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ABSTRACT: A new, easily synthesizable rhodamine-based chemosensor with
potential N,0, donor atoms, L?, has been characterized by single-crystal X-ray
diffraction together with '"H NMR and high-resolution mass spectrometry
(HRMS) studies. L* was found to bind selectively and reversibly to the highly
toxic Hg?* ion. The binding stoichiometry and formation constant of the
sensor toward Hg”" were determined by various techniques, including UV—vis,
fluorescence, and Job’s studies, and substantiated by HRMS methods. None of
the biologically relevant and toxic heavy metal ions interfered with the
detection of Hg** ion. The limit of detection of Hg*'calculated by the 3o
method was 1.62 nM. The biocompatibility of L* with respect to its good
solubility in mixed organic/aqueous media (MeCN/H,0) and cell
permeability with no or negligible cytotoxicity provides good opportunities
for in vitro/in vivo cell imaging studies. As the probe is poorly soluble in pure
water, an attempt was made to frame nano/microstructures in the absence and in the presence of sodium dodecyl sulfate (SDS)
as a soft template, which was found to be very useful in synthesizing morphologically interesting L* microcrystals. In pure water,
micro-organization of L* indeed occurred with block-shaped morphology very similar to that in the presence of SDS as a
template. However, when we added Hg”" to the solution of L*® under the above two conditions, the morphologies of the
microstructures were slightly different; in the first case, a flowerlike structure was observed, and in second case, a simple well-
defined spherical microstructure was obtained. Optical microscopy revealed a dotlike microstructure for L*~SDS assemblies,
which changed to a panicle microstructure in the presence of Hg**. UV—vis absorption and steady-state and time-resolved
fluorescence studies were also carried out in the absence and presence of Hg**, and also the SDS concentration was varied at
fixed concentrations of the receptor and guest. The results revealed that the fluorescence intensity increased steadily with [SDS]
until it became saturated at ~7 mM SDS, indicating that the extent of perturbation to the emissive species increases with the
increase in [SDS] until it becomes thermodynamically stable. There was also an increase in anisotropy with increasing SDS
concentration, which clearly manifests the restriction of movement of the probe in the presence of SDS.

KEYWORDS: rhodamine-based fluorophore, turn-on dual sensor, SDS-templated microstructures, cell imaging studies,
optical microscopy and SEM studies

B INTRODUCTION

In recent years considerable research interest in the nano/
microstructures derived from small organic molecules has
grown because of their potential applications in numerous
fields, including field-effect transistors, color-tunable displays,
and chemical optical waveguides and sensors." > The proper-
ties of such organic nano/microstructures have been found to
be intimately related to their morphologies. As a result, the
fabrication of such materials is gaining intense research interest
from chemists, biologists, and physicists.*™® Attempts have
been devoted to the synthesis of organic nano/microstructured
particles with various sizes and shapes, such as zero-dimen-
sional spherical or tetrahedral quantum dots,” one-dimensional
nanorods and wires,'® and two-dimensional nanoplates,'!
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nanoribbons and nanotubes,® microcapsules,12 organic nano-
towers,"® submicrotubes,* etc. Although a number of synthetic
strategies for preparing organic nano/microstructures, includ-
ing reprecipitation,'”'>'¢ solvent evaporation,'” physical vapor
deposition (PVD),'® template-directed methods,"®?° etc., have
been developed in recent years, it is still a big challenge to
develop a simple and easily-tuned route for the fabrication of
organic hierarchical architectures because of the uncontroll-
ability of intermolecular interactions and the complexities of
self-assembly processes.>>' Out of these, reprecipitation is an
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easy and versatile route that has been found to be cost-effective
for the large-scale production of nano/micro building
blocks.*>** This facile method involves solvent displacement
by pouring a micromolar solution of an organic compound into
a solvent where it is poorly soluble, which causes a sudden
change of environment that induces the self-assembly of the
organic molecules. It is widely accepted that surfactant'** and
polymer micelles'®*® can be employed as an additive or
template for the preparation of organic nano/microstructures.'”
Unfortunately, the size-dependent properties of organic crystals
have been poorly investigated compared with those of inorganic
crystals. Again, nano/microstructured materials have a close
resemblance to biomaterials, offerin% enormous promise toward
the repair of lost tissue function.”® These also significantly
influence the cell behaviors, such as morphology, adhesion,
migration, proliferation, and in vitro and in vivo differentiation.
As a result, research on nano/microstructured materials is
gaining more and more attention in order to improve their
performance and has met certain success.”’

Because of the advantages of quick response, high sensitivity,
and good selectivity, tremendous research efforts have recently
been devoted to the field of chemosensing, and obviously, it has
found wide applications in the fields of life sciences,
environmental sciences, medical diagnostics, and toxicological
analyses.”® >* Because of the very high environmental impacts
of heavy metal ions such as Hg**, Pb**, and Cd**,*” it is urgent
to develop a highly selective and sensitive prove for these metal
ions. Despite the fact that mercury is one of the most toxic
heavy metals, it has significant applications in agriculture and
industry. It is also widespread in air, water, and soil as a result of
oceanic and volcanic eruptions, combustion of fossil fuels, gold
mining, and solid waste incineration. Hg2+, which has a high
affinity for thiol groups in proteins and enzymes, causes serious
health problems. Its accumulation in the body causes diseases
such as prenatal brain damage, serious cognitive and motion
disorders, and Minamata disease.>® Because of these deleterious
effects in humans, a highly sensitive and selective and at the
same time cost-effective, rapid, and facile method is needed that
would be applicable in environmental and biological milieux.*”
The most common analytical methods used for the detection
and quantification of mercury include atomic absorption and
emission spectroscopy,”® inductively coupled plasma mass
spectroscopy (ICP-MS),* inductively coupled plasma atomic
emission spectrometry (ICP-AES),** and voltammetry.*!
However, most of these methods are either very costly or
time-consuming and not suitable for performing assays. Thus,
over the past decade increasing attention has been focused on
the development of efficient chromo- and fluorogenic sensors
for Hg2+ ions for real-time monitoring of environmental,
biological, and industrial samples.>”*** Because of its high
atomic mass (A) and large spin—orbit coupling (£),** Hg?* in
general acts as a fluorescence quencher. However, turn-on
fluorescence is always preferred over the turn-off response, as
the latter may produce a false positive response due to other
quencher(s) present in a practical sample.* As a result of its
special structural features, rhodamine-based conjugates seem to
be a good choice for the construction of OFF/ON fluorescent
chemosensors.**The good photostability, high molar extinction
coefficient (¢, dm® mol™' cm™), and a longer emission
wavelength (550 nm) are added advanta%es to avoid back-
ground fluorescence (below 500 nm).**"°! There are recent
reports on the optical detection of Hg*" in the presence and
absence of gold nanoparticles.”>™*° In the present work, a new,
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easily synthesizable rhodamine-based probe with potential
N,O, donor atoms, L3 was synthesized and successfully
employed for the selective and rapid recognition of toxic
Hg*"ions (Scheme 1). It exhibits chromo- and fluorogenic
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OFF/ON responses through metal-induced opening of the
spirolactam ring.*”** The incorporation of a phthalimide
moiety into the probe fragment was mainly due to its
involvement in many anti-inflammatory, immunomodulatory,
antiangiogenic, and antitumor drugs. Furthermore, the
phthalimide moiety was screened for human liver and breast
cancer cells, showing good response with minimum cytotox-
icity. Hence, phthalimide is thought to be useful as a template
in the development of probes suitable for in vitro/in vivo
monitoring of Hg?* ions with no or negligible cytoxicity.>

As the probe is poorly soluble in water, an attempt was made
to frame nano/microstructures in the absence and in the
presence of sodium dodecyl sulfate (SDS) as a template. The
microstructures thereby formed were analyzed by optical
microscopy and scanning electron microscopy (SEM). Not
only that, we also carried out fluorescence titrations in the
absence and the presence of SDS, and also, the SDS
concentration was varied at fixed concentrations of the receptor
and guest. The results showed a gradual increase in
fluorescence intensity (FI) with the increase in SDS
concentration, thereby supporting the microstructure forma-
tion. This is further strengthened by the determination of
anisotropy (r) at variable concentration of SDS, which showed
an increase in r with SDS concentration due to the restriction
of the dynamic movement of the probe upon aggregation with
SDS.

B EXPERIMENTAL SECTION

Materials and Instruments. Steady-state fluorescence studies
were carried out with a PTI QM-40 spectrofluorimeter. UV—vis
absorption spectra were recorded with an Agilent 8453 diode array
spectrophotometer. NMR spectra were recorded on a Bruker
spectrometer at 300 MHz. Electrospray ionization mass spectrometry
in positive-ion mode (ESI-MS*) was performed on a Waters XEVO
G2QToF (Micro YA263) mass spectrometer.
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All solvents used for synthetic purposes were of reagent grade
(Merck), unless otherwise mentioned. For spectroscopic (UV—vis and
fluorescence) studies, HPLC-grade MeCN and double-distilled water
were used.

Rhodamine 6G hydrochloride, N-(2-bromoethyl)phthalimide, and
metal salts such as perchlorates of Na*, K*, Ca**, Fe*, Co**, Ni*',
Zn*, Pb**, Cd**, Hg**, and Cu®* were purchased from Sigma-Aldrich
and used as received. Sodium salts of anions such as SO,>~, NO;~,
PO, S*7, CI, F, Br~, I, OAc™, H,AsO,, and N, were of reagent
grade and used as received.

Preparation of Rhodamine 6G Hydrazide (L'). Rhodamine-6G
hydrazide was prepared according to a literature method.®

Preparation of 2-[2-(1,3-Dioxo-1,3-dihydroisoindol-2-yl)-
ethoxylbenzaldehyde (L?). In a typical procedure, salicylaldehyde
(10 mmol, 1.23 g) was dissolved in dry MeCN (60 mL), to which
K,CO; (18 mmol, 2.52 g) was added, and the mixture was heated at
reflux for 40 min. N-(2-Bromomethyl)phthalimide (10 mmol, 2.54 g)
and a catalytic amount of KI (0.15 g) were then added to the above
reaction mixture, and reflux was continued for another 15 h. The
mixture was then cooled to room temperature and filtered. The filtrate
was evaporated to one-third of its initial volume and diluted with 40
mL of water. The pH of the resulting solution was then adjusted to 4
by the addition of 1 M HCI, and the mixture was extracted with
dichloromethane (DCM) (2 X 40 mL). The pH of the aqueous
solution was further adjusted to 8 by the addition of 4.0 M Na,CO;
solution, and the solution was extracted with DCM (3 X 40 mL). The
combined organic phases were dried over anhydrous Na,SO, and then
evaporated to dryness under reduced pressure to afford a reddish-
yellow solid. The solid product was recrystallized from MeCN/DCM
(8:2 v/v) to give the desired NMR-pure product as a crystalline solid
in 84% yield. "H NMR (CDCl;): § = 10.24 (s, 1H), 7.84 (m, 4H),
7.59 (m, 2H), 7.17 (d, 1H, J = 7.9 Hz), 7.02 (d, 1H, ] = 7.4 Hz), 4.31
(t, 2H, J = 5.0 Hz), 4.05 (t, 2H, J = 5.0 Hz) ppm (Figure S1). MS
(ES*): m/z = 296.1353 [L + H]* (Figure S2).

Preparation of Probe L3. L* (1.10 mmol, 0.324 g) in MeOH (10
mL) was added dropwise to a methanolic solution (30 mL) of L' (1
mmol, 0.428 g) containing 1 drop of acetic acid under hot (50—60 °C)
conditions over 30 min, and the mixture was then stirred for about 6 h
at room temperature, whereupon the yellow precipitate formed was
collected by filtration. The residue was washed thoroughly with cold
methanol to isolate L* in pure form in 78% yield. Single crystals of L3
were obtained by recrystallization from DCM/MeCN (1:1 v/v). '"H
NMR (DMSO-dq): & = 8.49 (s, 1H), 7.91 (m, SH), 7.55 (m, 3H), 7.26
(t, 1H, J = 6.4 Hz), 6.92 (m, 3H), 6.32 (s, 2H), 6.14 (s, 2H), 5.04 (s,
2H), 3.97 (m, 4H), 3.11 (m, 4H), 1.82 (s, 6H), 1.17 (t, 6H, ] = 7.0
Hz) ppm (Figure S3). IR: ¥ = 1713.95 cm™" (spirolactam amide keto),
1620.91 cm™' (—C=N) (Figure S4). MS (ES*): m/z = 706.3329 [L +
H'] (Figure SS).

Preparation of the L3>~Hg?* Complex. Hg(ClO,), (0.272 g, 0.6
mmol) was added to a 10 mL MeCN solution of L* (0.350 g, 0.5
mmol), and the mixture was stirred for about 30 min. It was then
filtered and allowed to evaporate slowly at ambient temperature to get
the crystalline solid product. '"H NMR (DMSO-dy): & = 8.90 (s, 1H),
7.88 (m, 5H), 7.57 (m, 3H), 7.26 (s, 1H), 6.93 (m, 3H), 6.34 (s, 2H),
6.15 (s, 2H), 5.72 (s, 1H), 3.97 (m, 4H), 3.11 (m, 4H), 1.82 (s, 6H),
1.17 (t, 6H, J = 7.0 Hz) ppm (Figure S6). IR: ¥ = 1653.81 cm™
(spirolactam ring open), 1608.05 cm™' (—C=N) (Figure S4). MS
(ES*): m/z = 1078.4314 [(L*)Hg(CH;0H)(H,0)(ClO,)]Na*
(Figure S7).

Solution Preparation for UV—Vis and Fluorescence Studies.
For both UV—vis and fluorescence titrations, a 1.0 X 107> M stock
solution of L? was prepared by dissolving the ligand in 7 mL of MeCN
and then increasing the volume to 10 mL with deionized water.
Similarly, a 1.0 X 107> M stock solution of Hg?* was prepared in
deionized H,0. A 250 mL S mM HEPES buffer solution was prepared,
and the pH was adjusted to 7.2 using HCl and NaOH. Then 2.5 mL of
this buffer solution was pipetted into a cuvette, to which the required
volume of 1.0 X 107> M probe solution was added to get a final
concentration of 20 yM for UV—vis titrations and 5§ yM for
fluorescence titrations. Hg** ion solution was added incrementally in
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regular intervals of volume, and UV—vis or fluorescence spectra were
recorded for each solution. The path lengths of the cells used for
absorption and emission studies were 1 cm. Fluorescence measure-
ments were performed using a 2 nm X 2 nm slit.

For competition assays, a 1.0 X 10~ M Na,H,EDTA solution was
prepared in water. Then 2.5 mL of the buffer solution was pipetted
into a cuvette, to which the L* and Hg** solutions (10 #M each) were
added. Na,H,EDTA solution was added to this solution incrementally
to a final volume of 14 M in a regular interval of volume, and
fluorescence spectra were recorded for each solution upon excitation at
510 nm. The equilibria related to the competition assays are the
following:

Ky,
M+ L, = M-L,

Ky,
M+ L, = M-L,

Kcom
M-L, + L, == M-L, + L,

_ [M_Lz][LJ _ KL;
O M-LI[L,] Ky

where M = Hg?*, L, = L3, L, = HLEDTA?, M—-L, = Hg**—L3 and
M-L, = [Hg"*—EDTA]*". The competition equilibrium constant

(Kcomp) was calculated from the titration curve:

[Mlr + (Lo} Kooy + [M}K

_ _ comp
[M-L,] [2(=1 + Keopp)]
- {_4[L2]T [M]T(_l + Kcomp)Kcomp
+ ([M]T - [Lz]TKcomp - [M]T1<comp - [Ll])2

+ LY
/201 + K]

where [M]; is the total concentration of Hg?, [L,]; is the
concentration of L3, and [L,]; is the total concentration of
H,EDTA?*", and [M—L,] is the concentration of the complex between
H,EDTA*" and Hg*". The fitting of the titration profiles with a non
linear least-squares 1procedure using the competition model provides
the value of Kcomp.6

Preparation of L> Microbar Samples. We prepared 10 mL each
of 1 mM, 10 mM, and 100 mM stock solutions of the ligand and 10
mL of 1 mM stock solution of SDS. Then 1 mL of each ligand solution
was added to 1 mL of SDS solution with stirring for S min. The
concentrations of SDS/L? in the resulting solutions were (a) 0.50/0.50
mM, (b) 0.55/5.0 mM, and (c) 0.50/50 mM, respectively. The use of
higher concentrations of SDS (up to 7.5 mM) did not show any major
change in the formation of the microstructures. For the variation of the
SDS concentration, we prepared a 200 mM stock solution of SDS
from which we added SDS to 2.5 mL solutions of L* (5 uM) and Hg**
(S uM) to give overall SDS concentrations of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
3.5. 4.0, 4.5, 5.0, §.5, 6.0, 6.5, and 7.0 mM in the 2.5 mL reaction
solutions. In another set of solutions, equivalent amounts of Hg** with
respect to ligand concentration were added. After S min of stirring, the
solutions were aged overnight at room temperature before character-
ization. The samples in both cases were found to give the best
microstructure and analyzed by optical microscopy and SEM.

Methods of Characterization. An upright optical microscope
(Olympus polarized optical microscope, model BXS1) was used to
study the morphology of the materials both in the absence and in the
presence of variable concentrations of SDS, and images were taken
using a 12 V, 50 W mercury lamp. Optical microscopy studies were
performed on the samples prepared by placing a drop of solution onto
a clean glass slide. A JEOL JSM 8360 scanning electron microscope
operated at an accelerating voltage of 5 kV was used for the study of
morphologies of the above samples. Before SEM analysis, the samples
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were vacuum-dried, and a thin layer of Au was deposited onto the
samples to minimize sample charging.

Steady-state fluorescence and fluorescence anisotropy measure-
ments were done on a PTI QM-40 spectrofluorometer. The
fluorescence anisotropy (r) is defined as
Iy — Glyy

r =

Iy + 2GLyy (1)
where Iy and Iy are the emission intensities obtained with the
excitation polarizer oriented vertically and the emission polarizer
oriented vertically and horizontally, respectively, and the correspond-
ing G factor is calculated as*

@)

where the intensities Ijyy and Iy refer to the vertical and horizontal
positions of the emission polarizer with the excitation polarizer being
horizontal.

Cell Culture. The HeLa cell lines of human cervical cancer origin
were purchased from the National Center for Cell Science (Pune,
India) and cultured using the protocol described elsewhere.®*™**

Cell Imaging Studies. Cell imaging studies were performed using
the protocol described previously.®>~** A 1.0 mM stock solution of L?
was prepared by dissolving it in a mixed solvent (DMSO/water = 1:9
v/v). HeLa cells were rinsed with phosphate-buffered saline (PBS) and
incubated for 30 min at room temperature with Dulbecco’s modified
Eagle’s medium (DMEM) containing L3 making the final
concentration up to 10 yM in DMEM. Then bright-field and
fluorescence images of the cells were taken with a confocal
fluorescence microscope. Similarly, fluorescence images were taken
separately for the HeLa cells incubated for 30 min with (i) 10 uM L? +
10 uM Hg* and (ii) 10 uM L* + 10 uM Hg** + 100 uM KL

We also ran parallel experiments to study the effect of thiol (i.e.,
cysteine) on the L*~Hg*" complex. For this purpose, after incubation
cells were washed twice with 1X PBS and counterstained with 4/,6-
diamidino-2-phenylindole dihydrochloride (DAPI), used for nuclear
staining (Sigma). Fluorescence images of the cells were taken using a
fluorescence microscope (Leica DM3000, Germany) with an objective
lens of 40X magnification. Fluorescence images of HeLa cells were
taken separately from another set of experiments where the cells were
preincubated with 10 uM Hg?* for 30 min at 37 °C, washed twice with
1x PBS, and subsequently incubated with 10 uM L?* for 30 min at 37
°C. Similarly, in another set of experiments, cells were incubated
sequentially with 10 gm Hg®, 10 gM L3 and 10, 20, and 50 uM
cysteine for 30 min at 37 °C with alternative washing with 1X PBS two
times.

Cell Cytotoxicity Assay. To test the cytotoxicity of L3, the 3-(4,5-
dimethylthiazol-2-yl)-2,S-diphenyltetrazolium bromide (MTT) assay
was performed following the procedure described previously.®*~%* The
cell viability was expressed as the ratio of the optical densities of the
treated sample and control. Values are expressed as means of three
independent experiments. The cell cytotoxicity is given by 100% — (%
cell viability).

G = Lyy/Iyy

B RESULTS AND DISCUSSION

A Schiff base condensation between L' and L? in methanol
(Scheme 1) afforded the sensor L? which was thoroughly
characterized by 'H NMR and IR spectroscopy and ESI-MS".
The structure of the probe was also analyzed by single-crystal
X-ray diffraction studies (see Table T1 in the Supporting
Information), and the ORTEP view is shown in Figure 1.
Optical Microscopy Studies. Under the optical micro-
scope, it was observed that the formation of well-defined
branched panicle geometry takes place under conditions (a) in
the presence of Hg’". In the absence of metal ions, the
microstructures are like microdots (Figure 2A and Figure S9A).
A dark-field view of the sample using a polarizer and analyzer
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Figure 1. ORTEP view (30% ellipsoid probability) of ligand L* (all H
atoms have been omitted for clarity).

assembly shows the luminescence property of the assemblies
(Figure 2B and Figure S9B).

Figure 2. Polarized optical microscopy images of (A) L*-SDS
microcrystals (microdots) having 0.5 mM each and (B) L3-SDS—
Hg*" microcrystals (micropanicles) having 0.5 mM each.

SEM Studies. As the probe is poorly soluble in pure water,
an attempt was made to frame nano/microstructures in the
absence and presence of SDS as a soft template, which was
found to be very useful in synthesizing morphologically
interesting L} microcrystals. In pure water, macro-organization
of L? indeed occurred, giving a block-shaped morphology very
similar to that formed in the presence of SDS as a template.
However, when we added Hg2+ to the solution of L under the
above two conditions, the morphologies of the microstructures
were slightly different; in the first case, a flowerlike structure
was observed, and in the second case, simply a well-defined
spherical microstructure was obtained.

For SEM studies we prepared samples with (Figure 3) and
without SDS (Figure S10) both in absence and in the presence
of Hg’". A distinct change in morphology from block to
spherical shape was observed upon addition of metal ion to the
solution containing SDS and L* (0.5 mM each). The most
interesting feature of this study is that in both cases (in absence
and presence of SDS), the block-shaped microstructures
changed to spherical ones in the presence of Hg*" ions. One
explanation may be furnished by the fact that the coordination
of the free ligands along the edges of the block are not satisfied

DOI: 10.1021/acsami.5b01554
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Figure 3. SEM images of microstructures. Conditions: (j, ii) L*~SDS
(0.5 mM each) in (i) S uM (4000X) and (ii) 0.5 M (30000x); (iii,
iv) L*~SDS—Hg*" (0.5 mM each) in (iii) 1 #uM (10000X) and (iv) 1
uM (15000%).

and are highly reactive; they easily bind to Hg*" ions and come
out of the edges, thereby transforming the block microstructure
to a spherical one.

Steady-State Absorption and Emission Studies. The
UV—vis titrations were carried out in the presence as well as in
the absence of SDS with a fixed concentration of L (20 uM)
and variable concentration of Hg*" (0—25.0 uM) at 25 °C in
aqueous MeCN (3:7 v/v, HEPES buffer, pH 7.2). It was
observed that under both sets of conditions there is a gradual
development of a new absorption band at around 529 nm upon
addition of Hg*" (Figure 4A), and it becomes saturated upon
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Figure 4. (A) Absorption titration of L* (20.0 uM) with Hg** in
MeCN/H,O (7:3 v/v) in HEPES buffer (I mM) at pH 7.2; (B)
nonlinear fitting of the data; (C) Job’s plot.

addition of >1.0 equiv of Hg*" (Figure 4B), the concentration
of L? being fixed at 20.0 M. The binding constant of the
formed L*-Hg** complex was determined by utilizing a
suitable nonlinear fitting computer program, which gave K, =
(2.90 + 0.15) x 107 M.
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Job’s method was employed to determine the composition of
the complex, which was found to be 1:1 (Figure 4C). This was
further supported by mass spectrometric analysis (m/z
1078.4314 [Hg(L*)(MeOH)(H,0)(ClO,)]Na*; see Figure
S7).

The emission spectra of L* and its fluorescence titration with
Hg®" were performed in MeCN/water solution (7:3 v/v,
HEPES buffer, pH 7.2) with a fixed concentration of L* (5 uM)
Figure SA). Upon gradual addition of Hg** (0—5.0 uM) to the
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-
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Figure 5. (A) Fluorescence titration of L* (5.0 uM) in MeCN/H,O
(7:3 v/v) in HEPES buffer at pH 7.2 by the gradual addition of Hg**
with 4., = 510 nm and A, = 552 nm. (B) Nonlinear curve fitting of
the FI vs [Hg*] plot. (C) UV-exposed images of L and L* + Hg*".

nonfluorescent solution of L3 (5.0 4M), a 52-fold enhancement
in fluorescence intensity at 552 nm was observed following
excitation at 510 nm, which also suggests the opening of the
spirolactam ring in L} upon coordination to the Hg“ ion.>®
The nonlinear least-squares fit of the fluorescence titration data
of L* with Hg*" gave an apparent association constant Kj of
(123 + 0.23) X 107° M~ (see Figure SB) directly. We also
attempted to determine the apparent formation constants by
the competition method by reacting the in situ-generated
complexes like [Hg**—L*] with Na,H,EDTA, and equilibrium
competition constants (Kf;) were calculated from the plots of
FI as a function of H,EDTA>" concentration by adopting a
displacement model (see Figure S11). The evaluated apparent
formation constant is K = (1.64 + 0.17) X 10° M, and
corresponding formation constant K; was calculated from the
relation K; = K{/Kgpra (where Kipra = aKgpra = 8.19 X 10%,
where a, = KKK,/ ([H]* + K[H]® + KKGH] +
KKK [H] + KJGKK,) = 1.30 X 1073 at pH 7.20, K, = 1.02
X 1074 K, =2.14 X 1073, K3 = 6.92 X 1077, K, = 5.50 X 107"},
and Ky, ppra = 6.30 X 10%1).5 So the calculated value is K =
4.83 X 10°. The apparent formation constant obtained directly
from the fluorescence titration, K} = (1.30 & 0.17) X 10° M},
is very close to the value obtained by the competition method.

There is a reasonable agreement between the values of Ky
extracted from the absorption and fluorescence titrations,
manifesting the self-consistency of our results. Upon exposure
of the solution to UV radiation, there is a detectable change in
the color from colorless to orange-yellow (Figure SC), which
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clearly demonstrates the formation of the ring-opened amide
form of L* upon binding to Hg*".>®

The detection of Hg>* was not perturbed by the presence of
biologically abundant metal ions such as Na*, K, Ca*', and
Mg“. Likewise, under identical reaction conditions no
significant color or spectral change was observed for
transition-metal ions, namely, Cr’*, Mn*', Fe**, Fe’*, Co®,
Cu*, Ni*", and Zn*", and heavy-metal ions, including Cd**and
Pb** (Figure S12). The pH stability of the probe was checked
over a wide range of pH (2—12), and it was interesting to note
that there was no obvious fluorescence emission of L3 between
pH 4 and 12, suggesting a convenient application of this probe
under physiological conditions and also establishing the fact
that the spirolactam form of L? is stable over this wide range of
pH (Figure 6). However, in the presence of a selective guest
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Figure 6. pH dependence of the FIs of the free ligand L? (red) and the
L*~Hg?* complex with L*:Hg**= 1:1.05 (green) in the MeCN/H,O
(7:3 v/v) solvent system with A, = 510 nm. The inset shows the
histogram plot.

such as Hg*" ion it fluoresces effectively at pH > 7.0, indicating
the compatibility of the probe for biological applications under
physiological conditions.

In addition to the above studies in MeCN/water (7:3 v/v,
HEPES buffer, pH 7.2) at a fixed concentration of L* (5 uM),
we also carried out this titration in pure water in the presence
of SDS under two conditions: (i) at fixed concentrations of L3
(5 uM) and SDS (0.5 mM) and variable concentration of Hg**
and (ii) at fixed concentrations of L* and Hg** (5 uM each)
and variable concentration of SDS from 0 to 7.0 mM. Under
the first set of conditions, there was also an increase in FI with
increasing Hg®* concentration (Figure S13) until the FI
reached a maximum at ~5.0 mM ng*, after which it remained
almost constant upon further increases in the Hg*
concentration. A nonlinear least-squares method was adopted
to get the Ky value of (748 + 0.93) X 1077 M, which is
slightly lower than that obtained in MeCN/H,O in the absence
of SDS. This indicates higher stability of the formed complex in
the presence of SDS. Under the second set of conditions, a
gradual increase in FI was observed with increasing SDS
concentration (Figure 7). A plot of FI vs [SDS] gave a
nonlinear curve with decreasing slope. This experiment clearly
demonstrates aggregation between L*~Hg>" and SDS that is
favored with increasing SDS concentration.
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Figure 7. Plot of fluorescence intensity as a function of SDS
concentration. The inset shows the plot of the fluorescence anisotropy
(r) as a function of SDS concentration.

Steady-State Fluorescence Anisotropy. Steady-state
fluorescence anisotropy is used to monitor the extent of
restriction imposed on the dynamic properties of the probe by
the microenvironment and is widely exploited to assess the
motional information in such heterogeneous microenviron-
ments.***® An increase in rigidity of the fluorophore results in
an increase in the fluorescence anisotropy. The fluorescence
anisotropy was monitored as a function of SDS concentration
at fixed concentrations of L* and Hg?* (S uM each) at 553 nm.
The fluorescence anisotropy monitoring of this band showed a
marked increase in anisotropy with increasing SDS concen-
tration, which indicates that the fluorophore moved from the
aqueous phase to the SDS environment, causing the rotational
diffusion of the probe molecule to be restricted significantly.
The variation of the fluorescence anisotropy (r) as a function of
SDS concentration is presented in the inset of Figure 7.

Selectivity of the Probe. The reversible binding of L* to
Hg*" was investigated under reaction conditions identical to
those adopted in the absorption and fluorescence titrations (see
Figure 8). Anions such as S0,*7, NO;~, PO,*, $*7, CI, F,
Br, I, OAc”, H,AsO,, and N5~ (5 equiv relative to L*) were
introduced (Figure S14) into the solution containing Hg*" and
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Figure 8. Test of reversible binding of L toward Hg*" in the presence
of KI.
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ligand L? and subsequently, the changes in the fluorescence
intensity were monitored. The results showed that I” has a
strong affinity toward Hg**, and its binding constant is expected
to be much higher than that of L. This results in the
abstraction of Hg?* from the L>*~Hg*" complex, leading to the
disappearance of the emission band at 553 nm through the
reestablishment of the spirolactam ring (Figure 8). The
quantum yield of the L*~Hg** complex was determined to
be @ = 0.65 (using rhodamine 6G as a standard). The free
ligand was found to be non- or very weakly fluorescent with a
very negligible absorption band at 529 nm. The 36 method was
adopted to determine the limit of detection (LOD) of Hg*,
which was found to be as low as 1.62 nM (Figure S16). All of
these findings indicate that L® behaves as a good example of an
ideal chemosensor for Hg*".

IR and '"H NMR studies were carried out to shed some light
on the mechanistic pathway for the formation of the L*~Hg**
complex, which was found to occur by opening of the
spirolactam ring. The characteristic stretching frequency of
the amidic “C=0" of the rhodamine moiety at 1713.95 cm™" is
shifted to a lower wavenumber (1653.81 cm™") in the presence
of 1.2 equiv of Hg** (Figure S4), indicating not only strong
polarization of the C=O bond upon eflicient binding to the
Hg”" ion but also in fact the cleavage of N—C bond in the
spirolactum ring. Also, the "H NMR spectra show a downfield
shift of the ring protons of the rhodamine moiety (e, f, and g;
see the labeling in Figure 9) in the presence of 1.2 equiv of

L3+Hg* fe
g

L3

M

LA B R e

B 7 6 5

L L L

Figure 9. 'H NMR shifts of L*> and L* + Hg*".

Hg*" ions. Proton d shows an upfield shift that is mainly due to
an increase in electron density arising from the opening of the
spirolactam ring. The complex signal pattern of the other
aromatic protons also indicates the involvement of the pyridine
moiety of the receptor unit of L in the binding of Hg™".

In order to ascertain the nonparticipation of the phthalimide
moiety toward binding with Hg?*, we prepared two other
probes, L* and L%, and tested their binding with Hg2+ ion. It
was observed that L* binds solely to Hg** with a comparable K}
value (Kf = 5.9 X 10° M™") while L’ binds to both Hg*" (K}
5.4 X 10° M) and Cd** (K} = 1.96 X 10° M™"). The plots of
FI versus [M>*] (M = Hg, Cd) are shown in Figure S20a—c.
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Cell Imaging Experiments. The intracellular Hg*" imaging
behavior of L* was studied in HeLa cells using fluorescence
microscopy. After incubation with L* (10 uM), the cells
displayed no intracellular fluorescence (Figure 10). However,

H 524»

L3+Hg?* L3+Hg2*+KI

Figure 10. Phase-contrast and fluorescence images of HeLa cells in a
confocal microscope captured after incubation with L* or L* + Hg**
for 30 min at 37 °C and following addition of 100 #M KI after the cells
were preincubated with L? + Hg** for 30 min at 37 °C.

the cells exhibited intense fluorescence when a solution of
Hg(ClO,), (10 uM) was added to the L*-preincubated cells
(Figure 10). Interestingly, we observed that the fluorophore L?
shows only cytoplasmic binding with Hg**, not nuclear binding
(Figure 10). This specific binding of the fluorophore to
cytoplasm safely avoids any genetic damage. Again, the
fluorescence was strongly suppressed upon the addition of KI
(100 uM) to this medium (Figure 10), indicating strong
scavenging action on Hg** through the formation of very stable
Hgl, species. Here the fluorescence almost disappeared through
the re-establishment of the spirolactam ring (Figure 10). This
confirms that L® can monitor the change in intracellular
concentration of Hg?* ions under different biological conditions
in a biological system, particularly because of its relatively low
cytotoxicity for up to S h (Figure S17) and very low LOD
value.

We checked the thiophilicity of Hg** ions using cysteine
under both extra- and intracellular conditions. It was observed
that there was negligible change (decrease) in FI upon addition
of 1 equiv of the thiol (10 zM) to an ensemble of 10 uM L*—
Hg*". This clearly indicates that the probe could be used to
detect Hg®" intracellularly in the presence of thiols to a
concentration of at least 10 uM, as best viewed in Figures S18

and S19.
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A few of the recently investigated rhodamine 6G-based Hg**
sensors are shown in Scheme 2, and some of their salient

Scheme 2
HO
o0 o™
HN O o O NH HN O O NH H
§ J ~
(i) (ii)
(0]
N

Table 1. Comparison of Results for Rhodamine 6G-Based
Probes for Recognizing Hg**

formation
probe constant LOD cell study microstructure
i 1.16 X 10 one -
6 ° ppb d
M-!
(i) 3.07x10° 035 ppb  done -
ML
(i) 52 x10° - done -
M-
iv X 1 - one -
) 842 x 10* d
M-!
(v) 3.4 x 10° 1.62 nM  done, cytoplas- done with distinct mor-
M mic binding phologies in the absence
is apparent and presence of Hg**

features are given in Table 1. A quick inspection of the results
reveals that all of these are turn-on Hg>' ion sensors with
moderate LOD values (NnM) and are applicable for
monitoring of intracellular Hg** n.>"7° Both probe (i)
and our system (v) contain a phthahmlde functional group and
provide very similar formation constants and cell imaging
behavior, although probe (iii) is not selective, as it also
recognizes Cr’* along with Hg*". In that sense, our probe (v)
seems to be superior to (iii) because it is selective for Hg*" and
also forms block-shaped microstructures that change to
spherical ones upon addition of Hg** in aqueous solution.

B CONCLUSION

In summary, we have presented herein a new type of easily
synthesizable rhodamine-based chemosensor with potential
N,O, donor atoms for the selective and rapid recognition of
toxic Hg2+ ions, which has been characterized by 'H NMR,
HRMS, and IR studies. The binding stoichiometry of the sensor
with Hg?* was established by the combination of UV—vis,
fluorescence, Job’s, and HRMS methods. None of the
biologically relevant metal ions or toxic heavy metals such as
Cd**and Pb*" interfered with the detection of Hg*" ion. The
detection limit of Hg** calculated by the 36 method was 1.62
nM. The biocompatible nature of the probe with respect to its
good solubility in mixed organic/aqueous media (MeCN/
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H,0) along with its cell permeability with no or negligible
cytotoxicity provides a good opportunity for in vitro/in vivo
cell imaging studies. The cytoplasmic binding makes this probe
more appropriate for in vivo monitoring of Hg** without any
genetic damage. As the probe is poorly soluble in water, an
attempt was made to frame nano/microstructures in the
absence and presence of SDS as a soft template, which gave
interesting block-shaped microcrystals for L* under both
conditions. But upon addition of Hg®" to these solutions,
spherical microstructures were obtained in the presence of SDS
and flowerlike microstructures in the absence of it. This distinct
change in morphology from block to spherical shape upon
addition of metal ion to the solution of L* or L*~SDS may be
explained by considering the fact that the coordination of the
free ligands along the edges of the blocks are not satisfied, and
the ligands are highly reactive and easily bind to Hg*" ions,
causing them to come out of the edges, thereby transforming
the block microstructures to spherical ones.

Under an optical microscope, a dotlike microstructure was
found upon SDS—L? aggregation, which was totally changed
into a branched panicle microstructure in the presence of Hg*".
In addition, we also carried out fluorescence titrations in the
absence and presence of SDS and also by varying the SDS
concentration at fixed concentrations of the receptor and the
guest. The studies clearly indicate that the extent of
perturbation of the emissive species continues to increase
until it reaches a thermodynamically stable structure. The
increase in anisotropy with increasing SDS concentration
clearly demonstrates that SDS favors the formation of
microstructures by imposing restrictions on their free move-
ments.
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