Fig. S15†). We have investigated the mechanism for this
quenching process. For this, we have collected the mass spectra
by picric acid.

RSC Adv., 2021, 11, 10094–10109 | 10103
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of the (H2DPC + Al + PA) complex and found that peak at 669.28
is probably due to the H2DPC + Al3++PA + 4Na+ assembly
(Fig. S16†). The probable quenching mechanism was shown in
Scheme 2. From themechanism we can easily conclude that due
to the strong -I and -R effect the electron cloud is getting shied
towards PA and as a result the luminescent intensity of the
overall complex is getting decreased.
Formation of logic gate

Applying the reversible behavior of our ligand H2DPC towards
Al3+ ion in presence of picric acid in the solution we actually
constructed an INHIBIT logic gate with two inputs, Al3+ and
picric acid (Fig. 13a). Four combinations are possible. In the
rst case we only use the ligand but both the inputs are not
added to the solution so there is no such uorescence was
observed. We can conclude the result as zero. In the second
combination we added only one input that is Al3+ ion and we get
an observable uorescence. We can conclude the result as one.
For the third combination we added only the second input that
is picric acid. We did not observe any uorescence, so we can
conclude the result as zero. In the fourth combination we added
both the inputs. Though Al3+ helps the increase in uorescence
but due to the quenching ability of PA we did not observed any
luminescence so we can conclude the result as zero. Thus, in
this way we actually constructed a circuit for the INHIBIT gate
which ideally follow the truth table of INHIBIT gate (Fig. 13c).
We have also taken the picture of all four combinations under
UV lamp (Fig. 13b).
Biological studies

The luminescent properties, particularly the characteristics
green luminescence of H2DPC–Al was highly encouraging and
prompts us to explore the potential of the complex as a uo-
rescent probe for cellular imaging. Accordingly, the as-
synthesized H2DPC–Al complex has been used as a uorescent
probe for the live cell labeling of human breast adenocarcinoma
Fig. 13 Operation of inhibit logic gate. (a) Pictorial representation of the
INHIBIT logic gate.

10104 | RSC Adv., 2021, 11, 10094–10109
(MCF7) cells. To be an effective probe for cellular sensing
internalization into cell as well as low cytotoxicity are the two
most important prerequisites. Accordingly, chances of cytotoxic
effects of H2DPC–Al were evaluated using the conventional cell
cytotoxicity (MTT) survival assay experiments. In survival assays,
MCF7 cells treated with increasing concentrations of H2DPC–Al
for 72 hours manifested least cytotoxicity as >90% of the cells
remained viable even at 50 mM concentration of the compound.
In other words, the H2DPC–Al complex does not exert any
adverse effect on the cell and therefore can be termed as
nontoxic (Fig. S17†).

Having conrmed its non-toxic nature, human breast
adenocarcinoma (MCF7) cells seeded in cover glass bottom dish
were exposed to 20 mM H2DPC–Al for 6 h and subjected to live
cell confocal microscopy thereaer. As illustrated in Fig. 14, the
H2DPC–Al complex was achieving the critical cell-permeability
as such easily pass through the cell membrane during the
incubation period. Following the conventional cellular sensing
protocol, the nuclei of the cells were strained with Hoechst
33342 (Blue) nuclear marker. Treatment with H2DPC–Al
revealed signicant cellular uptake as it permeated easily
through the MCF7 cells without causing any considerable
damage. Moreover, the nuclei remained intact and showed no
signicant deformation. The H2DPC–Al (green) localized both
in the nucleus and cytoplasm as observed in confocal micros-
copy. In order to check whether ligand itself can be used as
a uorescence probe, the live cell labelling of human breast
adenocarcinoma (MCF7) cells experiment was repeated using
the ligand solution of same concentration. However, the ligand
did not show appreciable uorescence intensity. The result has
another implication that the ligand is unable to detect the
presence of inherent aluminum in MCF7 cells. This could be
attributed to the fact that the concentration of aluminum in the
cytoplasm of cell and nucleus is in the range of femtomolar64

whereas our ligand has the limit of detection for Al3+ ion is in
the range of 10�7 M.
logic gate (b) visual color outputs. (c) Truth table corresponding to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Live cell confocal microscopy showing delivery of compounds H2DPC and H2DPC–Al (green) in the nucleus and cytoplasm. Repre-
sentative confocal images showing localization of compounds respectively (20 mM) in human breast adenocarcinoma (MCF7) cells as monitored
by intrinsic fluorescence of the drugs (H2DPC–Al green channel, middle panel) and with Hoechst 33342 (blue channel, left panel) used as
a nuclear marker. H2DPC shows no luminescence inside cells. Right panel shows the merged images.
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Conclusions

The impetus for the work presented herein was to develop
a pyridine-pyrazole based ‘turn on’ chemosensor for Al(III).
Accordingly, we have successfully synthesized a new pyridine-
pyrazole based bis-bidentate asymmetric ligand tted with
two ‘hard’ –OH groups. The presence of two phenolic groups
indeed triggers a turn-on chelation-enhanced Al3+-responsive
uorescence. The sensing mechanism based on the chelation-
enhanced uorescence (CHEF) process was studied in detail
using various spectroscopic techniques including UV-Vis, PL,
uorescence as well as NMR titration. The spectroscopic
methods also conrm the selective detection of Al3+ ion in
presence of other metal ions. Further corroborative support in
favor of sensing mechanism comes from the DFT calculations.
On the other hand, theoretical results obtained from the Time
Dependent Density Functional Theory (TD-DFT) calculations
show an excellent agreement with the electronic spectra corre-
sponding to the ligand (H2DPC) and the complex (H2DPC–Al).

The as-synthesized H2DPC–Al complex shows an excellent
uorescence-based sensing of various nitroaromatics including
© 2021 The Author(s). Published by the Royal Society of Chemistry
picric acid, for which an INHIBIT logic gate can also be con-
structed. With no apparent cytotoxic adverse effects, the as-
synthesized H2DPC–Al complex was further successfully
utilized for bio-imaging human breast cancer cells (MCF7)
using live cell confocal microscopic techniques.
Experimental section
Materials and general methods

All the reagents and solvents used in this work were purchased
from commercial sources & used without further purication.
Solid state FT-IR spectra of 400–4000 cm�1 range were collected
from Nicolet MAGNA-IR 750 spectrometer with sample
prepared as KBr pellets. Elemental analyses were performed
with Perkin-Elmer 2400 series CHN analyser. 1H and 13C NMR
spectrum were carried out by 400 MHz and 500 MHz Bruker
NMR spectrometers respectively dissolving sample in DMSO-d6
solvent. Mass spectra was collected by Q-ToF Micro YA263 high
resolution (Waters Corporation) mass spectrometer by positive
ion mode electrospray ionization and the spectra were collected
in methanol. Absorption spectra were collected with a Jasco V-
RSC Adv., 2021, 11, 10094–10109 | 10105
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630 spectrophotometer. Photoluminescence spectra were
collected at room temperature using Agilent Cary Eclipse &
Hitachi, F-2500 uorescence spectrophotometer and Horiba
scientic TCSPC.
Synthesis of (E)-N0-(2,3-dihydroxybenzylidene)-3-(pyridin-2-yl)-
1H-pyrazole-5-carbohydrazide (H2DPC)

The ligand, (E)-N0-(2,3-dihydroxybenzylidene)-3-(pyridin-2-yl)-
1H-pyrazole-5-carbohydrazide (H2DPC) was synthesized by
condensation reaction between 2,3-dihydroxybenzaldehyde
(1 mmol, 138 mg) & 3-(pyridin-2-yl)-1H-pyrazole-5-
carbohydrazide (1 mmol, 203 mg) in ethanol medium. 3-(Pyr-
idin-2-yl)-1H-pyrazole-5-carbohydrazide was synthesized using
previously reported procedure.58 The mixture was stirred for 30
minutes and a drop of glacial acetic acid was added to the
suspension. Then the mixture was reuxed for 6 hours under
80 �C. The white precipitate was found. The mixture was cooled
to room temperature. Then it was ltered to collect the white
precipitate. It was washed with ethanol and recrystallized from
methanol (Scheme S1†). The compound was characterized by
elemental analysis, FT-IR, ESI-MS & NMR spectrometer. (Yield:
245 mg, 71%). Calcd for C16H13N5O3 (%): C, 59.44; H, 4.05; N,
21.66. Found: C, 59.22; H, 3.65; N, 22.53. IR (400–4000 cm�1):
3325.05(s), 3284(s), 3161(s), 2997(s), 1679(s), 1548(s), 1473(s),
1406(s), 1267(s), 1205(s), 1159(s) (Fig. S18†). 1H NMR (500 MHz,
[(CD3)2SO], d) 14.183 (s, 1Hpyz-H), 12.181 (s, 1H, NH), 11.383 (s,
1H, phenolic-OH), 10.792 (s, 1H, phenolic-OH), 9.133 (s, 1H,
imine-H), 7.867–8.512 (4H, py-H), 6.895–7.212 (4H, Ar–H). 7.615
(1H, pz-CH) (Fig. S19†). ESI-MS m/z (M + H): 324.1064 (Fig. S1†).
Synthesis of Al3+ complex of H2DPC (H2DPC–Al)

To the solution of H2DPC (0.01 mmol, 3.23 mg) in 0.5 ml DMSO,
0.5 ml of aqueous solution of AlCl3 (0.01 mmol, 1.33 mg) was
added. As a result, the colorless ligand solution turned to
yellow. Aer evaporation of the solvent a yellow mass was
extracted. The solid mass was washed for several time with
water and dried in vacuum. The compound was characterized
by elemental analysis, FT-IR, ESI-MS & NMR spectrometer.
(Yield: 69%). Calcd for C16H11AlClN5O3 (%): C, 50.08; H, 2.89; N,
18.25. Found: C, 49.22; H, 2.50; N, 17.97. IR (400�4000 cm�1):
3375.20(b), 3168(b), 1662(s), 1625(s), 1606(s), 1585(s), 1465(s),
1286(s), 1205(s), (Fig. S20†) 1H NMR (500 MHz, [(CD3)2SO], d)
12.193(s, 1H, NH), 7.867–8.512 (4H, py-H), 6.895–7.212 (4H, Ar–
H). 7.615 (1H, pz-CH) (Fig. S21†) ESI-MS m/z (M + H): 385.0522
(Fig. S2 and S3†).
Live-cell confocal microscopy

Live-cell imaging was carried out using confocal laser-scanning
microscope (Leica TCS SP8) with a UV-laser and 63X/1.4 NA oil
objective equipped with a heated environmental chamber set to
37 �C with optimal CO2 facility. Briey, MCF7 cells seeded on
cover glass bottom dish (Genetix, Biotech Asia Pvt. Ltd.) were
incubated with compounds H2DPC and H2DPC–Al individually
for 6 h. Nuclei were subsequently stained with Hoechst 33342
(Blue) (Sigma). This was followed by live cell confocal
10106 | RSC Adv., 2021, 11, 10094–10109
microscopy. Images were collected and processed using the
Leica soware and sized in Adobe Photoshop 7.0.65

Cell survival assay

MCF7 cells (6 � 103) were seeded in 96-well plate (BD Biosci-
ences, USA) and treated with compound H2DPC–Al at the
indicated concentrations. Aer 72 h treatment, cell survival was
assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Briey, cells were
washed with 1� PBS and treated with MTT reagent (Sigma) for
3 h at 37 �C and the resulting formazan was dissolved in 100 mL
of DMSO. Plates were analysed on Molecular Devices Spectra
Max M2Microplate Reader at 570 nm. The percent inhibition of
viability for each concentration of the compounds was calcu-
lated with respect to the control. Data represent mean values
� s.e.m. for three independent experiments.66

Computational details

In order to get a better understanding of the sensing mecha-
nism, we have carried out Density Functional Theory (DFT)
calculations. All electronic structures and frequency calcula-
tions have been performed using Gaussian 09 (ref. 67) suite of
quantum chemistry program. The DFT functional considered
for the systems under investigation is B3LYP,68,69 in conjunction
with 6-31++G** basis set. The self-consistent reaction eld
(SCRF) method has been implemented using COSMO70,71 to take
into account the effect of bulk solvent medium, considering
dimethyl sulfoxide (DMSO) as the solvent. To interpret elec-
tronic spectra corresponding to the ligand H2DPC and the
complex H2DPC–Al, we have carried out Time Dependent
Density Functional Theory (TD-DFT) calculations using B3LYP
method and basis set 6-31++G**. In order to further validate the
obtained results, we have considered TZVP basis set also in
conjunction with the same method.

Single crystal X-ray crystallography

X-Ray diffraction intensities for the ligand H2DPC was collected
at 100 K on a Bruker D8 VENTURE Microfocus diffractometer
equipped with PHOTON II Detector, with Mo-Ka radiation (l ¼
0.710 73 Å), controlled by the APEX3 (v2017.3-0) soware
package and processed using SAINT. Raw data were integrated
and corrected for Lorentz and polarization effects using the
Bruker APEX III program suite. The structures were solved by
direct methods in SHELXS and rened by full-matrix least
squares on F2 in SHELXL. Crystallographic data are summa-
rized in reference no. 72 and the CIF has been deposited with
the Cambridge Crystallographic Data Centre (CCDC).72
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