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The styrylpyridinium D-n-A chromophore L1 exhibits selective and reversible binding to

Hg?* with visual and turn-on fluorescence response along with possibilities of intracellular
imaging applications.
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Abstract

The present work demonstrates design, synthesis cliednosensing application of a
styrylpyridinium based donat-acceptor (Dr-A) chromophore (L1) containing NS,
binding site. The chemosensor L1 selectively andcsssfully detects Hg ions both
visually and spectro-photometrically in perfect agus medium as well as in an aqueous-
alcoholic mixture. Contrary to the reported litewr&t on mercury sensing by cyanine dye
which were reported to be “turn-off’ ¥ sensor, probe L1 shows fluorescence “turn-on”
response. DA chromophore L1 exhibits orange colour in aqueand aqueous-alcoholic
solution due to intramolecular charge transfer (I@®dm the N, N-disubstitutedaminostyryl
donor to pyridinium acceptor moiety. It shows?Hgpecific colour change with concomitant
generation of a new absorption band and large enignhancement]10 fold) along with

a blue shift of emission peak, owing to the formiatbf a selective 1: 1 L1-Hfcomplex.
'H-NMR analysis reveals the binding mode of L1 wilg®*. Hgf* probing process was
found to be reversible in presence of sulphide ranidne reversible off-on-off fluorescence
response of the sensor with figind $ has been used to generate an INHIBIT molecular
logic gate. The probe not only provides a highlficednt, low cost, portable sensor for
recognition and naked-eye detection ofHgith a low detection limit in aqueous solution
but its turn-on fluorescence response and cell pahility offer the possibility of using it for

fluorescence imaging in living cells.
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1. Introduction

The recognition and sensing of metal ions has becomreasingly important and
emerged as a significant goal in the field of chmhisensors due to their biological,
medicinal, and environmental hazardous impéctraditional analytical techniques such as
high-performance liquid chromatography, mass speutiry, atomic absorption
spectroscopy, inductively coupled plasma atomicssimn spectrometry, electrochemical
sensing,etc. used to analyze the target provide accurate rekailvever associated with
multiple shortcomings including extensive and ticogsuming procedures, involve the use
of sophisticated instrumentation and requirementlasfe size sample. In this regard,
chromogenic and fluorogenic techniques by the use&hpomoionophoric sensors have
emerged as promising alternatives in recent yearghé sensing of ions and small molecules
of biological and environmental relevanceOwing to a range of advantagegy. high
sensitivity, selectivity, operational simplicityc@omical perspective, minimal and cheaper
instrumental assistance, naked-eye detection, fatre estimation of analytes, variety of
chromoionophoric chemosensors are being designdddexeloped:® Chromoionophoric
sensors comprise of two essential features (ipaophore with a specific binding pocket for
selective recognition and binding of ions and &ii)least one chromophoric or fluorophoric
moiety capable of transducing the chemical inforamatproduced by the ionophore-ion
interaction into an resolvable distinct optical r&y either through change in colour or

through change in fluorescence respotide.

Mercury is found to be one of the most common patits and highly toxic heavy
metal ion. Both elemental and ionic mercury presansoil and water are methylated by
microorganisms and the resultant methylmercuryuissequently bio-accumulated through
food chain**Organomercury compounds, easily permeated throbgicell membrane and
able to reach high levels in the central nervoustesy (CNS), leading to nephrological and
neurological dysfunctions. The direct chemicagrattion between methylmercury and thiol
groups from proteins and non-protein moleculeshsag glutathione (GSH), is one of the
major pathways in mercury induced neurotoxitityHence, the sensitive and selective
detection of mercury in biological and environmérs@amples is very important and highly
desirable. Numerous reports on design and developwfechromogenic and fluorogenic
chemosensors for selective binding and detectiorHgt" ion are found in literature.

However, presence of Hgion significantly quenches the fluorescence sighadugh spin-
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orbit coupling making them less useful for pradtiparpose:® Therefore, sensors which
display “turn-on” response upon binding with metahs are mostly preferred. In the
designing of turn-on sensors for Higan important strategy is to incorporate covajentl
binding donor atoms (particularly S-Donor atoms)the binding site of potential sensor.
These covalently bound donor atoms strongly intendath Hg”* weaken the interaction of

the heavy metal with the fluorophore and thus faté to resume fluorescente.

With a view to get selective “turn-on” chemosengmr mercury atom, the greater
binding affinity of mercury towards sulphur atomadsnsidered. In this regard a thioether
based metal binding unit containing % donor atoms is appended with a styrylpyridinium
chromophore. Styrylpyridinium dyes are a class olymethine hemicyanine dyes, well
known for their applications in diverse and broaeaaof science, technology, engineering,
pharmacology and medicirié?® These dyes possess excellent electronic prepattie to
easy electronic delocalization, and found to exhdbectronic transition in the visible and
NIR region of the electromagnetic spectrtfii? Labelling of proteins, DNA, and other
biopolymers with polymethine dye molecules, hasobee a very powerful research tool in
molecular biology to unveil various biological ahibchemical processé%Notable use of
these dyes in biology, medicine and drug developraesn as fluorescent probes and labels
for cells, micelles and organelles, flow cytometfjtiorescence microscopy, DNA
sequencing, detection on microarrays, quantificattd nucleic acids in capillary and gel
electrophoresis and single molecule detection oADSonsidering numerous advantages of
polymethine styrylpyridinium framework such as ague solubility, stability, long
absorption and emission wavelength, high extinctioefficient and fluorescence quantum
yield, uses in two-photon absorption, low detectionit and most importantly their cell
permeability, non toxicity at low micro-molar levahd cell imaging, herein we have reported
the chromoionophoric application of a styrylpyridim dye (L1)(Scheme 1) in aqueous and
agueous-alcoholic mixture. Probe L1 is designelatee a DonoreAcceptor framework and
characterized with intramolecular charge transfedlCT] from the N,N-
disubstitutedaminostyryl donor to N-alkylpyridiniuatceptor. Presence of pyridinium unit
made it highly soluble in aqueous medium. The chsamsor was found to display high
selectivity and sensitivity for Hg in both water and water-ethanol mixture irrespectf
other interfering ions. This is attributed to theag binding interaction of Hg with NS0,
donor ligand as compared to other metal ions. Bhecsve binding of the metal ion could be

easily detected by “naked-eye” colour change, U¥-\4pectral change and through



fluorescence “turn-on” response. The significanbfescence enhancemenil@-fold) was
attributed to chelation enhanced fluorescence (QHItE to the arrest of excited state photo
electron transfer (PET), decreased nonradiativaxation and increased conformational
rigidity as a result of the binding of metal iontkvthe donor atoms. Contrary to the reported
literature on mercury sensing of styryl based dymmophore which were reported to be
“turn-off” Hg?* sensor, probe L1 showed fluorescence “turn-orpaase’*2° Exploiting this
advantage of turn-on response for’Hglong with the water solubility, low toxicity arall
permeability of styrylpyridinium dyes, probe L1 wased for fluorescence imaging of Hig

in bacterial cell. Further, reversible fluorescencgomse in presence of sulphide anion was

applied to construct an INHIBIT molecular logic gat

2. Experimental Section
General materials and methods

All the solvents and reagents (analytical grade apdctroscopic grade) were obtained
commercially and used after purification. Reactiagse monitored by TLC, and the residue
was chromatographed on a silica gel (100—200 mesmg ethyl acetate-petroleum ether
mixture as eluent. Melting point of solid sampleaswnonitored on Yanaco Melting Point
Apparatus SP-500. All NMR spectra were recordec @ruker Spectrometer 400 MHz (for
'H NMR) and 100 MHz (for'*Cc NMR) NMR spectrometer, and chemical shifts were
expressed i3 ppm units relative to the TMS signal (as an inaéreference), to CDgtaken

as 7.28 ppm foftH and 77.00 ppm fol*C or to DMSO#d taken as 2.5 ppiior *H NMR.
UV-vis absorption spectra were recorded on a doubdam Shimadzu (UV-1800)
spectrophotometer using a quartz cuvette (paththemgl cm). IR spectra were recorded
using a Shimadzu IR Affinity-1 SWL using thin filaeposit on KBr plates. High resolution
mass spectra (HRMS) were acquired on a Bruker ESIatro TOF-QIlI mass spectrometer.
Fluorescence measurements were performed usingoMaa-4P fluorescence spectrometer
(HORIBA Scientific, USA) and a quartz cell (1 cm X cm). Fluorescence lifetime
measurements were carried out using IBH 5000F Ni&iio» equipment (Horiba Jobin Yvon,
Edison, NJ) with Data Station software in the tioogrelated single photon counting
(TCSPC) mode. The method for determination ofriésoence quantum yield and lifetime is

presented in electronic supporting information (ESI



Synthesis of 4-[N,N-Bis(2-chloroethyl)amino]benzhigide 2)

Compound 2 was synthesized using a method repoirtediterature’” 20 ml of
dimethylformamide was placed in a 100 ml flask pged with a mechanical stirrer and
cooled to 0-5° as 10 ml of phosphorus oxychlorides awdded slowly over approximately 0.5
hr. A solution containing 3.62 g (20 mmol) of N, &(2-hydroxyethyl) aniline was then
added with stirring and cooling. After stirring@° C for 2.5 hr, the mixture was cooled and
poured into 200 m1 of ice cold water. Concentratednonium hydroxide was then added
with vigorous stirring until the solution was stghy basic as checked by pH paper. The solid
yellow product precipitated was then collected aecdrystallized from methanol-water to
give 1.73 g (59% vield) of the cream colored needM.Pt. 85-88° C)*H NMR (400 MHz,
CDCl) ¢ (ppm): 9.80 (s, 1H), 7.81 (d,= 9.2 Hz, 2H), 6.77 (d] = 8.8 Hz, 2H), 3.88 (1] =
13.6 Hz, 4H), 3.72 (t) = 13.6 Hz, 4H) (Figure S1: Electronic supportinfpkmation (ESI))
¥C NMR (100 MHz, CDGJ) § (ppm): 190.2, 150.9, 132.3, 126.7, 111.2, 77.03,530.0
(Figure S2: ESI).

Synthesis of 4-(N,N-bis-(2-hydroxyethylthioethygialdehyde3)

Compound3 was prepared as per the following procediifda metal (0.2 g, 10 mmol) was
added into ethanol (5.6 ml) along with stirring. t&kf Na reacted completely, 2-
mercaptoethanol (0.7 ml, 10 mmol) was added ingosthlution with stirring for 1 hr at room
temperature. Solution &(1.23 g, 5 mmol) in 2.5 ml DMF was then added intipas. After
stirring for 1 hr, the mixture was then stirred6@t°C for another 1hr. The reaction mixture
was then diluted with water and was extracted Wi@M (6 x 10 ml) and dried over NaO,.
DCM was then removed from the mixture in a rotavaporator and residue was vacuum
dried. The desired product was found as brown edlatiscous oil 1.32 g (78% yield)H
NMR (400 MHz, CDC}), 6 : 9.74 (s, 1H), 7.76 (d, = 8.8 Hz, 2H), 6.72 (d] = 9.2 Hz, 2H),
5.31(s, 2H), 3.82 (tJ = 12 Hz, 4H), 3.69 (tJ = 15.2 Hz, 4H), 2.83 (m] = 12 Hz, 8H)
(Figure S3: ESI).}*C NMR (100 MHz, CDGJ) ¢: 190.2, 151.4, 132.4, 125.9, 111.4, 77.0,
61.2, 51.4, 35.4, 29.1 (Figure S4: ESI).; HRMS: riMzNa]® 352.1034 (Calcd); Found:
352.1012 (Figure S5: ESI).; IR(KBr): 3373, 29205461595, 1523, 1402, 1288, 1168, 1045,
945, 817cnt (Figure S6: ESI).



Synthesis of (E)-4-(4-N,N-bis-(2-hydroxyethylthigé&imino)styryl)-1-methylpyridinium
iodide (1)

The Compound (0.658 g, 2 mmol) and 1,4-dimethylpyridinium iodig@220 g, 2mmol)
were mixed in 6 ml of absolute ethanol in presewicé drop of piperidine as base catalyst.
The resulting mixture was heated to reflux overhidtiter cooling, the mixture was filtered
to collect the solid followed by washing with etibhnThe crude product was recrystallized
twice from ethanol and then dried in vacuum to wbtad colored chemosensor 0.27 g (56%
yield) m.pt. 139-14%C. 'H NMR (400 MHz, DMSOds) 5 (ppm) : 6.76-8.68 (m, 8H), 7.18 (d,
J=16 Hz, 1H), 7.91 (d] = 16 Hz, 1H), 4.87 (s, 1H), 4.17 (s, 3H), 3.60 0, 13.2 Hz, 8H),
2.76 (t,J = 14 Hz, 4H), 2.68 (t) = 13.2 Hz, 4H) (Figure S7: ESI}*C NMR (100 MHz,
DMSO-dg), § (ppm): 153.7, 149.4, 144.8, 130.9, 123.1, 11712.1, 61.6, 51.0, 46.8, 40.1,
39.2, 34.5, 29.1 (Figure S8: ESI).; HRMS: m/z [M]19.1841(Calcd); Found: 419.1821
(Figure S9: ESI). ; IR (KBr): 3296, 2918, 1645, 558523, 1404, 1340, 1172, 1045, 972,
945, 827cnit (Figure S10: ESI).

3. Results and Discussion

Synthesis of chemosensor 4-(4-N,N-bis-(2-hydroyltbtbethylamino)styryl)-1-
methylpyridinium iodidelL(1)

The chemosensol. 1 was synthesized by a simple condensation reactbnl,4-
dimethylpyridinium iodide 4) and 4-(N,N-bis-(2-hydroxyethylthioethyl))aminolzaidehyde
(3) in presence of piperidine in ethanolic mediumfdéom the styrylpyridium dyel 1
(Scheme 1). Formation of the product was characterized frétn NMR (H and**C) and
mass spectral analysis (Figure S7 —-S10; ESI).
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Solvatochromism of the prohd

Styrylpyridinium dyes, a class of polymethine heyaiine dyes are very well known for
their solvent-induced reversible colour change &tras solvatochromisfit.?*°Due to the
presence of Donat-Accepter (Dz-A) moiety, upon excitation these molecules exhdbit
large change in dipole moment attributed to thatie contributions of both benzenoid and
quinonoid forms. Extensive study on the solvatoohism/fluorosolvatochromism of
different classes of polymethine dyes proved tkeirsitivity to environmental changes and
thus used as good probes for monitoring micropylanydrogen bonding interactions, and

for the investigation of micro-environmental chadeaistics of biochemical and biological

systems.
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The styrylpyridinium chemosensok 1, contains a DeA chromophore with
conjugated tertiary nitrogen groups as the dondrquraternary pyridinium nitrogen centre as
the acceptor, flanked with styryt-spacer. The large solvatochromic shift (i.e 450 inm
water to 503 nm in dichloromethane (DCM)) clearnbnstrates intra molecular charge

transfer (ICT) characteristic of the chromophorgFe 1).
Chromoionophoric evaluation

The aqueous solubility of the chemosersbmade it possible to study its metal ion binding
efficacy in aqueous as well as in aqueous-alcohkdium. The binding properties of the
probeL 1 with H#* and with other metal ions were studied by nake=\ésualisation test as
well as UV-Vis and fluorescence emission experimaémtwater and in MeOH-® (4:1 v/v)
mixture. Figure 2 depicted the visual change airayl4 equivalents of different metal ions
(4.8 x 10° M) to the solution of-1 (1.2 x 10° M) in water medium. Orange solution of probe
L1 became colourless with mercury ion, however in gmee of other tested metal ions it
remained unaffected when observed in daylight. I&ngi under the influence of UV light
strong yellow fluorescence was observed only witfi'tbn. This clearly demonstrated the

chromoionophoric chemosensor nature of the compduhdfor selective detection of

Mercury.
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Figure 2 FreeL1 andL1 in presence of different metal ions in aqueous iomd(A)
photograph in daylight and (B) photograph underlig¥t (365 nm).

UV-Vis spectral characteristics of L1 with metaiso

In order to investigate the selective recognitiowl &inding of metal ions and to study the
binding mechanism, the UV-Vis absorption charastms of the chemosensdrl was
studied in presence of different metal ions suclCd$ zn®* PB* AI** Mg** Cr**, B&",



Cd?* Na', CU* Ni** K*, Ag" and Fe3(as their nitrate salts) in aqueous as well as @OM-
H,O (4:1 v/v) mixture. The aqueous solutions of difg metal ions were added separately
to the prepared solution of compouhd and UV-Vis absorption spectra were recorded.
Upon addition of H§' solution to the aqueous solution and also to Me&®B-(4:1 v/v) of
L1, the ICT band suffered hypochromicity and a newoation band appeared @55 nm
(Figure 3) However, no significant change in thesaption spectrum was observed in
presence of other tested metal ions. The obseolahge in the UV-Vis spectral
characteristics on addition of Hgwas found to be greater in methanol-water mixtae,
compared to pure aqueous medium. This may be @tdto greater and stronger binding of
metal ion with the host molecule in methanol-watedium. In contrary, in aqueous solution,
a smaller and weaker binding of metal ion is aptiteéd due to greater and stronger solvation

of Hg™ ion in pure water which may restrict the interaativith the host molecule.
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Figure 3 UV-Vis absorption band of the prolel (12 uM) in presence of different metal
ions (48uM) in (A) H,O medium (B) methanol4® (4:1 v/v) medium.



To gain insight into the specific interaction widg®* ion, UV-vis absorption titration
of the chemosensdrl (12 uM) was performed with gradual increase in the cotre¢ion of
Hg®* (0-108pM) ion. The UV-Vis absorption spectrum of free clemmnsor L1 was found to
be perturbed drastically. With increase in’Hgoncentration (0-108M), absorbance of the
ICT band centered at 455 nm started decreasingomitcomitant increase in the absorbance
of the newly developed absorption band at loweredength centeredB55 nm (Figure 4).
The new absorption band was thus attributed to gi“Hound species. Appearance of three
well defined isosbestic pointga. 390, 300 and 258 nm clearly demonstrated the
interconversion from free un-complexed specieg)(to complexed bound species (L1-
Hg?"). The decrease in the absorbance of ICT bandlglshowed the involvement of the
tertiary N-donor atom for the binding of Bfgion. Upon binding with the metal, N-donor
atom may acquire partial positive charge resulimgnhibition of intramolecular charge

transfer in the DeA chromophord. 1.

0.4 -

Absorbance
o
N
1

0.1 -

200 300 400 500 600
Wavelength (nm)

Figure 4 Changes in the UV-Vis absorption spectraldf (12 pM) upon addition of
increasing amount of Hgion (0-108uM) in H,O medium.

Fluorescence spectral characteristics of L1 withah®sns

Similar to UV-Vis absorption studies, fluoresceraraission experiments were also carried
out for freeL1 and metal bound species in methangBH4:1 v/v) medium. Fluorescence
spectra of the chemosendot at an excitation wavelength of 360 nm in the absesand
presence of different metal ions such ad'Can** PB* AI** Mg®* Cr*, B&*, Cd** Nd,
CU* Ni** K* Fe**, Ag' (as their nitrate salts) have been collected aptesented in Figure
5.
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Figure 5 Fluorescence emission spectralLdf (12 uM) in presence of different metal ions
(48 uM) in methanol-HO (4:1 v/v) mediumXex = 360 nm)

The chemosensor L1 in its free state was foundetovbakly fluorescent (quantum
yield (@) = 0.009) giving a low intense broad emission bahda. 590 nm. Upon treating
with 4 equivalents of different metal ions sepdsatexcept in the case of Hgion no
significant change in the fluorescence spectrum elzerved (Figure 5). On adding Hig
ion, remarkable enhancement was observed in tleeBgence intensityp(= 0.044) with a
blue shift of the emission wavelength to 566 nnfisTurn-on fluorescence response may be
explained through the following two factors. (fjrigiple of chelation enhanced fluorescence
(CHEF) as a consequence of inhibition of photo @edlelectron transfer (PE°TY" **and

(i) increase in conformational rigidit{f;>®

Most of the turn-on chemical sensors are non-flsceat or weakly fluorescent in
their free state possibly due to PET (photo induetzttron transfer) effect. The metal
binding host unit of these sensors contain lone gfaglectrons on the hetero-atoms (such as,
nitrogen, oxygen, sulphur atoms or with any otherctional groups), which are of higher
energy than the highest occupied molecular orit®DMO) of the fluorophore. Upon
excitation of an electron from the HOMO to the lstveinoccupied molecular orbital
(LUMO) of the fluorophore, these lone pair of efecis jump down immediately to fill the
partially empty HOMO of the fluorophore, which ibits the excited electron to return back
to the fluorophore ground state HOMO and there bgnghing fluorescence (Scheme 2).

Involvement of these lone pairs for metal chelatioops the energy of lone pair below that
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of the fluorophore HOMO, consequently preventsghecess of PET resulting in enhanced
fluorescence (CHEP-* Similarly, in the present case binding offitp the NSO, binding
site of the chemosensdarl through the lone pairs on nitrogen, oxygen anglsul make
them unavailable for any possible PET effect, whiohy result in strong fluorescence

enhancement.

PET On 77N \ Metal ion PET Oﬁl{/K \
7 fI @ KJ
- =

Fluorophore Binding Unit

Non-fluorescent Or weakly fluorescent Strongly Fluorescent

A L
J~ | PET effect | ' 7| CHEFeffect |
LUMO ! PET effect ! | ) CHE _(E _e_c_ |
_________ . Emission
E | 3
_ v
HOMO 1 — - { L
Juoropho pii Metal bound
Fluorophore Free Binding unit Fluorophore etal boun
binding unit

Scheme 2 Schematic representation of fluorescence quenchiygPET effect and
fluorescence enhancement by CHEF eff&¢t.

Fluorescence intensity is often related to thedrigiof the chromophore structure. In
general, the restricted rotational motion of theofbphore makes the rotation-related
nonradiative decay pathway less efficient, hendeaeaing the fluorescence quantum yield
and intensity*3® The strong enhancement of fluorescence intendity Ioin its mercury
bound state may also be attributed to the resinadf the torsional motion of disubstituted
amino group imposed by the formation of L12Hgpmplex making it conformationally more
rigid than the unbound.1 which possibly resulting in increased fluorescence intgns
through a reduction of non-radiative decay. In ortle confirm this proposition, the
fluorescence lifetime studies were carried outffee L1 and L1-Hg*complex in methanol-
H,O (4:1 viv) medium. The unbound ligand exhibitaegeitponential fluorescence decay with
an average fluorescence lifetime of 0.25 ns, whiatreased to 0.56 ns in presence of

mercury ion. From the average fluorescence lifetamd quantum yield values the radiative
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(ks) and non-radiative (Y decay constants were computed and the valueaepresented in
Table 1. As evident from the data, there is a §igamt reduction in the kvalue in presence
of mercury thus supporting the above propositierformation of L1-Hg complex induces a
conformational rigidity in the fluorophore. As asansequence there is a reduction in non-

radiative decay, which in turn results in an enleaituorescence quantum yield.

Table 1 Comparison of average fluorescence lifetime, quanyield, radiative (§ and non-
radiative (k) decay constants farl and L1-Hg* complex in MeOH:HO(4:1) medium

System T, o, T, a5 T, o T avg Df k¢ Knr
(ns) 1 (%) | (ns) | (%) |(ns) | (%) |(ns) (ns™) | (ns™)
L1 0.14 90.33 | 0.71 | 8.31 4.5 1.35 | 0.25 | 0.009 0.037 | 4.025
L1+Hg 0.35 46.34 | 0.74 | 53.66 | -- -- 0.56 | 0.044 0.079 1.709

Remarkable increase in fluorescence intensity, uatyield and lifetime along with
a blue shift ofca. 26 nm in presence of Hgis thus a result of the binding of donor group
with the metal iorrestriction inbond rotation by giving a rigid environment andibition of
PET induced quenching in the L1-Hgadduct. The selective fluorescence enhancement
could be due to more effective and strong bindifiddg”* with the donor atoms df1 in
comparison with other metal ions. However, a dethénalysis of the photo-physics of the

fluorophore with and without metal ion is essenfiiala definite conclusion.
Selectivity and non-interference of L1

In order to establish the high selective naturet@mosensok 1 towards H§", the
effect of other metal ions on the fluorescence simiis was investigated. The interference
experiments were conducted by adding excess ahthagering metal ion (240 uM) namely
cd*, zr*t, P, AIPY, Mg®, Cr, B&', Cd*, Na', CU*, Ni**, K*, Ag" and F&" to the
solution of HG" ( 48 uM) and the probe L1 (12 uM). The fluoreseeintensities were
analysed and plotted as a bar graph in Figure @ cavisiderable change was observed in the
fluorescence emission profiles of L1-Figsolution, indicating that the probe has a strong
selective binding ability for Hj even in presence of different interfering metal sion

encountered in environmental and biological samples
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Figure 6 Bar graph of fluorescence intensity (at 566 nom)tifie solution of free L1 (12M),

L1 with HE™" (48uM), L1 with Hgf* (48 uM) in the presence of other competitive metal ions
(240uM) in MeOH:H,0O(4:1) medium. The red bars and black bars reptekerfluorescence
intensity of solution ot 1 in the presence of 48V of other tested metal ions in the absence

of H** and in presence of Hijion respectively.Xex = 360 nm)
Binding stoichiometry, association constant andtlmh detection (LOD)

The binding stoichiometry of the proltel with Hgf* ion was quantified by Jobs’s
method. For this the emission spectral data weréeated at a constant total molar
concentration of 1M with continuous variation of mole fraction of theo binding species
(Figure 7a). Figure 7b represents the change mrdicence intensity with change in mole
fraction of HF". A maximum at a mole fraction of 0.5 clearly esigtted the formation of a
1:1 binding of the probe with the metal ion to fokrHg?* complex in methanol-40 (4:1

v/v) medium®®

The association constant (K) for the binding of fhebe with H§" was determined
from fluorescence spectral emission data in watediom as well as in MeOH-J® (4:1 v/v)
medium using Benesi-Hildebrand equation (equatjoti 1

1 __t . 1 )

I-1y Imax—1o K(Imax_lo)[H92+]

Where b, Imax and | refers to fluorescence intensity of free ihlthe absence of Hg
maximum fluoresce intensity in presence ofHat a concentration of complete interaction

and intermediate fluoresce intensity at varying3#g
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Using slope and intercept of the plot of 1f)l-versus 1/[H§] K was calculated to
be 1.13 x 10M™ and 1.46 x 10M™ in water and in MeOH-pO (4:1 v/v) medium
respectively ( Figure 8 A and Blhe lower value of association constant in watediora
compared to that of methanol-water mixture is pbijpaue to greater solvation of Egon

in water which may restrict the interaction of Lridametal ion.

35— ”
——(0:100) L1:Hg et :
304 A ——(10:90)L1 :ng+ ol Maximum at n=0.5
; — (20:80)L1:Hg %" B 1:1 L1:Hg* binding ratio
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© ——(@os0)L1:HgET T
2 201 ——(s0:50)L1:Hg2" 8 20
o : :Hg ~
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— 104 ——@0:20)L1:Hg>Y £ 104
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500 550 600 650 70t 00 0.2 294 Uﬁ_ 0.8 1.0
Wavelength in nm [Hg" V(L1+[Hg"])

Figure 7 (A) Fluorescence spectra of solution containirigand H§* with varying molef
fraction at a total molar concentration ofy\ and (B) respective Job’s plot of Eignole
fraction vs. fluorescence intensity at 566 g € 360 nm).
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Figure 8 Plots of 1/(I-h) versus 1/[H§] in (A) water medium (B) in MeOH-5O (4:1 viv)
medium.

In order to perform as a suitable chemosensor dnthed major concern is the
sensitivity or limit of detection (LOD) of the prebTo determine the sensitivity of the probe
L1, a fluorescence titration experiment in water magdiwas performed with increasing
[Hg®**] (0-30 uM) at constant 1] (12 pM) (Figure 9A) On addition of Hg up to a
concentration of 3jV no significant change was observed. However, whenHd ] is >
4.8uM, detectable enhancement in fluorescence intemstty gradual blue shift of the peak

was observed. This experiment demonstrated a laectien limit (DL) of L1 towards H§"
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i.e. 4.8 uM. Further, LOD was also calculated using the esiterly used methode. LOD =

3dlS, whereo is the standard deviation intercept and S is tbhpesof the linear fitting
equation of the plot l§lversus [H§] (Figure 9B). LOD calculated using this method was
found to be 7.5uM. DL and LOD for the present work is comparabléhwihat of previously

reported literature (Table 2§

35

30

FI. Intensity (a.u)
g & Nov

(%]

3.5

R2=0.97
LOD=7.5uM

T
10

0
450

550 600 650

Wavelength in nm

500

700

T T T
15 20 25

Hg2* (uM)

T
30

Figure 9 (A) fluorescence titration experiment with increas[Hd '] (0-48 uM) at constant
[L1] (12 M) in water medium, (B) linear plot of (i) versus [HG'].

Table 2 Comparison of LOD for Hg of the present chemosensor with previously reporte

literatures.
References | Fluorophore/Chromophore | Type of detection | Solvent medium LOD
Ref 38 Pyrazidine derivative Colorimetric and Water 14.54uM
fluorescence
Ref 39 HOE DNA binding dye fluorescence Water 0)a7y
Ref 40 Thiophene-based Schiff base  Colorimetric and MeOH:H,O 20uM
fluorescence
Ref 41 Rhodamine B/ Colorimetric and Water 10uM
Spirolactam ring fluorescence
Ref 42 Rhodamine derivative fluorescence MeOiDH 10uM
Ref 43 BODIPY fluorescence Water 4.2uN
This work Styryl pyridinium dye Colorimetric and Water 7.5uM

fluorescence
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Nature of binding InteractiontH NMR spectroscopic analysis

In order to confirm the binding mode of the compawri with Hg ion, *H-NMR
spectroscopic studies were carried out. TH&NMR spectra of the chemosendat before
and after treatment of Hfin DMSO-dg are presented in Figure 10. All thd-NMR peaks
of L1 are found to be downfielded to more or less exafter addition of mercury. However
significant change in the proton signal for H1, Hi&, H4, H5 H6 and H9 are observed as
follows. (i) Peak for the -OH proton (H1) &t4.83 ppm disappeared on addition of *Hg
probably because of binding of oxygen atom to mietalwhich may weaken the O-H bond
leading to deprotonation. (ii) Proton signal forHsQproton attached to O atom (H2) and N
atom (H5) appeared as multiplet @at3.53 ppm are found to be slightly downfielded,
separated progressively with increasing concentratif Hf" and appeared awo distinct
triplets atd 3.56 andd 3.7 ppm respectively. (iii) Peak for —Gldroton attached to S atom
(H3 and H4) appeared as two distinct triplet® 62 ppm and 2.69 ppm respectively in
free L1 are found to be downfielded and merged with grhdddition of HG" to give a
distorted broad triplet & 3.15 ppm. This may be because of decrease inr@bedéensity at S
atom due to strong covalent type binding interactioth mercury ion. (iv) Doublet for H6
i.e. ortho to the electron donating N-atomd&6.73 ppm is also downfielded to a great extent
and appeared & 7.16 ppm which may be due to decrease in elecamsity on N-atom
upon association with the metal ion. Thus the chaiy ‘H NMR chemical shifts
demonstrated a clear picture of an adduct formdigtween the sensbrl with metal cation

chelated through N, S and O donor atom.
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Figure 10 *H-NMR spectra of probe 1 and L1+ HG" in DMSO-ds and a possible mode of
binding interaction (a) Free L1 (b) L1 + 0.2 eq.’Hg) L1 + 0.5 eq. H (d) L1 + 1 eq. HY'
(e) L1 + 1.5 eq. HY () L1 + 1.8 eq. H§ (g) L1 + 2 eq. HY'

FESEM analysis

Cyanine dyes can spontaneously self assemblenodggregatesia intermolecular van der
Waals forces. By varying solvent or adding sale #ggregates can be transformed into
various forms, for example, H- or J-aggregatescivioan be easily distinguished by different
analytical technique¥’ To observe any morphological alteration of chemsse L1 after
chelation to H§", FESEM analysis was attempted. Whereas the nggt diye L 1 possessed
wire like microstructure which was found to be djged to a flower like morphology upon
treatment with H§' (Figure 11A & B). The reorganization of the aggaeed probé. 1 might

be attributed to the formation of L1-Hgadduct. The chemical composition of the L1¥Hg

complex was also measured by the EDAX analysis lwhlearly showed the presence of
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carbon (C), oxygen (O), nitrogen (N), sulphur (8) anercury (Hg) in the prepared L1+ ¥ig
complex (Figure 11D).
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Figure 11 SEM images of (A) Free L1 (B) L1 + Hg(C) EDX pattern of L1 (D) EDX
pattern of L1 + H§" adduct.

19



Reversibility of the chemosenddt

The reversible binding behaviour of chemosensomatds specific analytes is a vital aspect
for practical application. The reversibility of tltthemosensok 1 was tested with sodium
sulphide (NaS). Addition of NaS (24 pM) to the solution containing L1(12uM) and“H
(48uM) resulted in a dramatic quenching of thefascence emission intensity (Figure 12).
The colour of the solution as well as fluoresceimtensity at 566 nm was found to revert
back to that of freé 1 solution. It may be explained through strongreifyi of sulphide anion
(S%) for the HG" cation, causing demetallation of the L1%4gomplex with a simultaneous
decrease in the fluoresce intensity due to nonkaility of Hg?* for chelation. After the
addition of 1 equiv. (12 pM) of H{ again to the same solution, the fluorescence ef th
solution was revived. Furthermore, upon the sedalesiternate addition of’Sand Hg" into

the solution, the fluorescence switching respomsgdcbe repeated for several cycles. These
results suggested that L1 can be used as a reeditstrescent chemosensor for the selective
detection of H§ ions in aqueous as well as in aqueous-alcoholitumés under physiological

conditions.

+8§ '+ng+
Hg2*+s .+ng+*sz.

Fl. Intensity(a.u)
Fl. Intensity(a.u) at 566nm
F-Y

+§%
Cycles

5CI)O 550 GCI)O 650 700
Wavelength in nm

Figure 12 The reversible binding behaviour &fl with H* tested using % anion.(A)
Emzissiongspectra and (B) Emission intensity (atrBepof L1 with sequential addition of
Hg™ and S.

Construction of Logic Gate

The clear “off-on” fluorescence response of therebgensors in response to the addition of metal
shows the digital action of molecules and thus iegplo combinational logic circuft. The
reversible binding behaviour of chemosensor L1¢6 Hand consequent changes in fluorescence

intensity at 566 nm in presence and absence?ofnBnics the INHIBIT logic gaté® Figure 13
demonstrated the circuits for the INHIBIT logic gaThis was constructed with HgInput 1)
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and $ (Input 2) as two chemical inputs and the fluoreseéniensity at 566 nm as output. The
presence of Hj and $ was defined as binary “1”, and the absence of ihesis was defined as

binary “0” (Table 2). For the output, the valud/t§ at 566 nm was considered as “1” for strong
enhanced fluorescence (turn-on) and “0” for weaénched fluorescence (turn-off). As shown
in Figure 14, when input of H(Input 1) was present alone, output “1” was oladihecause the

L1 solution showed a prominent turn-on fluoresceresponse at 566 nm. In other input
combinations, the output signal was “0”, implyingrt-off fluorescence. The behaviour is properly
fitting with INHIBIT logic gate. This molecular stghing behaviour might be applied to the

development of smarter fluorescent material fortiasking biosensing applications.

ng+
Input-1
2 INH 566nm
I nput-2 J_»'_ Output

Figure 13 The circuit diagram for the INHIBIT logic gate

al Input 1 Input 2 Output
(Hg™) () (»=566nm)
Ch 0 0 0
L
= 4 1 0 1
0 1 0
2
l 1 1 0
0 __- = )
L1 L1+Hg Hg+S2- S2-
Input-1 0 1 0 1
Input-2 0 0 1 1

Figure 14 The fluorescence intensity of L1 at 566 nm inghesence of four different inputs and truth table
for the INHIBIT logic gate

Based on the above collective results from UV-Vissaption, Fluorescence
emission, Job’s plot analysis, NMR interpretatiord aeversibility test, the selective 1:1
binding of probelL1 with Hg?* ion and the probable mechanism of turn-on fluease
enhancement is schematically represented belowe(®el#). The chemosendot in its free
form has a visible absorption due to ICT transitigives an orange colour in water medium

and is weakly fluorescent for possible electromgfar upon photo excitation (PET). Owing

21



to the involvement of donor tertiary amino N atamthe metal bound form, while it becomes
colourless as a result of absence of ICT, absefdeEd and increased rigidity due to

chelation produce a large enhancement in fluorescenensity (CHEF).

H g2+

Free state Metal bound state
PET ON m PET OFF/CHEF ON

x
X Aem 566 NmM
L1\ Aem 590 nm U L1+ Hg?

Weakly fluorescent s* Highly fluorescent

Scheme 4 Proposed binding mode of the chemosensdr with Hg#* and probable
mechanism of turn-on sensing.

Application of chemosensor L1 in cell imaging

Among numerous potential applications of cyaninesjyioimaging as fluorescence probes
in living cells has attracted a great deal of dttenrecently’’ Zhou et al. reported that
cyanine chromophore could interact with DNA in thede of intercalation and be effectively
used as fluorescent staining dye for cell imagippgliaations. They have also reported the
non-toxic nature of the chromophore by examinie{ ¢iability data for MCF-7 (Human
breast carcinoma) cells at micromolar concentratiamnd can applied in brighter twophoton
fluorescent (TPF) bioimagirl.In the present work, for practical applicabilitysensor_1,
permeability and detection of Bfgwithin living bacterial cell in an image wise mamwas
explored. For this, the E.coli DHb-bacterial cells were grown overnight in LB (Luria
Bertani) medium at 37C in a shaker incubator. These bacterial cells iwntber incubated
with 48 uM of Hg(NGs), in PBS (phosphate buffered saline) buffer at 37f6GC2 h. To
remove the remaining Hg(N®, the bacterial cells were washed with PBS buffer and
incubated further with 121M of sensorL1l in Methanol:PBS for half an hour at room
temperature. After washing again with PBS, thesednil cells were transferred to glass

slide for imaging. Fluorescence images of bactergdlls were gleaned using a Leica TCS
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SP8 confocal laser scanning microscope attachadlLteica DMi8 inverted epifluorescence
microscope. Figure 16 displayed the fluorescenages of bacteria cell in the absence and
presence of HJ and probelL1. This test indicated that the bacterial cell emiesi
fluorescence with. 1 in presence of Hg under fluorescence microscope. It revealed that the
probe L1 has cell membrane permeability for cell imagingl dhus can be utilised for

intracellular detection of Hg in living cells.

Bright light Confocal image Merged

Control

Hg*

L1

L1+Hg?

Figure 16 Confocal fluorescence images: (a) bright field gm#b) confocal image (c) a merged
of (a) and (b) of E.coli DH% cells; (d) bright field image (e) confocal image(®) a merged of
(d) and (e) of E.coli DH%x cells stained to Hg (48 puM); (g) bright field image (h) confocal
image (i) a merged image of (g) and (h) of E.cdi32u cells stained td.1 (12 uM); (j) bright
field image (k) confocal image (I) a merged ima@é)oand (k) of E.coli DH5e cells stained to
L1 (12 uM) and HE (48 uM).
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Application of chemosensbd in test paper strips

Based on the differential colour of L1 in its freem and in H§" bound form, it can be used
as a useful means for naked eye detection df Hgaqueous and aqueous-organic media.
Further for practical usage and for easy deteafamercury content, paper strip method was
applied. For this paper strip made up of whatmider fpaper were prepared by treating the
paper with a solution df1 (0.3 mM) in methanol and dried with air. The teaper strip was
then immersed in an aqueous solution of Mercuttiata (1.2 mM) for 2 minutes and dried
in air. Figure 17 shows the change in colour ofgpagtrips with and without Hgions in day
light and under UV light at 365 nm. The clear chaumg colour of thd.1 loaded test strip
upon dipping in H§ solution demonstrated the practical applicabilfor successful
detection of H§" metal ion on a solid paper stfip*

Figure 17 Photographs showing the colour change of probédfbre and after addition of
Hg®* (A) in day light and (B) under UV light at 365 nm.

4., Conclusion

In conclusion, we demonstrate a simple and sekedhromogenic and fluorogenic turn-on
chemosensor based on a styrylpyridinium chromopliotg to detect Hg' ion in aqueous,
agueous-organic medium and in biological systerhs. dhange in color of the solution from
orange to colourless upon addition of*Hign is clearly visible to the naked eye. Signifita
increase in emission intensity of L1 upon inte@utivith Hf* is ascribed to CHEF due to
the formation of a conformationally rigid stable k1Hg?* adduct. Based on the collective
experimental results from UV-Vis, fluorescence esuis, Job’s plot analysis, NMR
interpretation and reversibility test, a select@el strong 1:1 binding of probe L1 with g
ion through the Ng, donor atoms is proposed. The molecular recognitiiin fluorescence
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signal is used to construct an INHIBIT moleculagito gate based on the input/output
characteristics of this molecular device. Moreowtiemosenso 1 can be utilised to track
the presence of Hgion in real-time in aqueous medium using naked{egeer test strip
method and in living cell by fluorescence imaging.
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