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A novel pyranol3,2-cljulolidin-2-one based fluorescent molecular rotor PYJO4 has been designed and
developed for selective ratiometric detection, quantification and imaging of intracellular Hg®* in live
cells. The probe operates via a Twisted Intramolecular Charge Transfer (TICT) mechanism and exhibits

high selectivity and sensitivity up to 1.14 ppb. PYJO4 coated test strips can be used to detect mercury

www.rsc.org/MaterialsB ions in contaminated water.

Introduction

Mercury, exhibiting an anomalous property of being ‘liquid
metal’ in its native form, acts as one of the most toxic and
disastrous elements." It causes serious environmental and
health problems as the aquatic organisms convert the inorganic
mercury into neurotoxic methyl mercury which bio-accumulates
through the food chain leading to disasters like Minamata."
Furthermore, dental amalgam which consists of approximately
50% mercury content can seriously affect the central nervous
system leading to the risk of neurodegenerative disorders.>
Hence, there is an urge to develop fluorescent probes that
can detect intracellular Hg”* ions with high selectivity and
sensitivity.

Most of the current Hg>* sensors known in the literature rely
on single intensity based measurements via either turn-on® or
turn-off* responses. However, their responses depend on the
concentration of the sensor, source light intensity, and sensitivity
of the analytical instrument which may lead to unintentional
variability in readouts during measurements.’ To overcome these
limitations, dual-intensity based (ratiometric) fluorescent probes
with metal ion selectivity are in huge demand as they offer
accuracy with high precision and inbuilt calibration.” Lippard
et al.®® developed the first ratiometric fluorescent sensor for
Hg>" ions and since then very few ratiometric fluorescent
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probes for Hg®" ions have been reported but they are either
non-selective or exhibit excitation in the ultra-violet region
thus restricting their application in live cell imaging.® Later
in the year 2008, Zhang et al.®® reported the first FRET-based
ratiometric imaging of Hg?" ions in cancer cells. They high-
lighted that ratiometric sensors can be designed to work mainly
by two mechanisms, viz. intramolecular charge transfer (ICT)
and fluorescence resonance energy transfer (FRET). The reaction
based sensors (chemodosimeters) in general follow an irrever-
sible binding mechanism, thus limiting their applications. We
envision that an alternative strategy for designing ratiometric
sensors with significant accuracy may be achieved by the twisted-
ICT (TICT) approach. The TICT concept’ of molecular rotors has
been scarcely explored possibly due to the difficulty in delicately
correlating the degree of electron transfer to the change in
molecular geometry during metal binding.

These molecular rotors,® having a donor-n-acceptor frame-
work, adopt a twisted state upon photoexcitation and can
relax to the ground state from their photo-excited state either
non-radiatively or by a red-shifted emission band leading to
dual emission bands belonging to the locally excited (LE) and
TICT states. In this paper, we rationally designed (Fig. 1) and
synthesized a novel dialkylamino-nitrile appended pyranojulolidin-
2-one probe attached to a metal ion acceptor dipicolylamine®
(DPA) for ratiometric detection and imaging of Hg>* ions
in live cancer cells. The main features of our probe include a
TICT-based novel pyrano|[3,2-c|julolidin-2-one fluorophore, selective
ratiometric detection, and quantification and imaging of intra-
cellular Hg*" in live cells with nano-molar sensitivity. In this
paper, we have also demonstrated a convenient test strip
method for the detection of Hg>* ions in aqueous solution.
The advantages of our probe over existing ratiometric Hg”"
probes are summarized in Table S1 (ESIf).

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 A new strategy for developing a TICT based ratiometric probe.

Materials and methods

Instruments

"H NMR spectra were recorded at 400 MHz or 500 MHz and "*C
NMR spectra were recorded at 100.6 MHz. Chemical shifts are
reported in parts per million shift (0-value) from Me,Si (6 0 ppm
for "H) or based on the middle peak of the solvent (CDCI;)
(6 7.26 ppm for "H NMR and § 77.00 ppm for *C NMR)/DMSO-d,
(6 2.50 ppm for "H NMR and ¢ 40.00 ppm for >*C NMR) as an
internal standard. Signal patterns are indicated as s, singlet;
d, doublet; t, triplet; m, multiplet. The coupling constant (J) is
given in Hertz. Infrared (IR) spectra were recorded in a KBr disc
and reported in wave number (cm ™). The ESI-MS spectra were
recorded on a MICROMASS Quadro-II LCMS system. The HRMS
spectra were recorded as ESI-HRMS on a mass analyzer system.
All the reactions were monitored by TLC and visualization was
done with UV light (254 nm).

Synthesis

Synthesis of compound 2. To an ice-chilled solution of sodium
hydride (10.08 g, 60% oil suspension, 0.42 mol) in THF, methyl
cyanoacetate (35.2 mL, 0.4 mol) was added dropwise for a period
of 15 min. After complete addition of methyl cyanoacetate, the
resulting white semi-solid material was vigorously stirred for
another 15 min. To this solution, carbon disulfide (25.33 mL,
0.4 mol) was added dropwise while the mixture was kept below
20 °C. The reaction mixture was slowly changed from white
semisolid to yellow liquid. Methyl iodide (62.55 mL, 1 mol)
was added dropwise to the stirred solution over a period of
30 min. After the mixture was stirred for another 15 min at
room temperature, THF was removed under reduced pressure.
A small amount of crushed ice was added to consume unreacted
NaH and then the residue was poured into ice-cold water
with constant stirring. The white crystalline compound was
filtered, washed with cold water, dried and recrystallized with
ethyl acetate-hexane (1:4) to obtain white needles. Yield:
89%; m.p.: 52-53 °C."°

Synthesis of compound 3 (PYJO1). A mixture of methyl-2-
cyano-3,3-dimethylsulfanylacrylate 2 (203 mg, 1 mmol, 1 equiv.),
julolidin-1-one 1 (206 mg, 1.1 mmol, 1.1 equiv.) and NaH (48 mg,
2 mmol, 2 equiv.) in DMF (20 mL) was stirred at room
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temperature for 24 h. After completion, the reaction mixture
was poured into ice water with constant stirring. The precipitate
thus obtained was filtered and purified on a silica gel column
using chloroform as the eluent to afford 240 mg (77%) of PYJO1
as a violet solid; R¢ = 0.55 (chloroform/methanol, 10: 1, v/v); m.p.
(chloroform/methanol) 178-180 °C; MS (ESI) 311 [M + HJ;
IR (KBr) v = 2212, 1735 cm '; '"H NMR (400 MHz, CDCl,):
0 7.37-7.59 (m, 1H), 6.90-7.12 (m, 1H), 6.61 (t, / = 7.64 Hz,
1H,), 4.32 (s, 2H), 3.14 (t, J = 5.54 Hz, 2H), 2.97 (s, 3H), 2.71
(t, J = 6.24, 2H), 1.89-2.15 (m, 2H), ppm; >C NMR (100.6 MHz,
CDCl,): 6 = 164.6, 158.5, 154.5, 145.4, 134.2, 123.6, 122.6, 117.7,
115.4, 112.0, 105.9, 91.0, 49.4, 48.9, 26.6, 20.8, 17.4 ppm; HRMS
calculated for C,,H;5N,0,S [M + H]" 311.0854, found: 311.0856.

Synthesis of compound 4 (PYJO2). Compound 4-(methylthio)-
2-0x0-2H-pyrano[3,2-c]julolidine-3-carbonitrile (PYJO1) (310 mg,
1 mmol, 1 equiv.) was refluxed in THF with 2-(methylamino)-
ethanol (90 pL, 1.2 mmol, 1.2 equiv.) for 6-7 h, and the reaction
mixture was cooled to room temperature and was filtered. The
precipitate thus obtained was purified on a silica gel column
with 1% methanol in chloroform as the eluent to afford 263 mg
(78%) of PYJO2 as a red solid; R; = 0.45 (chloroform/methanol,
10:2, v/v); m.p. (chloroform/methanol) 196-198 °C; MS (ESI) 338
[M + HJ; IR (KBr) v = 2210, 1742 cm™; 'H NMR (400 MHz,
DMSO-dg): & 7.17-7.39 (m, 1H), 6.94-7.16 (m, 1H), 6.66
(t,J = 7.58 Hz, 1H), 4.86 (t, 1H, J = 5.12 Hz), 4.15 (s, 2H), 3.54-3.76
(m, 2H), 3.34-3.57 (m, 2H), 3.01-3.28 (m, 5H), 2.56-2.78 (m, 2H),
1.79-2.02 (m, 2H), ppm; *C NMR (100.6 MHz, CDCL;): 6 = 166.7,
1612, 154.8, 145.4, 133.3, 123.4, 122.5, 118.0, 117.7, 114.4, 104.3,
78.4, 58.5, 57.8, 49.1, 49.0, 41.1, 26.4, 21.0 ppm; HRMS calcu-
lated for C19H,oN305 [M + H]" 338.1505, found: 338.1489.

Synthesis of compound 5 (PYJO3). A mixture of 4-((2-hydroxy-
ethyl)(methyl)Jamino)-2-oxo-2H-pyrano[3,2-c[julolidine-3-carbonitrile
(PYJO2) (337 mg, 1 mmol, 1 equiv.), 4-dimethylaminopyridine
(DMAP) (146 mg, 1.2 mmol, 1.2 equiv.) and 2-chloroacetyl chloride
(280 mg, 2.5 mmol, 2.5 equiv.) in dry DCM (25 mL) was stirred at
room temperature for 30 min, and then refluxed for another 3 h.
The mixture was then cooled down, poured into 30 mL of ice
water and further extracted with DCM and the organic layer was
dried over anhydrous Na,SO,, and purified on a silica gel column
with 1% methanol in chloroform as the eluent to afford 340 mg
(82%) of PYJO3 as a red solid Ry = 0.45 (chloroform/methanol,
10:1, v/v); m.p. (chloroform/methanol) 168-170 °C; MS (ESI) 414
[M +H]', 416 [M + 2 + H]"; IR (KBr) v = 2211, 1742 cm ™ ; "H NMR
(400 MHz, CDCL,): & 7.40-7.62 (m, 1H) 6.93-7.15 (m, 1H), 6.68
(t,] = 7.64 Hz, 1H), 4.47 (t,] = 5.12 Hz, 2H), 3.95-4.18 (m, 4H), 3.74
(t, J = 5.08 Hz, 2H,), 3.04-3.28 (m, 5H), 2.73 (t, / = 6.30 Hz, 2H)
1.90-2.16 (m, 2H) ppm; **C NMR (100.6 MHz, CDCL,): 6 = 167.3,
160.6, 157.0, 145.0, 133.6, 123.3, 123.0, 118.2, 116.3, 114.1, 103.3,
82.1, 61.9, 53.5, 49.7, 49.1, 40.8, 40.5, 26.4, 21.0 ppm; HRMS
calculated for C,,H,,CIN;O4 [M + H]" 414.1221, found: 414.1211,
[M + 2 + H]" 416.1191, found 416.1184.

Synthesis of compound 6 (PYJO4). A mixture of 2-((3-cyano-
2-0x0-2H-pyrano|3,2-c]julolidinyl)(methyl)amino)ethyl-2-chloro-
acetate (PYJO3) (413 mg, 1 mmol, 1 equiv.), di-(2-picolyl)amine
(DPA) (198 mg, 1 mmol), N,N-diisopropylethylamine (DIPEA)
(0.5 mL), and potassium iodide (30 mg) in acetonitrile (50 mL)

J. Mater. Chem. B, 2016, 4, 4934-4940 | 4935


https://doi.org/10.1039/c6tb01413e

Published on 17 Junie 2016. Downloaded by Fail Open on 2025-07-23 8:45:03 vm..

Journal of Materials Chemistry B

was refluxed for 8 h. The mixture was cooled to room tempera-
ture, and the solvent was removed under reduced pressure to
obtain red oil, which was dissolved in CH,Cl, (150 mL). The
organic layer was dried over anhydrous Na,SO,, and purified on
a silica gel column with 2% methanol in chloroform as the
eluent to afford 403 mg (70%) of PYJO4 as a red solid; Ry = 0.42
(chloroform/methanol, 10:2, v/v); m.p. (chloroform/methanol)
70-72 °C; MS (ESI) 577 [M + H]'; IR (KBr) v = 2209, 1740 cm ™%
'"H NMR (400 MHz, CDCl3): § 8.33-8.61 (m, 2H), 7.34-7.73
(m, 5H), 6.89-7.24 (m, 3H), 6.53-6.76 (m, 1H), 4.27-4.49
(m, 2H), 3.84-4.12 (m, 6H), 3.58-3.70 (m, 2H), 3.47 (s, 2H),
2.97-3.26 (m, 5H), 2.57-2.70 (m, 2H), 1.84-2.06 (m, 2H) ppm;
3C NMR (100.6 MHz, CDCl3): § 170.8, 166.8, 160.6, 158.3,
156.4, 148.8, 148.7, 144.8, 136.4, 133.2, 123.0, 122.0, 117.7,
116.2, 113.8, 103.0, 81.0, 60.3, 59.5, 54.3, 53.6, 49.3, 48.9, 40.7,
26.2, 20.7 ppm; HRMS calculated for C;3H33NgO4 [M + HJ
577.2563, found: 577.2553.

Photophysical (absorption and emission) studies

Triple distilled water (TDW) was used for preparing all analytical
samples. Parent stock solutions (2.5 mM) of the perchlorate salts
of all metal ions and synthesized pyranojulolidine derivatives
PYJO1, PYJO2, PYJO3, and PYJO4 (4 x 10~ * M) were prepared in
analytical grade methanol. The absorption and fluorescence
spectra for metal sensing experiments were obtained after
analyte addition at 25 °C under 405 nm excitation in methanol/
HEPES (7:3 (v/v), 20 mM, pH 7.2).

TDDFT study of probe PYJO4

To study the electronic behaviour of PYJO4 time-dependent
density functional theory (TDDFT) calculations were performed
using the Gaussian 09 package."! The geometries were optimized
at the DFT/B3LYP level using a 6-31G(d,p) basis set. TDDFT
calculations were performed using the B3LYP/6-311++G(d,p)
method.

Fluorescence lifetime experiments

Fluorescence lifetime experiments were performed using a
Horiba Jobin Yvon instrument in a Time-Correlated Single
Photon Counting (TCSPC). A nano-LED of 390 nm was used
as the source of excitation for PYJO4. LUDOX AS40 colloidal
silica scattering medium was used for instrument response
function.

Cell culture

Human breast adenocarcinoma MCF-7 cells were obtained from
the American Type Culture Collection (ATCC), resuscitated from
early passage liquid nitrogen vapour stocks as needed and
cultured according to the supplier’s instructions.

Confocal microscopy

Cells were seeded on cover slips one day before imaging. The
next day cells were incubated with 30 pM PYJO4 in RPMI 1640
(0.1% DMSO) without phenol red (Gibco) for 6 h at 37 °C, then
washed with Hanks’ balanced salt solution (HBSS) two times
and after that treated with or without 40 pM Hg(ClO,), in RPMI
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without phenol red for 30 min at 37 °C. After washing with
HBSS, cells were mounted with mounting medium on glass
slides and viewed under an inverted confocal laser scanning
microscope (Lieca, Germany). A Plan Apochromat 63x/1.4 NA
Oil DIC objective lens was used for imaging and data collection.
Green channel: Aex = 405 nm, Aep, = 500-570 nm. Red channel:
Aex = 488 nm, Ay, = 600 nm long pass. Further, fluorescence
intensity was quantified using image J software (Image J,
National Institute of Health, Bethesda, MD).

Cytotoxicity assay

A standard colorimetric SRB (sulforhodamine B) assay was used
for the measurement of cell viability as described before.'*"?
Briefly, 10000-20 000 cells (depending on the doubling time
of each cell type) were seeded to each well of a 96-well plate in
5% serum containing growth medium and incubated overnight
in a CO, incubator at 37 °C. Adhered cells were then treated
with the vehicle or compound at the required dose. After
48 hours of exposure, cells were fixed with ice-cold 50% TCA,
stained with 0.4% (w/v) SRB in 1% acetic acid, washed and air
dried. The bound dye was dissolved in 10 mM Tris base and
the absorbance was measured at 510 nm on a plate reader
(Epoch microplate reader, Biotek, USA). The cytotoxic effects of
the compound were calculated as % cell viability as per the
formula 100 — [100 — (absorbance of treated cells/absorbance
of vehicle treated cells)] x 100.

Results and discussion
Molecular design and synthesis

Julolidine is an important chromophore which upon fusion
with the 2-pyranone ring constitutes the pyranojulolidin-2-
one framework. The remarkable fluorescence properties of
pyrano[3,2-f]julolidin-2-ones are known in the literature,'*
however none has synthesized the related pyrano[3,2-c]julolidin-2-
one (PYJO) class of compounds prior to this study. In an attempt to
synthesize pyrano[3,2-c]julolidin-2-one 3 (PYJO1), julolidin-1-
one™ (1) was reacted with an easily accessible precursor o-0xo-
ketene-S,S-acetal (2),'® as shown in Scheme 1. Furthermore, the
methylsulfanyl group of PYJO1 was replaced by the N-methyl
ethanolamine donor to fabricate the TICT based fluorophore 4
(PYJO2). The hydroxyl group of PYJO2 was chloroacetylated using
DMAP as base in dry DCM to give 5 (PYJO3). The dipicolyl amine
chelator was then attached to the fluorophore PYJO3 to furnish
pyrano[3,2-cljulolidin-2-one 6 (PYJO4) in good yield.

Photophysical studies of synthesized pyrano[3,2-cjulolidin-2-
ones

The absorption and emission characteristics of compounds
PYJO1-PYJO4 were investigated in methanol/HEPES buffer
(7:3) at pH 7.2. The methylsulfanyl substituted PYJO1 showed
two absorption bands with maxima at 340 nm and 540 nm but
did not show any fluorescence in the visible region (Fig. S1,
ESIt). Fluorophores PYJO2-PYJO4 exhibited two absorption
bands centered at 330 nm and 460-470 nm for n-n* transition

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Synthesis of pyranojulolidin-2-ones.

and n-m* transition, respectively (Fig. 2a). The fluorescence
spectra of PYJO2-PYJO4 revealed dual emission bands centered
at 481-530 nm (green region) and 645-680 nm (red region)
(Fig. 2b). It is noteworthy that PYJO4 showed sharp dual-
emission characteristics with a high intensity band in the
NIR region possibly due to the effective TICT state.

DFT calculations of PYJO4

To understand the electronic behaviour of PYJO4 in the ground
state, the geometries were optimized at the DFT/B3LYP level
using a 6-31G(d,p) basis set and time-dependent density func-
tional theory (TDDFT) calculations were performed using the
B3LYP/6-311++G(d,p) method. Fig. 2c shows the theoretically
computed molecular orbitals in the ground states for PYJO4.
The energies of the HOMO and LUMO levels, HOMO-LUMO
gap, main orbital transition, and oscillator strength (f) are
listed in Table S2, ESI.t The HOMO-LUMO charge density
distribution for PYJO4 reveals an effective charge transfer from
the electron donating julolidine moiety to the electron with-
drawing pyranone ring.
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Fig. 2 (a) Normalized absorbance and normalized fluorescence
spectra of PYJO2, PYJO3, and PYJO4 (4 X 10 > M in methanol/HEPES
buffer (7:3), pH 7.2) at lex = 405 nm. (c) Computed molecular orbital
energy diagrams and isodensity surface plots of PYJO4 as obtained from
TDDFT calculations.
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Metal ion selectivity and test strip experiments

Dipicolylamine is a versatile host molecule that binds to a
variety of metal ions with strong affinity depending upon the
nature and point of attachment on the substrate.’ Therefore, to
test the metal ion selectivity for PYJO4, the photophysical
studies were conducted in the presence of high concentration
(10 equiv.) of perchlorate salts of Li*, Na*, K", Cs*, Mg*", Ca>",
Ba**, cr**, Co*", Mn?', Fe*', Fe*", cu®, cu*', Al**, Zn**, Pb**,
Ccd**, Hg** and Ni** ions. These experiments revealed that
only Hg*" triggered a dramatic increase in the emission ratio
I530/Is65, While other metal ions were either silent or induced a
minor response (Fig. 3a). In order to confirm the binding of
PYJO4 exclusively with +2 oxidation state of mercury, the
selectivity experiment of PYJO4 was conducted using elemental
mercury (Hg®) and Hg'* under similar conditions. PYJO4 was
found to be selective towards the Hg>" species only (Fig. S2,
ESIT), while no response was observed with other mercury ions
(Hg® and Hg"). The time-dependent fluorescence response
of PYJO4 for complexation with Hg>* was also evaluated. The
emission ratio Iszo/lses Was immediately enhanced up to the
maximum (~ 4.2 fold) after the addition of Hg>" and remained
invariable over an extended period of time (Fig. S3, ESIT). This
experiment shows the strong affinity of the probe towards Hg>"
We further conducted competitive experiments of PYJO4 in the
presence of higher concentration (10 mM each) of cellular
ligands like cysteine (Cys), methionine (Met) and glutathione
(GSH), which are found in abundance in cells. We observed that
these ligands did not interfere with the complex of PYJO4 and
Hg>" (Fig. S4, ESI). The selectivity of the probe for Hg>" ion
prompted us to develop a simple, rapid and portable method
for Hg>" detection in contaminated water. The test strips coated
with PYJO4 were dipped into the aqueous solutions of different
metal ions as shown in Fig. 3b. A distinct fluorescence change
(red to green) was observed only in the case of Hg>" ions.
Furthermore, to check the sensitivity of PYJO4 coated test strips
for the detection of Hg”" ions, we carried out concentration
dependent experiments as shown in Fig. S5 (ESIT). Interestingly
these PYJO4 coated test strips could successfully detect Hg*"
ions up to the level of 200 ppb. Such an easy test for the

(a)5 PYJO4Li* Na* K Cs Al“ Mg Ca™ Ba™ Cr'* Mn® Fe Fe* Co (i Cu Cu Zn® Hg" Pb™ Ag" cd*

ql
=
ql

rrnr
(b)

PYJO4 Li* Na* K' Cs' AI* Mg* Ca* Ba* Cr**Mn*

Fe* Fe®Co® Ni?* Cu' Cu? Zn? Hg® Pb? Ag® Cd?

Fig. 3 (a) Selectivity studies of PYJO4 (4 x 10~° M) using a series of metal
jons (10 equiv.) in methanol/HEPES buffer (7:3) at pH 7.2, Aex = 405 nm.
Red bars: intensity ratio (/s30//ges) in the absence or presence of a series of
metal ions. Green bars: intensity ratio (/s30//ges) of PYJO4 in the presence
of metal ions and Hg?*, (b) Dip-stick test of PYJO4 with different metal
ions under a UV lamp (365 nm).
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detection of Hg”" ions in aqueous solution may be useful for
monitoring the presence of this toxic metal ion.

Detailed ratiometric Hg>" binding study and LOD
measurements

To investigate the stoichiometry, binding affinity and detection
limits of PYJO4 for Hg”" ions, the photophysical studies were
conducted with increasing concentrations of Hg”" ions. The
buffered solution of PYJO4 exhibited an absorption maximum
at 330 nm (n-1* transition) with a low intensity band at 470 nm
(n-m* transition), which gradually decreased upon the addition
of Hg*" ions (Fig. 4a). In the emission spectrum, two emission
bands were observed, one at a shorter wavelength with maximum
at 530 nm (green band) and the other at a longer wavelength
with maximum at 665 nm (red band). Upon addition of Hg>*
ions the red band gradually decreased, while the green band
increased with higher intensity. The ratiometric response of
fluorescence intensities (Is30/Is65) enhanced from 0.7 to 4.2 with
a final enhancement factor upto 6 fold. The titration studies
with PYJO4 revealed a good linearity between the fluorescence
intensity ratio (Fig. $6 and S7, ESIf) and Hg>" ion concentration
with a detection limit of approximately 5.7 x 10~° M (1.14 ppb)
(Fig. S8, ESIt) which is below the permissible limits (2 ppb) in
drinking water'” as per the US Environmental Protection
Agency and US Food and Drug Administration. Furthermore,
Job’s plot'® established a 1:1 binding stoichiometry with Hg**
ions (Fig. S9, ESIT). The binding constant (log f§) of PYJO4 with
Hg>" ions was found to be 5.5 + 0.8 by the non-linear least
square fit of the absorbance titration data for the 1:1 model
using Hypspec'® software which was further analyzed by the
corresponding fluorescence titrations (Fig. S10 and S11, ESIT).
In order to exemplify the reversibility of probe PYJO4 a solution
of KI was added to the PYJO4-Hg>" complex and it was found
that the ratiometric sensing behaviour was successfully reversed
with the appearance of the red band (Fig. S12, ESI). Considering
the relevance of pH in biological and environmental samples,
the intensity ratio of probe PYJO4 at different pH values (2-11)
was studied which revealed negligible interference within
pH 5-9 but a successive deviation in the intensity ratio was
observed beyond this range (Fig. S13, ESIf).
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Wavelength (nm)

=
w
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Fig. 4 (a) Absorption spectra with colorimetric images in visible light and
(b) ratiometric fluorescence spectra of PYJO4 upon addition of increasing
concentrations of Hg®* (0-5 equiv.) in methanol/HEPES buffer (7:3) at
pH 7.2, Zex = 405 nm with fluorescence images.
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Mechanistic studies of Hg”>* binding via twisted intra-
molecular charge transfer (TICT)

In order to confirm the TICT mechanism of PYJO4, the classical
solvent viscosity and polarity experiments were conducted.”®
On increasing the solvent viscosity with ethylene glycol the rate
of intramoleular rotation from LE to TICT states was restricted
leading to an increase in the intensity of the planar LE state
(green band) with the decrease in intensity of the TICT band
(red band) (Fig. 5a). Furthermore, the absorption and fluores-
cence spectra were measured in solvents of varying polarity
(Fig. S14 and Table S3, ESIT). There was no significant variation
in the absorption spectra of PYJO4 in different solvents. In the
fluorescence spectra, a single-emission band was prominent in
non-polar solvents, while a dual band was observed in polar
solvents. These experiments confirmed the TICT behaviour
of PYJO4.

Upon addition of Hg>" ions to the solution of PYJO4, the
binding of Hg”" to the DPA moiety of the probe induced a
change from the twisted state to the planar state resulting in
the gradual decrease of the red band (665 nm) and subsequent
increase of the green band (530 nm) (Fig. 5b). To get an insight
into the excited state of probe PYJO4 and PYJO4-Hg”* complex,
the time-resolved fluorescence experiment using time-correlated
single photon counting (TCSPC) technique was carried out.
As shown in Fig. S15 and Table S4 (ESIt), the fluorescence decay
curve of PYJO4 exhibited average life times of 7.08 ns and 3.36 ns
corresponding to the two emission bands at 530 nm (LE state)
and 665 nm (TICT state), respectively. However, upon addition of
Hg”" ion, the average life time of the green band in PYJO4-Hg”"
complex was found to 4.52 ns, which may be due to reorientation
of the probe upon binding to Hg”*. Thus, the results indicated
the TICT behaviour of the probe PYJO4.

Ratiometric live cell imaging and quantification study

The aqueous compatibility and selectivity of PYJO4 for Hg>"
over other biologically relevant metal cations (Na*, K*, Fe*",
Ca*", Mg**, Zn**, Co**, Cu®") prompted us to apply PYJO4 for
the ratiometric fluorescence imaging of Hg*" ions in live MCF-7
breast cancer cells. The cells incubated with PYJO4 (30 uM,
0.1% DMSO in phenol red free RPMI medium without serum)
exhibited intense intracellular fluorescence in the green channel
(band pass 500-570 nm, Fig. 6B and C) and red channel (long
pass 600 nm, Fig. 6D and E) in accordance with the dual

— 100:0 methanoliglycol (%)
—80:20 methanoliglycol (%)

60:40 methanol/glycol (%)
— 40:60 methanoliglycol (%)
—20:80 methanol/glycol (%)
— 0:100 methanol/glycol (%)

TicT 400 500 600 700 soo Donorinduced
= TICT

450 550 650 750
Wavelength (nm)

Fig. 5 (a) Normalized fluorescence emission spectra of PYJO4 (4 x 107> M)
in methanol/ethylene glycol. Aex = 405 nm. (b) Predicted binding mechanism
of PYJO4.
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Fig. 6 (a) MCF-7 cells incubated with PYJO4 (3 x 107> M, 6 h). (b) MCF-7 cells incubated with PYJO4 followed by Hg(ClO,), (4 x 107> M, 30 min)
supplementation. (c) Ratiometric quantification of relative fluorescence intensity using image J software, ***p < 0.001. Green channel: 1¢x = 405 nm,
Zem = 500-570 nm. Red channel: Aex = 488 nm, Zem = 600 Nm long pass. Each experiment was repeated three independent times. Error bars are 4+ s.e.m.
(n = 3). Statistical analysis was performed using student’s t test. Scale bar: 50 pm. (d) MTT assay of PYJO4 at different concentrations.

fluorescence band observed in photophysical studies (Fig. S16,
ESIY). Furthermore, MCF-7 cells pretreated with PYJO4 followed
by washing and then treatment with Hg(ClO,), (40 uM, 30 min)
showed a significant increase in intracellular fluorescence in
the green channel (Fig. 6H and I) due to the formation of the
PYJO4-Hg”" complex, whereas no fluorescence was observed in
the red region (Fig. 6] and K). The ratiometric fluorescence
images (Fig. 6F and L) revealed a significant increase in the
intracellular green to red intensity ratio (Zyreen/Ireq) in the presence
of Hg”" ions (Fig. 6¢) suitable for the ratiometric quantification of
intracellular Hg”" ions. PYJO4 showed no cytotoxicity under the
conditions used for cell imaging (Fig. 6d). Therefore, the live cell
imaging studies demonstrated that PYJO4 can be successfully
utilized for the ratiometric detection and imaging of intracellular
Hg" ions in live cancer cells.

Conclusions

In conclusion, we have rationally designed and developed
a ratiometric fluorescent molecular rotor PYJO4 based on a
novel pyrano[3,2-cJjulolidin-2-one scaffold operating via a TICT
mechanism for selective detection of Hg>" ions. We have
successfully demonstrated the application of PYJO4 for the
detection and ratiometric imaging of intracellular Hg*" in
live MCF-7 breast cancer cells. PYJO4 exhibited impressive
sensitivity (1.14 ppb) towards Hg”* ions. The probe can be
employed as a test strip for the detection of toxic Hg*" ions in

This journal is © The Royal Society of Chemistry 2016

contaminated water. The probe has opened new avenues for
deciphering the biotoxicity mechanism associated with Hg?*
ions. Further studies in this direction are currently under way.
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