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A cyanine based spirocyclic metal ion probe has been reported, which can be tuned easily for targeting
various metal ions. The mechanism of selective sensing was verified by designing two novel compounds
IR-NCS and IR-PYR, which can selectively sense Hg?" and Zn®*/Cd®* ions respectively in a mixed
aqueous medium and physiological pH. The spectral changes in both the cases are in the near infrared
(NIR) region. Both chemodosimetric and coordination based approaches were used for sensing the

cations. The complete mechanism of the sensing events was studied using UV-Vis and fluorescence
Received 20th March 2017 t Additi Linsight about th . tal findi borated by th tical studi
Accepted 29th April 2017 spectroscopy. itional insight about the experimental findings was corroborated by theoretical studies

using DFT calculations. The confocal microscopic study revealed that the probe IR-NCS can be
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Introduction

The physiological effects of heavy metal pollution have been
well established through several experiments in natural as well
as laboratory environments. Malformation in various organ-
isms is now routinely used as a potent tool to identify toxic
metal contamination of fresh and marine waters. According to
the recent research metal-induced malformations in early
Palaeozoic plankton can be an indicator of mass extinction."
Apart from there toxic effect metals are also essential for life,
playing significant parts in various biological processes (e.g., the
transcription and translation of nucleic acids and synthesis of
proteins). The biological importance of metal ions is remark-
ably versatile inside living organism; along with providing
permanent and transient structural reinforcement metal ions
can also facilitate electron transfer, transport small-molecules,
and act as catalysts in cellular processes.”> Redox-inactive
metals including alkali metals such as sodium, potassium,
alkaline earth metals like calcium, and transition metals like
zinc are commonly recognized as dynamic signals, on the other
hand redox-active metals like iron and copper are traditionally
known for being concealed by protein ligands and static enzyme
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cofactors. Due to the major role of metal ions in environmental
and biological systems a better understanding of transition
metals in their labile form is necessary. Accordingly, significant
interest has been observed in developing selective and sensitive
signalling units for different important metal ions.?

Recently, various groups have reported different chemo-
sensors for selective sensing of metal ions, with spectral
response in the visual region.*** Although optical probes
showing visual changes have considerable roles in various
research areas, lately chemosensors with absorption and
emission at the near-infrared region (NIR, 650-1000 nm) are
gaining special interest.”* The amount of scattering of any
electromagnetic radiation is inversely proportional to its wave-
length, thus for long wavelength NIR radiation the possibility of
scattering is less. Due to minimized scattering NIR radiation
provides high sample penetration compared to ultra violet or
visible radiation. Moreover, the interference generated due to
autofluorescence from the chromophores and macromolecules
present in the analytic sample is reduced, which enables the
study of molecular and physiological events in several layers
deep inside the analyte samples and tissues.'® Although there
have been a few reports on NIR sensing of cations, but newer
strategies of designing versatile NIR chemosensors for targeting
various metal ions are still required.

To date, various NIR dyes have been applied as signal
reporters of chemosensors, such as 1,8-naphthalimide,”*®
xanthenes,"” boron dipyrromethene difluoride (BODIPY),>**
etc. Among them cyanine based platforms have attracted
substantial interest from researchers around the world because
these dyes show favourable spectral properties such as high
fluorescence quantum yield, high absorption coefficient with
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narrow absorption band and spectral response (absorbance and
fluorescence) in relatively longer wavelength.>* Additionally, low
toxicity and high degree of biocompatibility to living cells and
organisms further make cyanine dyes an attractive platform for
biological and medicinal application. Although most of the
chemosensors designed on cyanine platforms are based on
photoinduced electron transfer (PET) based switch OFF-ON,
due to their high lying occupied molecular orbital (HOMO)
energy, quenching the fluorescence by the PET process alone is
difficult.”

General strategies which are employed to generate metal
dependent optical response from a chemosensor, are either
reversible sensing based on coordination of the sensor mole-
cule with the metal ions or irreversible sensing based on
chemical reaction of the chemosensor (chemodosimeter) with
specific metal ions. Most of the classical metal ion sensors are
based on coordination approach, this kind of chemosensors are
generally reversible in nature and can be used for several cycles.
In some cases where the sensor-analyte coordination has
optimum bond strength, they can even be used for extracting
the target metal ions from a mixture.** As one of the emerging
sensing strategies, chemodosimetric detection of metal ions
has attracted increasing attention because of irreversible
chemical change of the dosimeter molecule in presence of
target species, causing specific spectral response in the emis-
sion or absorption spectra. Thus, these kinds of sensors have
additional advantages in terms of accuracy and selectivity of
detection compared to those based on complexation or coor-
dination effect.>**® Taking the above needs into consideration
various chemosensors for environmentally hazardous and
benign metal ions have been reported. Among various
hazardous metal ions mercury is one of the most harmful and
abundant pollutant, its contamination is extensive and can be
generated from various natural and anthropogenic sources.””*
Once mercury makes its way into the food chains, it causes
serious damage to the human health and ecology.*** Further-
more, introduction of a small quantity of mercury can be
concentrated to harmful levels due to the natural process of
bioaccumulation. Similar to mercury, cadmium is also a noto-
rious contaminant and carcinogenic metal.>* Route of intake for
cadmium is also widespread, although inhaling cadmium
containing dust is the major way of intake but it may also take
place through smoking and food. Cadmium is found mostly in
electroplated steel, pigments in plastics, electric batteries, etc.**
A high exposure to cadmium can damage liver and kidneys,
increase the risks of cardiovascular diseases and cancer. Owing
to these health hazards, cadmium is listed as number 7 on
ATSDR's “CERCLA Priority List of Hazardous Substances”**
which can cause acute and chronic toxicity. Apart from
hazardous mercury and cadmium, zinc is an essential element
involved in various crucial biological processes, like cellular
metabolism, neurotransmission, and apoptosis.*® Zinc is also
known to exist as a structural component of proteins or in the
catalytic site of enzymes.*® As an essential micronutrient, defi-
ciency of zinc can lead to immune dysfunction, impaired
cognition, diarrhea, and death, primarily in children under the
age of 5 years.*” The human genome is known to encode two
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dozen Zn*" specific transporters and many metal-buffering
proteins, expressed in a tissue specific manner.*® However,
unlike other essential transition metal ions (viz., Fe*", Cu®",
Mn?"), Zn>" ion is spectroscopically and magnetically inert.
Therefore, common analytical techniques, like Mossbauer,
NMR, and EPR spectroscopy cannot detect a typical zinc ion in
complex biological or environmental systems. Considering the
environmental importance and physiological implications of
Hg>', Cd*", and Zn>" there is significant interest in developing
selective and sensitive sensors for these metal ions.

Herein, we described a new method for designing and
synthesizing cyanine based NIR fluorescence probes which can
be easily tuned for targeting various metal ions. We have verified
the potential of our strategy by the synthesis of two new hydrazine
functionalized spirolactam capped cyanine probes where we have
demonstrated the chemodosimetric approach to detect Hg>" ions
and coordination based approach for sensing Zn**/Cd*" metal
ions. We have also conducted quantum mechanical calculation to
rationalize our experimental findings.

Experimental section
General information and materials

All of the materials for synthesis were purchased from
commercial suppliers and used without further purification.
The absorption spectra were recorded on a UV-1800 (Shimadzu
co. Kyoto, Japan) spectrophotometer using 10 mm path length
quartz cuvettes in the range of 300-900 nm wavelengths,
and the fluorescence measurements were carried on a SREX
Fluorolog-3 (Model FL-3-11, Horiba Jobin Yvon, Kyoto, Japan)
spectrofluorometer using 10 mm path length quartz cuvettes
with a slit width of 5 nm at 298 K. The High-Resolution MS
spectra (HR-MS) of IR-NCS, IR-HGP, IR-PYR and the corre-
sponding metal complex were obtained on a Waters LCT
Premier XE with MeOH as the solvent. NMR spectra were
recorded on a JEOL ECA 500 MHz instrument. The chemical
shifts were recorded in parts per million (ppm) on the scale. The
following abbreviations are used to describe spin multiplicities
in '"H NMR spectra: s = singlet; d = doublet; t = triplet; m =
multiplet. Tetramethylsilane (TMS) was used as an internal
standard for NMR spectroscopy.

Synthesis of I1

IR-780 (200.0 mg, 0.3 mmol), 2-carboxyphenylboric acid
(100.0 mg, 0.6 mmol), and K3;PO,-7H,0 (75.0 mg, 0.35 mmol)
dissolved in 6 mL DMF/H,O (v/v =5 : 1) were heated at 90 °C in
the presence of Pd(PPh;), (catalytic amount) for overnight
under argon atmosphere. The reaction mixture was cooled to
room temperature, and poured in 100 mL ice water. The
mixture was extracted thrice using CH,Cl,/C,Hs0H (v/v =
10 : 1). The organic phase was separated, washed with brine,
and dried with anhydrous Na,SO,. The solvent was removed
under reduced pressure to give the crude product, which was
purified by column chromatography (using Merck Aluminium
oxide 90 active basic) using CH,Cl, to CH,Cl,/C,Hs0H (v/v
100:1 to 95:5) as eluent to afford the compound I1 as
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a green solid (78 mg, 33.3% yield) "H NMR [500 MHz, CD;0D,
SiMe,, J (Hz), 6 (ppm)]: 8.10-8.12 (1H, m), 7.52-7.54 (2H, m),
7.32(1H,d,J = 5.0 Hz), 7.28 (4H, t, /] = 6.5 Hz), 7.13 (4H, quartet,
J = 16.25 Hz), 7.05-7.07 (2H, m), 6.08 (2H, d, J = 13.5 Hz), 3.98
(4H, t, J = 7.0 Hz), 2.70-2.75 (2H, m), 2.61-2.67 (2H, m), 2.15
(1H, broad s), 1.96 (1H, broad s), 1.75-1.82 (4H, m), 1.22 (6H, s),
1.12 (6H, s), 0.99 (6H, t, ] = 7.5 Hz). *C NMR [125 MHz, CDCl;,
SiMe,, 6 (ppm)]: 173.7, 172.8, 168.5, 149.8, 144.1, 142.3, 141.6,
139.8, 132.9, 131.6, 131.5, 130.1, 129.6, 129.1, 125.5, 123.4,
111.5, 100.5, 49.9, 46.2, 28.7, 28.3, 25.9, 22.5, 21.7, 11.8. ESI-MS
(positive mode, m/z). Caled for C,3H4oN,0,: 625.3794 (M).
Found: m/z 625.3878. Melting point: 146-154 °C.

Synthesis of 12

I1 (78.0 mg, 0.1 mmol), N-hydroxysuccinimide (23.5 mg, 0.2
mmol), and N,N'-dicyclohexyl carbodiimide (58.0 mg, 0.3 mmol)
were dissolved in 3 mL dichloromethane, and the reaction
mixture was stirred at room temperature for 1 h. The solvent
was removed under reduced pressure to give the intermediate,
which was dissolved in 2 mL DMF and 0.5 mL of hydrazine
hydrate was added, the solution was stirred at room tempera-
ture for another 12 h. The colour of the reaction mixture
changed from green to orange. The mixture was poured to 50
mL cold water and extracted three times using CH,Cl,. The
organic phase was collected, dried using Na,SO, and concen-
trated under reduced pressure to get the crude mixture. The
reaction mixture was concentrated under reduced pressure to
give the crude product, which was purified by column chro-
matography (using basic Alumina) using CH,Cl, to CH,Cl,/
C,H5OH (v/v 100 : 0 to 97 : 3) as eluent to afford the compound
12 as a dark orange solid, the compound has a tendency to
degrade during column chromatography (50 mg, 0.08 mmol,
80% yield). "H NMR [500 MHz, CDCl;, SiMe,, J (Hz), 6 (ppm)]:
7.91 (1H, d, J = 8.0 Hz), 7.43-7.50 (2H, m), 7.38 (1H, t, ] = 8.0
Hz), 7.08 (2H, t, ] = 7.0 Hz), 7.0 (2H, d, ] = 7.0 Hz), 6.75 (2H, t, ]
= 7.5 Hz), 6.5 (2H, d, J = 7.5 Hz), 6.16 (2H, d, ] = 12 Hz), 5.27
(2H, d,J = 12 Hz), 3.97 (2H, s), 3.47 (4H, t, J = 7.5 Hz), 2.88-2.95
(2H, m), 2.58-2.64 (2H, m), 2.00-2.06 (1H, m), 1.83-1.90 (1H,
m), 1.66 (4H, dd, J = 14.4, ] = 7.5 Hz), 1.38 (6H, s), 1.14 (6H, s),
0.95 (6H, t, ] = 8.0 Hz). '*C NMR [125 MHz, CDCI;, SiMe,,
6 (ppm)]: 167.3, 156.1, 152.2, 145.3, 138.8, 131.8, 128.6, 127.7,
127.4, 126.2, 123.9, 121.9, 121.7, 120.9, 119.0, 105.8, 91.0, 75.2,
45.2,44.1,28.5,26.1, 23.6, 19.8, 11.9. ESI-MS (positive mode, m/
2). Calced for C43Hs5,N40: 639.4063 (M + H). Found: m/z 639.4087.
Melting point: 72 °C (decomposed).

Synthesis of IR-NCS

The hydrazide 12 (30 mg, 0.046 mmol) and phenyl iso-
thiocyanate (18.16 mg, 0.13 mmol) were dissolved in 1 mL of
DMF and the resulting solution was stirred for 10 h in room
temperature. The reaction mixture was concentrated under
reduced pressure, and the solid was collected. The crude
mixture was purified with column chromatography (using basic
Alumina) using CH,Cl, to CH,Cl,/C,H;O0H (v/v 100 : 0 to 97 : 3)
as eluent to afford the compound IR-NCS as greenish solid
(11 mg, 30% yield). 'H NMR [500 MHz, CDCl;, SiMe,, J (Hz),
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6 (ppm)]: 8.39 (1H, s), 8.04 (1H, d,J = 7.5), 7.72 (1H, t, ] = 7.5
Hz),7.59 (1H, t,] = 7.5 Hz), 7.53 (2H, d,] = 8 Hz), 7.41 (2H, d, ] =
8 Hz), 7.18 (2H, t,J = 7.5 Hz), 7.11 (2H, t,] = 7.5 Hz), 7.07 (1H, t,
J=7.5Hz),6.96 (2H, d,J = 7.0 Hz), 6.78 (2H, t, /] = 7.0 Hz), 6.56
(2H, d,J = 8 Hz), 6.35 (2H, d,J = 11 Hz), 5.23 (2H, d, ] = 11 Hz),
3.486 (4H, broad peak), 2.79-2.83 (2H, m), 2.57-2.61 (2H, m),
2.07-2.12 (1H, m), 1.77-1.83 (1H, m), 1.62 (4H, broad peak),
0.95 (6H, t, ] = 6.5 Hz), 1.01 (6H, s), 1.08 (6H, s). ">*C NMR [125
MHz, CDCl;, SiMe,, 6 (ppm)]: 159.4, 144.9, 138.7, 138.1, 133.2,
131.2,128.6, 127.9, 125.8, 124.6, 123.9, 121.7, 119.9, 106.4, 91.3,
57.3,45.3, 39.5, 35.5, 29.9, 28.0, 27.4, 26.4, 22.9,19.9, 15.7, 11.9.
ESI-MS (positive mode, m/z). Calcd for C5oHs6N50: 774.4206 (M
+ H). Found: m/z 774.4205. Melting point: 133 °C (decomposed).

Synthesis of IR-PYR

The hydrazide I2 (25.0 mg, 0.04 mmol) and 2-pyridine carbox-
aldehyde (8.38 mg, 0.08 mmol) were dissolved in 1 mL of DMF
and the resulting solution was stirred for 18 h in room
temperature (1 drop of acetic acid was added as catalyst). The
reaction mixture was concentrated under reduced pressure, and
the solid was collected. The crude mixture was separated using
column chromatography (using basic Alumina) using hexane/
ethyl acetate (75:25) mixture. The separated product was
further purified using basic alumina preparative layer chro-
matographic plates, using CH,Cl,/C,H;OH (v/v 99 : 1) as eluent
to afford the compound IR-PYR as yellowish-green solid
(5.5 mg, 20% yield). "H NMR [500 MHz, CDCl;, SiMe,, J (Hz),
6 (ppm)]: 8.5 (1H, d, J = 5 Hz), 8.3 (1H, d, J = 8 Hz), 8.02-8.03
(2H, m), 7.69 (2H, m), 7.56 (1H, t, ] = 8 Hz), 7.42 (1H, t, ] = 7 Hz),
7.13-7.16 (1H, m), 7.03 (2H, t, ] = 7.5 Hz), 6.94 (2H, d, ] = 7.5
Hz), 6.7 (2H, t,J = 7.5 Hz), 6.45 (2H, d, ] = 8 Hz), 6.19 (2H, d, ] =
12 Hz), 5.20 (2H, d, J = 12 Hz), 3.40-3.43 (4H, m), 3.10-3.14 (2H,
m), 2.62-2.67 (2H, m), 2.16-2.20 (1H, m), 1.86-1.94 (1H, m),
1.60-1.66 (4H, m), 1.2 (6H, s), 1.15 (6H, s), 0.93 (6H, t, ] = 7.5
Hz). *C NMR [125 MHz, CDCl, SiMe,, 6 (ppm)]: 156.47, 149.22,
148.76, 145.25, 139.02, 136.45, 133.11, 127.55, 126.33, 125.39,
123.83, 122.41, 121.62, 121.26, 120.61, 118.95, 105.72, 91.06,
75.21, 45.22, 44.09, 28.76, 28.28, 26.21, 23.69, 19.83, 11.93. ESI-
MS (positive mode, m/z). Caled for C,oH54N50: 728.4328 (M +
H). Found: m/z 728.4323. Melting point: 92-97 °C
(decomposed).

UV-Vis and fluorescence spectral studies

Stock solutions of various ions (5.0 x 10 mM) were prepared in
deionized water. The stock solutions of ligands (5.0 x 10 mM)
were prepared in DMF. The solution of IR-NCS was then diluted
to 10.0 uM with methanol/aqueous 1x PBS buffer (pH 7.4) and
the solution of IR-PYR was diluted to 10 pM with ethanol/
aqueous 1x PBS buffer (pH 7.4; 8 : 2 v/v). In titration experi-
ments for IR-PYR, each time a 1 mL solution of the probes (10
uM) was filled in a quartz optical cell of 1 cm optical path
length, and the metal ion stock solution was added into the
quartz optical cell gradually by using a micropipette. Spectral
data were recorded 1 min after the addition of the metal ion. In
titration experiments for IR-NCS, separate sample solutions
were prepared by addition of increasing amount of Hg”* ions to

This journal is © The Royal Society of Chemistry 2017
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the probe solution (10 pM) and spectral data were recorded
within 5 min after the addition of metal ion. In selectivity
experiments, the test samples were prepared by placing appro-
priate amounts of the corresponding cation stock solution into
1 mL solution of the probes IR-NCS and IR-PYR (10 uM). For
fluorescence measurements, excitation was provided at 695 nm,
and emission was collected from 725 to 900 nm.

Evaluation of the binding constant for the formation of IR-
PYR-Zn complex

Receptor IR-PYR with an effective concentration of 10 uM in an
ethanol/aqueous 1x PBS buffer (pH 7.4; 8 : 2 v/v) was used for
the emission titration studies with a Zn>" metal ion solution. A
stock solution of zinc nitrate, having a concentration of 0.5 mM
ethanol/aqueous 1x PBS buffer (pH 7.4; 8 : 2 v/v) solution was
used. The effective metal ion concentration was varied between
0 and 30 pM.

The binding constant for the formation of the respective
complexes were evaluated using the Benesi-Hildebrand (B-H)

plot (eqn (1)).*
1/(1 - IO) = ”{K(Imax - IO)C} + ll(lmax - 10) (1)

I, is the emission of IR-PYR at A = 780 nm, I is the observed
emission at that particular wavelength in the presence of
a certain concentration of the metal ion (C), Iy is the
maximum emission value that was obtained at A = 780 nm
during titration with varying metal ion concentration, K is the
binding constant and was determined from the slope of the
linear plot, and C is the concentration of the Zn>" ions added
during the titration studies.

Finding the detection limit

The detection limit for Hg®" was not calculated because the
initial changes in fluorescence intensity were not linear (due to
intermediate complex formation). The detection limit for Zn**
and Cd*" were calculated using the fluorescence titration data.
The fluorescence emission spectra of IR-PYR were measured for
five times and the standard deviation of blank measurement
were achieved. To gain the slope, the ratio of the fluorescence
emission at 780 nm was plotted as a concentration of Zn** and
cd™.

The detection limit was calculated with the following
equation:

Detection limit = 3g/k 2

where, ¢ is the standard deviation of blank measurement, k is
the slope between the ratio of fluorescence emission versus
concentration of metal ions.

Computational methods

Full geometry optimizations were carried out using the density
functional theory (DFT) method with Becke-3-Lee-Yang-Parr
(B3LYP) exchange functional® for all the molecules. The 6-
31G* basis set was assigned for all C, N, S, O and H atoms
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whereas lanl2dz basis set was assigned for Zn atom. All calcu-
lations were performed with Gaussian 09 program with the help
of the GaussView visualization program.**

Result and discussion
Design and synthesis of the NIR probes IR-NCS and IR-PYR

Controlling the emissive response of a cyanine moiety by spi-
rocyclization is a very recent approach.** Our effort is to modify
the spirocyclization approach to design chemosensors for tar-
geting different metal ions by minor tuning of the design.
Similar phenomena are also known in rhodamine based spi-
rolactam systems where simple change in the metal binding site
of the moiety can completely change the selectivity of the
probes.*® To the best of our knowledge, this is the first report of
a hydrazine functionalized spirolactam capped cyanine probe
for sensing multiple metal ions. Hence, this study enables a new
strategy for synthesizing NIR probes for metal ions.

In this article we have reported two new molecules IR-NCS
and IR-PYR (Scheme 1). In case of IR-NCS we have planned to
couple the process of spirolactam ring opening with the stoi-
chiometric and irreversible Hg*"-induced conversion of thio-
semicarbazides to 1,3,4-oxadiazoles (Scheme 2).** We have
expected that this would work as the foundation for a novel
Hg”" selective chemodosimeter. The cyanine derivative IR-NCS
seemed to be perfect for this application since the thio-
semicarbazide moiety of IR-NCS can be easily liberated to form
the oxadiazole in presence of Hg>* ions, which in terms will
induce the ring opening of the spirolactam unit.

In case of IR-PYR we have designed a pyridine functionalised
metal binding site, which along with the pyridine nitrogen, the
lactam oxygen and the sp® hybridized imine nitrogen provides
the necessary support for binding metal ions. This kind of metal
binding site constituting three donor atoms is well known for
binding transition metal ions like Cu®>*/Zn*"/Cd>" etc.*> We have
expected that the binding of specific metal ions with IR-PYR will
trigger the opening of spirolactam ring of the cyanine

2- carboxyphenyl
Pd(PPh,),\_boric acid

MeOH/2-Pyridinecarboxaldehyde

DMF/Phenyl isothiocyanate

IR-NCS

IR-PYR

Scheme 1 Synthetic scheme for the probes IR-NCS and IR-PYR.
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R NHR’
R M-NHR _Hg' T T
HN—NH N—N
Thiosemicarbazide 1,3,4 -Oxadiazole

Scheme 2 ng+ induced oxadiazole formation.

derivative, which can be easily detected through changes in
absorbance and fluorescence property of the solution.

The synthesis of compound I1, 12, IR-NCS and IR-PYR is
shown in Scheme 1. The overall synthesis of the probes is very
simple involving three easy steps. The first step is the synthesis
of I1 by the Suzuki-Miyaura coupling, where we have attached
benzoic acid moiety to the cyanine unit by refluxing cyanine
chloride (IR-780) with carboxyphenylboric acid in the presence
of Pd(PPh;), in DMF/H,O0. The second step is the formation of
the hydrazide, where I1 was first activated with N-hydrox-
ysuccinimide (NHS) followed by reacting with hydrazine
hydrate. The highly reactive amine group present in the
hydrazine gives extra flexibility to the system and in the third
step the metal selective sites were connected with the fluo-
rophore through the free amine group of the hydrazide. The
structure of all the compounds were fully characterised by 'H
NMR, *C NMR and MS-ESI spectroscopic studies.

UV-Vis spectroscopy of IR-NCS and IR-PYR

The photo-physical data of the compounds in methanol
(MeOH) are compiled in Table S1.F

Our aim was to study the metal-ligand binding induced
opening of the spirolactam ring of IR-NCS and generation of the
cyanine form. This structural change can be manifested in the
electronic and fluorescence spectral patterns. UV-Vis spectra of
IR-NCS recorded in methanol/aqueous PBS buffer indicated an
absorption hump around 770-825 nm (Fig. 1a), absorbance
around 780 nm is indicative of the presence of conjugated
cyanine moiety in the solution, which might be due to the
existence of a reversible equilibrium between the non-
conjugated IR-NCS and the ring opened IR-NCS with conju-
gated cyanine backbone (Scheme 3). The selectivity of IR-NCS
was checked in presence of various metal ions (Na*, Mg**, Cr*",
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Fig. 1 (a) UV-Vis titration spectra of IR-NCS (10 uM) upon incremental
addition of Hg®" ions in CHzOH/aqueous PBS buffer (1x, pH 7.4; 3 : 7 v/v).
(b) UV-Vis titration spectra of IR-PYR (10 uM) upon incremental addition
of Zn** ions in C,HsOH/aqueous PBS buffer (1x, pH 7.4; 8 : 2 v/v). (c) UV-
Vis titration spectra of IR-PYR (10 pM) upon incremental addition of Cd®*
ions in Co;HsOH/aqueous PBS buffer (1x, pH 7.4; 8 : 2 v/v).
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Scheme 3 Equilibrium between the closed and open form of IR-NCS
or IR-PYR.

Hg™", cu®, Zn®™', Fe*", Fe’', Co®, Ni**, Cd*", and AI’"). A
significant change in the UV-Vis spectral pattern of IR-NCS was
observed only in presence of Hg”" ions, among all the other
metal ions used (Fig. Slat). During sequential titration with
increasing concentration of Hg>" ions (0 equiv. to 3 equiv. of
Hg®") a sharp absorption peak appeared around 769 nm
(Fig. 1a). Additionally it is also observed that the initial absor-
bance peak of IR-NCS is broad, indicative of multiple species
present in the solution. Possibility of the existence of more than
one species in the solution of IR-NCS was further discussed in
the Theoretical study section.

We have also performed metal dependent UV-Vis studies
with IR-PYR, in this case we have found that the ligand itself
shows some absorbance around 770 nm, which is expected due
to the reversible equilibrium between the closed and open
forms of IR-PYR (Scheme 3), similar to our observation in IR-
NCS. The selectivity of the ligand is checked in presence of
various metal ions (Na*, Mg>*, Mn**, Hg*", Cu®", Zn>", Fe*", Fe*",
Co**, Ni**, €d**, and AI*"). A significant change in the UV-Vis
spectral pattern was observed selectively in presence of Cd**
and Zn>" ions (Fig. S1bt).

Upon continuous addition of Zn*>*/Cd** metal ions absor-
bance at 770 nm increases sharply forming an absorption band
characteristic of a conjugated cyanine moiety (Fig. 1b and c).

Fluorescence spectroscopic studies

The selectivity of the synthesized probes IR-NCS and IR-PYR
towards different metal ions (Na*, Mg>*, Cr**, Hg*', Cu**, Zn*",
Fe*", Fe**, Co**, Ni**, Cd*", and AI*'in CH;OH/aqueous PBS

500 500
(a) ——IR-NCS

= 400} Hg? 54001 S
m‘ — Other CV; 0 24680
~ Metal I N~ [Hg™] (V)
> 3001 etal Ions g 300
Z 5=
7 17}
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Fig. 2 (a) Fluorescence spectra of IR-NCS in CHzOH/aqueous PBS
buffer (1x, pH 7.4; 4:6 v/v) in presence of various metal ions (10
equivalent). (b) Fluorescence titration spectra of IR-NCS (10 uM) upon
incremental addition (0 to 1.4 equivalent) of Hg®* ions in CHzOH/
aqueous PBS buffer (1x, pH 7.4; 4 : 6 v/v).
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buffer) were also studied by fluorescence emission spectros-
copy. As shown in Fig. 2a, a solution of IR-NCS (10 pM) dis-
played a low intensity emission maxima near 785 nm when
excited at 695 nm. Addition of Hg** ions to this probe solution
induced a dramatic increase in the fluorescence intensity. It can
also be witnessed from Fig. 2a that the metal dependent switch-
ON response of IR-NCS is entirely selective towards Hg>" ions,
and no significant change in emission intensity occurred even
in the presence of excess of other metal ions. To gain an insight
of the properties of IR-NCS as a sensor for Hg”" ions, a titration
of the chemosensor was performed with sequential addition of
Hg>" ions. As shown in Fig. 2b the fluorescence intensity of the
solution containing 10 mM of IR-NCS was enhanced (with an
initial decrease) with increasing concentration of Hg”" ions, the
initial decrease in fluorescence intensity was maybe due to the
formation of an intermediate complex between the fluorophore
and the heavy metal ion (Hg**) (Scheme 4).%° The fluorescence
titration also confirmed that IR-NCS exhibits high sensitivity
toward Hg”". The saturation behavior of the emission intensity
of IR-NCS after addition of 1 equiv. of Hg>" reveals that the Hg>"
chemosensor/chemodosimeter has a 1 : 1 stoichiometry.

The mechanism of chemodosimetric response of IR-NCS is
further confirmed by ESI-MS studies of the sensor solution in
presence of Hg”" ions (ESI Fig. $147), the molecular ion peak at
m/z 740.4316 proves the presence of desired product IR-HGP in
the solution.

The change in emission spectra of IR-NCS in presence of
Hg>" can be explained by the chemical reaction shown in
Scheme 4. Reaction of Hg>" ions with the chemodosimeter
breaks the spirolactam ring with the formation of IR-HGP as
a product. As shown in Scheme 4, formation of the product IR-
HGP also caused the reappearance of the positive charge on the
nitrogen atom resulting in the generation of a highly conju-
gated cyanine backbone. Thus, with increasing concentration of
Hg>" ions the concentration of cyanine moiety in the solution
also increases, consequently a sharp change in the absorption
as well as emission spectra is observed.

In case of IR-PYR the excitation of the initial solution at
695 nm wavelength shows an emission peak near 780 nm. The
low intensity of the peak supports the fact that in absence of
metal ions the molecule remains predominantly in the spi-
rolactam form. Addition of Zn®**/Cd** ions to the solution con-
taining IR-PYR induces a sharp increase in fluorescence
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Scheme 4 Metal sensing mechanism of IR-NCS and IR-PYR.
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Fig. 3 (a) Fluorescence spectra of IR-PYR in C;HsOH/aqueous PBS
buffer (1x, pH 7.4; 8:2 v/v) in presence of various metal ions (10
equivalent). (b) Fluorescence titration spectra of IR-PYR (10 uM) upon
incremental addition (0 to 1.2 equivalent) of Zn?* ions in CoHsOH/
aqueous PBS buffer (1x, pH 7.4; 8: 2 v/v). (c) Fluorescence titration
spectra of IR-PYR (10 uM) upon incremental addition (0 to 1.2 equiva-
lent) of Cd?* ions in C,HsOH/aqueous PBS buffer (1x, pH 7.4; 8 : 2 v/v).

intensity near 780 nm. Increase in the absorption spectral band
near 770 nm and the emission band near 780 nm on binding to
Zn**/Cd** suggested opening of the spirolactam ring in IR-PYR
on metal ion coordination. As shown in Fig. 3a the metal-che-
mosensor binding induced ring opening of IR-PYR and the
formation of conjugated cyanine moiety is selective towards
Zn** and Cd*" ions and shows very weak response for other
tested metal ions (Na*, Mg®", Mn**, Hg**, Cu®", Zn*", Fe**, Fe*",
Co**, Ni**, €d**, and AI’"). To further understand the metal
sensing mechanism of IR-PYR as a sensor for Zn*" and Cd*"
ions, a titration of the solution containing IR-PYR was per-
formed with increasing concentration of Zn** and Cd** ions
respectively. As shown in Fig. 3b and c the emission intensity of
a 10 uM solution of IR-PYR was enhanced with sequential
addition of Zn®" and Cd*" ions, in both the cases the ligand
exhibited a high sensitivity towards the corresponding metal
ions, with near about 6 folds increase of its fluorescence
intensity upon addition of 1.2 equivalent of metal ions.

The stoichiometry of the complex formed between IR-PYR
and metal ions was established with the help of Job's plot. The
complex formed between Zn>" and IR-PYR is found tobe 1 : 1in
stoichiometry (Fig. S61), whereas the complex formed between
Cd** and IR-PYR is initially 1 : 2 in nature, but tends to form
a1l:1 complex in presence of excess metal ions in the solution
(Fig. S71). The 1 : 1 stoichiometry of both complexes was further
proved from the ESI-MS studies. The molecular-ion peak ob-
tained at m/z 853.3376 in the mass spectrum is related to the
mass of [IR-PYR + Zn>" + NO;] (ESI Fig. $157) and the molecular
ion peak at m/z 903.3183 is related to the mass of [IR-PYR + Cd**
+ NO;] (ESI Fig. S167). Binding constant for the Zn-complex was
calculated using Benesi-Hildebrand method, which was found
to be 1.9 x 10° M~ ". The detection limit of IR-PYR for Zn>" and
Cd*" ions was found to be 3.3 x 107®* M (33 nM) and 4.7 x
10~® M (47 nM) respectively.

Theoretical studies

For a theoretical assessment of the optical response of IR-NCS
and IR-PYR toward specific metal ions Density Functional
Theory (DFT) based -calculations were performed using
Gaussian 09 package. DFT calculations of the probes also gave
us a clear idea about their geometries. The findings from the

RSC Adv., 2017, 7, 24970-24980 | 24975
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optical spectroscopic and mass spectrometric studies indicated
that IR-NCS undergoes a cyclization reaction in presence of
Hg>" ions, which induced breaking of the spirolactam ring to
form a new compound IR-HGP (Scheme 4). Thus, the geometry
of both IR-NCS and IR-HGP was optimized. The DFT optimi-
zation of IR-NCS revealed that the spirolactam ring of IR-NCS
stays perpendicular to the heptamethine cyanine backbone and
the C=S double bond prefers to align in the opposite direction
to the carbonyl C=O0 bond (Fig. 4).

It was also noticed that the planarity of the cyanine backbone
in IR-NCS is decreased compared to that of the free acid (I1),
which may be attributed to the lack of conjugation in the
former. On the other hand in case of IR-HGP the newly formed
oxadiazole ring stays completely perpendicular to the cyanine
backbone and due to the formation of the conjugated structure
the planarity in the system is regained (Fig. S37).

As the electronic spectra of both IR-NCS and IR-HGP are
mainly generated from the electronic transition from HOMO to
LUMO, we have also calculated the corresponding HOMO and
LUMO energies. The HOMO-LUMO energy difference of IR-NCS
is 3.38455381 eV whereas the respective energy difference in
case of IR-HGP is 2.04548087 eV. The steep decrease in energy
difference values explains the increase in absorbance of the NIR
band (770 nm) in presence of Hg>" ions.

We have also used theoretical calculations to understand the
equilibrium between the ring-opened and ring-closed form of
IR-NCS. As shown in Fig. 5a we have assumed that the O-atom in
ring-opened form of IR-NCS can either be in a protonated state
or in a deprotonated state in aqueous solution. The broadness
of the UV-Vis peak over a wide range also indicated that
multiple species were present in the solution. Thus to validate

LUMO

HOMO

‘o #
$

L4 )
E=-4.56906601 eV £=-6.90761364 eV

AE=3.38455381 eV AE=2.04548087 eV

Fig. 4 Theoretically optimized structures of IR-NCS and IR-HGP and
energy diagrams of HOMO and LUMO orbitals of IR-NCS and IR-HGP
calculated at the DFT level using a B3LYP/6-31G*. All protons are
removed from the image for clarity.
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Fig. 5 (a) Equilibrium between the probable species present in the
solution of IR-NCS. (b) Theoretically optimized structures of IR-D and
IR-P and the corresponding energy diagrams of HOMO and LUMO
orbitals calculated at the DFT level using a B3LYP/6-31G*. All protons
are removed from the image for clarity.

our experimental results we have calculated the HOMO and
LUMO energies of the protonated and deprotonated species viz.
IR-P and IR-D. For IR-P the HOMO-LUMO energy difference
of the geometrically optimized structure is found to be
2.0585412 eV (Fig. 5b), which is similar to the HOMO-LUMO
energy gap of IR-HGP.

The similarity between the corresponding energy gaps of IR-
P and IR-HGP confirms that the hump near 770 nm in an
aqueous solution of IR-NCS is due to the presence of IR-P in the
solution. On the other hand the corresponding energy differ-
ence of IR-D was found to be 1.34233758 eV (Fig. 5b). The
relatively small HOMO-LUMO energy gap of IR-D indicates that
the hump in the longer wavelength region (over 800 nm) of the
absorbance spectra is due to the presence of IR-D in the
aqueous solution of IR-NCS. Furthermore we have confirmed
these facts again by recording absorbance of IR-NCS respec-
tively in an acidic and a basic medium. In a basic medium of pH
9 most of the ring opened IR-NCS molecules are in IR-D form
and the absorbance spectra show a broad peak with a prom-
inent hump in the longer wavelength region (over 800 nm),
whereas in acidic medium of pH 4 most of the ring opened IR-
NCS molecules are in IR-P form and the absorbance spectra
show a sharp peak at relatively shorter wavelength (near 770
nm) (ESI, Fig. S51).

This journal is © The Royal Society of Chemistry 2017
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In case of IR-PYR, we have confirmed from the Job's plot
analysis and mass spectrometric studies that a 1 : 1 complex is
formed in presence of Zn>* ions, whereas both 1:2 and 1:1
complexes were possible in presence of Cd*>" ions. Thus, for the
sake of simplicity we have pursued the geometry optimization
of IR-PYR and its Zn complex (IR-PYR-Zn).

Similar to IR-NCS, IR-PYR also showed lesser planarity of the
non-conjugated cyanine backbone and in both the cases the
spirolactam unit is perpendicular to the heptamethine chain. In
presence of Zn>" ions the electron pairs from carbonyl-O, imine-
N and pyridine-N participate in the binding event (Fig. 6).

After chelation with the Zn>* ion, the newly formed IR-PYR-
Zn complex retained a more planar geometry (cyanine back-
bone) than its precursor IR-PYR (Fig. S41). The HOMO-LUMO
energy difference of IR-PYR is 3.13774642 eV whereas the
respective energy difference in case of IR-PYR-Zn is 2.04711354.
Similar to the probe IR-NCS in this case also sharp decrease in
the energy difference value is consistent with the result ob-
tained from UV-Vis spectral analysis. Furthermore in both of the
cases we have noticed that after the formation of IR-HGP and
IR-PYR-Zn atomic contribution to the HOMO/LUMO is solely
from the cyanine backbone, which again verifies our assump-
tion that the increase in UV-Vis absorbance after metal recog-
nition is observed due to the presence of highly conjugated
cyanine unit in the system.

Metal-ion competition studies

The absorption and emission response of IR-PYR and IR-NCS in
presence of individual metal ions had shown a notable selec-
tivity for Zn**/Cd** and Hg>* metal ions. However, the most
significant criterion of a chemosensor is its ability to recognize
the target analyte in a complex environment of other competing
analytes. This hypothesis has been validated by testing the

IR-PYR-Zn
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E=-1.36818914 ¢V
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E=-4.50593556 eV

AE=3.13774642 eV AE=2.04711354 eV

Fig. 6 Theoretically optimized structures of IR-PYR and IR-PYR-Zn
(nitrate as a counter anion) and the corresponding energy diagrams of
HOMO and LUMO orbitals calculated at the DFT level using a B3LYP/
6-31G*. All protons are removed from the image for clarity.
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selectivity of IR-NCS and IR-PYR in presence of various cations,
which can interfere with the sensing of Zn**/Cd** and Hg>*
metal ions. The fluorescence response of IR-NCS in presence of
Hg>" metal ions was nearly unchanged even after addition of 5
equivalents of competing metal ions (Mg>*, Cu®**, Mn>*, Zn*",
Fe**, Co**, Ni*" and AI**) Fig. 7a. On the other hand IR-PYR
shows significant interference only in presence of Cu** ions,
which might have a better binding compatibility with the
ligand, thus in presence of paramagnetic Cu** ions the emis-
sion intensity is completely quenched*® and did not re-appear
with the addition of Zn**/Cd*" ions (Fig. 7b).

Cell imaging studies

The importance of any chemosensing probe is evaluated by its
potential to detect the analyte inside living systems like cells or
organism. The effective detection of analyte inside living cells
proves the ability of the probe to work within a complex envi-
ronment. As evident cellular intake of any chemosensor
crucially depends on the solubility of the probe. The plasma
membrane of cells is lipophilic in nature whereas the intracel-
lular environment is of opposite nature, thus molecular probe
must have an optimum solubility which allow it to get pass the
lipophilic membrane. Along with the solubility, the charge
character of a probe also plays an important role. A neutral
molecule can easily diffuse through the membrane whereas a
charged molecule may not readily diffuse through membranes,
instead they show a tendency to accumulate in subcellular
compartments.*’
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Fig. 7 (a) Normalized fluorescence responses of IR-NCS (10 puM) in
presence of 5 equivalent of various metal ions and after subsequent
addition of 1 equivalent Hg?" ions. (b) Normalized fluorescence
responses of IR-PYR (10 uM) in presence of 5 equivalent of various
metal ions and after subsequent addition of 1 equivalent Cd®* (blue
bars) or Zn?* (orange bars) metal ions.
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Fig. 8 Each column from left to right represents the confocal
microscopic images of Hela cells (pre-treated with 20 uM IR-NCS)
after addition of 0-100 pM Hg>* ions. Row (A) represents the differ-
ential interference contrast (DIC) images. Row (B) represent the fluo-
rescence images. Row (C) represents the pseudo-colored images,
blue to red color is assigned to fluorescence intensity from 0 to 1500.

In this study both of our ligands were primarily uncharged
but form a charged species when reacted with selective metal
ions. Given the suitable water solubility of IR-NCS and signifi-
cant physiological implications of cellular mercury, we were
motivated to investigate the ability of IR-NCS for detecting
intracellular levels of mercury. As evident from our solution
based spectroscopic studies, IR-NCS undergoes a chemical
reaction in presence of Hg?" ions to form a new molecule with
increase in fluorescence intensity. Our aim was to determine if
the chemical reaction and the corresponding change in fluo-
rescence intensity is prominent enough to be determined inside
living human cells by confocal microscopy (Fig. 8). When the
HelLa cells were primarily treated with 20 pM of IR-NCS, the cells
show very mild fluorescence intensity. In the next step we have
gradually increased the concentration of Hg** ions from 5 uM to
100 pM. As shown in Fig. 8 the cells start to show significant
increment in fluorescence intensity even when the mercury
concentration is as low as 5 pM, indicating selective sensing of
Hg>" ions in complex cellular environment.

Interestingly, the increase in fluorescence intensity inside
the cells is consistent with the increase in Hg>" metal ion
concentration, thus along with the sensing of mercury ions
inside cells a prediction about the extent of contamination can
also be done. The uniform distribution of fluorescence across
the intracellular region suggests that IR-NCS can pass through
the cell membrane and permeate the cells and upon further
addition of Hg®" ions the probe IR-NCS undergoes a ring
opening reaction to produce IR-HGP as a product. As the
concentration of IR-HGP inside cells increases the corre-
sponding fluorescence intensity also increases. It is also note-
worthy that the typical morphological trait of HeLa cells were
retained throughout the experiment, which indicates that the
probe IR-NCS and the product IR-HGP are not cytotoxic to the
HelLa cells.

Conclusion

In summary, we have developed a new technique to design
chemosensors for metal ions which are easily modifiable for
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targeting different metals ions. To verify our system we have
synthesised two compounds IR-NCS and IR-PYR which show
significant changes in their fluorescence and absorbance
spectra in presence of selective metal ions. We found that in the
case of IR-NCS, the Hg** ion selective response was due to
a chemodosimetric reaction of the probe with Hg** ions to form
a new compound IR-HGP, which triggers the opening of the
spirolactam ring in IR-NCS to form a conjugated cyanine dye.
On the other hand, the Zn>*/Cd*" metal ion selective response of
IR-PYR was found to be completely due to the formation of
a coordination complex between the probe and the metal ion,
which induces the ring opening of the spirolactam cycle and
subsequently increases the emission intensity in the NIR spec-
tral region. We have also used DFT based calculation tech-
niques as supporting evidences of our experimental results. As
the probe IR-NCS has an optimum solubility in aqueous
medium so we have used it for intracellular detection of Hg**
ions, we found that the cells pre-treated with the probe display
significant increase in emission intensity in presence of Hg”"*
ions under the confocal microscope. We expect that this new
technique can be further applied for developing NIR sensors for
various environmentally and biologically important metal ions.
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