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Abstract Pyridine based fluorescence probe, DFPPIC
and its functionalized Merrifield polymer has been syn-
thesized, characterized and used as an arsenate selective
fluorescence sensor. Arsenate induced fluorescence en-
hancement is attributed to inter-molecular H-bonding
assisted CHEF process. The detection limit for arsenate
is 0.001 puM, much below the WHO recommended tol-
erance level in drinking water. DFPPIC can detect in-
tracellular arsenate in drinking water of Purbasthali,
West Bengal, India efficiently.

Keywords Fluorescence probe - Intracellular arsenate
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Introduction

Arsenic (As), a highly poisonous element in mineral and
soil can easily percolate into water. In nature, it is wide-
ly distributed as organic and inorganic (As™ or AsY)
species [1]. However, natural abundance of inorganic
As species are higher. It is well known that arsenite
(AsO5>") and arsine (AsH;) dominate at reducing atmo-
sphere while arsenate (AsO,") in oxygenized environ-
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ments [2, 3]. Consumption of low levels As over a
longer period is harmful with a high risk of cancer
[4]. World Health Organizations (WHO) prescribed
10 ppb as the highest tolerance level for As in drinking
water [5]. Hence, determination of As at ppb level is of
utmost importance and challenging.

The available methods for such trace level determination of
As use sophisticated, expensive equipment that require longer
analysis time restricting them for on-site field detection, par-
ticularly in developing countries.

On the other hand, fluorescence method being simple, less
expensive, non-destructive, and user friendly, it requires short
analysis time to achieve low detection limit. Moreover, it is
also useful for in-vivo studies. Hence, this method is becom-
ing very popular in environmental science, medicine and bi-
ology [6-9].

Design of fluorescence probe is commonly based on intra-
molecular charge transfer (ICT) [10, 11], photo induced elec-
tron transfer (PET) [12—15], chelation enhanced fluorescence
(CHEF) [16-19], metal-ligand charge transfer (MLCT) [20,
21], excimer/ exciplex formation [22-25], intermolecular hy-
drogen bonding [26], excited-state intra-molecular proton
transfer (ESIPT) [27], displacement approach [28], and fluo-
rescence resonance energy transfer (FRET) [29-38]
mechanism.

Presently we are actively engaged to develop low
cost arsenate selective ‘turn on’ fluorescent probe
[39-42] having lowest detection limit less than the
WHO recommended tolerance level in drinking water.
We have also undertaken the challenge to use the same
probe for removal of arsenate from real drinking water
samples and imaging of living cells contaminated with
arsenate as well. Additionally, visible light excitable,
water soluble probe appears to be harmless to the living
cells studied.
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Fig. 1 "H NMR spectrum of
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Fig. 2 QTOF-MS spectrum of DFPPIC
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Fig. 3 FTIR spectrum of 350,
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Experimental
Reagents and Solution

High-purity HEPES, p-cresol and 2-picolyl amine are pur-
chased from Sigma Aldrich (India). NaH,AsO, is purchased
from Merck (India). Solvents used are of spectroscopic grade.
Other chemicals are analytical reagent grade and have been
used without further purification except when specified. Mili-
Q Milipore® 18.2 MQ cm™ ' water is used throughout the
experiments.
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Fig. 4 FTIR spectra of (I) free DFPPIC, (II) free Merifield polymer,
(IIT) DFPPIC-Merifield polymer and (II1) DFPPIC-Merifield
polymer+H,AsO,
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Instrumentation and Apparatus

FTIR spectra are recorded on a SHIMADZU FTIR spectrom-
eter (model: FTIR-H20). Mass spectra are performed on a
QTOF Micro YA 263 mass spectrometer in ES positive mode.
Scanning electron microscope (Hitachi S-530, Japan) is used
to capture SEM images. Samples for SEM images are pre-
pared using gold coating IV2 instrument. 'H NMR spectra
are recorded using Bruker Avance 400 (400 MHz) in CDCl;
and MeOD. Melting point measurement is done by VEEGO
digital melting point apparatus. Elemental analysis is per-
formed using Perkin Elmer CHN-Analyzer with first 2000-
Analysis kit. The steady-state fluorescence emission and ex-
citation spectra are recorded with a Perkin Elmer Precisely
LS55 spectrofluorimeter. A SHIMADZU (model -2450)
UV-Vis spectrophotometer has been used for measuring the
absorption spectra. All pH measurements are performed with
Systronics digital pH meter (model 335).
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Fig. 5 Variation of emission intensity of DFPPIC (1 uM) in presence of
H,AsO4 (500 uM) as a function of pH, A=400 nm
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Scheme 1 Synthesis of DFPPIC and DFPPIC appended resin

Synthesis of 4-methyl-2, 6-bis((E)
-(pyridin-2-ylmethylimino)methyl)phenol (DFPPIC)

2, 6-Diformyl-4-methylphenol was prepared by modification
of the literature method [43].

To a solution of 2-picolyl amine (0.133 g, 1.23 mmol)
in acetonitrile (10 mL), 10 mL acetonitrile solution of
di-formyl p-cresol (0.100 g, 0.617 mmol) is added
dropwise. The reaction mixture is refluxed for 4 h to
form a yellow precipitate. The solid is filtered, washed
with ethanol thrice. Crude product is purified by re-
crystallization from acetonitrile to give 0.193 g of
DFPPIC (yellow solid) in 82.8 % yield; M. P. 143 °C
(x4 °C); '"H NMR (400 MHz, CDCl;) (Fig. 1), 2.03
(3H, s, a); 4.99 (4H, m, J=10.0 Hz, b); 7.73~7.12
(10H, m, J=10.0 Hz, c); 8.55 (2H, s, d); QTOF — MS
ES" (Fig. 2): [M+H]"=345.08; [M+Na] '=367.08; ele-
mental analysis data as calculated for C,1H0N4O (%):
C, 73.23; H, 5.85 and N, 16.27. Found (%): C, 73.11;
H, 5.89 and N, 16.21. FTIR/ cm! (Fig. 3): v(OH)
3376.28, v(C=N) 1637.62.
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Synthesis of DFPPIC Appended Merrifield Resin

DFPPIC (100 mg) is appended on Merrifield resin by
refluxing a DMF solution of DFPPIC with chloromethyl
polystyrene. Filtration of the reaction mixture followed by
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Fig. 6 Changes in the emission spectra of DFPPIC (1 uM) in presence

of different anions (500 uM) in HEPES buffered solution (0.1 M, ethanol/

water=1/9, v/v, pH 7.4), where other anions=F ,Cl, Br ,I ,N3 ,NO, ,

NO; , SCN, CN ', CH;COO, ClO,4 , H,PO,, Ax=400 nm
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Fig.7 Observed colors of DFPPIC (1 uM) under a hand held UV lamp in presence of different anions (500 uM): (from left to right), F (1), CI" (2), Br~
3), I 4, N5 (5), HAsO4 (6), CH;COO (7), NO5 (8), SCN™ (9), CN™ (10), ClO4 (11), H,PO4 (12) and NO, (13)

thorough washing with DMF to remove unreacted DFPPIC
has yielded the target polymer. Finally, the beads are washed
properly with water and diethyl ether to have the desired
Merrifield polymer bound host DFPPIC. The beads are char-
acterized by FTIR and SEM. FTIR spectrum of DFPPIC
(Fig. 4) show the peaks at 3076.28 and 1637.62 cm ' which
are attributed to —OH and —C=N functionalities. After sorption
of arsenate, the significant shift of ~OH peak (3476.28 cm ' —
3464.05 ¢cm ') and imine peaks (1637.62 cm ' —
1628.15 cm ") have been observed which support the binding
of arsenate by DFPPIC-resin. Changes in the morphology in
the SEM images and emission of green light from the arsenate
sorbed beads under fluorescence microscope further support
the fact.

General Method of UV-Vis and Fluorescence Titration

Path length of the cells used for absorption and emission stud-
ies is 1 em. For UV—Vis and fluorescence titrations, stock
solution of DFPPIC is prepared (10 uM) in ethanol/water
(1/9, v/v) HEPES (0.1 M) buffer. Working solutions of
DFPPIC and H,AsO, are prepared from their respective
stock solutions. Fluorescence measurements are performed
using 10 nmx 10 nm slit width. All the fluorescence and ab-
sorbance spectra are recorded after 5 min of mixing of
H,AsO,4 to DFPPIC.
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Fig.8 Changes of the emission spectra of DFPPIC (1 uM) upon gradual
addition of HAsO4 (0, 0.001, 0.01, 0.1, 1, 5, 10, 15, 25, 30, 40, 50, 70,
90, 100, 150, 300, 500 uM) in HEPES buffered (0.1 M, ethanol/water=1/
9, v/v, pH 7.4). Inset: color changes of DFPPIC in presence of H,AsO4
under a hand held UV lamp, A.,=400 nm

Calculation of Quantum Yield

Fluorescence quantum yields (®) are estimated by integrating
the area under the fluorescence curves using the equation,

ODref x Asample x n?sample
ODsample x Aref x n?ref

¢sample = ¢ref x

where A is the area under the fluorescence spectral curve, OD
is optical density of the compound at the excitation wave-
length [44] and 7 is the refractive indices of the solvent.
Anthracene is used as quantum yield standard (quantum yield
is 0.27 in ethanol) [45] for measuring the quantum yields of
DFPPIC and [DFPPIC -H,AsO, ] systems.

Job’s Plot from Fluorescence Experiments

A series of solutions containing DFPPIC and H,AsO,4 have
been prepared such that the total concentration of HyAsO,
and DFPPIC remain constant (10 M) in all the sets. The
mole fraction (X) of DFPPIC is varied from 0.1 to 0.9. The
emission intensity at 530 nm is plotted against the mole frac-
tion of DFPPIC in solution.
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Fig. 9 Plot of emission intensities of DFPPIC (1 pM) with increasing
concentration of H,AsO,4 (0, 0.001,0.01,0.1, 1, 5, 10, 15, 25, 30, 40, 50,
70, 90, 100, 150, 300, 500 uM) in HEPES buffered (0.1 M, ethanol/

water=1/9, v/v, pH 7.4) solution. Inset: linear region from 0.001 to
100 uM of H,AsO4 , Aox=400 nm, A.,=530 nm
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Fig. 10 Absorbance of the DFPPIC (10 uM) in presence of different
anions (1000 pM) in HEPES buffered solution (0.1 M, ethanol/water=1/
9, v/v, pH 7.4), other anions are F, C1 , Br ,1 , N5 ,NO, ,NO; ,SCN,
CN', CH;COO, ClO4 and H,PO4~

Results and Discussion

Synthesis of the arsenate selective “off-on” probe, 4-methyl-
2,6-bis((E)-(pyridin-2-ylmethylimino)methyl)phenol
(DFPPIC) is shown in Scheme 1. Very weak emission (A¢p,=
530 nm, Ax=400 nm) of DFPPIC with a quantum yield of
1.6x102 in HEPES buffered EtOH: water (0.1 M, 1:9, v/,
pH 7.4) solution is attributed to the PET process from N-
center of pyridyl moiety to DFP unit.

As pH of the medium severely affects the efficiency of
electron donor/ acceptor based fluorescence probes, pH of
the sensing processes has been optimized. For this purpose,
DFPPIC and H,AsO, have been mixed in different sets at
different pH (pH 3.0 -11.0). Figure 5 indicates a significant
change of emission intensities that occur in the pH ranging 5.0
to 11.0. As living cell imaging studies are desirable in the
vicinity of neutral pH, hence pH 7.4 is maintained throughout
the entire studies.

Gradual addition of H,AsO4 to DFPPIC increases the
emission intensities leading to 13.4 times enhancement of
fluorescence quantum yield (21.3x 107%), attributed to the in-
termolecular H-bonding assisted CHEF process leading to the
inhibition of PET and enhanced rigidity of the molecular as-
sembly causing restricted rotation around the azomethine
functionality.

Selectivity of DFPPIC towards H,AsO, over other com-
mon anions viz. F, CI', Br, I', N3, NO, , NO3;, SCN",
CN, CH;COO ,ClO4 , H,PO, have been checked and

Absorbance

300 350 400 450 500 550 600
Wavelength(nm)

Fig. 12 Changes of the absorption spectra of DFPPIC (10 uM) upon
gradual addition of H,AsO, (0, 60, 70, 80, 90, 100, 200, 300 uM) in
HEPES buffered (0.1 M, ethanol/water=1/9, v/v, pH 7.4). Inset: color
changes of DFPPIC in presence of HAsO,

presented in Fig. 6. Except H,AsO, , no other anions enhance
the emission intensity of DFPPIC. Figure 7 clearly demon-
strates that only HAsO4 is capable to emit green light upon
interaction with DFPPIC, observed under UV lamp.
Fluorescence titration reveals that gradual addition of
H,AsO, to DFPPIC enhances its emission intensity
(Fig. 8) to a maximum at 500 uM. Plot of emission intensity
as a function of HAsO, concentration is sigmoidal, the lin-
ear region (up to 50 uM H,AsO, ) of which is useful for
determination of unknown H,AsO, concentration (Fig. 9).
The same plot also allowed to measure arsenate as low as
1x107° M, lower than that of WHO recommended tolerance
level in drinking water. Figure 10 illustrates the changes in the
UV-Vis spectra of DFPPIC in presence of different common
anions viz. F, CI', Br, I', N5, NO, , NO;, SCN, CN,
CH3C007, C1047, H2P047 and H2A5047 while the colors of
the respective adducts are shown in Fig. 11. The absorption
spectrum of free DFPPIC shows a broad peak at 342 nm.
Gradual addition of H,AsO, to DFPPIC reduces the inten-
sity of 342 nm peak with the appearance of a new peak at
412 nm (Fig. 12), the intensity of which gradually increases
with the increasing concentration of H,AsO, . Plot of absor-
bance (at 412 nm) of DFPPIC as a function of H,AsO4
concentration is also sigmoidal, the linear portion of which
is useful for unknown H,AsO, determination (Fig. 13).
Figure 14 clearly indicates that common tested anions do
not interfere in the determination of H,AsO, . Interestingly,
another similar anion, H,PO, does not show any significant

'>)>.‘/"\/A--'"'—. e —. /.,/ R o

Fig. 11 Observed colors of DFPPIC (10 uM) in presence of different anions (1000 uM): (from left to right), F~ (1), C1 (2), Br (3),1 (4),N; (5),NO5;™
(6), CH;COO ™ (7), H,AsO4 (8), SCN™ (9), CN™ (10), ClO4 (11), H,PO4 (12), NO, (13), DFPPIC (14)
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Fig. 13 Plot of absorbance of DFPPIC (10 uM) with increasing
concentration of H,AsO, (0, 60, 70, 80, 90, 100, 200, 300 uM) in
HEPES buffered (0.1 M, ethanol/water=1/9, v/v, pH 7.4, A=427 nm)

change of the emission intensity of DFPPIC (Fig. 15). Kim
research group have already established that larger van der
Waals radius of As increases the As-O distance, which is
probably responsible for the differential interaction of phos-
phate and arsenate species [46]. In present case, plausibly this
size factor allows arsenate but not phosphate to fit into the
cavity of DFPPIC followed by its stabilization via inter-
molecular H-bonding (Fig. 16).

Job’s plot indicates a 1:1 stoichiometry of the adduct
formed between DFPPIC and H,AsO, (Fig. 17). Binding
constant of DFPPIC for H,AsO, is estimated using modified
Benesi-Hildebrand [47] equation: (F.x- Fo)/ (Fx-Fo)=1+
(I/K) (1/[M]") where F,,.x, Fo, Fx are emission intensity of
DFPPIC in presence of H,AsO, at saturation, free
DFPPIC and at any intermediate H;AsO,4 concentration.
Plot of (Fpax - Fo)/ (Fx-Fo) vs. 1/ [M]"? (here, n=1/2) have
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N
E
o

N
(=3
o

-
[=2]
o

©
=}

Fluorescence intensity (a. u.)
-
N
o

N
o

o

1 2 3 4 5 6 7 8 9 10 11 12 13

Fig. 14 Anion selectivity of DFPPIC (1 uM) in HEPES buffer (0.1 M;
EtOH-H,O0, 1: 9v/v; pH 7.4. Black bars represent emission intensity of
[DFPPIC-H,AsO, | system and red bars show the emission intensity of
[DFPPIC-H,AsO, ]system in presence of 500 uM of different anion: F
1), Cl 2), Br 3).I 4),N; (5),NO, (6), NO; (7), SCN (8), CN"
(9), CH;CO0 (10), SO, (11), Cl0,~ (12), and HPO,*™ (13) (Aex=
400 nm, A, =530 nm)

409 ——DFPPIC
——DFPPIC + H_PO, (1:100)
——DFPPIC + H,PO, (1:500)

3 30 ~—DFPPIC + H,PO, (1:1000)
©

2

0

c

[

£ 20

[

(%]

<

[

O

0N

<

5 10

2

w

D T ¥ T ¥ T L T ~ T E 1
450 500 550 600 650 700

Wave length / nm

Fig. 15 Changes of the emission spectra of DFPPIC (10 uM) upon
gradual addition of H,PO,4 (0, 100, 500, 1000 uM) in HEPES buffered
(0.1 M, ethanol/water=1/9, v/v, pH 7.4)

yielded the binding constant as 1.32x10* M (R?=0.9894)
(Fig. 18), indicating a significant interaction between
DFPPIC and H,AsO, . Mass spectrum of the [DFPPIC -
H,As0O, ] adduct have supported our conclusion (Fig. 19).

Figure 20 clearly demonstrates that DFPPIC is very useful
to detect intracellular H;AsO,4 in living cells, grown in arse-
nate contaminated water collected from Purbasthali, a highly
arsenic contaminated area in west Bengal, India [48]. Thus,
DFPPIC can easily permeate through the cell membrane to
stain intracellular arsenate. The developed method may be
very useful to determine trace level arsenate in drinking water.

Comparison of the SEM images (Fig. 21), fluorescence
microscope images (Fig. 22) and FTIR spectra (Fig. 4) of free
DFPPIC-Merrifield polymer with its arsenate loaded forms
clearly indicates the sorption of arsenate on the DFPPIC-
Merrifield polymer. Completely different morphology and in-
tense green fluorescence of arsenate loaded DFPPIC-
Merrifield polymer beads indicate the sorption of arsenate
by the polymer.

CH,

"" Tl“ EtOH:H,0O
N OH N |
H,As0,
NT | z IN
X X

PET reduced, CHEF produced

Free rotation possible
Weak fluorescent

Free rotation restricted
Strongly fluorescent

Fig. 16 Probable mechanism of binding interaction between DFPPIC
and H2A5047
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Fig. 20 Fluorescence microscope images of Candida albicans
40 (IMTECH No. 3018) cells grown in arsenic contaminated water
] collected from Purbasthali, a without treatment of DFPPIC and b after
204 treatment with DFPPIC. Incubation temperature, 37 °C
04
T T T T N T T T T 1
0.0 0.2 0.4 06 0.8 1.0

Fluorescence intensity / a. u.
(2]
o
1

[DFPPIC] / [DFPPIC] + [H,AsO, ]

Fig. 17 Job’s plot (stoichiometry determination of the
[DFPPIC-H,AsO, ] adduct) in HEPES buffer (0.1 M, ethanol/water=
1/9, v/v, pH 7.4)
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Fig. 18 Determination of binding constant between DFPPIC and
H,AsO, in HEPES buffered (0.1 M, ethanol/water=1/9, v/v, pH 7.4,
Aex=400 nm, A.;,=530 nm)
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Fig. 21 (a), (b) and (c) are the
SEM images of the free DFPPIC
resin. (d), (e) and (f) are the SEM
images of the arsenate loaded
DFPPIC resin. Significant
changes in the morphology of
resin beads indicate the sorption
of H,AsO4 on DFPPIC resin

Application
Cell Imaging Studies
Imaging System

The imaging system is composed of an inverted fluorescence
microscope (Leica DM 1000 LED), digital compact camera
(Leica DFC 420C), and an image processor (Leica
Application Suite v3.3.0). The microscope is equipped with
a 50 W mercury arc lamp.

Preparation of Samples from Arsenic Contaminated
Water Collected Form Purbasthali, India

Candida albicans cells IMTECH No. 3018) from exponen-
tially growing culture in yeast extract glucose broth medium
(pH 6.0, incubation temperature, 37 °C) are centrifuged at
3000 rpm for 10 min and washed twice with 0.1 M HEPES
buffer (pH 7.4). Cells are treated with 1 % saline water for
cleaning. Then, cells are incubated in 500 pL arsenic

contaminated water for overnight. Cells thus obtained are
mounted on grease free glass slide and observed under the
fluorescence microscope having UV filter. Cells incubated
without DFPPIC are used as control.

Removal of Arsenate from Drinking Water of Purbasthali
Using DFPPIC-Merrifield Polymer

50 mg of DFPPIC appended Merrifield polymer is taken in a
50 mL beaker. 5.0 mL clean arsenic contaminated drinking
water is added to the beaker containing DFPPIC-Merrifield
polymer and kept for 6 h under stirring conditions. After fil-
tration, arsenate sorbed DFPPIC-Merrifield polymer is dried.
The concentration of arsenate in the drinking water is mea-
sured before and after sorption using the developed Moreover,
arsenate sorbed polymer beads are subjected to SEM and ob-
served under fluorescence microscope. Both the images indi-
cated that arsenate is sorbed on the polymer. The arsenate
sorbed polymer beads emit green color under fluorescence
microscope. The morphology and surface of the arsenate
sorbed beads changes significantly.

Fig. 22 a Fluorescence microscope images of DFPPIC-Merrifield polymer before sorption of H,AsO, ; b fluorescence microscope images of
DFPPIC-Merrifield polymer after sorption of HyAsO, at 10xobjective lens and ¢ the system b observed under 100 x objective lens
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