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A new diformyl phenol based chemosensor
selectively detects Zn®* and Co?* in the
nanomolar range in 100% aqueous medium
and HCT live cells¥
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In this manuscript, we present a chemosensor, 4-methyl-2,6-bis-[(2-pyridin-2-yl-ethylimino)-methyl]-
phenol (Hmpye), for selective detection of Zn®* and Co?* in 100% aqueous medium. The active
component of the sensor is the Schiff base condensation product between 4-methyl-2,6-diformyl-
phenol and 2,2-pyridyl ethylamine and the resultant moiety is ESIPT (excited-state intramolecular proton
transfer) active via imine nitrogen and phenolic OH. The absorption and emission spectral investigations
have been carried out extensively for the sensing system which showed that Hmpye is able to sense
Zn?* by fluorescence turn-on and Co?* by fluorescence turn-off. Apart from Job's plot and ESI-MS
studies, the single crystal X-ray diffraction study has been utilized to ascertain the 1:2 ratio of the
sensor: Zn?* ensemble. The detection limits for Zn?* and Co®* are 4.683 x 107° (M) and 7.591 x 1072 (M),
respectively. The sensing capability of Hmpye has also been checked in HCT live cells. The potential of the
work has been demonstrated by the fact that nanomolar detection of Zn?* and Co?* from 100% aqueous
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1. Introduction

Schiff base chemosensors represent an important niche in the
field of sensing." Among different analytes, Zn>" and Co®" play
critical roles in various biological processes, whereas their
excess accumulation or deficiency could lead to serious health
conditions in human beings. Zn>" is the most abundant essen-
tial trace element and participates in a wide range of cellular
functions of the body, such as acting as a cofactor of carbonic
anhydrase and zinc-finger proteins (ZNFs), DNA synthesis, RNA
transcription, regulation of metalloenzymes, neurophysiology,
and apoptosis.” Apart from that, our brain registers the highest
concentration of Zn>" (150-300 nM) and thus it plays a signi-
ficant role in synaptic transmission.® Natural and anthropo-
genic sources like volcanic eruptions and mining are the ways
by which zinc is released in the environment. Consumption of
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vegetables and fruits grown in zinc contaminated areas poses
a threat of overaccumulation of zinc in the human body.**?
A minute imbalance of Zn** in the human body can lead to
serious diseases like diabetes, neurodegenerative disorders
(Alzheimer’s disease), and certain types of cancer.*”

The available analytical techniques for Zn>* determination
include atomic absorption spectrometry,” inductively coupled
plasma mass spectrometry (ICPMS),® and inductively coupled
plasma atomic emission spectrometry (ICPAES),” but they are
not operative in situ and in real time, especially in the biological
systems of live cells.?

On the other hand, Co*" is a naturally occurring element in
the Earth’s crust, water, animals and plants and it is present
in almost all cellular organisms, such as the liver, bones and
kidneys, and takes part in the signaling process.” Co*" is the
chief component of vitamin B12 and other cobalamines and
plays an important role in the metabolism of iron and synthesis
of hemoglobin." The excess accumulation/deficiency of cobalt
causes delayed growth, anemia, loss of appetite, decreased
lactation, heart disease, lung damage, asthma, pneumonia
and thyroid enlargement.'"*® Co*" exposure mainly originates
from hard metal, diamond polishing, porcelain, chemical, and
pharmaceutical industries.'>"?

Instrumental methods for sensing Co>* include'” inductively
coupled plasma atomic emission spectrometry (ICPAES),"® atomic
absorption spectroscopy,'® and electrochemical methods.*
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Scheme 1 Scheme for the synthesis of the ligand (Hmpye) in complex 1.

However, these methods require sophisticated equipment, tedious
sample preparation procedures, large sample volumes and trained
operators which are costly and not suitable for on-site experi-
mentation. In comparison, colorimetric/fluorimetric chemosensors
provide high selectivity and sensitivity of analyte sensing, fast
response, and real-time measurement facility and require less
expensive instrumentation.>">*

In view of the above considerations, precise determination
of Zn** and Co®" is highly important for the mankind and
chemosensors have significantly contributed in this area. In this
paper we have designed a diformyl phenol based chemosensor,
4-methyl-2,6-bis-[(2-pyridin-2-yl-ethylimino)-methyl]-phenol
(Hmpye), produced from 4-methyl-2,6-diformylphenol and
2,2-pyridyl ethylamine (Hmpye sketched in Scheme 1) for
selective detection of Zn** and Co®" in 100% aqueous solution.
We have made a comparison of recently reported chemo-
sensors that can sense Zn**+ Co®" as well as Zn>*/Co>" in the
literature'®“?? (Table S5, ESIT) which revealed only two chemo-
sensors for simultaneous detection of Zn** and Co** from 100%
aqueous solution in the micromolar range. Interestingly, our
reported system can sense Zn>" and Co>" from 100% aqueous
solution in the nanomolar range.

2. Experimental section

2.1. Materials and physical methods

2,2-Pyridyl ethylamine, ZnCl,, CoCl, and HEPES buffer were
purchased from Sigma-Aldrich. The buffer was prepared using
triple distilled water. The solvents used for spectroscopic
studies and for the syntheses were purchased from commercial
sources and used as received. Powder X-ray diffraction (PXRD)
patterns were acquired using a PANalytical X’Pert PRO diffracto-
meter (The Netherlands) operated at 40 kv and 30 mA with
graphite monochromatized Mo Ko radiation of wavelength =
0.71073 A and a nickel filter. Elemental analyses for C, H and N
were performed on a PerkinElmer 2400 II analyzer. The FT-IR
spectra were recorded from KBr pellets in the range of 400-
4000 cm ' on a PerkinElmer Spectrum 100 spectrometer.
"H and C NMR spectra were recorded in dg-DMSO with TMS
as the internal standard on a Bruker AV 300 Supercon Digital
NMR system. The ESI-MS spectra were recorded on a Qtof Micro
YA263 mass spectrometer. A Systronics digital pH meter (model
335) was used to measure the pH of the solution and the
adjustment of pH was done using either 50 mM HCI or NaOH
solution. The absorption and emission spectra were recorded
on a Hitachi UV-Vis U-3501 spectrophotometer and a PerkinElmer
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LS55 fluorimeter, respectively. Time-resolved fluorescence life-
time measurements were performed with a Horiba Jobin Yvon
Fluorocube-01-NL time-correlated single photon counting
(TCSPC) set-up employing a picosecond delta diode (DD-375L)
operating at Ae, = 375 nm and a repetition rate of 1 MHz as the
excitation source. The overall temporal and spectral resolution
of the instrument was ~60 ps. The average fluorescence
lifetimes (7,.g) were calculated from the decay times and pre-
exponential factors using the following equation:

Z Oli‘fiz

Tavg = Z o,

where o; is the pre-exponential factor corresponding to the ith
decay time constant, 7.

For the titration experiment, we used the cations, viz. [Li,
Na*, K+, Ca2+, Mg2+’ Mn2+, Ba”, Cu2+, Ni2+, C02+, F62+, Fe3+,
Zn*", cd*', Hg>", Pb*", Sr** and Cr’"], as their chloride salts and
the nitrate salt of AI** was used. The fluorescence quantum
yield () was determined using the quinine sulphate (®g)
reference using the following equation:

AS AbSR 1’]32

bg = Pp——
s RAR x Ast ><1’]R2

where the A terms denote the integrated area under the fluores-
cence curve, Abs denotes the absorbance, 7 is the refractive
index of the medium and @ is the fluorescence quantum yield.
Subscripts S and R denote the respective parameters for the
studied sample and reference, respectively.

2.2. Synthesis and characterisation

Synthesis of the ligand 4-methyl-2,6-bis-[(2-pyridin-2-yl-
ethylimino)-methyl]-phenol (Hmpye). The synthesis of 4-methyl-
2,6-diformylphenol  (2-hydroxy-5-methyl-benzene-1,3-dicarb-
aldehyde) was carried out by modifying a previously published
literature procedure.*** 4-Methyl-2,6-diformylphenol (0.328 g,
2 mmol) was dissolved in methanol, followed by the dropwise
addition of methanol solution of 2,2-pyridyl ethylamine (0.488 g,
4 mmol) with constant stirring for 30 min. The resulting reaction
mixture was refluxed for 6 h. The solution was then cooled to
room temperature, concentrated on a rota-evaporator to get
(93%) an oily yellow liquid compound which was recrystallized
from methanol for purification and used throughout the experi-
ment and characterization. Anal. caled. for C,;H,,N,O: C,
74.17; H, 6.49; N, 15.04; found: C, 74.16; H, 6.48; N, 15.05;
"H NMR (300 MHz, DMSO-dg) 8y: 13.67 (1H), 8.43 (s, 2H), 7.62-
7.56 (m, 2H), 7.35 (s, 2H), 7.18 (d, J = 7.8 Hz, 2H), 7.14-7.09 (m,
2H), 3.86 (t, ] = 6.9 Hz, 4H), 2.98 (t, J = 7.1 Hz, 4H), 2.11 (s, 3H);
3C NMR (300 MHz, DMSO-dg) d¢: 160.6, 159.1, 158.7, 148.6,
135.9, 131.8, 125.9, 122.9, 121.0, 120.3, 58.3, 38.2, 19.4 (Fig. S1,
ESIT); selected FT-IR data (KBr, cm ) Yom) = 3434.29 cm™,
Uc—n) = 1603.98 cm ™' (Fig. S2, ESI+). ESI-MS m/z, ion: 373.1802,
[Hmpye + H]', C,3H,5N,O (Fig. S3, ESI{).

General procedure for the syntheses of complexes 1 and 2. The
two metal complexes were synthesized using the following general
procedure: Hmpye (0.372 g, 1.0 mmol) was dissolved in methanol
(10 mL). MX, (M = Zn and Co, X = Cl) was added to this solution.
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The reaction mixture was refluxed for 4 h to afford a clear solution
and then the solution was filtered off. The filtrate was kept aside
undisturbed for slow evaporation. After about two days, single
crystals, suitable for X-ray diffraction analysis (except for M = Co
and X = Cl), were isolated. Specific details of each reaction and the
characterization data for these complexes are given below.

[Zn,(mpye)(Cl);] (1). Quantities: Hmpye (0.372 g, 1.0 mmol),
ZnCl, (0.272 g, 2 mmol). Yield: 85%. Anal. caled for Cy3H,;-
N,OZn,Cl; (608.59): C, 45.39; H, 3.81; N, 9.21; found: C, 45.38;
H, 3.82; N, 9.20. FT-IR (KBr, cm ™ '): yon) = 3434.18 cm ™', v =
1648.35 cm ™" (Fig. S2, ESI¥). ESI-MS m/z, ion: 568.9149, [(mpye) +
(Zn), + (CI),]", C3H,3N,0Zn,Cly; 586.9397 [(mpye) + (Zn), + (CI), +
H,0]', C,3H,5N,0,Zn,Cl, (Fig. S3, ESIY).

[Co,(mpye)(Cl);] (2). Quantities: Hmpye (0.372 g, 1.0 mmol),
CoCl, (0.259 g, 2 mmol). Yield: 92%. Anal. caled for C,3H,3N,0-
Co,Cl; (595.68): C, 46.37; H, 3.89; N, 9.41; found: C, 46.38; H,
3.88; N, 9.40. FT—IR (KBr, cm ™ '): yom) = 3434.12 cm ™, vc—n) =
1656.59 cm ™" (Fig. S2, ESIt). ESI-MS m/z, ion: 594.1738, [(mpye) +
(Co), + (Cl)s+ H]', C,3H,4N,0C0,Cl; (Fig. S3, ESIT).

2.3. Cell study of Hmpye

Materials and methods. The frozen human colorectal carci-
noma cell line HCT116 and HeLa cells were obtained from
NCCS, Pune, India and maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma Chemical Co., St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (Invitrogen),
penicillin (100 pg mL™ "), and streptomycin (100 pg mL™"). The
cells were initially propagated in a 25 cm? tissue culture flask
under an atmosphere of 5% CO, and 95% air at 37 °C with the
humidification till 70-80% confluency.

Fluorescence imaging studies. For fluorescence imaging
studies, HCT116 at 1 x 10> cells in 150 pL medium were
seeded on a sterile 12 mm diameter poly-L-lysine coated coverslip,
kept in a sterile 35 mm covered Petri dish and incubated at 37 °C in
a CO, incubator for 24-30 h. The next day, cells were washed three
times with phosphate buffered saline (pH 7.4), fixed using 4%
paraformaldehyde in PBS (pH 7.4) for 10 minutes at room
temperature and again washed with PBS, followed by permeabi-
lization using 0.1% saponin for 10 minutes. Then the cells were
incubated with 2.0 x 10~* M of Zn(NOs),-6H,0 for 30 min at
37 °C for 1 h in a CO, incubator. Cells were washed using PBS
buffer (pH 7.4) gently 3 times to get rid of the extra metal salt and
observed under a spinning disk confocal microscope (Fig. 6,
panel a-c) upon excitation using a 340 nm monochromatic laser
beam and the collected range of emission wavelength was
between 420 nm and 505 nm. Images were captured using an
EMCCD camera with a 40x objective lens. In a similar set of
experiments cells were treated with Zn(NO;),-6H,0, followed by
incubation in 1.0 x 10~* M Hmpye dissolved in 100 uL. HEPES
buffer at 37 °C for 1 h in a CO, incubator. Cells were washed
to remove the extra salt and probe, counterstained with DAPI
(1 pg mL™") and mounted on a slide to capture images in a
similar way. In a 3rd set of experiments the cells were treated
first with 2.0 x 107* M of Zn(NO,),-6H,0O for 30 min, then
Hmpye was dissolved in 100 pL HEPES buffer at 37 °C for 1 h,
followed by 2.0 x 10~* M of Co(NO;),-6H,O for 30 min. After
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each treatment the cells were washed gently with PBS. Images
were captured (Fig. 7(a)-(c)) using an EMCCD camera upon
excitation using a 340 nm monochromatic laser beam and the
collected range of emission wavelength was between 460 nm and
520 nm. Before fluorescence imaging all the solutions were
aspirated out and mounted on slides in a mounting medium
containing DAPI (1 ug mL™") and stored in the dark before
acquiring the microscopic images.

Cytotoxicity assay. The cytotoxic effects of the probe (Hmpye),
Zn(NO;),-6H,0, Co(NO;),-6H,0, and the probe-Zn>*/Co** com-
plex were determined by the MTT assay following the manu-
facturer’s instructions (MTT 2003, Sigma-Aldrich, MO). Briefly
HCT 116 cells were cultured into 96-well plates (approximately
10" cells per well) for 24 h. The next day the medium was removed
and various concentrations of Hmpye, Zn>"/Co>* salts and the
Hmpye-Zn>"/Co®" complex (0, 20, 30, 50, 75, and 100 uM) were
added to the cells and incubated for 24 h. Control samples with no
cells and cells in the DMEM nutrient medium without any treatment
were also included in the study. Following incubation, the growth
medium was removed and MTT solution was added. The plate was
incubated for 3—4 h at 37 °C. Subsequently, the supernatant was
removed, the insoluble colored formazan product was solubilized in
DMSO, and its absorbance was measured using a microtiter plate
reader (PerkinElmer) at 570 nm. The assay was performed in
triplicate for each concentration of the probe, Zn>/Co®" salt and
probe-Zn**/Co®* complex. The OD value of wells containing only
DMEM was subtracted from all readings to get rid of the background
influence. Data analysis and calculation of standard deviation was
performed with Microsoft Excel 2010 (Microsoft Corporation).

2.4. Single-crystal X-ray crystallography

The single-crystal X-ray diffraction study of complex 1 was per-
formed on a Nonius APEX-II diffractometer with a CCD-area
detector at 296 K using graphite-monochromated Mo Ko radiation
(% = 0.71073 A). The structure was solved by direct methods and
successive Fourier difference syntheses, and refined by the full-
matrix least-squares method on F* with the SHELXL-97 program.>®
Multi-scan absorption corrections were applied using the SADABS
program. The locations of the metal atom and O, N, and C atoms
were subsequently determined from the difference Fourier maps.
All non-hydrogen atoms were refined with anisotropic displace-
ment parameters. Most of the hydrogen atoms were placed in the
idealized positions and refined as riding atoms with individual
isotropic displacement parameters. The crystal parameters and the
results of data collection and refinement are summarized in
Table S1 (ESIf). CCDC 2161072 contains the supplementary crystal-
lographic data for this paper.t The crystallographic figures presented
in this manuscript were generated using Diamond 3.0 software.*®
Crystallographic details are available in CIF format.

3. Results and discussion
3.1. Syntheses and general characterization

The synthesis of Hmpye involved an one-step simple Schiff-base
condensation reaction of 4-methyl-2,6-diformylphenol with
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2,2-pyridyl ethylamine in a 1:2 molar ratio in methanol
solution and characterized by "H and '>C NMR spectroscopy,
FT-IR spectroscopy, ESI-MS and elemental analysis (Fig. S1-S3,
ESIt). The Hmpye ligand possesses five coordination sites,
including two imino nitrogen atoms, one phenolic oxygen
atom, and two pyridine nitrogen atoms (Scheme 1). By modify-
ing the previously published literature procedure, Hmpye was
allowed to react with ZnCl, and CoCl, in a 1:2 stoichiometric
ratio in the presence of methanol solution, which afforded
dinuclear complexes [Zn,(mpye)(Cl);] (1) and [Co,(mpye)(Cl);]
(2).2*? The electrospray ionization mass spectrometry (ESI-MS)
spectra of complexes 1 and 2 reveal that they retain their
molecular integrity in solution, as indicated by the presence
of molecular ion peaks. The experimental powder XRD patterns
of the bulk crystalline material are in good agreement with the
simulated XRD patterns of single crystal X-ray diffraction,
confirming the purity of the bulk samples (Fig. S4, ESIt). The
molecular structure of complex 1 was confirmed by single-
crystal X-ray crystallography studies.

3.2. Structure description of the complex [Zn,(mpye)(Cl);] (1)

Complex 1 was crystallized in the orthorhombic crystal lattice
system in the Pbcn space group with Z = 4 (Table S1, ESIt). The
asymmetric unit contains two zinc (Zn1 and Zn2) centers and
one Hmpye ligand (Fig. 1). The coordination environment of
each zinc center around Zn1 and Zn2 is made up of one
phenolato oxygen atom O1 for Zn1 and Zn2, one imino nitro-
gen (N2 for Zn1 and N1 for Zn2), one pyridine nitrogen (N3 for
Zn1 and N4 for Zn2) and two chlorine atoms (Cl1 and CI3 for
Zn1, and Cl2 and CI3 for Zn2), displaying a five coordinated
spherical square pyramidal geometry for Zn1 and a trigonal
bipyramidal geometry for Zn2 (Scheme 2 and Scheme S1, ESIY).
The zinc centers in complex 1 are intermediate between square
pyramidal and trigonal bipyramidal geometries with 7 values of
0.545 and 0.204 for Zn1 and Zn2, respectively.”” Therefore, we
have performed a continuous shape measurement analysis
considering both five-coordinated zinc centers and the outcome

¢ 2
@ c
®o
@
@«

Fig. 1 Solid state structure of complex 1 with a partial atom numbering
scheme.
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2¢ 1n2¢ 192,
nnlnU,
Scheme 2 Coordination and bridging modes of the ligand (Hmpye) in
complex 1.

indicates a five-coordinated square pyramidal and a trigonal
bipyramidal geometry with minimum deviations of 0.805 for
Zn(1) and 1.725 for Zn(2) (out of the range 0.1-3, CShM value;
Table S3, ESIT). The bond lengths of the Zn1 centre are 2.092(3) A
for Zn(1)-O(1), 2.057(5) A for Zn(1)-N(2), and 2.169(5) A for
Zn(1)-N(3) and those for the Zn2 centre are 2.032(4) A for
Zn(2)-0(1), 2.078(5) A for Zn(2)-N(1), and 2.110(5) A for Zn(2)-
N(4) (Table S2, ESIt). The separation of intramolecular
Znl---Zn2 is 3.388 A.

3.3. Absorption and fluorescence spectroscopy studies of
Hmpye

The absorption spectral properties of Hmpye were studied in
HEPES buffer (pH = 7.4) solution which exhibit strong absor-
bance bands at 450 nm and 340 nm. Upon addition of Zn*",
there is a decrease in absorbance intensity at 450 nm and
340 nm with the appearance of a new absorption band at
390 nm (Fig. S5, ESIT). Furthermore, upon incremental addi-
tion of Co®>" to a solution of Hmpye the absorption peak at
450 nm decreases along with a new absorption band at 392 nm
(Fig. S6, ESIY).

To ascertain the stoichiometry of the Hmpye-analyte entity,
Job’s plots for the binding activity between Hmpye and Zn**
and Co>* were analyzed, and the results exhibited a 1:2
stoichiometry from the absorbance titration profile at 390 nm
(for Zn>*) and at 450 nm (for Co>") (Fig. S7 and S8, ESIt). The
stoichiometry of both the complexes was also well corroborated
by ESI-MS spectra where the molecular ion peak at m/z =
568.9149, [(mpye) + (Zn), + (Cl),]", C,3H,3N,0Zn,Cly; 586.9397
[(mpye) + (Zn), + (Cl), + H,0]", C,3H,5N,0,Zn,Cl, for complex 1
(Fig. S3, ESIf). The mass spectrum of complex 2 exhibited a
prominent peak at mj/z, ion: 594.1738 amu assignable to
[(mpye) + (Co), + (CD); + H]', C,3H,4N,0C0,Cl; (Fig. S3, ESIY).

To gain an insight into the fluorescence outcome of Hmpye
(Aex = 340 nm, Aer, = 503 nm) toward metal ions, the emission
changes were measured in the presence of various metal ions in
HEPES buffer (pH = 7.4) solution. The fluorescence titrations of
Hmpye were carried out by gradual addition of various con-
centrations (0-2.0 equiv.) of Zn*" (Fig. 2) and it manifested
a remarkable enhancement (¢ = 0.325 to @ = 0.610) in the
fluorescence at 461 nm, whereas the incremental addition of
2.0 equiv. of Co>* (Fig. 3) to the solution of Hmpye induces
13-fold quenching of the fluorescence intensity at 503 nm

New J. Chem., 2022, 46,11946-11955 | 11949
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Fig. 2 (a) Emission spectra of Hmpye (5 x 1077 M) in the presence
of increasing amounts of [Zn®*] (0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9 and
10 (x 1077) M in HEPES buffer (pH = 7.4) solution (ley = 340 NM, Aem =
461 nm). (b) Fluorescence emission intensity of Hmpye at 461 nm as a
function of [Zn?*].

(@ = 0.025). By contrast, upon addition of other metal ions such
as Li*, Na*, K, Ca®*, Mg”", Mn**, Ba>*, Cu**, Ni*", Fe**, Fe*",
cd*, Hg*", Pb>", sr**, AI** and Cr*', either no or a slight
increase or decrease in intensity was observed (Fig. 4 and 5).
These results confirmed that Hmpye is a highly specific sensor
for Zn** and Co®" with an “ON-OFF” optical function.

To investigate the practical application of Hmpye for Zn>*/Co>*
detection, the effect of competitive metal ions was investigated by
adding Zn*'/Co®" to the Hmpye solution in the presence of the
metal ions Li*, Na*, K, Ca*", Mg?*, Mn**, Ba®*, Cu®*, Ni**, Fe**,
Fe**, cd®, Hg*", Pb*", Sr**, AI*" and Cr’**, as shown in Fig. 4 and 5,
which reaffirms the selective detection of Zn** and Co*". From the
fluorescence titration data, the detection limits (LODs) were also
calculated as 4.683 x 10~ ° (M) and 7.591 x 10~ ° (M) for Zn>" and
Co”" ions, respectively, using the equation:

o
DL=K xZ
X3

where K = 2 or 3 (we take 3 in this case), ¢ is the standard
deviation of the blank solution and S is the slope of the calibration
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Fig. 3 (a) Emission spectra of Hmpye (5 x 10~/ M) in the presence of
increasing amounts of [Co?*] (0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5,5.5, 6, 6.5,
7,8, 9 and 10 (x 10~7) M in HEPES buffer (pH = 7.4) solution (Jey = 340 nm,

Aem = 503 nm). (b) Fluorescence emission intensity of Hmpye at 503 nm as
2+
1.
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Fig. 4 Blue bars: variation of the fluorescence intensity of Hmpye (5 x
1077 M) in the presence of 2 equiv. of various cations in HEPES buffer (pH =
7.4) solution. Pink bars: fluorescence intensity of a mixture of Hmpye (5 x
107 M) solution with other metal ions, followed by addition of Zn?* to the
solution (lex = 340 NM, dem = 461 Nm).

curve®® (Fig. S9 and S10, ESIf). Furthermore, the association
constants (K,) of Hmpye for Zn** and Co”>" coordination were
calculated for a 1:2 stoichiometry (host:guest) on the basis of
the Benesi-Hildebrand plot and were found to be 5.203 x 10" (M ?)
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Fig. 5 Green bars: fluorescence quenching efficiency (FQE) of Hmpye
(5 x 1077 M) in the presence of 2 equiv. of various cations in HEPES buffer
(pH = 7.4) solution. Red bars: fluorescence quenching efficiency (FQE) of a
mixture of Hmpye (5 x 10~7 M) solution with other metal ions, followed by
addition of Co®* to the solution (fex = 340 NM, Aem = 503 NM).

and 9.783 x 10" (M ?), respectively***° (Fig. S11 and S12,
ESIT). This preferential fluorescence enhancement for Zn>*
might be due to the formation of a chelate complex (rigid
system) between Hmpye and Zn>" ions, leading to the
chelation-enhanced fluorescence (CHEF) effect. Upon stable
chelation with Zn** ions, the C=N isomerization and excited-
state intramolecular proton transfer (ESIPT) involving the phe-
nolic OH from the 4-methylphenyl moiety might be inhibited,
leading to a fluorescence enhancement®® (Scheme 3).

To establish the reversibility of Hmpye towards Zn**/Co**,
the reversibility experiment was carried out by sequentially
adding Na,EDTA/Zn*" or Co®" to a mixture of receptor Hmpye
+2Zn*" and Hmpye + Co*", respectively (Fig. S13 and S14, ESI{).
The successful outcome indicates that Hmpye can be reused
with proper treatment and interesting for real-time applications
to sense Zn**/Co™".

This quenching of the initial fluorescence intensity of
Hmpye induced by Co>* ions is attributed to the reverse
photoinduced electron transfer (reverse PET) from the 4-methyl-
phenyl moiety to the phenolic OH and imine nitrogen because
of the decrease in the electron density upon Co>* ion
complexation®" (Scheme S2, ESIt).

For practical applications, the effects of pH on the fluores-
cence intensity of Hmpye in the presence and absence of both

Isomerisation inhibited,

Isomerisation occurs,
free rotation possible

ESIPT ON
Weakly fluorescent

free rotation restricted,
ICT reduced

',,

ESIPT OFF, Produced CHEF
Strongly fluorescent

Scheme 3 Schematic illustration of the proposed mechanism for the
fluorescence changes of the chemosensor (Hmpye) upon the addition

of Zn*.
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the metals (Zn*'/Co™") were measured by adjusting the pH by
HCI and NaOH (Fig. S15 and S16, ESIt). In the pH range of
5.0-9.0, an enhancement of fluorescence intensity was
observed upon the addition of Zn** and the presence of Co*",
and the quenched fluorescence was almost unaffected over a
wide range, from pH 3.0 to 11.0. Hence, pH 7.4 was maintained
throughout Zn”" sensing studies as this value was closer to the
physiological pH. Therefore, Hmpye can detect Zn** and Co*"
over a wide range of pH with a high selectivity and specificity.

The average fluorescence lifetime of Hmpye was measured
in the presence and absence of Zn>*/Co”>* ions in HEPES buffer
(pH = 7.4) solution (Fig. S17 and S18, ESIt). According to the
equations, 1 * = k, + kyy and k, = ®¢/1, the radiative decay rate
constant k; and the total nonradiative decay rate constant k,, of
Hmpye, Zn*"-bound and Co®"-bound species were found. The
average lifetimes were calculated as 3.56 ns for Hmpye only,
4.89 ns for the mixture of Hmpye + Zn>*, and 2.13 ns for Hmpye
+ Co®* (Table S4, ESI¥).

3.4. Application of Hmpye for Zn**/Co>* detection in live cells

The probe Hmpye has a thermodynamically favourable binding
affinity to Zn(NO;),-6H,O and both of these form a probe-
Zn(NOj3),-6H,0 complex which gives an emission spectrum in
the visible range. Keeping this in mind it was conceived that the
compound could be exploited for fluorescence imaging of live
cells, particularly for sensitive detection of intracellular zinc.
However, to materialize this objective it is a prerequisite to
assess the cytotoxic effect of the probe compound, Zn(NO;),-6H,0
and their complex on live cells. The conventional MTT assay,
which is based on the mitochondrial dehydrogenase activity of
viable cells was adopted to study the cytotoxicity of the above-
mentioned compounds at varying concentrations mentioned in
the materials and physical methods section. Fig. S19 (ESIT) shows
that the probe Hmpye, Zn(NOs),-6H,0, Co(NO3),-6H,0 and their
respective complexes did not exert any adverse effect on cell
viability at lower concentrations. However, exposure of HeLa cells
to the probe-Zn**/Co** complex resulted in a decline in cell
viability above a 30 puM concentration. The effect was more
pronounced at higher concentrations and showed an adverse
cytotoxic effect in a dose-dependent manner. The observed cyto-
toxic effect could be due to the high concentration of probe-salt
complex formation which negatively affects cell survival. However,
a lower concentration of probe/salt was not harmful to cells and
thus can be used for in vitro live cell studies.

The results obtained in the in vitro cytotoxic assay suggested
that, in order to pursue fluorescence imaging studies of the
probe-zinc complex in live cells, a working concentration of
20 uM for the probe compound will be optimum. Hence, to
assess the effectiveness of the compound as a probe for
intracellular detection of Zn**/Co”* by fluorescence microscopy,
HCT cells were treated with 20 uM Zn(NO3),-6H,0 for 30 min,
followed by 10 uM probe solution, to promote formation of the
Hmpye-Zn** complex. Fluorescence microscopy studies
revealed no fluorescence in cells when treated with either
Hmpye or Zn(NOj3),-6H,0 alone (Fig. 6, panels A and B) and
Co(NO;),-6H,0 alone (Fig. 7, panels A and B). Upon incubation
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Fig. 6 Fluorescence confocal images of the probe Hmpye and
Zn(NOs3),-6H,O in HCT cells. All images were acquired with a 40x
objective lens. (a) Bright field image of the cells without any treatment.
(b) Cells treated with only zinc salt (20 puM), nuclei counterstained with
DAPI (1 ng mL™3). (c) Dark field image of the cells treated with Zn(NOs),-
6H,0 (20 uM), followed by Hmpye (20 pM), nuclei counterstained with
DAPI (1 pg mL™Y).

Fig. 7 Fluorescence confocal images of HCT cells treated with Zn(NO=),-6H,0,
followed by Hmpye and then Co(NOs3),-6H,O. All images were acquired
with a 40x objective lens. (a) Bright field image of the cells without any
treatment. (b) Cells treated with only cobalt salt (20 pM), nuclei counter-
stained with DAPI (1 ung mL™Y). (c) Dark field image of the cells treated
with Zn(NO3),-6H,O (20 pM), followed by Hmpye (20 puM) and then
Co(NO3),-6H,0 (20 uM), nuclei counterstained with DAPI (1 ug mL™Y).

with Zn(NOj;),-6H,0, followed by the probe compound,
a striking switch-on fluorescence was observed inside the cells
(Fig. 6(c)) in the visible range (460-465 nm) which indicated the
formation of the probe-zinc complex, as observed earlier in
solution studies. An intense blue fluorescence was observed in
the cytoplasmic region, strongly suggesting that the probe
compound Hmpye could readily cross the membrane barrier,
permeate into HCT cells, and rapidly sense intracellular Zn>".
In a separate set of experiments as mentioned in the method
section the cells were treated with Zn** salt, followed by Hmpye,
and then incubated with Co>" salt. When observed under a
fluorescence microscope, the cells showed green emission. This
is significant because due to the presence of Co>" salt the zinc
fluorescence was quenched and gave bright green emission of
wavelengths in the range of 500 to 505 nm. It should be noted
here that the bright field images of treated cells did not reveal
any gross morphological changes, which suggested that the
cells were viable. These findings open up the avenue for future
in vivo applications of the chemosensor to detect Zn>" and Co>".

4. Conclusions

Herein, the effectiveness of a diformyl phenol based chemo-
sensor, 4-methyl-2,6-bis-{(2-pyridin-2-yl-ethylimino)-methyl]-phenol
(Hmpye), for selective nanomolar detection of Zn>" and Co**
in 100% aqueous solution has been demonstrated. The probe

1952 | New J. Chem., 2022, 46, 11946-11955
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structure contains suitably positioned phenolic OH and imine
groups which are capable of participating in the ESIPT process.
The selectivity of Hmpye towards Zn>" and Co®" has been
extensively studied by means of absorption and emission
spectral experiments. Hmpye can sense Zn>* by means of
selective fluorescence enhancement at 461 nm, whereas Co*"
quenches the fluorescence of Hmpye at 503 nm. Absorption-
fluorescence titration profiles have been investigated to reveal
the intricate interactions of the probe and the analytes. Job’s
plot points out that the sensing phenomenon has been driven
by a 1:2 Hmpye:analyte complex formation. ESI-MS experi-
mental outcomes clearly affirm the above-mentioned ratio.
Moreover, we have been able to obtain the single crystal
structure of the Hmpye : Zn** complex, [Zn,(mpye)(Cl);], which
confirms the composition of the ensemble and the binding
mode. The outcome of competitive studies and reversible
sensing behavior add further effectiveness to Hmpye. Further-
more, the utility of Hmpye has also been examined in HCT live
cells which displayed positive outcomes.
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