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a b s t r a c t

An efficient Hg2+ selective fluorescent probe (vanillin azo coumarin, VAC) was synthesized by blending
vanillin with coumarin. VAC and its Hg2+ complex were well characterized by different spectroscopic
techniques like 1H NMR, QTOF–MS ES+, FTIR and elemental analysis as well. VAC could detect up to
1.25 �M Hg2+ in aqueous methanol solution through fluorescence enhancement. The method was linear
up to 16 �M of Hg2+. Negative interferences from Cu2+, Ni2+, Fe3+, and Zn2+ were eliminated using EDTA

2+
eywords:
anillin
zo
oumarin
g(II)
luorescence

as a masking agent. VAC showed a strong binding to Hg ion as evident from its binding constant value
(2.2 × 105), estimated using Benesi–Hildebrand equation. Mercuration assisted restricted rotation of the
vanillin moiety and inhibited photoinduced electron transfer from the O, N-donor sites to the coumarin
unit are responsible for the enhancement of fluorescence upon mercuration of VAC. VAC was used for
imaging the accumulation of Hg2+ ions in Candida albicans cells.

© 2011 Elsevier B.V. All rights reserved.

andida albicans

. Introduction

It was already well established from the literature that mercury
ould accumulate and caused a wide variety of diseases such as
renatal brain damage, serious cognitive and motion disorders and
inamata disease to human beings. Several analytical techniques

ike spectrophotometry [1], neutron activation analysis [2], anodic
tripping voltammetry [3], X-ray fluorescence spectrometry [4],
nductively coupled plasma mass spectrometry [5], electrothermal
tomic absorption spectrometry [6] atomic fluorescence spectrom-
try [7] and cold vapor atomic absorption spectrometry [8] were
vailable in the literature. Although some of these methods offered
ood limits of detection and wide linear ranges, but most of these
echniques necessitate the use of sophisticated costly instruments
ith complicated operational procedures. On the other hand,
uorescence technique was well established for its operational
implicity, high selectivity, sensitivity, rapidity, nondestructive
ethodology and direct visual perception for low level monitoring

f heavy metal ions [9,10]. In recent years, considerable attention
as paid for design of selective Hg2+ fluorescent sensors [9,11–16].

ost of them monitor Hg2+ following the principle of complexa-

ion induced fluorescence quenching [17–20]. Hg2+, being a heavy
etal ion, is known to quench the fluorescence through an efficient

∗ Corresponding author. Tel.: +91 342 2533913; fax: +91 342 2530452.
E-mail address: ddas100in@yahoo.com (D. Das).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.06.073
spin-orbit coupling [21]. However, fluorescence detection through
signal enhancement was much more preferable than the quenching
mechanism due to ease of detection and least interference. Report
on the fluorescent probes that showed enhancement in intensity
upon binding to the Hg2+ ion was scarce [22–37]. Such type of
fluorescent sensor, soluble in aqueous or mixed aqueous–organic
environments could be used as a potential fluorescent imaging
reagent for the Hg2+ affected biological cells.

On the other hand, coumarin was a simple flavonoid molecule
and was a natural constituent of many plants and essential
oils [38]. Coumarin derivatives have been proven to function
as an anti-coagulants [39], antibacterial agents [40], antifungal
agents [41], biological inhibitors [42], chemotherapeutics [43]
and as bio-analytical reagents [44]. Coumarins have multiple
biological activities including disease prevention, growth modu-
lation, antiproliferative effect on malignant melanoma, leukemia
renal cell carcinoma, prostate and breast cancer, anti-tumor [45],
anti-oxidant [46], cyclooxygenase [47], antiumourigenic and an
inhibitory effect on DNA gyrase linked to antihuman immun-
odeficiency virus (HIV) activity [48]. The aminocoumarins like
clorobiocin and novobiocin were used as antibiotic [49] for the
treatment of infections with multi-resistant gram-positive bacte-
ria, like Staphylococcus aureus.
Thus, from the above discussion, it was evident that the use of
coumarin derivative as a fluorescence reporter for trace level deter-
mination of Hg(II) as well as imaging of Hg(II) infected cells might
be an important area of research.
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Fig. 1. Emission intensities of VAC (10 �M) in differ

Herein we present the synthesis, characterization, and cell
maging application of a new Hg(II) selective fluorescent sensor by
nchoring vanillin to the coumarin backbone (VAC).

. Experimental

.1. Materials and methods

Vanillin and coumarin was purchased from Aldrich (USA) and
.D. Fine Chem. Ltd. (India) respectively. Spectroscopic grade sol-
ents were used. All other chemicals used were of analytical grade.
illi-Q Millipore 18.2 M� cm−1 water was used throughout all the

xperiments.

.2. Physical measurements

Microanalytical data (C, H and N) were collected on Perkin
lmer 2400 CHNS/O elemental analyzer. Spectroscopic data were
btained using the following instruments: UV–vis spectra by Perkin
lmer UV–vis spectrophotometer model Lambda 25; FTIR spectra
KBr disk, 4000–450 cm−1) by Perkin Elmer FTIR spectrophotome-
er model RX-1; mass spectra were recorded in QTOF Micro YA
63 mass spectrometer in ES positive mode. Thermo gravimetric
nalysis was performed on a Perkin Elmer TG/DTA lab system l
Technology by SII). 1H NMR spectra were recorded on Bruker (AC)
00 MHz. Fluorescence studies were carried at room temperature
298 K) in aqueous methanol solution (water:methanol = 1:4, v/v)
ith a Hitachi F-4500 spectrofluorimeter. The fluorescence imag-

ng system was comprised of an inverted fluorescence microscope
Leica DM 1000 LED), digital compact camera (Leica DFC 420C), and
n image processor (Leica Application Suite v3.3.0). The microscope
as equipped with a mercury 50 W lamp.

.3. Synthesis of 4-hydroxy-3-methoxy-5-(2-oxo-2H-chromen-6-
lazo)-benzaldehyde
VAC)
6-Aminocoumarin (0.5 g, 3.1 mmol) was dissolved in mini-
um amount of concentrated HCl. To it, an aqueous solution of
aNO2 (3.1 mmol) was added dropwise under stirring condition.
lvents (�ex = 350 nm, �em = 550 nm, slit width, 5/5).

The resulting diazonium salt solution was added to an alkaline
(NaHCO3, pH 7.2) solution of vanillin (0.497 g, 3.1 mmol) dropwise
under stirring condition. A brown color compound was obtained
which was crystallized from methanol solution to get a pure com-
pound (single spot on a silica t.l.c. plate). Yield 90%; M.P. 123 ± 1◦C.
1H NMR (300 MHz, CDCl3) (Fig. S1), ı: 4.00 (s, 3H), 5.02 (broad, 1H),
6.45 (d, J = 9.55, 1H), 7.26 (s, 1H), 7.399 (d, J = 9.55, 1H), 7.82 (d,
J = 8.65, 1H), 8.10 (s, 1H), 8.15 (m, 2H), 10.00 (s, 1H). QTOF–MS ES+

(Fig. S2): [M + Na] + = 347, FTIR (Fig. S3) (KBr, �cm−1) �(CO), 1736;
�(N = N), 1592. UV–vis spectrum (Fig. S4) (�nm (ε, 103 M−1 cm−1) in
CH3OH at 298 K) 350 (2.84), 245 (5.80), 209 (4.046). Microanalyti-
cal data caculated for C17H12N2O5: C, 62.96; H, 3.73; N, 8.64, found:
C, 62.87; H, 3.65; N, 8.78.

2.4. Synthesis of the complex [Hg(VAC)2]

A 10 mL methanol solution of HgCl2 (0.025 g, 0.923 mmol) was
added slowly to a magnetically stirred solution of VAC (0.057 g,
0.923 mmol) in methanol (10 mL). The mixture was stirred in air
for 2 h to have a clear solution. On slow evaporation of the solvent,
a brown color complex was obtained which was characterized as:
QTOF–MS ES+ (Fig. S5), [M + H]+. CH3OH = 881.89, FTIR (Fig. S6) (KBr,
�cm−1): �(CO), 1719; �(N = N), 1613, UV–vis spectrum (Fig. S4),
�nm (ε, 103 M−1 cm−1, CH3OH), 350 (3.73), 245 (3.82), 211 (12.3).
Microanalytical data calculated for HgL2·CH3OH: C35H26HgN4O11
C, 47.81; H, 2.98; N, 6.37; found: 47.61; H, 3.02; N, 6.25.

2.5. Preparation of solutions

Working solutions of Hg2+ ion were obtained by serial dilu-
tion of a 1 × 10−3 mol L−1 HgCl2 stock solution in aqueous
methanol (water:methanol = 1:4, v/v). A stock solution of VAC
(1 × 10−5 mol L−1) was prepared by dissolving its appropriate
amount in aqueous methanol (water:methanol = 1:4, v/v).
2.6. Measurement procedure

Solutions of Hg2+ and VAC were mixed in different ratios for sub-
sequent fluorescence measurements. The fluorescence emission
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Scheme 1. Synthesis of 4-hydroxy-3-methoxy-

ntensity was measured at 550 nm while excitation wavelength was
xed at 350 nm. 1 cm quartz cell was used for all the measurements.

.7. Preparation and imaging of cells

To detect intracellular Hg2+, Candida albicans cells from expo-
entially growing culture (in yeast extract glucose broth medium,

ncubation temperature 37 ◦C) were centrifuged at 3000 rpm for
0 min and then treated with Hg2+ salt (10 �M) for 30 min in pres-
nce of 0.01% Triton X100 as a permeability enhancing agent. After

ncubation, the cells were washed by suspending them in normal
aline and centrifuged at 3000 rpm for 10 min to remove excess
g2+ which may otherwise interact with the probe and cause
ackground noise. After washing, the cells were treated with the

ig. 2. Fluorescence spectral changes of VAC (10 �M) up on addition of 1, 2, 3, 4, 7, 10, 20,
s a function of added [Hg2+].
xo-2H-chromen-6-ylazo)-benzaldehyde (VAC).

probe (10 �M) for 15 min, mounted on a grease free glass slide and
observed under high power magnification of a Leica DM 1000 Flu-
orescence Microscope with UV filter. Cells without any treatment
and treated with probe but not with Hg2+ were taken as negative
control.

3. Results and discussion

3.1. Spectral characteristics
From Fig. 1, we could realize that methanol was the most use-
ful solvent for this study over the other common solvents viz.
dichloromethane, acetonitrile, N,N-dimethylformamide, dimethyl-
sulfoxide. The synthesis of VAC and its Hg2+ complex were shown

24, 30, 32, 34, 36 �M of Hg2+ ion. Inset: plot of emission intensities of VAC (10 �M)
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Fig. 5. Stern–Volmer type plot (VAC: 10 �M, solvent, water:methanol = 1:4, v/v).
ig. 3. Jobs plot for the determination of stoichiometry of [VAC–Hg2+] in solution.

n Scheme 1. Upon addition of Hg2+ ion, the fluorescence inten-
ity at 550 nm increased (�ex = 350 nm). Changes in the emission
ntensities of VAC as a function of externally added Hg2+ ion con-
entration (from 1 �M to 36 �M) were presented in Fig. 2. Inset
howed the plot of emission intensity as a function of Hg2+ concen-
ration. It revealed that after a certain amount of externally added
g2+ ion, there is no further change in the emission intensity of the

ystem. Up to 16 times (16 �M) of the externally added Hg2+ ion,
e observed linearity.

Fig. 3 showed the stoichiometry (VAC:Hg2+ = 2:1) of the complex
ormed between VAC and Hg2+ ion as evaluated by the method
f continuous variation (Job’s plot),which was in agreement with
he mass spectral data (Fig. S5). The fluorescence quantum yield of
AC and [VAC–Hg2+] complex were found to be 0.162 and 0.372
espectively [see supplementary materials for details].

.2. Estimation of binding constant and stability

Determination of binding constant of VAC (10 �M) with Hg2+

10 �M) was carried out using Benesi–Hildebrand equation with
he fluorescence method [50] (Fig. 4).

1
�F

= 1
�Fmax

+ 1
K[C]n

1
�Fmax
ere

F = Fx − F0 and �Fmax = F∞ − F0

ig. 4. Determination of binding constant of VAC (10 �M) with Hg2+ (10 �M) using
enesi–Hildebrand equation (fluorescence method).
Fig. 6. Plot of emission intensities of VAC (10 �M) as a function of externally added
[Hg2+].

where F0, Fx, and F∞ are the emission intensities of VAC in
absence of Hg2+, at an intermediate Hg2+ concentration, and
at a concentration of complete interaction, respectively. K was
the binding constant, [C] was the concentration of Hg2+ and n
was the number of Hg2+ ion bound each VAC (here n = 0.5). The
value of K was obtained from the slope as 2.2 × 105 M−1/2. From
Stern–Volmer type plot (Fig. 5) ([VAC] = 10 �M, [Hg2+] = 10 �M, in
aqueous methanol, methanol:water = 4:1, v/v), we obtained the

Stern–Volmer constant, Ksv = 1.398 × 105 M−1 which indicated a
significant binding of VAC with Hg2+ ion. VAC could detect as low as
1.25 �M Hg2+ in aqueous methanol solution. Fig. 6 showed the plot

Fig. 7. Stability of the VAC–Hg2+ system with time.
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3.5. Cell imaging

Hg2+ treated and untreated cells were stained with the probe
and observed under high power objective (×100) using a Leica DM
ig. 8. Emission intensities of VAC (10 �M) in presence of different metal ions (10 �M

f variation of emission intensities of VAC as a function of added
Hg2+], which could also be used for determination of unknown
Hg2+] in a sample. Fig. 7 showed that the emission intensity of
AC + Hg2+ system in aqueous methanol remained almost unal-

ered over a period of 10 min.

.3. Selectivity

The selectivity of VAC for Hg2+ over other common accompany-
ng metal ions was examined in aqueous methanol solution. Fig. 8
ndicated that only Hg2+ enhanced the fluorescence intensity of VAC

hereas other metal ions in the 3d series either played no role or
uenched (Co2+, Ni2+, Fe3+ and Cu2+) the emission intensity of VAC.

Interferences from some of the common alkali, alkaline earth
nd transition metal ions on the emission intensity of the
VAC–Hg2+] system was presented in Fig. 9. Fe3+, Cu2+ and to some
xtent, Zn2+ interfered negatively which could be escaped using
DTA. We did not observe any effect of EDTA on the emission inten-
ity of VAC. Fig. 10 supported that EDTA was effective to minimize
nterferences from other metal ions, viz. Fe3+, Cu2+, Zn2+, Ni2+ for
he detection of Hg(II) using the probe (VAC).
Addition of equivalent amount of potassium iodide to the
queous methanol solution of VAC–Hg2+ resulted decrease in flu-
rescence intensity to that of free VAC, which could be recovered
pon addition of equivalent amount of Hg2+ to the quenched solu-

ig. 9. Interference of different metal ions on the determination of [Hg2+] with VAC.
VAC] = [Hg2+] = [foreign cations] = 10 �M.
et: fluorescence spectra of VAC (10 �M) in presence of different metal ions (10 �M).

tion (due to addition of iodide). This phenomenon indicated that
an iodide was stronger than VAC in terms of binding to Hg2+ which
removed VAC from the coordination sphere of Hg2+ which was
revived again on addition of equivalent Hg2+ due to the formation of
fresh VAC–Hg2+ complex. Thus, we could use the same VAC repeat-
edly for several times. We observed slight loss of emission intensity
of VAC after 8 cycles.

3.4. Thermal studies

Comparison of the thermal stability of VAC and its Hg2+ com-
plex provided another support in favor of Hg(II) binding event of
VAC. Thermogravimetric analysis (TGA/DTG) (Figs. S7 and S8) of
both VAC and its Hg2+ complex revealed that the complex was rel-
atively more thermally stable (up to 130 ◦C) than the free VAC (up to
90 ◦C).
Fig. 10. Masking effect of EDTA to minimize the interferences of some metal ions
on the detection of Hg2+ using the probe (VAC).
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Table 1
Comparison of the present method with the reported turn-on Hg(II) selective fluorescent sensors in the literature.

Type of sensor Medium LOD Application Ref.

Turn-on Acetonitrile 3.4 × 10−6 M – [51]
Turn-on Aqueous – – [52]
Turn-on THF – – [53]
Turn-on Aqueous – – [54]
Turn-on Aqueous 1 × 10−9 M Drinking water, living cells imaging, biological samples [55]
Turn-on Aqueous/acetonitrile 10−9 M Drinking water [56]
Turn-on DMSO/aqeuous = 9:1 0.5 × 10−6 × – [57]
Both Aqueous 10−6 M Living cells imaging [58]
Turn-on Aqueous/acetonitrile – – [37]
Ratiometric Aqueous ethanol 2.2 × 10−8 × River water samples [59]
Turn-on THF 2.1 × 10−6 × – [31]
Ratiometric Aqueous 4.3 × 10−6 × – [60]
Turn-on Acetonitrile 2.5 × 10−6 × – [61]
Ratiometric Aqueous 2.59 × 10−9 × – [62]
Turn-on Aqueous 10−9 M Environmental samples, drinking water [63]
Ratiometric Aqueous 2 × 10−8 M Living cells imaging [64]
Turn-on Aqueous methanol 2 × 10−9 M Albumin proteins, blood serum and milk [65]
Turn-on Acetonitrile/water = 95/5, v/v 2.2 × 10−7 M Living cells imaging [66]
Turn-on Acetic acid–water (40:60, v/v) 7.1 × 10−9 × – [67]
Turn-on THF–water (4:6, v/v) – Living cells imaging [68]

−6

–

1
t
a
3
c
V
t
t

F
H
t

Turn-on Aqueous methanol (1:4, v/v) 1.25 × 10 ×
: not available.

000 fluorescence microscope. From Fig. 11, we could conclude
hat the probe is easily permeable to all types of living cells tested
nd does not make any harm to the cells as they remain alive after
0 min exposure to the ligand at 10 �M. Caption shows (a) fluores-

ence microscope images of C. albicans cells without treatment with
AC and Hg2+, under 100× objective lens. (b) Image of C. albicans

reated with VAC (blue spot) in absence of Hg2+ under 100× objec-
ive lens. (c) Fluorescence image of VAC (1 �M) stained C. albicans

ig. 11. (a) Fluorescence microscope images of Candida albicans cells without VAC and Hg
g2+, (c) images of Candida albicans cells treated with VAC (1 �M) and exposed to (10 �M

ime was 30 min. Incubation was performed at 37 ◦C. (For interpretation of the references
Living cells imaging Present

cells exposed to (10 �M) Hg2+ for 15 min, showed green spots under
100× objective lens. (d) Fluorescence image of VAC (1 �M) stained
C. albicans cells exposed to (10 �M) Hg2+ for 30 min under 100×
objective lens. The photographs indicate that the probe, VAC can

be used to detect the presence of intracellular Hg2+ in living cells.
Thus VAC may be useful for detecting presence of Hg2+ in any type
of natural sample from the suspected spot having any kind of living
cells such as bacteria, fungi, protozoa, etc.

2+, (b) images of Candida albicans treated with VAC (blue spots) but not treated with
) Hg2+ (green spots) (after 15 min of exposure), and (d) same as (c) but exposure

to color in this figure legend, the reader is referred to the web version of the article.)
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.6. Comparison of the probe with other reported Hg2+ selective
urn-on fluorescent probes

Comparison of the present probe with other existing Hg(II) sen-
itive turn-on fluorescent probes is presented in Table 1 [51–68].
mongst the reported fluorescent probes, only three probes

55,64,66] have better LOD while our probe is least expensive as
t involves a facile one step reaction with commercially available

uch cheaper chemicals. Huang et al. [55] have synthesized the
robe with 20 h reflux followed by column chromatography purifi-
ation. Two probes reported by Li et al. [64] required 6 and 7 steps
espectively while each steps required 2–6 h reflux followed by
olumn chromatographic purification at each and every step. The
robe reported by Xie et al. [66] also involved two steps with 48 h
eflux at the second step followed by chromatographic purification.
hus, our probe turns out to be more promising and much greener
ne.

. Conclusion

We have demonstrated a facile synthesis of an efficient and
elective turn-on fluorescent probe for trace level determination
f Hg2+ ion in aqueous methanol solution. Both the probe and its
g2+ complex were well characterized by different spectroscopic

echniques. The probe could bind very strongly to Hg2+. Negative
nterference from Fe3+, Ni2+, Cu2+ and Zn2+ could be avoided using
DTA. Finally, the probe could detect trace level Hg2+ in living cells.
ur probe is much less expensive and more greener than others

eported in the literature.
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