A Rhodamine-Based Chemosensor that
Works in the Biological System
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A new rhodamine-based reversible chemosensor (L) is reported, which could bind Hg?" and Cu?* in aqueous methanol solution with detectable
change in color. Cu?" and Hg?" ions responded differently toward the fluorescence output signals on binding to L;. L; could also be used as
a selective probe for monitoring Hg?" adsorbed on bacteria using an optical microscope.

Mercury is an unsafe toxin that has posed a great threat to
our environment.* Oxidation of mercury vapor in atmosphere
to water-soluble Hg?* ions and its consequent metabolism
by aquatic microbes produces methyl mercury, which bio-
accumulates through the food chain.? This is expected to
have a severe effect on human health and the environment.
The best way to detect Hg?" that has gone into the food
chain or contaminated the environment is to monitor the
extent of mercury present in microorganisms such as bacteria,
which survive in waste water or effluents. Recently, Chang
and co-workers reported a fluorescent probe for the detection
of mercury in fish, where the appearance of the new
fluorescence could be detected by confocal laser microscopy.®
In the past few years, a number of fluorescent chemosensors
for the selective detection of Hg?* ions have been reported.*
However, examples for the detection of mercury in biological
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systems are extremely rare.® Limiting factors for design of
such a sensor molecule are low solubility in water, cross-
sensitivity toward other metal ions, and spectral/optical
sensitivity in physiological conditions. Generally, Hg?" is
known to cause fluorescence quenching of the fluorophores
via the spin-orbit coupling effect,® and this is reflected in
the turn-off fluorescence response reported in most instances.”
Very recently, few rhodamine-based fluorescent probes are
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reported which show a selective turn-on response to Hg?+ 2
although reports on the use of such probe molecules for
detection of Hg?" uptake by live microorganisms are rare.
Fluorescent probes, which show fluorescence enhancement
on binding to the cation of interest, are preferred as sensors
asthese allow alower detection limit and high-speed spatial
resolution via microscopic imaging.®°

Rhodamine-based dyes are known for their excellent
spectroscopic properties with a large molar extinction coef-
ficient (&) and high fluorescence quantum yield (®). Earlier,
rhodamine-based spirolactam (fluorescence “ off” state) was
employed as a molecular scaffold to design chemosensors
for selective recognition of Cu?* and Pb?*'%** as coordina-
tion of these metal ions induced spirolactam ring opening
(fluorescence “on” state) and thereby allowed detection
through an enhancement in fluorescence intensity.*?

Here, we report a new rhodamine-based spirolactam
derivative (L ;) as a chemosensor for Hg?* and Cu?*, when
binding phenomena could be probed through binding-induced
changes in an electronic spectral pattern. Further, binding
of these metal ionsto L ; caused color changes, which could
also be detected by the naked eye. Interestingly, binding of
only Hg?* to L ; caused significant fluorescence enhancement
in an aqueous—methanol mixture. In this mixed solvent
media, two different modes of binding for Hg?* and Cu?*
to L, were observed. Cu?" formed a 1:1 complex (CuL 4),
whereas Hg?" formed a 2:1 complex (Hg(L 1)2). The newly
synthesized rhodamine 6G derivative (L1) (Scheme 1) was
prepared in high yield (see Supporting Information).

Scheme 1. Synthetic Route of Ly
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The proposed molecular structure and its purity were
confirmed by various spectroscopic analyses (see Supporting

(7) (& Moon, S-Y.; Cha, N. R.; Kim, Y. H.; Chang, S.-K. J. Org. Chem.
2004, 69, 181-183. (b) Moon, S.-Y.; Yoon, N. J.; Park, S. M.; Chang, S.-
K. J. Org. Chem. 2005, 70, 2394-2397. (c) Chae, M.-Y.; Czarnik, A. W.
J. Am. Chem. Soc. 1992, 114, 9704-9705. (d) Prodi, L.; Bargoss, C,;
Montalti, M.; Zaccheroni, N.; Su, N.; Bradshow, J. S.; |zatt, R. M.; Savage,
P. B. J. Am. Chem. Soc. 2000, 122, 6769-6770. (e) Rurack, K.; Kollmanns-
berger, M.; Resch-Genger, U.; Duab, J. J. Am. Chem. Soc. 2000, 122, 968—
969.

(8) (& zhang, G.; Zhang, D.; Yin, S.; Yang, X.; Shuai, Z.; Zhu, D.
Chem. Commun. 2005, 2161-2163. (b) Nolan, E. M.; Lippard, S. J. J. Am.
Chem. Soc. 2003, 125, 14270-14271. (c) Descalzo, A.; Martinez-Manez,
R.; Radeglia, R.; Rurack, K.; Soto, J. J. Am. Chem. Soc. 2003, 125, 3418—
3419. (d) Ono, A.; Togashi, H. Angew. Chem., Int. Ed. 2004, 43, 4300—
4302. (e) Hennrich, G.; Walther, W.; Resch-Genger, U.; Sonnenschein, H.
Inorg. Chem. 2001, 40, 641-644. (f) Hennrich, G.; Sonnenschein, H.; Resch-
Genger, U. J. Am. Chem. Soc. 1999, 121, 5073-5074.

3014

Information), and this was unequivocally corroborated on
the basis of the single-crystal X-ray analysis (Figure 1).*3

Figure 1. ORTEP diagram of the compound L ; (40% probability
level for the thermal ellipsoids).

This compound (L 1) remained colorless in water—methanol
(1, viv) solution at pH 7.0. This indicates that the
spirolactam form of L, predominantly existed under this
condition. The 3C NMR spectrum was recorded for L. A
characteristic peak for the C;-atom appeared near 66 ppm
and confirmed this proposition.* Spectrophotometric titra-
tions for L with varying pH revealed that L, retained
the spirocyclic form within the pH range of 5.0—13.0 (see
Supporting Information). Below pH 5.0, the fluorescence
intensity tended to increase with a further decrease in the
pH of the solution, which signified the spirolactam ring
opening—as the acyclic form of rhodamine derivatives are
known to be strongly fluorescent.

Electronic spectra of L1 (20 uM), recorded in the water/
methanol (1:1, v/v) mixed solvent at neutral pH, exhibited a
very weak band above 530 nm, which could be attributed to
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the presence of atrace (~0.22%) amount of the ring-opened
form of L 1. On addition of Hg?" and Cu?*, a new absorption
band appeared at 534 and 528 nm, respectively (Figure 2).
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Figure 2. Absorption spectra of L1 (20 «M) in water—methanol
(2:1, v/v) at pH 7.0 (a) upon addition of 0—35 mol equiv of Cu?*.
Inset: Job's plot that indicates the 1:1 stoichiometry for complex
formation. (b) Upon addition of 0—8 mol equiv of Hg?". Inset:
Job’s plot that indicates 2:1 stoichiometry for complex formation.
([L4] + [Cu™] or [Hg?] = 100 uM).

This enhancement in absorbance clearly suggests the forma-
tion of the delocalized xanthane moiety of the rhodamine
group, associated with a distinct color change from colorless
to pink. Other metal ions, such as Co?*, Fe?t, Ni*, Zn?*,
Po?t, Cd?t, Mg?t, Ca*, B&*, Lit, K*, and Na' did not
show any significant color and spectral change under
identical conditions (see Supporting Information).

An association constant (K "9*") of 8.0 x 10° 4+ 0.1 M2
L2 was evaluated assuming a 2:1 stoichiometry for [Hg(L 1)2]
(Figures 2 and 3) from the nonlinear fitting of the titration
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Figure 3. Proposed binding mode of L, with Hg?+ and Cu?*.

curve. This binding stoichiometry was aso confirmed from
Job’s plots.*®

Spectrophotometric titrations with Cu?* reveded a 1:1
complex formation (CulL,) (Figures 2 and 3), and the
association constant (K.#*) of 1.68 x 10° 4+ 0.012 Mt L
was evaluated. This stoichiometry was also confirmed by
ESI—MS mass spectra (see Supporting Information). The
peak at m/z = 623.3 corresponding to Cul ; was observed,
whereas L; without Cu?* exhibited peaks only at m/z =
561.5, which corresponds to [L; + H]*. The association
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constant values reported here are an average of at least five
independent experimental results in each case. Presumably,
the larger covalent radius (1.49 x 1071° m) for Hg?" as
compared to the Cu?t (1.17 x 1071° m) accounts for the
difference in the coordination behavior of L ;.

On addition and gradual increase of [Hg?'] to the
nonfluorescent agueous methanol solution (1:1, v/v) of L4,
a significant enhancement in fluorescence intensity at 554
nm was observed following excitation at 500 nm, and the
emission quantum yield (®) was found to be 0.82 relative
to rhodamine 6G. No such change was observed on addition
of Cu?". The quenching of the fluorescence of the open ring
form of L; by Cu?" could be explained based on the well-
known paramagnetic effect of the d® Cu(ll) system.*®
Fluorescence intensity of L; (10 xM) upon addition of Hg?"
(0—8 mol equiv) was found to enhance by 90 fold at 554
nm (Figure 4). Various alkali, alkaline earth metal ions,

:
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Figure 4. Change in fluorescence spectra of L, (10 uM) upon
addition of Hg?* (0—8 equiv) in water—methanol (1:1, v/v) at pH
7. Aext @ 500 nm. Inset: Emission intensity of Ly (2 x 1075 M) at
554 nm as a function of [Hg?"] in ppb level.

and transition metal ions (Co?*, Ni?", Cu?t, Fe?t, Cd?t,
Zn?*, and Pb?") did not show any significant fluorescence
enhancement at 554 nm even upon addition of 25 mol
equiv of respective metal ions. Relative fluorescence
enhancement of L ; in the absence and presence of various
other metal ions and thereby its selectivity for Hg?" is
shown in Figure 5.
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Figure 5. Fluorescence spectra of L; (8 uM) in water—methanol
(2:1, v/v) at pH 7 with respective metal cations (33 equiv). Ae at
500 nm.

Competitive recognition of Hg?" in the presence of various
other metal ions, in even higher concentration, was also
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studied, which revealed that Hg?" present in 33 mol equiv
could be detected even in the presence of 33 mol equiv of
other metal ionslike Nat, K*, Ba?", Mg?*, Ca?*, Co?*, Ni?*,
Cu?t, Fe?*, Cd?*, Zn?*, and Pb?t (see Supporting Informa-
tion). The lower detection limit for Hg?*, using this
chemosensor (L), was aso evaluated. The fluorescence
titration profile of L; (20 uM) with Hg?" demonstrates that
Hg?* could be detected at the parts per billion level.*” Please
note that the signal-to-noise ratio for this specific concentra-
tion was at least three.

Consequently, it was of great interest to investigate the
reversibility of the system. 1~ is known to have a strong
binding affinity for Hg?*,**® and upon addition of aqueous
methanol solution of 5 equiv of KI to a solution mixture of
L1 (20 uM) and Hg*" (8 uM), color changed from pink to
colorless. Simultaneously, about 95% of the fluorescence
intensity gets quenched (see Supporting Information) signify-
ing decomplexation of Hg?" by 1= and followed by a
spirolactam ring closure reaction (see Supporting Informa-
tion). Thus, L, can be classified as areversible chemosensor
for Hg?*.

The Hg?t ion is one of the most potent pollutants present
in various effluents. There are several microorganisms which
exist in soil and various effluents and are known to have a
high affinity for adsorption of the Hg?" ion.

Pseudomonas putida, a Gram -ve bacteria is one such
bacteria®® To evauate the application potential of this
newly developed chemosensor for Hg?", we have used this
bacterial cell for detection of Hg?t adsorbed when exposed
to the Hg?" solution. Pseudomonas putida was cultured in
the King's B (KB) medium (Peptone 20 g, glycerol 15 g,
K,HPO, 1.5 g, MgSO.7H,0 1.5 g, distilled water 1000 mL,
pH 7.2). The cells were harvested and vortexed for making
the homogeneous suspension in sterile distilled water.
These bacterial cells were exposed to Hg>" (10.0 uM) in
water—ethanol (7:3, v/v) for 10 min at 25 °C and then
successively exposed to L; (20.0 uM) under the same
conditions and monitored through a light microscope (AXIO
IMAGER, Carl Zeiss; 100x). Microscopic images revealed
that, after treatment with Hg?" and L, the color of bacterial
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Figure 6. Light microscopy images (100x) of (a) blank cells of
Pseudomonas putida, (b) bacteria cells exposed to Hg?" solution
(10 uM), and (c) cells exposed to agueous solution of Hg?* (10
uM) and then to a water—ethanol (7/3, v/v) solution of L, (20

uM).

cells changed to pink (Figure 6). These results demonstrate
that L; could be used for detecting Hg?" adsorbed on the
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cell wall of the bacteria. Adsorption of the Hg?" ion on the
cell wall was also confirmed by SEM images (Figure 7)

Figure 7. SEM images of Pseudomonas putida (a) before and (b)
after being exposed to Hg?" and then to L ;.

recorded for Pseudomonas putida, before and after exposing
the live cells to the Hg?™ ion and then to L.

The difference in the relative contrasts in the SEM images
of the sample surfaces signifies the nonhomogeneous chemi-
cal nature of the sample surface. Relatively brighter cell
exterior for Gram -ve bacteria indicates the accumulation
of higher charges on the extracellular surface.

In conclusion, we have synthesized a new rhodamine-
based chemosensor L ; that displayed 1:2 complex formation
with Hg?" and 1:1 complex formation with Cu?* in aqueous
solution. Complex formation processes could be monitored
by the spectral changes, as well as through color changes,
which could be detected by the naked eye. Binding to Hg?"
caused a significant enhancement in the observed fluores-
cence at 554 nm. This could also be visualized in the dark
when irradiated with 365 nm of light. Remarkably, high
selectivity for the Hg?" ion in agueous solution could be
demonstrated when it was probed using the fluorescence
emission mode. Further, this sensor molecule could detect
the Hg?" ion adsorbed on the cell surface of the microorgan-
ism such as Pseudomonas putida and thus could be useful
for determining the amount of Hg?" that could enter in the
food chain affecting human beings along with phytoplanktons
and zooplanktons.
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