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ABSTRACT: A multisignaling Hg(II) sensor based on a benzimidazole
substituted BODIPY framework was designed, which displays excellent
selectively toward Hg(II) in vitro and in vivo. Optical and fluorogenic
measurements in solution reveal that the sensor can detect mercury ions at
submicromolar concentrations, with high specificity. The detection of Hg(II) is
associated with a blue-shift in optical spectra and a simultaneous increase in the
fluorescence quantum yield of the sensor, which is attributed to a decrease in
charge delocalization and inhibition of photoinduced electron transfer upon
binding to Hg(II). Using several spectroscopic measurements, it is shown that
the binding mechanism involves two sensor molecules, where lone pairs of the
benzimidazole nitrogen coordinate to a single mercury ion. The utility of this
BODIPY sensor to detect Hg(II) in vivo was demonstrated by fluorescence
imaging and spectroscopy of labeled human breast adenocarcinoma cells. While
average emission intensity of the sensor over a large number of cells increases
with incubated mercury concentrations, spatially resolved fluorescence spectroscopy performed on individual cells reveals clear
spectral blue-shifts from a subensemble of sensors, corroborating the detection of Hg(II). Interestingly, the emission spectra at
various submicrometer locations within cells exhibited considerable inhomogeneity in the extent of blue-shift, which
demonstrates the potential of this sensor to monitor the local (effective) concentration of mercury ions within various subcellular
environments.

■ INTRODUCTION

In spite of its toxicity, mercuric salts are widely used in
industrial processes and products,1 and as a consequence, high
levels of mercury contamination have spread across the
atmosphere and surface waters.2 Mercury poses serious
problems to human health, as bioaccumulation of mercury
within the brain and kidneys ultimately leads to neurological
diseases.3 Concern over its toxicity has stimulated explorations
aimed at developing selective and efficient methods to monitor
mercury in aqueous media, and by far, fluorescence based
detection has emerged as a primary tool to do so.4 However,
the development of practical fluorescent chemosensors for the
Hg(II) ion still remains a challenge for several reasons: (i)
Hg(II) being a heavy metal ion is known to quench
fluorescence via enhanced spin−orbit coupling or energy/
electron transfer,5 and (ii) although Hg(II) ions are relatively
easy to chelate and detect in common organic solvents, they are
rather difficult to recognize directly in aqueous environments
due to the strong hydration energy of the sensors, which results
in a lack of efficient detection of the analyte in biological
(cellular) environments.6

The methodology that most fluorogenic chemosensors rely
on is emission intensity changes (quenching, enhancement, or
ratiometric) of chromophore units which acts as reporters for
sensory ability.7 Although systematic variations in emission

intensity can be related to the sensing capability for in vitro
measurements, it is challenging to establish the detection of
analytes inside biological cells (in vivo) because intensity can be
altered for several other reasons as well. For instance, while
imaging cells using fluorecence microscopy, quenching of
emission can be misleading since many organic molecules used
as sensors can photobleach8 and/or aggregate9 to various
extents in different cellular environments. Further, unlike
solution studies, the extent of labeling of the sensor at different
locations within biological cells is often nonuniform, which can
lead to diverse emission intensities at different spatial
locations.10 These ambiguities can result in difficulty to
deconvolute signal (intensity) changes due to sensing of
analytes with those arising from sensor concentration
fluctuations within cells. Therefore, it is imperative to (i)
develop novel sensors which exhibit spectroscopic signatures
other than just intensity changes, such as large spectral shifts,
upon binding to analytes like Hg(II) and (ii) use techniques
such as spatially resolved fluorescence spectroscopy to probe
the response of sensors at different locations within individual
cells. So far, there are only a few reports where sensors have
been shown to exhibit a continuous increase of spectral shifts
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(transition energies) upon binding to Hg(II) ions in solution
(in vitro).11,12 Furthermore, no attempt has been made to
obtain emission spectra from a subensemble of sensors located
in different cellular regions and test their analyte detection
capability in vivo.
To perform the requisite study in vivo, a highly selective

Hg(II) sensor is required which operates efficiently in aqueous
(physiological) media and exhibits a systematic increase in both
intensity as well as spectral shifts as a function of increasing
analyte concentrations. This warrants rational design of a
sensor with an optimal choice of electronically coupled
fluorophore and receptor units, which can be generated using
simple synthetic strategies. Most of the sensors used for the
detection of Hg(II) consist of fluorophore and macrocyclic
receptor units,4a−c,5c,6b,13 and it has been shown that for
selective detection of Hg(II), nitrogen containing receptors are
a good choice.14 Imidazole and benzimidazole possesses
excellent hydrogen donor moieties like NH and pyridine-like
nitrogen atom within the ring, which are useful for selective
binding of anions and cations.15 Thus, imidazole and
benzimidazole rings connected to fluorophores have received
a lot of attention in recent times for their potential use as
fluorescent sensors for the detection of heavy metal ions.16

Highly fluorescent boron-dipyrromethene (BODIPYs) dyes,
with high extinction coefficients,17 narrow emission band-
widths, and stability toward light and chemicals, have emerged
to be important for biological imaging.18 Besides, tunability of
excitation/emission wavelengths of BODIPYs in the visible
spectral range19 can be altered with relative ease by simple
synthetic modifications of the dipyrromethene framework.20

Therefore, novel properties of these two moieties (receptor and
reporter) can be combined into a single molecular framework
to generate a sensor in which the heavy metal-ion binding
properties of benzimidazole can be monitored by following
electronic structure changes of the BODIPY unit.
Interestingly, there are very few reports on BODIPY systems

connected to imidazoles (or their derivatives), which were
synthesized using imidazole substituted pyrroles.21 In this work,
using a simple approach, we synthesized a benzimidazole
substituted BODIPY sensor using 1,9-diformyl dipyrromethane
as a key precursor,20b such that the presence of benzimidazole
at the three-position of the BODIPY significantly alters its
electronic propertes. We found that this molecule (designated
BODIPY 1) is a multisignaling sensor in vitro and acts as an
efficient and selective probe for Hg(II) in organic-aqueous
solvent media, evidenced by various spectroscopic and
electrochemical measurements. Remarkably, upon binding to
Hg(II) in solution, both absorption and the emission spectra of
BODIPY 1 display a dramatic blue-shift of transition energies in
addition to an increase in the emission efficiency, which renders

it a good colormetic and fluorogenic sensor. As a proof of
principle for applicabilty of the designed sensor in biological
systems, we have used spectrally resolved fluorescence
microscopy to probe the detection of Hg(II) within individual
human breast adenocarcinoma cells. This allowed us to
investigate the spectral changes of the sensor upon mercury
ion detection at different submicroscopic domains within cells
and demonstrate its utility as a reporter for effective local
concentrations of Hg(II) in vivo.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of the Sensor. The

desired benzimidazole substituted BODIPY 1 was synthesized
as outlined in Scheme 1. BODIPY 1 was prepared in a stepwise
approach starting with 1,9-diformyl dipyrromethane 2, which
was condensed with o-phenylene diamine in methanol in the
presence of a catalytic amount of TFA to generate compound
3. This was first oxidized with DDQ followed by neutralization
with triethylamine and reacted with BF3·OEt2 to afford
BODIPY 1. This molecule was characterized using various
spectroscopic techniques, the details of which are provided in
Figures S1−S7 of the Supporting Information (SI). Figure 1

Scheme 1. Synthesis of BODIPY 1

Figure 1. Molecular structure of BODIPY 1. Thermal ellipsoids are
drawn at the 50% probability level.
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shows the X-ray crystal structure (CCDC 900420; Table S1,
SI) of BODIPY 1, where a planar BODIPY framework
comprised of two pyrrole rings and a central six membered
boron ring is observed. The striking feature of BODIPY 1 is the
presence of intramolecular hydrogen bonding between fluoride
atoms and the NH proton, which helps to keep the
benzimidazole moiety and BODIPY core in one plane and, as
a consequence, enables effective electronic communication
between the BODIPY core and the benzimidazole units.
The electronic and optical properties of the designed sensor

1 were characterized by using UV−vis absorption as well as
steady-state and time-resolved fluorescence spectroscopy. In an
acetonitrile medium, BODIPY 1 shows an absorption peak
position (λmax

Abs) at 577 nm with a distinct shoulder at ∼545 nm.
The emission spectra is found to be reasonably narrow (line
width ∼ 1200 cm−1), with a maxima (λmax

Em ) located at 603 nm
and a quantum yield of 0.42 (Figure S12 and Table S1, SI).
Fluorescence lifetime measurements using time-correlated
single photon counting (TCSPC) reveals that the singlet
state of BODIPY 1 decays by following single-exponential
kinetics with a lifetime of ∼4.3 ns (Table S2, SI). Qualitatively
similar behaviors of BODIPY 1 in terms of emission quantum
yields and radiative lifetimes are observed in semiaqueous
(water−acetonitrile) environments as well, pointing out to its
potential as a fluorogenic reporter under physiological
conditions. Therefore, all in vitro experiments for metal-ion
sensing were performed in a 7:3 mixture (v/v) of acetonitrile/
phosphate buffered saline (PBS), at pH 7.4.
Sensing Hg(II) in Vitro. The metal-ion recognition

capability of BODIPY 1 was systematically carried out for
diverse metal ions in CH3CN/PBS solution. First, using visual
inspection, we checked for color changes of BODIPY 1 under
both ambient and UV light, with the addition of the various

metal perchlorates (Li+, Na+, K+, Ca2+, Mg2+, Mn2+, Fe2+, Co2+,
Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, Cr3+, and Fe3+). It is found that a
discernible color change (from pink to orange) of the BODIPY
1 solution occurs only in the presence of two metal ions,
namely Cu(II) and Hg(II) (Figure S14, SI). However, the
change of color due to the presence of Cu(II) was not as
prominent as that for Hg(II), which indicates that BODIPY 1
has the potential to act as a sensor for mercury ions. This
prompted us to further investigate the selectivity of BODIPY 1
for Hg(II) using various spectrophotometric techniques. Figure
2a shows the absorption spectra of 1 in the presence of all the
aforesaid metal ions, which reveals a dramatic blue-shift (Δλmax

Abs

> 50 nm) of the entire absorption envelope only in the
presence of Hg(II), consistent with the colorimetric assay. In
addition, the fluorescence emission spectra (Figure 2b) of
BODIPY 1 are found to be considerably altered in the presence
of Hg(II), with a prominent blue-shift of transition energies
(ΔλmaxEm > 20 nm) and a simultaneous increase of emission
efficiency. It is noted that the emission spectrum remains
unaltered in the presence of most other metal ions and shows a
nominal ΔλmaxEm of ∼5 nm in Cu2+ solutions. The extent of the
blue-shift of peak positions (Δλmax) associated with various
metal ion bindings of BODIPY 1 are plotted as a bar chart in
Figure 2c. This shows remarkable changes in both the
absorption and emission peak positions only in the presence
of mercury ions, which portrays that BODIPY 1 acts as a highly
selective sensor for the detection of Hg(II) in solution.
Moreover, competitive binding experiments performed by the
addition of excess amounts (30 equivalents) of other metal ions
did not revert the spectral change induced due to Hg(II)
binding (Figure 2d), which demonstrates that the sensor can
specifically detect mercury ions even in the presence of other
analyte ions.

Figure 2. (a) Absorption and (b) emission spectra of BODIPY 1 (1 μM) upon the addition of different metal ions (20 μM) of (Li+, Na+, K+, Ca2+,
Mg2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, Pb2+, Cr3+, and Fe3+) in CH3CN/PBS (7:3; v/v, pH 7.4) solution. (c) Bar chart depicting the
extent of the blue-shift (Δλmax) in absorption and emission peak positions in the absence and presence of various metal ions. (d) The extent of blue-
shift in absorption and emission maxima (Δλmax) of BODIPY 1 in the presence of Hg(II) upon the addition of excess amounts (30 μM) of various
metal ions. L = [BODIPY 1 + Hg(II)].
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The binding and detection of Hg(II) by BODIPY 1 was
systematically studied by titration measurements using
spectrophotometric assays. Figure 3a,b show the changes in
absorption and fluorescence spectra of the sensor in CH3CN/
PBS solution upon the addition of increasing amounts of
mercury ions (0 to 20 equivalents). Figure 3a shows that with
increasing Hg(II) concentration, the absorption band centered
at 577 nm undergoes a continuous blue-shift with an isosbestic
point at ∼545 nm, suggesting interconversion of two species
which we attribute to the free BODIPY 1 and the mercury ion
bound sensor, respectively. The ratio of absorbance at 577 nm
(for free sensor) and at 529 nm (for Hg(II) bound sensor) at
different equivalents of Hg(II) is plotted in Figure 3c, the
sigmoidal nature of which serves as an indicator of analyte
binding. With increasing equivalents of Hg(II), the fluorescence
emission spectra (Figure 3b) of the sensor also display a
continuous blue-shift (λmax

Em changes from 603 to 582 nm) in
conjunction with an increase in the emission quantum yield (Φf

increased from 0.42 to 0.58). The analyses of the emission
spectra with increasing Hg(II) concentrations are plotted in
Figure 3d, in terms of the λmax

Em and integrated (relative)
intensities. From the changes in fluorescence intensity, the
binding constant for sensing Hg(II) in the mixed solvent was
estimated to be 6.18 × 106 M−1 (Figure S15, SI) using the
Benesi−Hildebrand equation. The sensitivity of BODIPY 1 for
the Hg(II) ion has been further evaluated by measuring the
lowest concentration of the analyte, using the linear dynamic
response.22 The detection limit (LOD) was measured to be
0.77 μM, suggesting its applicability of the sensor to detect
Hg(II) even in the submicromolar range.
To understand the origin of the shift in transition energies of

BODIPY 1 upon binding to Hg(II), we have performed
electrochemical studies of the sensor in a CH3CN/H2O
medium. Using cyclic voltammetry, we found that BODIPY 1

undergoes two reversible reductions (Figure 4, inset) at
∼−0.475 and ∼−1.37 V, which indicates the electron deficient

nature of the BODIPY core. The changes in reduction potential
of BODIPY 1 were further followed by titration with Hg(II)
using square wave voltammetry (Figure 4). Upon the addition
of increasing amounts of Hg(II) to a solution of BODIPY 1, the
reduction waves at −0.475 and −1.37 V (red arrows)
disappeared completely with the simultaneous emergence of
new waves at ∼−0.082 and ∼−0.870 V (blue arrows). This
significant anodic shift (∼400 mV) in reduction potentials
indicates that the electron density on the BODIPY core is

Figure 3. (a) Absorption and (b) fluorescence emission spectra of BODIPY 1 (1 μM) upon titration with Hg(II) (Hg(ClO4)2) in CH3CN/PBS
(7:3; v/v, pH 7.4) solution. (c) Ratiometric response of the absorbance at 527 and 576 nm with increasing Hg(II) concentration. (d) Emission
maxima (squares) and the integrated emission intensity (circles) of BODIPY 1 as a function of Hg(II) concentration and their corresponding best
fits (solid lines) using a Boltzmann function.

Figure 4. Square wave voltammogram of BODIPY 1 (10 mM) in the
presence of different concentrations of Hg(II) solution (from 0 to 50
mM) in CH3CN/PBS (7:3; v/v) containing 0.1 M TBAP as a
supporting electrolyte recorded at a 50 mV s−1 scan rate. The scans
with 0 and 50 mM of Hg(II) are represented as thicker lines for clarity.
Inset shows reduction waves of the cyclic voltammogram of BODIPY
1 in the absence of Hg(II).
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further depleted upon binding with Hg(II) ions. This provides
evidence that the fluorescence enhancement of BODIPY 1
upon Hg(II) binding is due to a blocking of photoinduced
electron transfer (PET) from the benzimidazole nitrogen
(donor) to the BODIPY unit (acceptor). Further, the
electrochemical titration studies strongly suggest that binding
of Hg(II) to the benzimidazole unit restricts the lone pair of
nitrogen to participate in delocalization with the BODPY core.
As a consequence of the decreased amount of charge
delocalization, the optical transitions of the mercury bound
sensor occur at higher energies as compared to the free
BODIPY 1 in solution.
Electrochemical studies point out that the lone-pair of the

benzimidazole nitrogen in BODIPY 1 is very likely to be
involved in coordination to the Hg(II). To elucidate the
binding mechanism, we have performed 1H NMR titration
experiments in CD3CN/D2O by varying the Hg(II) concen-
tration, the results of which are shown in Figure 5. Upon the
addition of increasing equivalents of Hg(II) up to 1.4
equivalents, the pyrrole protons (types b, b′) adjacent to the
benzimidazole moiety, as well as benzimidazole aromatic
protons (types e, f) experienced a significant downfield shift,
which suggests the involvement of benzimidazole nitrogen
atoms in binding to Hg(II). In addition, not only do we find
that the bezimidazole NH proton does not disappear but it
rather experiences a very significant downfield shift (∼3.5
ppm), indicating that only one of the benzimidazole nitrogens
is involved in coordination with Hg(II). It is also clear from
Figure 5 that the pyrrole protons (types a, a′) of the BODIPY
skeleton did not display any significant shift, suggesting that the
oxygen atoms of the ester moiety do not participate in the
detection of Hg(II).
To support the above argument that only the nitrogen of

benzimidazole coordinates to Hg(II), we have performed IR
measurements on BODIPY 1, in the absence and in the

presence of 10 equivalents of Hg(II). In the IR spectrum,
BODIPY 1 showed characteristic bands for benzimidazolic N−
H, CN, and esteric CO at 3437, 1574, and 1732 cm−1,
respectively, in addition to other bands (Figure S17, SI).23

However, the IR spectra recorded for the BODIPY 1−Hg(II)
complex did not show any change for band positions except for
CN of the benzimidazole moiety, which shows a blue-shifted
transition at 1613 cm−1. This clearly indicates binding of Hg(II)
to the CN benzimidazole nitrogen atom (Figure S18, SI). In
addition, the observed blue-shift in this transition essentially
reflects the strengthening of the CN bond in the presence of
Hg(II). This can be explained by the inhibition of electronic
delocalization around the benzimidazolic unit,23 which
reinforces our previous inference on the origin of the blue-
shift in the electronic spectra upon analyte detection.
Further, we note that in the NMR titration, a significant shift

of the N−H peak (Figure 5, left panel) occurs up to 0.4−0.6
equivalents of Hg(II), and subsequent addition of the analyte
results in nominal continuous changes in the peak position.
This suggests that more than a single BODIPY 1 molecule is
likely to be involved in binding to one mercury ion. To
determine the binding stoichiometry of the BODIPY 1−Hg(II)
adduct, spectrophotometric measurements were carried out in
the presence of varying mole fractions of Hg(II) in an
acetonitrile−water medium (Figure S19a,b, SI). Job’s plot
analyses of both changes in the absorbance and the
fluorescence intensity reveal a maximum at ∼0.6, indicative of
the formation of a 2:1 complex between BODIPY 1 and
Hg(II).
On the basis of the NMR titration measurements, IR

spectroscopy, and Job’s plot analyses, we propose that the
Hg(II) binding mechanism of BODIPY 1 involves two
benzimidazole moieties, where the nitrogen lone pairs
coordinate to a single Hg(II) ion in a linear geometry (Scheme
2). However, it is difficult to comment on whether the two

Figure 5. Partial 1H NMR spectra of BODIPY 1 (16 mM) in 0.4 mL of CD3CN/D2O (97.5:2.5, v/v) in the presence of increasing concentrations of
Hg(II) in CD3CN/D2O. The (b,b′) signals correspond to the pyrrole protons adjacent to the imidazole ring. The (a,a′) signals correspond to
pyrrole protons adjacent to the ester moiety. The (c,d) signals correspond to the aromatic protons of the meso-aryl ring, and the (e,f,g,h) signals
correspond to the aromatic protons of the imidazole group (Scheme 2). The signal-to-noise ratio of the top three NH region NMR spectra is lower
than the rest of the traces because of a pronounced metal-ion effect arising from a high concentration of Hg(II). To show that the N−H bond is
intact after the addition of excess Hg(II), the NH signal for the top three spectra has been expanded vertically. All the signals were assigned on the
basis of the correlations observed in the 1H−1H COSY spectrum (Figure S7, Supporting Information).
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BODIPY core units of the dimeric complex are syn- or anti-
with respect to the N−Hg−N bond and if solvent molecules
(water or acetonitrile) coordinate to the mercury ion and
participate in complex formation. Nonetheless, to substantiate
the proposed binding mechanism, we have performed mass
spectrometry measurements (Figure S20, SI) in the presence of
excess mercury ions using ESI-MS. The molecular ion peak at
m/z of 1113.14 supports the formation of a 2:1 complex
between BODIPY 1 and mercury (Figure S21, SI).
Furthermore, the observed isotopic peak pattern was found
to be in excellent agreement with those theoretically calculated
for a dimeric complex (Figure S21 inset, SI), which reaffirms
the proposed binding mechanism (Scheme 2) that imidazole
nitrogen lone pairs from two BODIPY 1 molecules coordinate
to a single mercury ion.
Spatially and Spectrally Resolved Sensing of Hg(II) in

Vivo. To evaluate the feasibility for the application of BODIPY
1 as a mercury sensor inside cellular environments, as a test
case, we have used the human breast adenocarcinoma cell line
MDA-MB-231 for in vivo imaging measurements. In order to

check the cellular uptake of BODIPY 1, the living as well as
fixed MDA-MB-231 cells were incubated for 20 min with varied
concentrations of BODIPY 1 (see Materials and Methods)
followed by visualization under an optical microscope. The
DIC image of the fixed cells labeled with BODIPY 1 and the
scanning confocal microscopy (SCM) image of the same lateral
area obtained using 532 nm laser illumination are shown in
Figure 6a,b. These images in conjunction with the overlay
image (Figure 6c) show that the emission from BODIPY 1
arises from locations where the cells are present, and the
emission intensities within the cells increase with increasing
concentration of BODIPY 1 (data not shown). Similarly, in the
presence of 10 μM Hg(II), the corresponding DIC,
fluorescence, and overlay images of the BODIPY 1 labeled
cells are shown in Figure 6d−f. It should be noted that the
incubation time of Hg(II) was restricted to 10 min before fixing
the cells, as the MDA-MB-231 cells start to round up after ∼20
min due to mercury induced cell-death. Nonetheless, the sharp
contrast in the fluorescence image (Figure 6b,e) indicates
efficient cellular uptake of BODIPY 1, similar to other BODIPY

Scheme 2. Proposed Binding Mechanism of Hg(II) by BODIPY 1a

aThe labeling of the protons is explained in Figure 5.

Figure 6. Cellular uptake of the BODIPY 1 by fixed MDA-MB-231 cells in the absence of Hg(II) (a−c) and after incubation with 10 μM of Hg(II)
for 10 min (d−f). (a,d) Optical (DIC) images, (b,e) fluorescence (SCM) images, and (c,f) overlay of the DIC and fluorescence images of the same
lateral area. Both the SCM fluorescence images were collected using the same emission filter (BP 560−615 nm) and depicted in pseudocolor, with
brightness-contrast set at the same levels. Scale bar in the images is 100 μm.
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dyes used as cellular imaging agents.18 This demonstrates that
BODIPY 1 can permeate through the cellular membrane for
both live and fixed cells, which allowed us to test for its mercury
sensing ability in cellular environments.
Fluorescence images of BODIPY 1 labeled cells in the

absence and presence of different amounts of Hg(II) (0, 10,
and 30 μM incubation for 10 min) are shown in Figure 7a−c.
These SCM images show that the cytoplasm and cell
membranes are preferentially labeled (in both the presence
and absence of mercury), while the extent of BODIPY 1
penetration into the nuclei is considerably less as compared to
rest of the cell. It is important to note that the fluorescence
intensity of labeled cells, on average, increase by 3−4 fold in the
presence of mercury ions (Figure 7a−c). Interestingly, closer
inspection of individual cells via TIRF imaging (Figure 7d−f)
reveals that BODIPY 1 is not uniformly distributed inside the
cytoplasm; spatially separated bright emission spots are always
observed on top of a weaker background emission (also seen in
Figure 6b,e). Due to this spatial variation in emission intensity,
from Figure 7d−f it is difficult to estimate the efficacy of

BODIPY 1 in the detection of mercury ions at different
locations within cells. Therefore, it was imperative to obtain
spatially resolved emission spectra to ascertain the sensory
ability of BODIPY 1 in terms of spectral shifts associated with
binding to Hg(II). Figure 7g−i shows the fluorescence emission
spectra obtained from seven different local regions within a
single cell, in the absence and presence of mercury ions. These
representative sets of spatially resolved emission spectra are
only a few among several tens of spectra collected over various
regions within a cell, as well as over different cells in the same
sample.
Typically, in the absence of mercury ions, the spatially

resolved emission spectra of BODIPY 1 show an emission
maximum (λmax

Em ) at ∼606 nm with a secondary peak (or a
shoulder) between 650 and 670 nm, similar to that observed in
ensemble studies (Figure 3b). In the presence of Hg(II), the
emission spectra of BODIPY 1 show a distinct blue-shift. For a
Hg(II) concentration of 10 μM, the average value of λmax

Em

positions (λm̅ax) is found to be ∼595 nm, while for higher
concentrations (30 μM), the λm̅ax further shifts to ∼590 nm.

Figure 7. SCM images of BODIPY 1 (1 μM) labeled MDA-MB-231 cells in the absence (a) and presence of 10 μM (b) and 30 μM (c) of Hg(II)
(incubation concentrations). Wide field TIRF images (d−f) displaying portions of single cells (nuclei shown with dotted lines) obtained from the
same sample as in a−c. Representative fluorescence emission spectra (g−i) obtained from various local regions (marked using circles and squares)
within each cell shown in d−f (regions marked 1−7), in the absence (g) and presence of 10 μM (h) and 30 μM (i) Hg(II). The λmax

Em for each set of
representative spatially resolved emission spectra are tabulated in the insets (g−i). The vertical line at 606 nm represents the average value of λmax

Em

positions for 25 individual emission spectra in the absence of Hg(II).
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This blue-shift in transition energies serves as clear evidence
that BODIPY 1 is able to detect the presence of mercury ions
inside cells. In addition to spectral shifts, it is observed that the
emission intensities of individual spectra in the presence of
Hg(II) (Figure 7h−i) are generally higher as compared to those
where no mercury is present (Figure 7g), in tune with the SCM
intensity images (Figure 7a−c). Moreover, we found that the
ratio (R) of emission intensities at the peak position (i.e., at
λmax
Em ) and at λ = 660 nm computed from individual spectra, on
an average, increases from 1.9 in the absence of mercury to 2.8
and to 3.4 for 10 and 30 μM Hg(II), respectively. This ratio, R,
therefore serves as an additional measure of mercury ion
sensing by BODIPY 1 within cellular environments.
Even though the λm̅ax positions show a clear blue-shift with a

simultaneous increase in the intensity ratio (R) with increasing
concentrations of mercury ions used to incubate the cells, there
is considerable variation in both these parameters under all the
conditions, i.e., at Hg(II) concentrations of 0, 10, and 30 μm. In
the absence of mercury, the λmax

Em is found to range from 603 to
609 nm, while R values typically vary between 1.2 and 2.2. This
fluctuation can be attributed to the variation in polarity of the
local environment where BODIPY 1 resides, as well as to
aggregation of the sensor in different cellular environments. In
presence of 10 and 30 μM Hg(II) ions, we found that the λmax

Em

(R values) obtained from different local regions’ ranges
between 591 and 600 nm (1.8−3.2) and 584 and 598 nm
(2.3−4.4), respectively. This indicates that neither the extent of
the blue-shift nor the R values solely depend on the amount of
mercury used to incubate the cells. Rather, both of these
parameters are extremely sensitive to the region of the
cytoplasm from which each spectrum is obtained. It is therefore
reasonable to conclude that the extent of blue-shift (as well as
variation of R) is a consequence of inhomogeneity in the
effective Hg(II) concentrations within the cells. This essentially
demonstrates the ability of BODIPY 1 to effectively act as a
local sensor of Hg(II) within cellular environments.

■ CONCLUSIONS
In conclusion, we have developed a new multisignaling sensor
based on benzimidazole substituted BODIPY, which shows
remarkable selectively and specificity toward Hg(II) under
physiological conditions. The sensory ability of BODIPY 1 was
tested using several techniques, and it was found that this
molecule serves as a very efficient optical sensor for Hg(II) with
a submicromolar analytical detection capability. Interestingly,
the optical spectra of BODIPY 1 undergo a continuous blue-
shift in addition to an increase in the emission efficiency upon
analyte detection. Such a shift in transition energies results in a
color change from fluorescent pink to orange in response to
Hg(II). Competitive binding experiments in the presence of
various biologically relevant metal ions demonstrate that
BODIPY 1 can specifically detect mercury ions in vitro.
Electrochemical studies reveal that the blue shift in transition
energies and simultaneous increase in emission efficiency upon
Hg(II) binding is due to a depletion of charge delocalization on
the BODIPY core and blocking of photoinduced electron
transfer from imidazole nitrogen to the BODIPY unit. 1H NMR
titration experiments and a Job’s plot analysis reveals that
Hg(II) binding involves formation of a complex where
imidazole nitrogens of two BODIPY 1’s coordinate to a single
mercury ion, the existence of which was confirmed by mass
spectrometry. The utility of the sensor for detection of Hg(II)
in biological systems was demonstrated by labeling human

breast adenocarcinoma cells with BODIPY 1 and investigating
changes in emission intensity and shift in transition energies
with different amounts of mercury ions. Confocal microscopy
reveals that the fluorescence intensity of labeled cells increases
on an average with increasing concentration of incubated
mercury ions, even though the concentration of the sensor
within the cell was not uniform. Spatially resolved emission
spectroscopy measurements performed on individual cells
reveal diverse shifts in transition energies in various
submicrometer regions within each cell, clearly pointing out
to the inhomogeneity in local mercury concentrations.
Therefore, these measurements demonstrate not only that
BODIPY 1 can be used to monitor the effective mercury
concentrations within cellular environments but also the
applicability of spectrally resolved fluorescence imaging in
detection of analytes in vivo.

■ MATERIALS AND METHODS
Chemicals. The chemicals such as BF3·Et2O and 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ) were used as obtained from
Aldrich. All other chemicals used for the synthesis were reagent
grade, and solvents were dried by routine procedures immediately
before use. Column chromatography was performed on silica gel (60−
120 mesh).

Instrumentation. All the NMR spectra were recorded with a
Bruker 400 MHz instrument using tetramethylsilane (Si(CH3)4) as an
internal standard. Single-crystal X-ray diffraction data were collected
on a charge-coupled-device (CCD) diffractometer with a liquid
nitrogen vapor cooling device. Data were collected at 150 K with
graphite-monochromatized Mo Kα X-ray radiation (λ = 0.71073 Å).
The structure was solved by direct methods and refined by full matrix
least-squares against F2 with all reflections. Non-hydrogen atoms were
refined anisotropically. Additional details of the structure determi-
nations for the BODIPY 1 can be found in the Supporting
Information. Absorption and steady state fluorescence spectra were
obtained with Perkin-Elmer Lambda-35 and Varian Cary-Eclipse (λex =
500 nm, excitation and emission slit widths = 2.5 nm) instruments,
respectively. The elemental analyses were performed on a Thermo-
Quest microanalysis instrument. FT-IR spectra were measured on a
Perkin-Elmer spectrometer using KBr pellets. Square Wave Voltam-
metric (SWV) studies were carried out with a BAS electrochemical
system utilizing the three electrode configuration consisting of a glassy
carbon (working electrode), platinum wire (auxiliary electrode), and
saturated calomel (reference electrode) electrodes. The experiments
were done in dry acetonitrile using 0.1 M tetrabutylammonium
perchlorate (TBAP) as a supporting electrolyte. The time-resolved
fluorescence decay measurements were carried out at the magic angle
using a picosecond diode laser based time-correlated single photon
counting (TCSPC) fluorescence spectrometer from IBH, U. K. The
mass spectra were recorded on a Q-TOF micromass (YA-105) using
the electrospray ionization method. For UV−vis and fluorescence
titration experiments, the stock solution of BODIPY 1 (1 μM) was
prepared by using spectroscopic grade CH3CN/PBS (7:3; v/v, pH
7.4), and Hg(ClO4)2 solution was prepared (5 × 10−4 M) in CH3CN.
The association constant of the mercury complex formed in solution
has been estimated by using the standard Benesi−Hildebrand
equation. The limit of detection (LOD) for the Hg(II) was calculated
as 3 times the standard deviation for the average measurements of 10
blank samples by slope (LOD = 3σ/K).22 For 1H NMR titration, a
solution of BODIPY 1 in 0.4 mL of CD3CN/D2O (97.5:2.5, v/v) was
prepared (16 mM), and a 0.4-mL portion of this solution was
transferred to a 5-mm NMR tube. A small aliquot of Hg(ClO4)2 in
CD3CN (160 mM) was added in an incremental fashion, and their
corresponding spectra were recorded. Further details are provided in
the Supporting Information.

Animal Cell Studies. Materials. Dulbecco’s Modified Eagle’s
Medium (DMEM) [catalogue no. AL007A], fetal bovine serum (FBS)
[catalogue no. RM1112], PBS without calcium and magnesium
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[catalogue no. TL1006], trypsin-EDTA [catalogue no. TCL007],
penicillin-streptomycin [catalogue no. A001A], and paraformaldehyde
[catalogue no. RM3660] were obtained from HiMedia Laboratories,
Mumbai, India.
Cell Culture. MDA-MB-231 human breast adenocarcinoma cells

were obtained from the National Centre for Cell Science, Pune, India
and were cultured in complete medium at 37 °C under a 5% CO2

atmosphere. The complete medium was comprised of DMEM
supplemented with 10% FBS and 1% antibiotics. For the experiments,
after trypsinization, cells were seeded onto glass bottomed Petri dishes
at a density of 5000 cells per square cm and incubated overnight.
Confocal Microscopy. For fluorescence imaging of living cells, 1 μL

of BODIPY 1 (1 mM) was added to the medium of the cells, and this
was incubated for 20 min. Thereafter, DMEM was removed from the
Petri dish, cells were washed twice with PBS (pH = 7.4), and fresh
DMEM was added. For imaging of fixed cells, without Hg(II), these
cells were fixed with 4% paraformaldehyde for 15−20 min, followed by
incubation of the cells with 1 μL of 1 mM BODIPY 1 in 1 mL of
DMEM for 20 min. Then the cells were washed with PBS twice, and
the fresh medium was added before performing optical microscopic
measurement. For the detection of Hg(II) using BODIPY 1 in culture
medium, MDA-MB-231 cells were incubated with 0 (without Hg), 10,
and 30 μL of 1 mM Hg(II) in 1 mL of DMEM for 10 min. Just before
they rounded up (within ∼15 min), the cells were fixed with 4%
paraformaldehyde for 15−20 min. This was followed by incubation of
all three samples [Hg2+ 0, 10, and 30 μL] with BODIPY 1 (1 μL of 1
mM) washed twice with PBS before optical imaging. The cells were
visualized under a scanning confocal microscope (Carl Zeiss LSM
510) capable of taking DIC and fluorescence images of the same
projected area using an excitation wavelength of 543 nm and an
emission band-pass (BP) of 560−615 nm. The images were taken in
both DIC and fluorescence format, the latter being represented in red
pseudocolor (i.e., does not represent actual color of emission). The
same samples were used for high resolution fluorescence imaging and
spatially resolved spectroscopic measurements. The SCM images of
labeled cells in the TOC graphic are represented in false colors to
convey the blue-shift in emission spectra.
Spatially Resolved Fluorescence Spectroscopy. A home-built

through-the-objective total internal reflection fluorescence (TIRF)
microscopy setup based on an inverted optical microscope (Nikon
TE2000U) was used to perform fluorescence imaging and obtain
spatially resolved emission spectra. Details of the experimental setup
are provided elsewhere.24 In short, a 532 nm DPSS laser (30 mW) was
used to excite the sample via a 1.49 NA 60× objective (Nikon, Apo
TIRF). Typically, ∼1 mW excitation powers were used to illuminate a
∼30 × 30 μm2 area of the sample. The fluorescence emission was
collected using the same objective and passed through a dichroic
mirror and emission filters (Semrock) and eventually imaged through
a cooled interline CCD camera (DVC 1412AM). Spatially resolved
emission spectra were obtained from different local regions (0.25 μm2)
of fixed cells using a combination of an adjustable slit and a
transmission grating (300 g/mm) placed in front of the CCD in order
to obtain both images and spectra simultaneously. The emission
spectra were corrected for the CCD response and calibrated with
several laser lines, resulting in a wavelength resolution of ∼3 nm. All
spectral data were obtained at identical excitation powers (∼400 W/
cm2) and exposure times (500 ms). All the measurements are carried
out at 295 K. All the experimental data were analyzed using freely
available ImageJ (NIH) and Origin 7.5.
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