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A terpyridine based compound L1 was designed and synthesized as an "off-on” chemosensor for the
detection of Zn®*. Chemosensor L1 showed excellent selectivity and sensitivity toward Zn®* by exhibiting
a large fluorescence enhancement (~51-fold) at 370 nm whereas other competitive metal ions did not

show any noticeable change in the emission spectra of chemosensor L1. The chemosensor (L1) was
shown to detect Zn?* ions down to 9.76 uM at pH 7.4. However, chemosensor L1 binds Zn®* ina 1:2
ratio (receptor : metal) with an association constant of 1.85 x 10% (R> = 0.993) and this 1: 2 stoichiometric
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Introduction

One of the contemporary thrust areas where the scientific com-
munity finds great interest is the detection and determination
of transition metal ions at low concentration levels due to
their biological, analytical, medicinal and environmental
importance.”” Among these metal ions, the Zn>" ion is one of
the most abundant d-block transition metals and an essential
trace element in the human body with the average human
body containing 2-3 g of Zn>" and a Zn*' concentration as
high as 10 uM in serum.>* Zn>" plays a vital role in many
necessary physiological processes such as enzyme regulation,
brain function, protein synthesis, neurotransmission, regu-
lation of metalloenzymes, cellular apoptosis, DNA repair, gene
expression and mammalian reproduction.>” In spite of its
essential role in living organisms, anomalous zinc metabolism
is associated with a variety of severe neurological diseases
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fashion is established on the basis of a Job plot and mass spectroscopy. DFT/TD-DFT calculations were
carried out to understand the binding nature, coordination features and electronic properties of L1 and
the L1-2Zn?* complex. In addition, this “turn-on” fluorescence probe was effectively used to image intra-
cellular Zn?* ions in cultured MDA-MB-468 cells.

such as Alzheimer’s, Parkinson’s, and Wilson’s diseases,
amyotrophic lateral sclerosis (ALS), ischemia and epilepsy.®®
Moreover, zinc is a food waste and an agricultural product in
the environment; considerable concentrations of which
have phytotoxic effects on soil microbes.'® Therefore, recogniz-
ing the above physiological importance of zinc and its bio-
medical significance, there is growing interest in developing a
noninvasive and sensitive method to trace and visually detect
free zinc ions. As the zinc ion itself is magnetically and spec-
troscopically silent because of its 3d'°4S° electron configur-
ation, the development of simple, rapid, proficient, highly sen-
sitive and selective zinc fluorescent chemosensors is of high
importance not only for the elemental research but also for
biological applications in living cells.'* To date, several fluo-
rescent and colorimetric chemosensors for zinc ions have
been designed and reported.'"® However, it is still an enor-
mous challenge to develop fluorescent chemosensors that can
selectively detect Zn>" ions without any interference of other
transition metal ions, mainly Cd**, because both zn** and
Cd>" are in the same group of the periodic table and have com-
parable properties. Consequently, they often induce similar
spectroscopic changes on interaction with fluorescent chemo-
sensors.'* Besides, most of the reported zinc sensors are
synthesized following multistep processes which are quite
time consuming and not economical (Table S31).*> Thus, there
is an immense need for the development of sensitive and
selective Zn>" sensors that can be prepared easily and
economically.
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2,2":6',2"-Terpyridine and its derivatives represent a signifi-
cant class of ligands in the areas of supramolecular chemistry,
materials science and coordination chemistry'® due to their
strong binding ability towards various transition metal ions
with their appropriately arranged ring nitrogens. Such strong
chelating properties of terpyridine make them more useful
building blocks for various technological applications such as
in organic light-emitting devices and probes, dye sensitized
solar cells, and mixed-valence chemistry as well as in two-
photon luminescence systems and electrochromic devices."”

With all the abovementioned criteria in mind, herein we
report three terpyridine based fluorescent ‘off-on’ probes,
4',4""-(1,4-phenylene)bis(2,2":6',2"-terpyridine) (L1); 4',4""~(1,3-
phenylene)bis-2,2":6',2"-terpyridine  (L2) and 2,4,6-tris(2-
pyridyl)-s-triazine (L3) which can selectively detect Zn** ions in
semi-aqueous solutions. Among them, L1 was found to have
the most potential as a turn-on fluorescence probe for Zn>*. To
determine the binding nature and coordination features of the
complex (L1-2Zn**), we performed DFT computational studies
using Gaussian software. Moreover, we have conducted fluo-
rescence based bio-imaging experiments in MDA-MB-468 cells
using L1.

Experimental
Instrumentation and materials

"H NMR spectra were recorded on a Bruker 300 MHz instru-
ment. For NMR spectra, CDCl; was used as a solvent with TMS
as an internal standard. Chemical shifts are expressed in ppm
(6) units. Mass spectra were recorded using a HRMS QTOF
Micro YA263 mass spectrometer. UV-visible and fluorescence
spectra measurements were performed on a JASCO V530 and a
PerkinElmer LS-55 spectrofluorimeter, respectively. Chemicals
used for the synthesis of L1 and L2 were purchased from
Sigma Aldrich Chemical Co. (USA) and used without further
purification. Fluorescent probe L3 is commercially available
from Sigma Aldrich Chemical Co. (USA) (Scheme 1). Salts of
different cations and solvents were purchased from a commer-
cial supplier, stored in desiccators under vacuum containing
self-indicating silica, and used without any further purifi-
cation. The following abbreviations are used to describe spin
multiplicities in '"H NMR spectra: s = singlet; d = doublet;
t = triplet; and m = multiplet.

General method of UV-Vis and fluorescence spectral studies

For UV-vis and fluorescence titrations, stock solutions of
sensors L1, L2 and L3 (4 x 10> M) were prepared in CH;CN/
H,O (9:1, v/v, 10 mM HEPES buffer, pH 7.4) solution.
Solutions of 4 x 10~* M salts of the respective cations were pre-
pared in Millipore water. In titration experiments, solutions of
each chemosensor (4 x 10~ M) were filled each time in a
quartz optical cell of 1.00 cm optical path length, and the
metal ion stock solutions were added into the quartz optical
cell gradually by using a micropipette. Spectral data were
recorded 1 min after the addition of the ions.
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Scheme 1 Synthetic route for chemosensors L1 and L2 and the struc-
ture of chemosensor L3.

Preparation of 4',4""-(1,4-phenylene)bis(2,2":6',2"-terpyridine)
(1]

Acetylpyridine (3.65 g, 30 mmol, 4 equivalents) was added to
the ethanolic solution (100 mL) of terephthalaldehyde (1.0 g,
7.5 mmol, 1 equivalent). 10 mL of 1 molar aqueous solution of
NaOH was poured into the reaction mixture at 25 °C, followed
by 40 mL aqueous NH; (35%) solution. The reaction mixture
was then stirred at 25 °C for 10 hours. A yellow solid was
formed which was collected by filtration and washed with
ethanol several times and dried in air. The desired product
was obtained as a yellow solid. Unlike the reported literature,
this reaction was carried out in a single step with satisfactory
yield and acceptable purity. Yellow solid (2.51 g, 62%); M.P.
>300 °C; IR (KBr): (cm™) 1667, 1602, 1566; 'H NMR (300 MHz,
CDCl;) 6 in ppm: 8.80 (s, 4H), 8.76 (d, J = 3.76 Hz, 4H), 8.69 (d,
J = 7.0 Hz, 4H), 8.06 (s, 4H), 7.90 (t, J = 7.1 Hz, 4H), 7.37 (t,] =
4.2 Hz, 4H); anal. caled for C3¢H,4Ng: C, 79.98; H, 4.47; N,
15.55. Found C, 79.87; H, 4.42; N, 15.64; ES + TOF MS: m/z
541.1332 [M + H]" (calc. for C36H,5Ng" 541.2136), 271.0494
[M + 2H]** (calc. for CogH,eNe>" 271.1104).

Preparation of (4',4""-(1,3-phenylene)bis-2,2":6',2"-terpyridine)
(L2)

Acetylpyridine (3.65 g, 30 mmol, 4 equivalents) was added to
the ethanolic solution (100 mL) of isophthalaldehyde (1.0 g,
7.5 mmol, 1 equivalent) at 25 °C. 10 mL of 1 molar aqueous
solution of NaOH followed by 40 mL aqueous NH;3 (35%) solu-
tion was poured into the reaction mixture. The reaction
mixture was then stirred for 10 hours. After that, a yellowish
solid was formed which was collected by filtration and washed
with ethanol several times and dried in air. Yellow solid
(2.37 g, 58%); M.P. >300 °C; IR (KBr): (cm™) 1673, 1601, 1584,
1567; "H NMR (300 MHz, CDCl;) 6 in ppm: 8.84-8.38 (m, 8H),
8.38-8.02 (m, 2H), 7.99-7.66 (m, 8H), 7.55-7.25 (m, 5H),
7.00-6.89 (m, 1H); anal. caled for C36H,4Ng: C, 79.98; H, 4.47;

Photochem. Photobiol Sci,, 2018, 17, 1068-1074 | 1069


https://doi.org/10.1039/c8pp00186c

Published on 06 June 2018. Downloaded by N-List College Programme on 9/9/2020 6:56:31 AM.

Paper

N, 15.55. Found C, 79.83; H, 4.51; N, 15.67; ES + TOF MS: m/z
541.1523 [M + H]" (calc. for C36H,5Ng" 541.2136).

Computational studies

All geometries for L1 and L1-2Zn** were optimized by density
functional theory (DFT) calculations using the Gaussian09
(B3LYP/6-311G(d,p)) software package.'®

Calculations for detection limit

The detection limit (DL) of L1 for Zn>* was determined using
the following equation:"’

DL =K x Sb1/S,

where K = 2 or 3 (we take 2 in this case); Sb1 is the standard
deviation of the blank solution; and S is the slope of the cali-
bration curve.

Binding constant calculation using fluorescence titration data

The association constant and stoichiometry for the formation
of the respective complexes were evaluated using the Benesi-
Hildebrand (B-H) plot (eqn (1)):*°

1/(I = 1Io) = 1/K(Imax — 10) M" ]+ 1/(Imax = Lo) (1)

where Iy, Iimax, and I represent the emission intensity of free
L1, the maximum emission intensity observed in the presence
of the added metal ion at 370 nm for Zn*>* (e = 312 nm), and
the emission intensity at a certain concentration of the metal
ion added, respectively.

Cell imaging experiments

Minimum inhibitory concentration (MIC). A test tube con-
taining LB broth was taken and a single colony of the organ-
ism was inoculated. The tube was incubated at 37 °C over-
night. The following day two test tubes each containing LB
broth were taken. 50 pl of the overnight grown culture was
inoculated in both test tubes and incubated at 37 °C for 3-4 h.
OD at 600 nm was measured for each of these tubes and
recorded as the control for future reference. After that,
different dilutions of the probe L1 were prepared (i.e. stock,
half dilution and one-fourth dilution). Next, 50 ul of the probe
L1 with different dilutions was added into each of the tubes,
respectively. These tubes were incubated at 37 °C overnight.
Another set of test tubes containing only the broth and probe
L were incubated overnight. OD at 600 nm was measured for
each of these tubes.

Cell survivability assay

The inhibition of cell growth was measured by MTT assay. In
brief, cells were seeded in 96 well plates at 1 x 10" cells per
well and exposed to probe L1 at different concentrations for
24 h. After incubation, the cells were washed twice with 1x PBS
and incubated with MTT solution (450 pg ml™") for 3-4 h at
37 °C. The resulting formazan crystals were dissolved in a MTT
solubilization buffer and the absorbance was measured at
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570 nm by using a microplate reader (Biotek, USA). Each point
was assessed in triplicate.

Cell imaging

For confocal imaging studies, 1 x 10* MDA-MB-468 cells in
1000 pL of medium were seeded in a sterile 35 mm glass
bottom culture dish (ibidi GmbH, Germany), and incubated at
37 °C in a CO, incubator for 10 hours. Then, the cells were
washed with 500 pL. DMEM followed by incubation with probe
L1 (10 pM) dissolved in 500 pL. DMEM at 37 °C for 30 minutes
in a CO, incubator and observed under an Olympus
IX81 microscope equipped with a FV1000 confocal system
using 1003 oil immersion Plan Apo (N.A. 1.45) objectives.
Images obtained through section scanning were analyzed
using Olympus Fluoview (version 3.1a; Tokyo, Japan) with exci-
tation by a 350 nm monochromatic laser beam, and emission
spectra were integrated over the range of 470 nm (single
channel).

Results and discussion
Synthesis

The chemosensor molecules L1 and L2 were synthesized fol-
lowing a modified literature method>" as shown in Scheme 1.

UV-vis and fluorescence studies

The sensing behaviour of compound L1 toward different metal
cations such as Li*, K", Na*, Mg**, Ca®", sr**, Ba®>", Mn*", Fe*",
Co>*, Ni**, cu*, cd*, Pb*>", Hg*", Pd*", AI’*", and Ag” and its
superior selectivity toward Zn>" over the other ions were inves-
tigated by UV-vis and fluorescence spectroscopy. All the spec-
troscopic studies were carried out in CH3CN/H,O (9:1, v/v,
10 mM HEPES buffer, pH 7.4) solution by adding aliquots of
different metal cations dissolved in water.

The UV-vis spectrum of sensor L1 in a CH;CN/H,0 solution
(9:1, v/v, 10 mM HEPES buffer, pH 7.4) exhibited one strong
band at 290 nm which may be attributed to the n-n* tran-
sitions of the terpyridine unit.>

With gradual addition of Zn** to the solution of L1, the
absorbance at 290 nm gradually decreased with concomitant
formation of a new peak at 327 nm and an isosbestic point at
312 nm was observed (Fig. 1). The peaks at 312 nm and
327 nm might be attributed to the formation of a terpyridine
bound zinc complex in sensor L1. By contrast, no significant
absorption spectral change was observed for other cations
such as Li*, K", Na", Mg*>*, Ca*>", sr**, Ba®>", Mn*", Fe*", Co™,
Ni**, Cu®*, Cd**, Pb*", Hg>", Pd*", AI’ and Ag", under similar
experimental conditions (Fig. S67).

The fluorescence emission spectrum from 336 to 500 nm
was recorded by exciting sensor L1 at 312 nm. As shown in
Fig. 2a, the free sensor L1 (quantum yield ¢ = 0.0005)
(Table S41) showed no fluorescence in the CH3;CN/H,O solu-
tion (9: 1, v/v, 10 mM HEPES buffer, pH 7.4) but on incremen-
tal addition of Zn>", the fluorescence intensity at 370 nm

This journal is © The Royal Society of Chemistry and Owner Societies 2018
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Fig. 1 Changes in UV-vis spectra of probe L1 (4 x 10~° M) upon gradual
addition of Zn®* (c = 4 x 107" M) in CHsCN/H,O solution (9:1, v/v,
10 mM HEPES buffer, pH 7.4).
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Fig. 2 (a) Fluorescence emission changes of L1 (4 x 10™° M) with the
continuous addition of Zn?* (c = 4 x 10™* M) in CH3sCN/H,O solution
(9:1, v/v, 10 mM HEPES buffer, pH 7.4). dexx = 312 nm. Inset: Visual emis-
sion color changes of L1 in the presence of Zn?*. (b) Change of emission
intensity at 370 nm with incremental addition of Zn?* (lex = 312 nm).

increased progressively and reached saturation with an
~51-fold enhancement (quantum yield ¢ = 0.0254) (Table S47)
in integrated intensity. In the presence of Zn>* ions, the fluo-
rescence intensity of sensor L1 increased in a Zn>" concen-
tration-dependent way as shown in Fig. 2b, accompanied by an
apparent emission color change from colorless to sky blue.
Hence, compound L1 can be considered as being a real fluo-
rescent off-on chemosensor. Such a fluorescence enhance-
ment by Zn>" might be due to the efficient coordination of
Zn>*, causing the chelation-enhanced fluorescence (CHEF)
effect which is attributed to the energy minimization due to
ligand to metal charge transfer.

From the fluorescence titration profile, the association con-
stant of L1 with the Zn>" ion has been determined to be 1.85 x

This journal is © The Royal Society of Chemistry and Owner Societies 2018
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10* (R = 0.993), from the Benesi-Hildebrand equation.® The
observed high K, clearly points out strong
binding affinity of Zn>* to probe L1. The detection limit"® was
evaluated to be 9.76 pM, which is below the Zn** concentration
of the WHO guidelines for drinking water,® suggesting that
L1 is potentially useful for quantitative determination of Zn>*
in the environment and also for monitoring zinc ions in living
cells.

Moreover, a careful Job plot analysis using fluorescence
titration experiment suggested a 1:2 binding stoichiometry
between L1 and Zn>" (Fig. S971). In addition, the formation of a
1:2 complex (receptor : metal) was further confirmed through
mass spectral analysis of the L1-Zn*>" complex, in which the
peak at m/z 243.0867, assignable to [L1 + 2Zn*" + OH™ +
CH;CNJ*", was clearly observed (Fig. S37).

An imperative feature of probe L1 is its high selectivity
toward the zinc ion over the other competitive metal ions. As
shown in Fig. 3, the initial fluorescence intensity of probe L1
did not change significantly upon addition of 10 equivalents
of different comparative metal cations such as Li‘, K', Na*,
Mg2+, Ca”, Sl‘2+, Ba2+’ Mn2+, Fe2+’ C02+, Ni2+, Cu2+, Cd2+, Pb2+’
Hg>", Pd**, A" and Ag” to the semi-aqueous solution of L1,
but in the presence of zinc ions L1 showed a large fluo-
rescence intensity enhancement at 370 nm. Only in the pres-
ence of zZn*', sensor L1 showed a visual emission color
change from non-fluorescent to sky blue during the above
process. Thus, the probe L1 can be used as a highly selective
and specific chemosensor for zinc ions over other competing
metal ions in several environmental and biological systems.
Such high selectivity of L1 for Zn>" is mainly due to the high
affinity of Zn>" for three nitrogen atoms of the terpyridine moi-
eties (Scheme 2).

Similar fluorescence studies were carried out in the pres-
ence of Zn>* with the other two control molecules L2 and L3
(Fig. S13 & S147) and found very small changes in fluorescence
intensity (only ~4 fold for L2 and only ~7 fold for L3) in the
emission compared to L1 (~51-fold), suggesting a sensitive
detection of Zn>* only by L1 compared to the other two control
molecules.
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Fig. 3 Fluorescence response of L1 to different competitive metal ions
in CH3CN/H,0O solution (9: 1, v/v, 10 mM HEPES buffer, pH 7.4).
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L1 L1-2Zn*

Scheme 2 Probable binding modes of L1 and Zn?* in the solution
phase.

Theoretical study

To gain insight into the geometry of probe L1 and L1-Zn>" and
the optical response of L1 towards Zn>", we performed density
functional theory (DFT) and time-dependent density functional
theory (TD-DFT) calculations with the B3LYP/6-311+G(d,p)
basis set using the Gaussian 09 program.'® The optimized geo-
metries along with the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
of L1 and L1-2Zn*" complex are presented in Fig. 4. From
these HOMO and LUMO energy diagrams, we found that the
energy gap for the L1-2Zn>" complex (90.90 kcal mol™") was
reduced compared to that of probe L1 alone (108.80 kcal
mol™") (Table S17), indicating that probe L1 formed a stable
di-nuclear zinc complex as shown in Fig. 5. The initial peak at
290 nm of L1 in the absorbance spectra is due to the HOMO-
LUMO transition. In the case of the Zn-complex, a bathochro-
mic shift (312 nm) in the absorbance spectra was observed
due to minimization of energy, owing to ligand to metal
charge transfer. As shown in Fig. 5, the n-electron cloud in the
HOMO is mainly located at the center of the L1-2Zn**
complex, which is spread out to all over the molecule in the
LUMO, indicating that the LMCT phenomenon leads to the
bathochromic shift and enhancement in fluorescence
intensity.

Fig. 4 Calculated energy-minimized structures of (a) L1 and (b) L1-
27Zn?* complex.
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Fig. 5 HOMO and LUMO distributions of L1 and L1-2Zn?* complex.

TD-DFT calculations have been carried out by the TD-DFT/
CPCM method in acetonitrile solvent. Calculated wavelengths
and oscillator frequencies from the TD-DFT calculations are
listed in Table S2 (ESIT) and from these data we found that the
calculated vertical electronic excitation matched well with the
experimentally observed bands for both the L1 probe and L1-
27Zn*" complex.

Cell imaging study

In order to demonstrate the prospective biological application
of sensor L1, fluorescence based bio-imaging experiments
were carried out using MDA-MB-468 cells. However, to achieve
this goal, it was essential to initially assess the cytotoxic effect
of probe L1 on live cells. The well-established MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay,
which is based on the mitochondrial dehydrogenase activity of
viable cells, showed that neither L1 nor its zinc complex were
capable of revealing any effect on the viability of MDA-MB-468
cells (Fig. S11 & S127). The results obtained from the in vitro
cytotoxic assay suggested that probe concentrations up to
40 pM can be employed for the fluorescence imaging studies
of L1 and L1-2Zn*" in living cells. Hence, to assess the efficacy
of probe L1 as a chemosensor for intracellular detection of
Zn** by confocal microscopy, MDA-MB-468 cells were treated
with 20 uM ZnCl, for 1 h followed by incubation with 10 pM
probe solution to encourage the formation of L1-2Zn*". From
this fluorescence microscopy study, it was found that either
probe L1 or ZnCl, alone failed to display any fluorescence in
MDA-MB-468 cells. However, upon incubation with ZnCl, fol-
lowed by probe L1, distinctive turn-on blue fluorescence was
observed inside the cells, which could be attributed to the for-
mation of the intracellular di-nuclear zinc complex, as
observed earlier in solution studies. Moreover, bright-field
images of cells did not demonstrate any gross morphological
changes, signifying that the MDA-MB-468 cells were viable
throughout the bio-imaging experiments. These results indi-

This journal is © The Royal Society of Chemistry and Owner Societies 2018


https://doi.org/10.1039/c8pp00186c

Published on 06 June 2018. Downloaded by N-List College Programme on 9/9/2020 6:56:31 AM.

Photochemical & Photobiological Sciences

1.

Fig. 6 Confocal microscopic image of Ll-treated MDA-MB-468 cells
before (A) and after (B &C) incubation with ZnCl,. (A & C) represent the
dark field image and (B) represents the bright-field image.

cate that probe L1 is cell membrane permeable and can be
employed for sensing intracellular zinc ions in living cells

(Fig. 6).

Conclusions

In conclusion, we have designed and synthesized a highly
selective and sensitive terpyridine based fluorescent “turn-on”
chemosensor L1 for Zn** ions among the other biologically
important eighteen different metal ions studied in CH3CN/
H,O solution (9: 1, v/v, 10 mM HEPES buffer, pH 7.4). We have
simultaneously studied the fluorescence sensing behaviour of
two other terpyridine based chemosensors (L2 and L3) towards
Zn** but they are not so effective. Unlike most of the fluo-
rescent probes, our reported chemosensor L1 can be syn-
thesized in a single step using low cost and commercially avail-
able starting materials with satisfactory yield. The entire reac-
tion can be carried out in one pot and at room temperature. It
can selectively detect Zn>" ion down to 9.76 uM which is below
the WHO guidelines for drinking water (76 pM) and the whole
process is economically favorable. The sensor L1 shows an
obvious fluorescence enhancement (~51-fold) upon complexa-
tion with Zn>" in semi-aqueous solution with a fluorescence
color change from dark to sky blue. The selectivity and sensi-
tivity of L1 was demonstrated on the basis of fluorescence,
absorption, and ESI mass spectrometry data. The association
constant for L1 with Zn*" is in the order of 10* M™" based on
fluorescence spectral studies, signifying a strong binding for
Zn**. Moreover, the Zn>" binding nature of L1 has been
studied by computational calculations at the DFT level and
TD-DFT calculations were also performed to show the elec-
tronic properties of L1 and their corresponding zinc com-
plexes. From these theoretical studies, we have found note-
worthy similarities with the experimental results. Furthermore,
the cell imaging experiments showed that L1 was cell per-
meable and shows large fluorescence enhancement at pH 7.4.
Thus, it can be applied for imaging and monitoring zinc ions
in living cells.
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