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KEYWORDS Abstract A dipodal fluorescent probe 3, with imine and hydroxyl moieties as binding sites, has
Fluorescent sensor; been synthesized and characterized with spectroscopic methods, single-crystal X-ray techniques,
Chakiiom-ndnam fnomes- and DFT. The synthesized probe 3 (¢ = 0.0028) showed highly sensitive and highly specific fluo-
cence enhancement; rescent ‘turn-on’ effect (A.,, = 453 nm) for the 1:1 binding with Fe3* ions to form probe 3.Fe3*
Fe*™; complex (¢ = 0.203) in semi-aqueous medium (acetonitrile:water (50:50; v/v)) and live cells. The
Schiff base; 1:1 binding stoichiometry of probe 3 and Fe*™ ions was proposed by DFT calculations and con-
Live cells imaging; firmed by the NMR spectroscopy, crystal structures of probe 3 and 3.Fe>* complex, and mass spec-

Nanomolar detection trum of probe 3.Fe>* complex. The stability of probe 3.Fe>* complex in a wide pH range (pH 2-12)

and reversibility for binding with Fe*" ions in the presence of EDTA indicates that it can be an
effective chemosensor for the detection of Fe’" ions in various samples, including living cells.
Importantly, with the LOD of 21.5 nM for the detection of Fe** ions, probe 3 did not show
any interference from potentially competing ions even at a 1:3 ratio, indicates its biocompatibility.
The nanomolar limit of detection (21.5 nM), cell permeability, and low cytotoxicity allows the
probe 3 to be an excellent tool for the live-cell imaging and detection of ferric ions in live cells.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Peer review under responsibility of King Saud University. The growth of a simple and highly efficient fluorescent
chemosensor for responsive and discriminatory gratitude of
analytes of ecological and biological uses is a primary objective
for synthetic chemists (Lehn, 1995; Atood et al., 1996; de la
Torre et al., 2013; Beer and Gale, 2001). In recent years, the
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development of highly specific and sensitive chemosensors has
attracted significant interest in detecting heavy metals due to
their importance in environmental, biology, and chemistry
domains (Yin et al., 2019; Li et al., 2016, 2020; Pan et al.,
2017; Reimann et al., 2019; Kaur et al., 2018). Iron is an essen-
tial element as it plays a vital role in living organisms (Zuo
et al., 2019). The Fe’" is an indispensable ion since it is an
essential component of haemoglobin, myoglobin, and various
enzymes (Li et al., 2014). The Fe** plays an essential role in
biochemical signalling pathways, material transportation,
and acts as a coenzyme in the enzymatic metabolism of vita-
min B (Chen et al., 2014). Both the elevated levels and the lack
of Fe** can cause various dysfunctions in the organisms.

The excess intake of Fe*™ can cause a disparity of iron ion
in the blood leading to the oxidative damage to cells, reduced
blood circulation to the heart (Kaur et al., 2016; Li et al.,
2019). Fe** is a crucial element in the biosynthesis and proper
functioning of haemoglobin and myoglobin (Sharma et al.,
2017). Hence, the lack of Fe3* can affect the synthesis of hae-
moglobin and myoglobin. The lack of Fe’" can reduce the
activities of cytochrome C and ribonucleotide reductases
(Rasheed et al., 2015). The enzymes that require Fe*>* as coen-
zyme are also closely linked to the bio-oxidation, tissue respi-
ration, synthesis, and decomposition of neurotransmitters
(Turunen et al., 2004). Therefore, the lack of Fe** can cause
a decrease of immunity, inability in the regulation of the body
temperature, and neurological disorders (Atchudan et al.,
2018; Chen et al., 2017). Hence, it is crucial to develop a
method that is fast and sensitive for the identification and
quantification of Fe* " in living organisms.

According to the recent reports, many methods, with their
advantages and disadvantages, have been used to detect Fe3 ™,
including ion chromatography (Wolle et al., 2014), potentio-
metric stripping voltammetry (Hu et al., 2016), inductively
coupled plasma atomic emission spectrometry (ICP-AES)
(Duan et al., 2003). The fluorescent probe-based method has
received tremendous attention in recent years owing to its easi-
ness to use, low cost, short response time, and prominent
applications in biology and other aspects (Chinen et al.,
2015). Therefore, the development of a highly specific fluores-
cent chemosensor for Fe’" is inevitable. There are several
reports on the probes used to detect Fe* ™ in the previous liter-
ature (Li et al., 2016, 2011; Hanwell et al., 2012). The reported
Fe** fluorescent sensors are known to be fluorescence-
quenched due to the paramagnetic properties of Fe®*. Hence,
these sensors are not beneficial to detecting intracellular Fe* "
due to the intracellular high-throughput signals and interfer-
ences from the background fluorescence (Li et al., 2016;
Mun et al., 2016). Therefore, a fluorescent sensor that demon-
strates fluorescence enhancement upon binding with the Fe**
is highly appreciated (Li et al., 2014).

Herein, as a part of our ongoing research on cation recog-
nition studies, we report on a probe 3 (Scheme 1) containing
two imine bonds and two phenolic hydroxyl groups that func-
tion as a tetra-dentate binding site for the Fe** jons. Based on
Job plots, UV-vis titrations, fluorescence titrations, single X-
ray crystallography, and theoretical calculations, the binding
structure and sensing mechanism of probe 3 were explained.
Fluorescence microscopy studies showed that probe 3 could
be used as a fluorescent sensor for the detection of Fe** in liv-
ing human colon carcinoma (HTC 116) cells.

2. Material and methods

2.1. Reagents and instruments

All reagents were purchased from Sigma-Aldrich (South
Korea) and used as received unless otherwise stated. The reac-
tion was carried out under an argon atmosphere. All reactions
were monitored using thin-layer chromatography (TLC) on
Merck Silica Gel 60 F254 plates to confirm the successful for-
mation 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 spec-
trometer (400 MHz; JEOL, Japan). The chemical shifts (J)
are reported in parts per million (ppm), and the coupling con-
stants (J) are quoted in Hz. UV absorptions and fluorescence
emission spectra were measured on the Shimadzu UV-1800
spectrometer (Shimadzu, Japan) and Agilent Cary Eclipse flu-
orescence spectrophotometer (Agilent Technologies, USA),
respectively. High-resolution mass spectra were obtained on
a JMS-700 MStation Mass Spectrometer (JEOL, Japan). The
mass spectra of 3.Fe’™ 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, Germany).
The X-ray analysis was performed using a Bruker AXS D8
Quest CMOS diffractometer (Bruker, USA). Microplate
Reader was Spectramax Plus 384 from Molecular Devices,
USA, and the Florescent Microscope, Zeiss-ScopeAl, Ger-
many, were used in the present study.

2.2. Synthesis of probe 3

Probe 3 was synthesized using the reported literature proce-
dures (Nimse et al., 2009; Sagasser et al., 2019). As shown in
Scheme 1, a solution of 2-hydroxybenzaldehyde (0.50 g,
4.1 mmol) in ethanol (15.0 mL) was added slowly to a solution
of 4-methylbenzene-1,2-diamine (0.25 g, 2.05 mmol) in ethanol
(15.0 mL) at room temperature. The reaction mixture was stir-
red, refluxed for 3 h, and TLC was performed to monitor the
progress of reaction. The mixture was stirred for an additional
2 h at room temperature upon completion of reaction indi-
cated by TLC. The resulting crude yellow precipitate was
recrystallized from ethyl acetate/hexane (1:2) mixed solvent.
Yield: 89%. '"H NMR (CDCl;, § ppm): 13.19 (s, IH, —OH),
13.13 (s, 1H, —OH), 8.63 (s, 1H, —CH), 8.62 (s, 1H, —CH),
7.39-7.35 (m, 4H, Ar), 7.15 (s, 2H, Ar), 7.06-7.03 (m, 3H,
Ar), 6.93-6.91 (m, 2H, Ar) 2.42 (s, 3H). '>*C NMR: (CDCl;,
o ppm) 163.8, 163.0, 161.6, 161.5, 142.7, 140.1, 138.1, 133.5,
133.3, 132.5, 132.4, 128.6, 120.6, 119.6, 119.5, 119.4, 119.1,
117.8, 117.7, 21.3. HR-EIMS*: m/z = 330.1367 [M]" (calcd
for C21H18N202, 3301368)

2.3. UV—vis and fluorescence spectral measurements

A double distilled water and spectroscopic grade acetonitrile
were used for the preparation of stock and working solutions.
The stock solution of probe 3 (25 x 10~° M) was prepared in
acetonitrile: water (50:50; v/v) binary solvent. The stock solu-
tion of cations (25 x 107> M) were prepared in double-distilled
water. UV—Visible absorption and fluorescence experiments
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were performed to determine the selectivity of the probe 3
towards a series of cations and anions (Na', K, Ag",
Cs+, Ca2+, Cu2+, Mg2+, Ba2+, Pd2+, Ni2+, C02+, Zn2+,
AP", Fe*", Cr’", Fe?", Mn?", CI™, Br—, I, CN~, CH;-
COO7, and ClOy at room temperatures (298 K).

Probe 3 showed selectivity for the detection of Fe” " in the
absorption and fluorescence titrations. Job’s plot analysis was
used to determine the binding stoichiometry of probe 3 with
Fe** ion by UV-Visible absorption and fluorescence spec-
troscopy. A probe 3 was titrated with successive addition of
Fe’* (0.02 mL) in water to a solution of probe 3 (2.0 mL) in
a binary solvent mixture of acetonitrile: water (50:50; v/v) sys-
tem. The collected data were processed using the Benesi-
Hildebrand equation (Benesi and Hildebrand, 1949) to deter-
mine the association constant (K,) of analyte Fe’ " ion with
probe 3. The fluorescence intensity was recorded at A/
Aem = 326/453 nm alongside a reagent blank with the excita-
tion and emission slits set to 5.0 nm.

3+

2.4. Crystal growth for single X ray crystallography

The single crystals of probe 3 were obtained by slow diffusion
of n-hexane in ethyl acetate. However, to obtain the single
crystals of the 3.Fe*™ complex, probe 3 (0.10 g, 0.302 mmol),
Fe(NO3)3-9H,0 (0.135 g, 0.333 mmol) were refluxed with stir-
ring in ethanol (10 mL) for 3 h. Then a slow diffusion of n-
hexane to the mixture at room temperature produced single
crystals of 3.Fe>* complex. A suitable single crystal was care-
fully 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 Ko wavelength fine focus sealed X-ray
tube (A = 0.71073), a single crystal curved graphite incident
beam monochromator, a Photon100 CMOS area detector,
and an Oxford Cryosystems low-temperature device. X-ray
diffraction data were collected at 150 K using ® and ¢ scans
to a maximum resolution of ® = 28.351° (0.65 A). Data
reduction, scaling, and absorption corrections were performed
using SAINT (Bruker, V8.38A). The final completeness is
94.00% out to 28.351° in ®. Multi-scan absorption correction
was performed using SADABS 2016/2 (Krause et al., 2015).
The absorption coefficient p of this material was 0.637 mm™"
at this wavelength (A = 0.71073 A), and the minimum and
maximum transmissions were 0.213 and 0.263. The space
group was determined based on systematic absences using
XPREP (Sheldrick, 2008) as Pbca. The structure was solved
using direct methods with ShelXS-97 and refined by full-

N OH
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o
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Synthesis of probe 3.

matrix least-squares on F2 using ShelXL-2018/3 and the
graphical interface ShelXLE (Rev937) (Sheldrick, 2015). All
non-hydrogen atoms were refined anisotropically. Hydrogen
atom positions were calculated geometrically and improved
using a riding model. Mercury, PyMol, and POVRay were
used for molecular measurements and molecular visualization
(Macrae et al., 2006).

2.5. Effect of pH on the detection of F&* " and reversibility of the
probe 3

The effect of pH (pH = 2-12) on the probe 3 has been exam-
ined both in the absence and presence of Fe*>* ions. The pH
was adjusted by adding Perchloric acid and Tetrabutylammo-
nium hydroxide, respectively, in the HEPES buffered system.
We also examined the reversibility of probe 3, which is a
critical constraint for the fluorescent recognition process. For
reversibility study, a four equivalent of Ethylenediaminete-
traacetic acid (EDTA) was added to the solution containing
probe 3.Fe3* complex obtained by equimolar concentrations.
The reversibility was recorded by alternate additions of one
equivalent of Fe** and four equivalents of EDTA.

2.6. Determination of quantum yield of probe 3 and probe 3.
Fe** complex

The quantum yields (®) of probe 3 and its complexes with
Fe** were measured using the following formula.

2
(ODstandard X Asample X mump/(,>

2
(ODsamplc X Astandard X ”.czam{ard>

(I)samplc = X chtandard

Where A is the area under the emission spectral curve, OD is
the optical density of the compound at the excitation wave-
length, and m is the refractive index of the solvent. The quan-
tum yield of the probe 3 and its complexes with Fe’" was
determined using quinine sulfate (0.578) 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
probe 3, Fe’ ", and Fe*" combined with probe 3 was per-
formed using HCT116 (Colorectal carcinoma cell line). The
HCT116 cells were procured from Korea cell line bank, Seoul,
South Korea. Dulbecco Modified Eagle Medium (DMEM),
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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. The HCT116 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 HCT116 cells per well were seeded in 96 well
plates. After 24 h, the media containing probe 3, Fe’" ion,
and probe 3 with Fe3 ™ (1, 10, 25, and 50 uM) were added to
the wells and incubated for further 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 using a microplate reader to evaluate the
cell viability. Each experiment was executed three times. The
data analysis was performed using the Origin software.

For cell imaging, the HCT116 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 exper-
iments, 10 uM of Fe** ion and 10 uM of probe 3 were incu-
bated separately for 30 min at 37 °C and 5% CO, in the
dark. For cell imaging of the probe 3 and Fe’" complex,
10 uM of Fe** ion was incubated separately for 30 min. Then,
the media was replaced with 10 pM of probe 3 and incubated
for an additional 30 min. The cells were washed with PBS buf-
fer (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 fluores-
cence microscope (Zeiss-ScopeAl, Germany). Images were
taken through a blue (430480 nm) channel.

3. Results and discussion

3.1. Synthesis of probe 3

Probe 3 was synthesized by the reaction of one mole of 4-
methylbenzene-1,2-diamine ~ with  two moles of 2-
hydroxybenzaldehyde in ethanol with stirring and refluxing
for 3 h. The probe 3, a brown-coloured compound, was
obtained with good yield. The synthesized probe 3 was charac-
terized by '"H NMR, '*C NMR, and ESI-MS spectroscopic
methods (Fig. S1-3). The spectral investigation gave consistent
data with the structure of probe 3, and finally, the structure
was confirmed with single-crystal X-ray crystallography. The
crystallographic data are listed in Table S1t, and the selected
bond parameters are shown in Table S21. The CIF files for
probe 3 and probe 3.Fe** complex were deposited in the Cam-
bridge Structure Database with CCDC No 1985816 and
1985819.

3.2. Detection of Fe>* by probe 3

The binding performance of probe 3 for the cation recognition
was monitored by using the UV-visible absorption and fluo-

rescence spectroscopy. The absorption and fluorescence prop-
erties of probe 3 were studied in acetonitrile:water (50:50; v/v)
binary solvent upon addition of various cations such as Na™,
K+, Ag+, CS+, C3.2+, CuH, Mg“, B‘d2+, Pd2+, Ni2+,
Co*™, Zn?", APT, F3*, C37, Fe? ™, Mn™, CI, Br—, I,
CN~, CH5COO™, and ClOy . The probe 3 showed two maxima
bands (Fig. 1a) in the absorption spectra at 253 nm and
326 nm corresponding to the n-n* and =n-m* transitions,
respectively.

The addition of one equivalent Fe* " ions to the solution of
probe 3 resulted in the increased absorbance at 326 nm, along
with the formation of a new peak at 292 nm. However, the
absorption spectra of probe 3 did not show significant changes
in the presence of other cations. The existence of keto-amine
tautomerism within a molecule can be determined by UV-vis
spectroscopy. Keto-amine isomerism of a Schiff-base can be
acknowledged if there is a formation of a new band at a higher
wavelength (generally >400 nm) in polar solvents (Hayvali
and Yardimeci, 2008). However, in the probe 3.Fe** complex,
a new band formation over 400 nm was not observed, indicat-
ing the absence of keto-amine tautomerism. The increase in
absorption, at 292 nm and 326 nm in the presence of the
Fe*™ ions, clearly indicate the selectivity of probe 3 for Fe’*
ions.

The fluorescence spectroscopy measurements were also per-
formed to evaluate the ability of probe 3 for the recognition of
other cations. As shown in Fig. 1b, the probe 3 showed weak
fluorescence (Aex = 326 nm, Aoy, = 453 nm). The weak fluores-
cence signals were attributed to the conformational flexibility
due to the C=N double bond and the photo-induced electron
transfer (PET) process that occurs at the excited state. As pre-
sented in Fig. 1b, the probe 3 showed a highly selective ‘Off-
On’ fluorescence increase at 453 nm upon the addition of
equimolar Fe®" ions. Whereas, there was an insignificant
change in the fluorescence emission spectra of probe 3 upon
the addition of equimolar Na®, K™, Ag", Cs™, Ca’t,
Cult, Mg®", Ba®*, Pd®*, Ni2*, Co**, Zn®*, APY, Fe*",
Cr’*, Fe**, Mn**, CI", Br, I, CN", CH;COO", and
ClO4™ ions. The increase in fluorescence intensity of probe 3
in the presence of Fe’" at 453 nm is attributed to the large
chelation-induced fluorescence enhancement (CIFE) effect
(Ganguly et al., 2013). Therefore, the selectivity of the probe
3 for the Fe* " ions was confirmed by the marked increase in
the fluorescent intensity.

The Schiff base probes obtained by wusing o-
phenylenediamines various benzaldehydes have been reported
to show selectivity for Mg>" ions (Taherpour et al., 2018;
Hariharan and Anthony, 2014) in the organic solvents. The
selectivity of chemosensors highly depends on the solvent sys-
tems, and this dependency can be used for the desired applica-
tions (Xie et al., 2018; Yao et al., 2017). In the present study,
probe 3 was developed for the possible applications in live-cell
imaging. Hence, the aqueous solvent system was used for the
selectivity study.

3.3. Binding mechanism and association constant

The Job’s plot continuous variation method was employed to
evaluate the binding stoichiometry of probe 3 with Fe*" ions
using UV-visible absorption and fluorescence spectroscopy.
The molar ratio of the metal ions was changed from 0.1 to



A highly selective fluorescent probe for nanomolar detection

8701

1.0 —3 zn?
(@) SHAE el ——Na* — AP
— K+ FeS*
0.8- ——Ag" —Cr*
——Cs* ——Fe?*
® ——Ca®* Mn?*
2 06 —Cu® cr
S — Mg?* Br
° —Ba® ——T
3 04 3Fer  —pa —on
< / Ni2* AcO"
——Co?* ——Clo,”
0.2 ——HSO,
0.0l T T . : )
250 300 350 400 450 500

Wavelength (nm)

Fig. 1

(b) 300

250 -

200 -

150 -

100 4

Fluorescence Intensity (a.u.)

a
o
1

o
L

375 400 425 450 475 500
Wavelength (nm)

525 550 575

(a) Changes in absorbance spectrum of probe 3 (25 x 10~¢ M) upon the addition of various metal ions (25 x 107° M) and (b)

Changes in absorbance spectrum of probe 3 (25 x 10~¢ M) upon the addition of various metal ions (25 x 107® M) in the mixture of
acetonitrile: water (50:50; v/v). Inset shows the colour change of the solutions from colourless to pale yellow and fluorescence ‘turn-on’

effect.

1.0 by keeping the total concentration of probe 3, and Fe' "
jons at 25 x 107° M. The absorption maxima (A = 326 nm)
was observed when the molar ratio of the probe 3 to Fe®™
was 0.5, indicating the formation of a 1:1 (3.Fe*") complex
(Fig. S4aft).

Similarly, the maximum fluorescence intensity (Aex = 326
nm, Aem = 453 nm) was observed when the molar ratio of
probe 3 to Fe*" was 0.5, further confirming the formation
of 1:1 (3.Fe*") complex (Fig. S4bt). The possible binding
mode of the probe 3 with the Fe*" ions is through the coordi-
nation of two nitrogen atoms (N) of the azomethine moieties
and two oxygen atoms (O) of the phenolic hydroxyl groups
(Fig. S5t). Further, the formation of 1:1 (3.Fe**) complex
was also confirmed by the MALDI-TOF mass spectrometry
(Fig. S6). Therefore, probe 3 is considered as a tetradentate
probe. The probe 3 (2.0 mL) was titrated with successive addi-
tion of Fe*" (0.02 mL) in the acetonitrile: water (50:50; v/v)
mixed solvent system to measure the association constant
(Ka). The association constant has been measured by using

( ) 1.0 - 301y=5.91055E-5x + 2.36487

25/R?=0.9962
320
0.8 5

<
<
S0 //
§ 0.6 L
_g 1 1x10° 2x10° 3x10° 4x10° 5x10°
5 1[Fe3*]
2 b
< 04+ 200 pL

0.2

0.0~ T T )
250 300 350 400 450 500

Wavelength (nm)

Fig. 2

N

Both the UV-visible absorption and fluorescence spectroscopy
(Fig. 2). Both the UV-visible absorption and fluorescence data
were processed using the Benesi-Hildebrand plots (Eq. S1f,
S21). The K, values for the binding of Fe** ions to the probe
3 by UV-visible absorption and fluorescence spectroscopy
were found to be 4.0 x 10* M~! and 2.7 x 10* M~1, respec-
tively. These results indicated that the probe 3 has a high bind-
ing affinity for Fe* .

3.4. NMR spectroscopy, density functional theory (DFT)
calculations, and X-ray crystal structure

The '"H NMR was employed to investigate the binding mech-
anism further using acetonitrile d5:D,0O (1:1) mixture (Fig. 3a—
b). The '"H NMR of probe 3 recorded in acetonitrile d5 shows
the phenolic —OH protons to appear at 6y 13.13 and 13.19.
However, in acetonitrile ¢5:D,0 (1:1) mixture, the phenolic
—OH protons showed up-field shift (Fig. 3b, the upfield region
not shown, from 613.13 and 613.19 to §3.17 ppm). The upfield

300 - 0.057y = 1.15482E-7 x + 0.0031

250 -

200

0 1x105 2x10° 3x10° 4x10° 5x10°

150 11[(Fe3*]

200 pL
100 -

Fluorescence Intensity (a.u.)

3.}
o
L

350 400 450 500 550 600
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(a) UV-vis absorption and (b) emission spectra of probe 3 (¢ = 25 x 107% M) up on successive addition of Fe*" (0-200 uL,

¢ = 25 x 107 M) in acetonitrile:water (50:50; v/v) binary mixture. Inset shows (a) absorption at 326 nm and (b) fluorescence intensity at
453 nm (hex = 326 nm) as a function of increasing Fe* concentration.
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shift of —OH protons was attributed to the presence of due to
D,O in the mixture. The signal of —OH (15.13 ppm) also
became broad on the addition of Fe*" because of the param-
agnetic nature of Fe*" ion. It is interesting to notice that the
imine C-H protons (g 8.75, 8.76) does not show any change
in the presence of added D,0O. This point outs a shift of a nitro-
gen lone pair in the direction of the metal ions.

By the addition of 1 and 2 equivalents of Fe*" to the ace-
tonitrile d5:D,0 (1:1) mixture containing probe 3, the phenolic
—OH (ii) protons and imine C—H protons (i) showed marked
downfield shift of Ady = 2.75 and Ady = 1.21 (Fig. 3c—d),
respectively. These results supported the initial assumption
that the probe 3 forms a complex with the Fe’" ions are
through the coordination of two nitrogen atoms (N) of the
azomethine moieties and two oxygen atoms (O) of the phenolic
hydroxyl groups (Fig. S57).

The binding mechanism of Fe*" ions to probe 3 was fur-
ther investigated by the density functional theory (DFT). A
possible 3D structure of the 3.Fe** complex was calculated
by the DFT method using the 1:1 binding stoichiometry
between probe 3 and the Fe* " jons. Density functional theory
(DFT) calculations were carried out using Gaussian 09. The
molecular geometries of the singlet ground state of probe 3
and the 3.Fe>* complex were optimized using hybrid B3LYP
functions with a 6-31G+ +(d,p) (C, H, N, O) and LANL2DZ
(Fe) basis sets (Xu et al., 2013). Avogadro 1.2.0 was used to
obtain the HOMO, LUMO results, and information for bond
length and bond angles (Chereddy et al., 2014). The DFT com-
puted structure of the probe 3 and 3.Fe*" complex are shown
in Fig. 4a. The optimized structure of the probe 3 showed weak
intramolecular hydrogen bonds with the lengths of 2.306 A
(N;---Hjp) and 2.348 A (N5 - -H») (Fig. 4a). The weak hydro-
gen bonding interactions complement well with the phenolic-
OH peaks in the downfield region of "H NMR spectra at Sy
13.13 and 13.19 (Fig. S17).

Probe 3 provides a binding site to accommodate the Fe®*
ions through the two azomethine-N and two phenolate-O
donor atoms. The DFT optimized structures of probe 3 and
its complex with Fe®" have affirmed that the probe 3 acts as

a tetradentate probe for coordination with Fe** ions. Upon
complexation with Fe™", the interaction energy (Eine = Ecom-
pleX'EProbe'E%:) is lowered by —150.09 kcal/mol, indicating the
formation of a stable complex. The increase in absorbance and
the fluorescence enhancement was complemented by the drop
in the energy difference between the highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of probe 3 (Fig. 4b-c).

The single-crystal X-ray crystallography data of probe 3
and its complex with the Fe*" ions also supported the initial
assumption that the probe 3 coordinates with Fe®" ions
through the two nitrogen atoms (N) of the azomethine moi-
eties and the two oxygen atoms (O) of the phenolic hydroxyl
groups (Fig. 5a-b). Crystal data collection and structure refine-
ment details are presented in Table S17, and the selected bond
parameters are shown in Table S2}. The crystal structure of the
probe 3 showed weak intramolecular hydrogen bonds with the
lengths of 1.857 A (N;---H;o) and 1.843 A (N -Hag)
(Fig. 5a). Hydrogen bonding of the phenolic —OH was a
major beneficial attribute in cation recognition. Invariably,
the phenolic hydrogen atoms formed an intramolecular hydro-
gen bond with the N atoms of the imine groups, giving a six-
member ring. This communication was typically characterized
in terms of phenolic oxygen to imine nitrogen separation (Patil
et al., 2014). In the free receptor structure, the molecular
involvement was via intramolecular hydrogen bonding. How-
ever, the chelation in the presence of Fe’* show enhanced flu-
orescence intensity due to the intramolecular charge transfer
(ICT) process (Torawane et al., 2017).

The crystals of 3.Fe>* complex were grown in ethanol by
slow diffusion of n-hexane (Fig. 5b). The crystal structure
was found to be a mononuclear complex that was in the
orthorhombic crystal system with space group Pbca. Probe 3
formed a mononuclear complex with Fe’* ions through the
two nitrogen atoms (N) of the azomethine moieties and the
two oxygen atoms (O) of the phenolic hydroxyl groups. How-
ever, there is a disorder of the methyl group of the probe 3 in
the 3.Fe*" complex, and it extends into the remainder of the
ligand. The probe 3 in the complex is disordered by a
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(b)

Fig. 4

(a) DFT optimized structures of probe 3 and its complex with Fe*™ by hybrid B3LYP functions with a 6-31G+ +(d,p) and

LANL2DZ basis sets. The LUMO’s (b) and HOMO’s (c) illustrations of probe 3 and its complex with Fe**.

Fig. 5
ellipsoids, H atoms omitted for clarity).

pseudo-mirror operation that places the methyl group in the
two possible alternative positions. The methyl disorder induces
a slight shift of the entire probe 3, and whole probe disorder
modeling was required. The two disordered moiecties were
restrained from having similar geometries. Phenolate O atoms
were excluded from the disorder. Phenolate C atoms, as well as
C7, Cy5, and the N atoms were constrained to share ADPs with
their counterparts created by the pseudo-mirror operation. Uij
components of ADPs for disordered atoms closer to each other
than 2.0 A were restrained from being similar. Subject to these
conditions, the occupancy ratio was refined to 0.569(7) to
0.431(7).

Both metal coordinated ethanol molecules are disordered
(two and three-fold, respectively). All ethanol moieties were
restrained from having similar geometries. Ethanol O-H seg-
ments were excluded from the disorder. Uij components of
ADPs for disordered atoms closer to each other than 2.0 Ang-
strom were restrained from being similar. Subject to these con-
ditions, the occupancy rates refined to 0.547(3), 0.343(3), and
0.110(3) for the segment of O3, and to 0.697(8) and 0.303(8)
for the segment of O4. Water and ethanol -H atom positions
were refined, and O-H distances were restrained to 0.84(2)
Angstrom, respectively.

Single X-ray crystal structure of (a) probe 3 (50% probability ellipsoids) and (b) probe 3.Fe** complex (50% probability

The bond lengths between the Nj---Fe*™, Ny---Fe’™,
O, --Fe*", and O, --Fe’™ were found to be 2.103 A,
2.090 A, 1.892 A, and 1.892 A, respectively. The two molecules
of solvent ethanol were also coordinated with Fe’" ions
through oxygen atoms at the 90° angle to the plane of the
probe 3.Fe** complex. These results indicated that the probe
3 forms a 1:1 complex with the Fe* " ions. Further, the crystal
structure of the probe 3.Fe** complex confirmed that probe 3
acts as a tetradentate probe for coordination with Fe* " ions.

. I .
3.5. Probe 3 as a chemosensor for Fe&** ions in aqueous media

Highly specific and sensitive detection of the target analyte in
the presence of the potentially competing analytes is an impor-
tant criterion for any compound to be a chemosensor. There-
fore, the specificity of probe 3 for Fe’" was determined in a
competition experiment by recording the fluorescence spectra
of probe 3 in the presence of Fe** (1 equiv.) ion mixed with
other cations (1 equiv.). The results of the competition exper-
iments are presented in Fig. 6.

The fluorescence spectra of probe 3 did not show significant
variation as compared to the same amount of Fe** in solution
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Fig. 6 Competitive study of probe 3 with Fe>" in the absence and presence of three equivalents of other metals ions (Aex = 326 nm,

Aem = 453 nm).

with and without three equivalents of other cations. The coef-
ficient of variation in the percent change of fluorescence inten-
sity was below +10%. These results indicated that the probe 3
recognizes Fe’" ions without any interference from other
potentially competing cations. Therefore, the high selectivity
and specificity of probe 3 for Fe*" ions make it a suitable
chemosensor for the analytical applications in the real sample
analysis. The fluorescence intensity at 453 nm was plotted at
various concentrations of Fe®" ions to obtain a calibration
plot (Fig. S7f). The LOD = 3g/slope, and IUPAC approved
equation was used for the determination of limit of detection
(LOD) (Long and Winefordner, 1983). Where © is the stan-
dard deviation of (n = 10) blank samples, and LOD was
found to be 21.5 nM. The probe 3 detects Fe** ions with
the LOD lower than that of the recommendations by WHO
in potable water (21.5 x 107 M vs. 5.36 x 10~° M). Further,
in comparison to the various reported methods (Table S37),
the sensing capability of the probe 3 for Fe** jon designated
that the fluorescence assay presented here is sensitive, selective,
and facile.

3.6. Effect of pH on the detection of F&>* and reversibility of the
probe 3

The effect of pH on probe 3 has been tested both in the
absence and in the presence of Fe’" ions (pH 2.0-12.0) as
shown in Fig. 7a. The emission intensity (Aey, = 453 nm) of
the probe 3 did not show significant change with change in
pH. However, in the presence of Fe*> ions in the equimolar
ratio, the emission intensity (Aem = 453 nm) of probe 3.Fe3*
complex has changed considerably with the change in pH
value. The emission intensity of the probe 3.Fe** complex is
significantly high at pH 2.0-6.0 than pH 7.0 at which all other
experiments were carried out. The increase in pH value showed
a significant decrease in the emission intensity of the probe 3.
Fe’" complex.

These pH-dependent studies indicate that the interactions
of the Fe* " ions with probe 3 are pH dependant. The decrease
in emission intensity with the increase in pH indicates that the
Fe** ions are released from the complex, perhaps due to inter-

action with increased “OH concentration. Nevertheless, the
probe 3, when complexed with Fe*" ions, showed significant
fluorescence intensity at pH 7.0, indicating the fact that the
probe 3 could be employed for biological applications to detect
the intracellular Fe** jons.

The reversibility of chemosensors is an essential character-
istic for adjudicating its ability for various applications. The
reversibility also indicates the stability of the probe and its
complex with metal ion during in vitro studies. Probe 3 was
evaluated in a reversibility test in the presence of Fe’" ions
and EDTA, as shown in Fig. 7b. The emission spectra of probe
3 have been recorded with one equivalent of Fe* " showing the
high emission intensity indicating the formation of probe 3.
Fe** complex. Upon the addition of four equivalent of
EDTANa, to the solution, the emission intensity significantly
decreased. The quenching in intensity in the presence of
EDTANa, indicates that it seizes the metal ion from the 3.
Fe3* complex and liberate the free probe 3. The addition of
one equivalent of Fe’>" jon to the solution causes emission
enhancement, which was quenched by adding another four
equivalents of EDTA. This cycle of reversibility repeats several
times. These results indicate that the probe 3 is reversible for
Fe** ion binding. However, the requirement of four equiva-
lent EDTA to significantly quench the fluorescence intensity
indicates that the probe 3 forms a stable 3.Fe>* complex.

3.7. Quantum yield of probe 3 and probe 3.Fe*™ complex

Quantum yields of probe 3 and its complex with Fe’" have
been determined using quinine sulfate as a standard. The
quantum yield of the probe 3 is minimal (¢ = 0.0028). The
quantum yield of probe 3 increases 72.5 folds in the presence
of Fe*" ions to form probe 3.Fe*" complex (¢ = 0.203).

3.8. Cytotoxicity and cell imaging application of probe 3 for
Fe*" ions

Probe 3 was used to detect Fe* " in living HTC 116 cell lines to
explore its biological applications. The MTT assay allowed to
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v/v) binary mixture. Fluorescence spectra were recored using Ao, = 326 nm and Ao, = 453 nm.

estimate the cytotoxicity of probe 3, Fe*", and probe 3.Fe**
complex after exposure of cells to the concentrations of 1,
10, 25, and 50 uM for 24 h with DMSO as a control. As
depicted in Fig. 8a, 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 treat-
ment at 1-25 pM of the probe 3, Fe* " ions, and the probe 3.
Fe** complex, as shown in Fig. 8a. However, upon treatment
at 50 uM of probe 3 and probe 3.Fe®* complex, the 20%
decrease in cell growth was observed. Hence, for cell imaging
applications, a concentration of 10 uM of probe 3 was chosen.

Upon incubation of cells with Fe* " ions (10 pM), the cells
showed non-significant fluorescence, as shown in Fig. 8b.
However, upon incubation with probe 3 (10 uM) only, very
weak fluorescence was observed. However, the fluorescence
intensity was increased upon incubation of cells with probe 3
in the presence of the Fe* ™ ions (Fig. 8b). These results indi-
cated that the probe 3 has a high potential in the biological
applications to detect Fe* " in an in vitro assays.
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4. Conclusion

In summary, a novel tetradentate probe comprising two nitro-
gen atoms (N) of the azomethine moieties and two oxygen
atoms (O) of the phenolic hydroxyl groups was designed and
synthesized using a simple Schiff base condensation reaction.
The synthesized probe showed a highly sensitive and highly
specific fluorescent ‘turn-on’ effect (A.,, = 453 nm) for the
1:1 binding with Fe*" ions in a semi-aqueous medium (ace-
tonitrile:water (50:50; v/v)) and living cells. The 1:1 binding
stoichiometry of probe 3 and Fe*' ions was proposed by
DFT calculations and confirmed by the NMR spectroscopy,
crystal structures of probe 3 and 3.Fe** complex, and mass
spectrum of probe 3.Fe3™ complex. The reversibility of probe
3 for binding with Fe*" ions in the presence of EDTA indi-
cates that it can be an effective chemosensor for detecting
Fe’" ions in various samples, including living cells. Impor-
tantly, with the LOD of 21.5 nM for detecting Fe3™ ions,
probe 3 did not show any interference from potentially

(b)

Control 3 Fed* 3 + Fe¥*

-
a? o #3

(a) Cytotoxicity assay of probe 3, Fe’ ", and probe 3 + Fe®* on the HTC 116 cells after 24 h, (b) bright-field images (top row),

green channel (middle row), and red channel (bottom row) of cells incubated with control, probe 3, Fe*", and probe 3 + Fe’™.
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competing ions even at a 1:3 ratio, indicates its biocompatibil-
ity. Finally, the probe 3, with excellent cytocompatibility and
cell permeability, was successfully applied for monitoring the
Fe** ions in the live HTC 116 cells.
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