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Abstract

A simple probe (Z)-N'-((8-hydroxyquinolin-2-yl) methylene)nicotine hydrazide (8-HQC-NH) has been
synthesized and realized as a “turn-off” fluorescent chemosensor for the detection for Fe3* ion over the
competitive metal ions in ethanol medium. The fluorescent intensity of the 8-HQC-NH probe intensely
illustrated that the “turn-off” selective quenching upon the addition of Fe3* owing to the chelation-
enhanced fluorescence quenching (CHEQ) effect. The probe of 8-HQC-NH exhibited an ample linear
response towards Fe3* concentration rangingbetween 0 to 75 pM with satisfactory lower detection limits
of 7x10™8 M. Furthermore, the developed 8-HQC-NH probe offers many advantages like good
biocompatibility, negligible cytotoxicity, being promising efficient fluorescent probe to recognize Fe3*ions
in living cells. These features explore the way for the design of simple and efficient fluorescent method
for the bio-sensing applications.

Introduction

The rapid and selective sensing of iron(lll) metal ions (Fe®*) is extensively fascinated owing to the
ubiquitous existence of Fe in the ecological and biological systems [1]. Several metal ions playimportant
roles in biological systems and contamination of metal ionsconstitutes an obvious hazardtoward the
environmental system. However, the dishomeostasis of Fe3* ion is hazardous to humans in severe health
disarrays such as skin syndromes, insomnia, and immunity deterioration [2]. Furthermore, the
environmental issues are becoming worsenedwith inorganic pollutants like Fe3*ions due to the prompt
expansion of industries [3]. Hence, the detection of Fe3* ions with high selectivity and sensitivity is a
crucial task [4]. Despite the diverse techniques that have been reported in the literature including UV-Vis
spectroscopy, atomic absorption spectroscopy (AAS) [5], chromatographic [6], potentiometric [7], chemo
luminescence [8] and the polarography detection utilized to detect the Fe3*ions,but however, requires
complex systems and expensive instruments [9-11]. Therefore, development of easily synthesisable
probe for the simple and low cost techniques for the detection of Fe3*ion is highly desirable process [12].

The spectrofluorometric chemosensors employing fluorescent probe is a most versatile technique for the
determination of metal ions including Fed* owing to the affordable cost [13], ease operation techniques,
high sensitivity, prompt response, and easy scrutinizing of target ions [14-17]. Despite substantial results
of fluorescence chemosensors towards the recognition of Fe3*, the selective fluorescent probes are still
remained sporadic owing to their paramagnetic characteristics of Fe3*ion [18] and less solubility nature
of organic fluorescent probes in aqueous solutions [19-22]. Since, the fluorescence responses are rely on
numerous mechanisms [23], the design and development of cost-effective [24], highly selective, and
sensitive fluorogenic probes for the detection of Fe3* ions is still challenging [25-28]. In a current
advancement, the photosensitive chemosensors are depended on diverse sensing mechanisms including,
photo-induced electron transfer (PET), metal-ligand charge transfer (CT), chelation enhanced
fluorescence (CHEF) [29], intramolecular charge transfer (ICT) [30], fluorescence resonance energy
transfer (FRET) [31], and excited-state intramolecular proton transfer (EIPT) [32].
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Amid the CHEQ based sensor exists impel in the competent research field appealing owing to
thechemosensor from the above deliberations [33], Schiff bases derivatives including strong fluorophores
from the simple synthetic steps are the appropriate aspirant toward the sensingof Fe3*ions [34]. Hence,
the present work reports the fluorescent turn-off chemosensor for the Fe3* ion detection with quinoline-
based probe (8-HQC-NH), which is facilely obtained through a readily synthesisable Schiff base reaction
between imine from 8-hydroxyquinoline-2-carboxaldehyde and nicotinohydrazide. The probe was
characterized by ESI-MS and NMR techniques. The fluorescence experiments of selected metal ions
showed a dramatic fluorescence intensity enhancement for Fe3*respect to other cations. This exhibited
that 8-HQC-NH is a deserved probe to sense Fe3* ion and this binding mechanism of 8-HQC-NH with
Fe3*ions was also studied using theoretical studies and the observed results are discussed appropriately.

Determination Of The Limit Of Detection And Binding Constant

The limit of detection was calculated using the formula, 30/s, where o is the standard deviation of blank
solution and slope (s) is derived by the calibration curve. The binding constant was determined from the
fluorescence data employing reformed Benesi-Hildebrand Eq. 1.

1/A1=1/Al 0 + (/K [C]) (1/A1 10y). Here Al = Hi and Al may = lmaglmin (EG. 1)

where |.,;,, |, Imax are the emission intensities of the probe in the absence of Fe3* ion, at an intermediate
Fe3* concentration, and at a concentration of complete saturation where K is the binding constant and [C]
is the Fe3*concentration respectively. The binding constant k calculated from the plot of (Iay-lmin) / (I
lin) @gainst [C] -1 of Fe3* ion [36-37].

2.2. Stock solution preparation

For the preparation of the stock solution, 1x10™2 M concentration was maintained as standard for 8-HQC-
NH and the metal ion solutions in DMSO and double distilled water, respectively. A 25 pM of 8-HQC-NH
was prepared through the dilution of 50 pL of 8-HQC-NH (1x10™2 M) solution into the 2 mL of DMSO and
kept the same concentrations for all the fluorescence analysis [35].

2.3. Synthesis of (Z)-N'-((8-hydroxyquinolin-2-yl) methylene)
nicotinohydrazide (8-HQC-NH)

Synthesis of 8-HQC-NH was prepared as described briefly here. A 1 mmol of nicotinohydrazide (0.0429g)
was added to 20 ml of ethanol solution containing 8-hydroxyquinoline-2-carbaldehyde (0.01 g, T mmol)
and this solution was refluxed at 85 °C for 4h. The completion of the reaction was monitored by thin layer
chromatography and after completion of the reaction, the reactions mixture was cooled down to room
temperature. The organic layer was washed twice with 10 mL of distilled water and then dried over
anhydrous sodium sulfate. Later, this crude mixture was further purified by column chromatography
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(ethyl acetate: Pet ether). Finally, a yellow solid was obtained with 80% yield and the reaction is shown in
Scheme 1.

2.4 Instrumentation

The UV-Vis spectra were recorded on a JASCO-500 spectrophotometer with a quartz cuvette (cell length
T1cm).The fluorescence spectra were recorded with an Agilent Cary Eclipse Fluorescence
Spectrofluorimeter. "H and 3C NMR spectra were recorded on a BRUKER 300 MHz spectrometer using
CDCl; and DMSO0-dg4 as solvent and using TMS as the internal standard. ESI-MS analysis was performed
on the positive and negative ion modes on a liquid chromatography—ion-trap mass spectrometry
instrument (LCQ Fleet, Thermo Fisher Instruments Limited, USA). DFT calculations were performed at the
B3LYP/LANL2DZ (d) level using the Gaussian 09 program. This labour all reagents and solvents were
used as received from commercial suppliers without further purification.

Results And Discussion

The quinoline based chemosensor 8-HQC-NH was synthesized as depicted in Scheme 1. In line with the
research interests of our group to cultivate various probes for the development of new sensors and
catalytic applications, we designed a novel quinoline based probe 8-HQC-NH using 8-hydroxyquinoline-2-
carbaldehyde through the condensation of nicotinohydrazide in ethanol. The as-synthesised probe, 8-
HQC-NH is characterized by "H, "3C-NMR and ESI-MS analyses and the observed data are shown in
Figures S1-S2. Briefly, the structural aspects of this probe exactly matches with NMR and the mass value
of the probe also verified by ESI-MS. Thus, these analytical data confirm the purity of the probe and no
other impurities are present.

3.1. UV-Vis studies of 8-HQC-NH

The UV-Vis absorption spectrum is measured for the as-prepared probe with various metal ions and the
observed data are shown in Fig. 1a. The probe (50 pM) exhibits an absorption band at 292 nm in
aqueous solution owing to the T-t* transition.The addition of Fe3* ion to the solution decreases the
intensity of a predominant UV-Vis band of the probe (292 nm) and produce new absorption band at 340
nm, detailing the occurrence of the strong coordination between the probe and Fe3* ion. The negligible
change in the UV-Vis spectrum is observed for the probe after the addition of other metal ions even in the
presence of Fe3*ion. Furthermore, the intensity of a band in the UV-Vis spectra are gradually increased
upon increasing the concentration of Fe3* ions in the range between 0-90 pM (Fig. 1b), specifying the
formation of the stable coordination complex.

3.2.Fluorescence spectral studies of 8-HQC-NH

The selectivity of the 8-HQC-NH probe has been investigated through the fluorescence studies with the
interfering species including AI**,Cu?*,Cr®*, Zn?*, Hg?*, Mg?*, Ni%*, Cd?*, Mn?*, Co?*, and Fe®* at a
concentration of 25 pM. The acquired fluorescence spectra reveal that the extensive fluorescence
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quenching at 430 nm and a negligible effect is observed with Fe3* ions and the other metal ions,
respectively [Figure 2a]. This result shows that the 8-HQC-NH has respectable selectivity towards Fe3* ion
over the other competing cations, elucidating strong interaction between the functional groups of 8-HQC-
NH and Fe®* ions. The fluorescence spectra of 8-HQC-NH were recorded at an excitation wavelength of
340 nm with a diverse concentration of Fe3*(Fig. 2b), which exhibits a gradual decrement with the

increased concentration of Fe3* ions (0-70 pM). Furthermore, the quenching efficiency is analyzed by
following Stern-Volmer Eq. 2

Eq.: Fo/F=Ksv [Q]+1.......(Eq. 2)

Where F, and F are the intensities of 8-HQC-NH before and after addition of Fe3*, [Q] is the molar
concentration of the Fe3* and Ky, is the quenching constant. The working curve is mapped by (F, - F)/F,
of 8-HQC-NH with the concentration of Fe3* and exhibits a good linear correlation (R?=0.9876) in a
concentration ranging from 0—70 uM were show in (Fig. 3a). From the concentration analysis, the
detection limits of the probe toward the sensing of Fe3* ions was estimated to be 7.0 x 10™8 M, which is
inferior and comparable to those of reported sensors[38-42]. The binding constant of 8-HQC-NH with
Fe3*was found to be 3.6x10™ 3 M~ using the fluorescence titration data (Fig. 3b). The competitive
experiments of 8-HQC-NH toward Fe3* ion were evaluated with an ample range of co-existing metal ions
including AI®*, Cu?*, Cr?*, Zn?*, Hg?*, Mg?*, Ni?*, Cd?*, Mn?* and Co?* at a concentration of 25 pM and
the resulting fluorescence spectra are illustrated in (Fig. 4). The competitive metal ions fluorescence
spectra do not influence any significant quenching in the Fe®* ion spectra and observed identical
fluorescence responses with the co-existing metal ions, which reveals the high selectivity of the probe
towards the sensing of Fe3* ions.Further, the job’s plot analysis also confirmed the interaction between8-
HQC-NH is ratio1:1 (Fig. 5). This binding stoichiometric was further confirmed by ESI-MS data as shown
in Figure S2. When Fe3*ion is added to the probe, a complex is formed with the assistance of anchoring
sites including hydroxyl of quinoline ring, nitrogen of hydrazide moiety. Due to this complexation, the
chelation-enhanced fluorescence quenching (CHEQ) is suppressed. The proposed sensing of 8-HQC-NH
under the present experimental conditions in the present system is based on CHEQ mechanism. This
mechanism takes place from the electron-rich quinoline to hydrazide and the whole process is shown in

Scheme 2. This indicates that only with 8-HQC-NH, strongly binds with Fe3* ion through the formation of
coordination complex has occurred. Similarly, the intensity of the band was decreased and that of the

band at 433 nm is quenched, due to the formation complex between 8-HQC-NH and Fe®* ions. This result
indicates a more efficient coordination of Fe3* ion occurs with the hydroxyl of quinoline ring, the nitrogen
of quinoline moiety, imine nitrogen (C = N) and the nitrogen of hydrazide moiety. Upon addition of Fe3*

ion, the charge transfer was arrested due to the strong complexation of Fe3* with 8- HQC-NH. In addition,

it is well known that Fe3*ion (a soft acid), especially interacts with the nitrogen, and hydroxyl group
according to Pearson's HSAB theory, thus supporting the observed data with this probe for the selective

detection of Fe3* ion.
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Theoretical Studies With Confocal Cell Imaging

The geometry of 8-HQC-NH was optimized using DFT-B3LYP/6-31G level using Gaussian 09 packages.
The chemosensor 8-HQC-NH is the best platform to form a strong complex with Fe3* in 1:1 stoichiometric
manner and this stoichiometric complex was supported by Job's plot analysis. DFT calculations are an
excellent tool for elucidating the sensing mechanism of the chemosensor. Its shows that the
chemosensor has band gap value between the HOMO and LUMO is 2.28 eV and after complex formation,
this energy gap is decreased to 1.04 eV, this reveals the strong binding nature of the chemosensor with
Fe3* ions. In addition, the electrons are lies on quinoline moiety in HOMO and LUMO shows electron
density over all the chemosensor. Moreover, the 8-HQC-NH-Fe3* complex shows more electron density on
metal centre at HOMO and LUMO, thus indicating the strong chelation of chemosensor with Fe3* ions and
the complex may be formed at ground state. The metal unbound state chemosensor shows strong

fluorescence which is attributed to the quinoline moiety and due to more paramagnetic nature of the Fe3*
ions forms a complex with chemosensor to enhance CHEQ leading to the fluorescence quenching(Fig. 6).

The fluorescence imaging experiments were performed to evaluate the sensitivity of chemosensor 8-HQC-
NH to sense Fe®* in Hela cells. The HeL a cells were hatched with 5 uM of chemosensor in DMSO/PBS
buffer (pH 7, 1/49, v/v) at 36°C for 40 min and imaged through laser scanning confocal fluorescence
microscopy at 340 nm excitation (Fig. 7). Initially, HeLa cells were incubated with 5 uM 8-HQC-NH for 5 h
and it shows strong green fluorescence image. The observed fluorescent color imaging significantly
diminished in the presence of 25 pM of Fe3* ion, which elucidates that the 8-HQC-NH probe can be
suitable for the efficient detection of Fe3* ion in biological systems.
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Table 1
Comparison table for the detection of Fe3*with various probes reported in the literature.

S. Probe Metal Detection Application Ref.
No. ion limit
1 Pyridine-pyrazole Fe3* 6.1 x102 Fluorescent “turn-off’ 38
M- sensor
2 3-formyl-9H-hexylcarbazole Fe3* 2.57 x Fluorescent “turn-on” 39
10 4 M sensor
3 2-hydroxy-1-napthaldehyde and 2- Fe3* 20x10-  Fluorescent “turn-on” 40
aminopyridine 5\ sensor
Zn2+
5.0x10°
M
4 6-thiophen-2-yl-5,6-dihydro-benzol4, Fe3* 3.88 x Fluorescent “turn-on” 41
5limidazo[1,2- 10°5 M sensor
clquinazoline
5 2-(N-methylpiperazinylimino) Fe3* 6.9x 10" Fluorescent “turn-on” 42
acetaldehyde 3\ sensor
6 8-HQCNH Fe3* 7.0x10°8 “Tum-off” and Live This
M cell imaging work

Conclusions

In conclusion, this work has designed a simple and readily synthesisable Schiff base of 8-HQC-NH as a
probe for sensing of Fe3*ions and showed as chemosensors with higher selectivity and sensitivity over
the diverse competitive metal ions. The chemosensor probe was characterized by 'H, '3C-NMR and ESI-
MS spectroscopic techniques. The sensing mechanism of this quenched chemosensor was explained by
using DFT analysis which shows that the probe expresses clear CHEQ mechanism and laterthe addition
of the Fe®* jons indicates the suppression of CHEQ quenching was seen at 433 nm. Moreover,
fluorescence imaging testing of 8-HQC-NH in HeLa cells clearly demonstrated that the biocompatible and
low cytotoxicity of this probe provides an effective approach to the selective detection of Fe3*ions in
biological samples. Thus, some of the salient features of this method are bio-compatibility, rapid
response and high selectivity of Fe3* ions in the presence of other competing metal ions. Therefore, the
reported sensor is expected to expand demand in a sensor field as well as in the development of medical
kits.
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Figure 1

a) UV-Visible spectra of 8-HQC-NH (25 pM) in the presence of various metal ions such as Al®*, Cu?*,Cré*,
Zn?*, Hg?*, Mg?*, Ni?*, Cd?*, Mn?*, Co?*, and Fe3* (25 uM) in ethanol. b) UV-Visible spectra of 8-HQC-NH

(25 M) upon the titration with Fe3* (0 to 90 mM) in ethanol.
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Figure 2

a) Fluorescence spectra of 8-HQC-NH (25 uM) in the presence of various metal ions such as AlI®*,
Cu?*,Cri*, Zn?*, Hg?*, Mg?*, Ni%*, Cd?*, Mn?*, Co?*, and Fe3* (25 pM) in ethanol. b) Fluorescence spectra

of 8-HQC-NH (25 pM) upon the titration of Fe3* (0 to 70 mM) in ethanol.
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Figure 3

a) Linear relationship plot obtained from fluorescence titration of 8-HQC-NH (uM) with a concentration of

Fe3* ions (0 to 70mM). b) Benesi-Hildebrand plot, determination of the Binding constant for a probe with
Fe3* jon.
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Figure 4

Competitive experiments of 8- HQC-NH toward Fe®*: red bars represent of various metal ions with an
added into an 8- HQC-NH + Fe3* in ethanol solution and blue bars represent fluorescence intensity of 8-
HQC-NH + Metal ions, Aex 340nm. (25 uM),
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Figure 5

Job’s diagram between 8- HQC-NH and Fe3* ion.
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Figure 6

HOMO and LUMO of (Z)-N'-((8-hydroxyquinolin-2-yl) methylene) nicotinohydrazide (8-HQC-NH) calculated
with DFT/TD-DFT at B3LYP/6-31G (d) level using Gaussian 09.
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Figure 7

Bright field image of (a) 8-HQC-NH and (b) 8-HQC-NH with Fe3* ions, fluorescence images of 8-HQC-NH
and (c) 8-HQC-NH with Fe3* ions (d) Overlay image of 8-HQC-NH and 8-HQC-NH with Fe3* ions in
Ethanol/PBS buffer (pH7, 1/49, v/v) at 36°C for 40 min.
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