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Abstract A rhodamine B-based fluorescence probe (1) for
the sensitive and selective detection of Cu®" ion has been
designed and synthesized using pyridine moiety. The optical
properties of this compound have been investigated in
acetonitrile-water binary solution (7:3 v/v). Compound 1 is
found to be an excellent sensor for a biologically/physio-
logically very important transition metal ion (Cu®") using
only the two very different modes of measurements (absorp-
tion and emission); one case displayed intensity enhance-
ment whereas in other case showed intensity depletion
(quenching). A mechanistic investigation has been per-
formed to explore the static nature of quenching process.
The sensor has been found to be very effective in sensing
Cu?" ion inside living cells also.

Keywords Chemosensors - Rhodamine B - Cations - Static
quenching - Living cells

Introduction

The development of artificial chemosensors for selective
and sensitive recognition of biologically and environmen-
tally important ion species, especially transition-metal ions,
has attracted wide-spread interests of chemists, biologists,
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clinical biochemists and environmentalists in recent years
[1-4]. Because of their many advantages e.g. low cost, simple
instrumentation, high sensitivity and easy analysis, many
efficient colorimetric/fluorescent sensors for transition-metal
ions have been developed during the last two decades [1-8].
Generally, a typical synthesized probe of this type is con-
structed by covalent linkage of three parts: a chelating unit, a
spacer and a reporting group, though there are some examples
of spacer-free probes. Upon the binding of metal ions, these
sensor molecules display completely different absorption/-
fluorescence signals compared to free sensors in solution,
enabling the qualitative/quantitative determination of metal
ions [9]. On the other hand, among the transition-metal ions
of interest, divalent copper, Cu®", is particularly attractive,
because it is not only an environmental pollutant at high
concentrations [10, 11], but also an essential trace element
for many biological processes and systems [12, 13]. There-
fore, many excellent works of Cu”" sensing colorimetric/
fluorescent probes have been reported and investigated
[14—19]. However, there is still an intense demand for new
efficient Cu®" optical chemosensors, especially those that can
work in aqueous solution as well as in physiological condition
with high selectivity and sensitivity [20-22]. Works related to
this area are of great challenge and increasing interest and in
the last half a decade there is almost a flood of different kinds
of chemo/fluorosensors.

Rhodamines are classic dyes/fluorophores whose photo-
chemical properties have already been well studied. Because
of their low cost, long-wavelength absorption/emission and
high molar absorption coefficient/quantum yield, these
dyes/fluorophores are usually utilized as reporting groups
in routine optical analysis. Since the work of Dujols’ on the
development of a highly selective and sensitive Cu®'che-
modosimeter derived from rhodamine B [23], many rhoda-
mine derivatives have been designed and applied as efficient
chemosensors for transition-metal ions [24—26]. These
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rhodamine-based ionophores not only exhibit the advantages
of rhodamine dyes, but also display selective optical response
to a specific metal ion after appropriate chemical modification.
The metal ion sensing behaviour of these rhodamine-based
optical sensors is very interesting. Typically, in the absence of
metal ions, the sensor molecules prefer their spirolactam ring-
closed state, which shows no or little absorption or fluores-
cence in visible range (400-700 nm). However, upon the
addition of specific cations (including protons), the chelating
or reaction of metal ions with sensor molecules simultaneous-
ly open the spirolactam ring and make the sensors converted
into their ring-opened state [27], which becomes absorbent
and fluorescent above 500 nm. So the effect of pH of the
medium must be taken care of when rhodamines are used as
sensor. Most of the reported rhodamine-based chemosensors
for metal ions are of colorigenic or fluorogenic type. Never-
theless, there is still only a little study focused on the revers-
ible detection of Cu?" in aqueous solution using rhodamine
derivatives [28, 29]. Reversible binding nature of the sensor
towards selective metal ions may find its application in

Fig 1 Structure and Synthetic
route of probe 1

different fields, e.g. efficient extraction of selective metal ions
from an unknown gathering of metal ions.

The goal of this article is to report a rhodamine B-based
Schiff base (1) which displayed excellent chemosensor char-
acteristic for Cu®“cation. From the absorption study it
showed nice sensitivity and selectivity by signal enhance-
ment and from emission study it responded through signif-
icant fluorescence quenching. We studied the mechanistic
nature of the quenching behaviour of the compound on
interaction with Cu®" ion. Since the fluorescence technique
offers significant advantages over other methods for metal
ion monitoring inside living cells because of its non-
destructive character, high sensitivity and instantaneous re-
sponse, fluorescent probes for real-time sensing of biologi-
cally important ions and fluorescence imaging have become
indispensable tools in numerous fields of modern medicine
and science. We have also successfully applied our newly
synthesized sensor to detect Cu®" ion in living cell. The
newly synthesized rhodamine-B derivative (1) was prepared
in high yield as shown in Fig 1.
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Experimental
General Methods

Solvents and reagents were purchased from Aldrich and
used as received. The solvents for spectroscopic studies
were of HPLC grade and used as received. All the metal
ions used are mainly of nitrates, chlorides, perchlorates or
sulphates. "H NMR spectrum of the ligand, 1 was recorded
on JEOL ECX-500. Mass spectrum was recorded under ESI
mode on a Micromass Q-TOF micro™ instrument. The
Fourier transform infrared spectrum of the ligand (1) and
the Cu”* complex were recorded on a ThermoNicolet iS10
spectrophotometer using KBr pellet in the range of 4,000—
400 cm ™' .UV-vis spectra were measured on a Simadzu UV-
1800 spectrophotometer and fluorescence spectra were
recorded using a Hitachi F-2500 spectrofluorimeter. The
solution was allowed to stand for 5 min at room temperature
(30 °C) before an absorption/fluorescence measurement was
made. The intensity of the fluorescence was measured at
578 nm (A,=520 nm) in a 1 cm quartz cell with a slit width
of 5 nm for both excitation and emission path.

Fluorescence Imaging

A single colony of E-coli was inoculated over-night in 10 ml
of LB-medium at 37°C temp. After that it was centrifuged at
3,000 rpm for 10 min, washed twice with 0.1(M) Tris—HCI
buffer containing CH3;CN/H,O (7:3,v/v) (pH-7) solution.
Cells were then treated with different concentrations of
Cu®" (100 uM, 500uM resp.) for 30 min in 0.1(M) Tris—
HCI buffer (pH-7.04) containing 0.01 % Triton X100 as
permeability enhancing agent. After incubation, cells were
washed with 0.1(M) Tris—HCI buffer (pH-7) and incubated
with probe 1(10 uM) for 30 min. Cells obtained were
mounted on grease free glass slides and observed under
the Fluorescence Microscope equipped with UV filter. Cells
incubated with Cu®* were used as control. Both cells (Cu*"
treated and untreated) were stained with probe 1 and ob-
served under the Fluorescence Microscope (DE—Winter
Premium Fluorescence Imaging).

Synthetic Procedure

To synthesis rhodamine B hydrazide, in a 100 mL flask,
rhodamine B (1.20 g, 2.5 mmol) was dissolved in 30 mL
ethanol. 12.5 mL (excess) hydrazine hydrate (24 %) was
then added drop wise with vigorous stirring at room tem-
perature. After the addition, the stirred mixture was heated
to reflux in an air bath for 4-5 h. The solution changed from
dark pink to light orange. Then the mixture was cooled and
solvent was removed under reduced pressure. 1 M
HCI(50 mL) was added to the solid in the flask to generate

a clear red solution. After that, 1 M NaOH(70 mL) was
added slowly with stirring until the pH of the solution
reached 9~10. The resulting precipitate was filtered and
washed 3 times with 15 mL water. After drying under an
IR light, the reaction afforded 0.93 g rhodamine B hydrazide
(81.3 %) as pink solid.

For the preparation of compound 1, rhodamine B hydra-
zide (0.46 g, 1 mmol) was dissolved in 20 mL absolute
ethanol. An excess of aldehyde (pyridine-2-aldehyde)
(4 mmol) was added and then the mixture was refluxed in
an air bath for 7-8 h. After that, the solution was cooled
(reduced to 10 mL) and allowed to stand at room tempera-
ture overnight. The precipitate which appeared next day was
filtered and washed 3—4 times with 10 mL of cold ethanol.
After drying under reduced pressure, the reaction afforded
0.38 g of 1 (70.35 %) as dirty white solid. The resulting
solid was further purified by column chromatography. 'H
NMR (500 MHz, CDCls)

5 (ppm): 8.46-8.45 (bd, 1H, Py-H), 8.34 (s,1H, Imine-H),
8.01-7.99 (m, 2H, Py-H (1) ,Ar-H (1)), 7.6 (t, 1H, Py-H),
7.48-7.43 (m, 2H, Ar-H), 7.13-7.09 (m, 2H, Py-H(1), Ar-
H(1)), 6.54-6.53 (d, 2H, Xanthene-H), 6.44 (d, 2H,
Xanthene-H), 6.23-6.21(dd,2H, Xanthene-H), 3.32 -3.28
(q, 8H, NCH,CH3), 1.15-1.12 (t, 12H, NCH,CH3) as shown
in figure (Fig.S1, ESI). ESI-MS mass spectra of 1 exhibited
peak at (m/z=546.30), (m/z=547.31) and (m/z=569.29)
which corresponds to [1], [1+H] " and [1+Na] " respective-
ly (Fig. S2, ESI).

Results and Discussion

Here we report a rhodamine B-based Schiff base as color-
imetric/fluorimetric sensor for a physiologically and envi-
ronmentally very important metal ion, Cu®". The Fig. 2a
shows the absorption spectra of 1 in Tris—HCI buffer con-
taining CH3CN/H,O (7:3 v/v) solution at pH7 in presence
of different metal ions. It is seen that there is no absorption
for 1 after 450 nm wavelength suggesting that the spirolac-
tam ring of rhodamine B unit preferred its ring-closed state
at this condition. The same observation prevails when dif-
ferent metal and non-metal cations (e.g. Co>", Ni*", Hg*",
Mn2+, Pb2+, Zn2+, Cd2+, CI‘3+, Fe3+, F62+, Mg2+, Caz+, Ba2+,
Li*,Na", K", NH," and Ag") are added to the solution of 1.
However, there is only a remarkable enhancement of ab-
sorption in the range of 475-600 nm upon addition of Cu**
as chloride salt to the solution of 1. We found a significant
absorption at 558 nm along with a shoulder at 522 nm. The
absorbance increased gradually with increasing Cu®" con-
centration and the solution turned pink from colorless in-
stantaneously. At this point it must be mentioned that
although Co®" ion shows a very weak and red-shifted re-
sponse but can be ignored as evident from the figure. The
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Fig 2 Changes in the (a) absorption spectra (at pH7) and (b) fluores-
cence spectra (at pH3) of 1 (5.0x10°M) in the presence of various
metal ions (Co**, Ni**, Cu**, Hg**, Mn**, Pb**, Zn**, Cd**, Cr*",
Fe3+,Fez+,Mg2+, Ca2+, Ba2+, Li*, Na', K", NH,", Ag+) of concentra-
tion 2.0x 10~*M in Tris—HCI (10 mM ,pH =7) buffer containing (7:3 v/
v) CH3CN/H,0O

absorption band appeared was the characteristic absorption
pattern of rhodmamine B (542 nm). Thus it could be in-
ferred that due to the formation of a ground state complex
between 1 and Cu®" through the oxygen atom of the amide
moiety of (1) the spirolactam ring of rhodamine B unit is
opened up. This, in turn, shows intense absorption because
of the formation of a highly delocalized 7t-conjugated stable
complex through their active donor sites (viz. amide O,
pyridine N and imino N atoms) of the receptor part, al-
though other ions failed which basically indicates that the
coordinate moiety of 1 matches perfectly with Cu®" ion
instead of the other ions.

The high absorption may be attributed to highly crowded
and asymmetric nature around the Cu®* ion which results in
an increase of transition dipole moment and hence oscillator
strength. The absorption titration curve has been shown in
(Fig. S3, ESI) and found that after addition of about 80
equivalent of Cu®" ion, the intensity gets saturated (Inset).
Further it is seen that in absence of Cu®" ion the probe 1
shows weak absorption only in the range of pH2-5 (Fig.
S4a, ESI). This may be attributed to small degree of H" ion-
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assisted spirolactam ring opening at lower pH. In presence of
Cu”" ion an appreciable absorbance is found through a pH
range of ~2 to 8 due to predominant Cu”" ion —assisted ring
opening of rhodamine. All the absorption studies have been
chosen at ~pH7 which is a physiologically important pH too.

To get into the further insight, the fluorescence responses
of chemosensor 1 towards Cu”" and other metal ions were
investigated and shown in Fig. 2b. It is found that the free 1
in CH3;CN/H,O (7:3) binary solution displayed a band cen-
tred at 578 nm in the emission spectra. This observation is
quite different from most of the reported rhodamine-based
chemosensors with no obvious fluorescence signal before
the complexation with some specific metal ions due to the
existence of predominant spirocyclic form. In the present
study, while in presence of Cu”" there is a clear increase in
the intensity of the absorption spectrum, the fluorescence
was significantly quenched in stark contrast to other metal
ions, where no significant fluorescence changes were ob-
served. Even with highly concentrated solution of metal ions
(except Cu®") could hardly make any changes in the fluo-
rescence intensity. This may be attributed to Cu®*-induced
opening up of an additional non-radiative deactivation chan-
nel upon interaction of 1 with Cu”". From the Fig.S4b, ESI
it is evident that above pHS5 there was no appreciable fluo-
rescence signal for 1 as well as 1-Cu®" complex. Significant
fluorescence is found in the pH range of 2 to 5 with a
maximum at pH3. So to get significant fluorescence re-
sponse pH3 was selected for all fluorescent assays. From
the figure it is also evident that even in presence of a large
number of H' ion (at pH3) the Cu®" ion can restore its
sensitivity through formation of a stable complex with 1
and subsequent quenching of fluorescence signal. So it can
be concluded that, although there is a small effect due to H"
ion, Cu®" ion is a better competitor as compared to H' ion as
far as the spirolactam ring opening is concerned. The pH
study of absorption and fluorescence for sensor is very
important as there are several examples of switch over of
selectivity depending upon the pH of the medium [30-32].

In order to make sure that these selective changes in
absorption and fluorescence of compound 1 were entirely
due to only the presence of Cu®" ion, the effects of different
anions of copper salts (e.g. acetate, chloride, sulphate and
nitrate) were also tested. There were no obvious changes in
the absorption and fluorescence responses of compound 1 to
Cu(AcO),, CuCl,, Cu(SO4), and Cu(NO;), salts.

By measuring the emission maximum of 1-Cu®" com-
plex, the fluorescence change of 1 responds to the range of
0-140 equivalent of [Cu®*] which is shown in Fig. S5, ESL
From the titration data we found that 1 shows 1.22 uM of
detection limit able to sufficiently sense the Cu®" concen-
tration in a system. Moreover, this detection limit is very
much satisfactory to the Cu®" detection in drinking water
within U.S. EPA limit (~20 uM).
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It is well known that rhodamine-based chemosensors
always show a fluorescence enhancement response (turn
on) upon the addition of analytes. As far as our knowledge,
only a very few articles are there which reported the fluo-
rescence depletion after addition of foreign analytes [33,
34]. The fluorescence quenching of the probe may be
explained by the paramagnetic nature of Cu®" ion (d° sys-
tem) which easily participates in the excitation energy trans-
fer from the ligand to metal d-orbital and/or ligand to metal
charge transfer [35, 36] by opening a non-radiative deacti-
vation channel. While the quantum yield of pure 1 was
found to be 0.21 (Rhodamine B was used as standard), the
quantum yield of 1-Cu®"complex was calculated as 0.02.
These results indicated a substantial quenching of fluores-
cence of 1 in presence of Cu*".

To get an insight into the quenching behaviour in 1-Cu®*
complex, we measured the fluorescence intensity in absence
and presence of increasing concentrations of quencher Cu*"
jon. The Stern-Volmer plot for 1-Cu** complex using the
simple model of static quenching Fy/F=1+Ksv[Q] showed a
linear fit (F, stands for emission intensity in absence of Cu*"
ion, F indicates intensity after addition of Cu®" ion, [Q] is
the quencher concentration and Ksv is the static Stern-
Volmer constant). Assuming that the quenching process is
following static mechanism, we calculated the association
constant (Ksv) for the 1-Cu®" complex and found to be 1.2x
10* at 30 °C temperature. Now since both static and dynam-
ic quenching gives a linear Stern-Volmer plot, it cannot be
reached to any unambiguous decision about the mechanism
of the quenching. Those mechanisms can be clearly distin-
guished from each other by their differing dependence on
temperature. From the Stern-Volmer plot at two different
temperatures (Fig. 3) it was found that with increase in
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Fig 3 Stern-Volmer plot of 1 in the presence of Cu”" at room (30 °C)
and higher (50 °C) temperature. /nset: Mechanism of static quenching
of 1 by Cu**

temperature, the slope of the curve and hence the magnitude
of association constant (Ksv=4.09x 10° at 50 °C) decreased.
There was almost a ten-fold decrease in Ksv with 20 °C rise
in temperature. This observation is in good agreement with
static quenching mechanism as with increased temperature
is likely to result in decreased stability of the 1-Cu*" com-
plex in the ground state and thus lowers the value of static
quenching constant (Ksv). This static quenching mechanism
has been nicely described (Inset Fig. 3), where it is seen that
due to formation of weak/non-fluorescent 1-Cu®" complex
less number of 1 molecules left over for excitation and
hence subsequent manifestation of lower degree of fluores-
cence. Another way of supporting the above quenching
mechanism is by careful examination of absorption spectra
of the fluorophore. Since static quenching is a phenomena of
ground state complex formation, it will result in perturbation
of the absorption spectra of the fluorophore, whereas, dy-
namic quenching only affects the excited states of fluoro-
phores and thus no change in the absorption spectra are
predicted. Here we see some perturbation in the absorption
spectra of 1 after complexation with Cu”* ion (Fig. S6, ESI).
To establish the selectivity of 1 toward Cu®" over a range of
various metallic and non-metallic cations (Li*, Na*, K,
Mg?",Ca*", Mn?", Co®", Fe*', Fe’", Ni**, Ag®, Zn*",
Cd**, Ba**, Hg*", NH," and Pb*"), we carried out the
competitive recognition studies where the other cations were
used even in higher concentrations (Fig. S7, ESI). From the
bar diagram, the negligibly small effect of various cations on
absorption and fluorescence measurements were evident.
Therefore, it was clear that other ions’ interference, even
in higher concentrations, was negligibly small during the
detection of Cu”’. These results further suggested that 1
could be used as an effective two way sensor through
absorption ‘on’ and fluorescence ‘off’ transduction for
Cu?" over a wide range of metallic and non-metallic cations.

Meanwhile, we have measured the absorption spectra
with a number of different solvents in which the compound
(1) is appreciably soluble. The figure (Fig. S8, ESI) shows
that among the different solvents, in acetonitrile-water bina-
ry solvent maximum absorbance was obtained indicating
that acetonitrile—water solution is favourable for colorimet-
ric assay. The effect of acetonitrile content on the absorption
and fluorescence measurements of 1-Cu® complex was in-
vestigated and the results were shown in Fig.S9, ESI. It can
be observed that for both absorption and fluorescence at
70 % aqueous acetonitrile an appreciable and stable signal
was obtained. Therefore, 70 % aqueous acetonitrile solution
was chosen for all subsequent experiments.

Binding analysis using the method of continuous varia-
tions (Job’s plot) established that the estimated stoichiome-
try of the 1-Cu®" complex is 1:1 (Fig. S10, ESI), since the
maximum absorbance (i.e. maximum complex formation)
was found when the mole fraction of Cu?" ion added was
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50 %. For further confirmation of the stoichiometry of the 1-
Cu®" complex we generated Benesi-Hildebrand Plot (Fig.
S11, ESI) from the absorption titration data and from
the plot the calculated binding constant was estimated to
be 2.5x10* which is in good agreement with the result
obtained previously.

Further, it was of great interest to investigate the revers-
ible binding nature of the sensor which finds its new appli-
cability from the view point of chemistry (e.g., extraction of
a particular analyte from a mixture of different analytes)
when it shows reversible binding nature. Upon gradual
addition of CH3CN/H,O (7:3) solution of KI to a solution
mixture of 1 (10 uM) and Cu(Il) (200 uM), color changed
slowly from pink to colorless. This observation is assumed
to be due to decomplexation of Cu(Il) by I followed by a
spirolactam ring closure reaction. Thus, 1 can be used as a
reversible chemosensor for Cu®*. Similar observation was
also found during the fluorescence measurement shown in
(Fig. S12, ESI) where fluorescence intensity was fully re-
covered after addition of excess KI.

Meanwhile, IR spectra of 1 and 1-Cu®" complex were
recorded in KBr disks (Fig. S13, ESI) and part of the results
has been shown in Fig. 4. The peak at 1,723 cm ™', which
corresponds to the characteristic amide carbonyl absorption
of 1, was shifted to a lower value of 1,647 cm ! upon
chelating with Cu**. Similarly, the imine C=N frequency
decreases from 1,617 cm ™' to 1,589 cm ' and pyridine ring
C=N frequency decreases from 1,547 cm ' to 1,528 cm !
after complexation with Cu®" ion. These results indicate that
carbonyl O-atom, imine N-atom and pyridine N-atom are
surely involved in Cu" coordination as we have mentioned
earlier in this paper.

The ability of the sensor molecules to selectively mon-
itor guest species in living cells is of great importance for
biological application [37, 38]. In this regard, we tried to
detect Cu®>" ion present inside a living cell using our

newly synthesized sensor. Considering that copper accu-
mulation leads to toxicity in animals, we primarily carried
out experiment using 1 on living cell e.g. E-coli cell in
which Cu*" was accumulated from external source after
increasing the permeability of the cell membrane using
0.01 % Titron X100. The results are shown in Fig. S14,
ESI and one can clearly observe significant confocal im-
aging changes of the medium upon addition of Cu®*" for
15 min (0, 10 and 50 equiv, respectively) at 37 °C.
Although all the fluorescence measurements were done
at pH3 to get strong fluorescence, as also evident from
pH study, the fluorescence imaging study has been tried at
pH7 to have greater biological implication and indeed we
got nice image at that pH. E-coli cells incubated with 1
initially displayed a strong fluorescent image (Fig. S14b,
ESI), but the fluorescence image immediately becomes
faint in the presence of increasing concentration of Cu*"
which is evident from Fig. Sl4c,d, ESIL

Conclusions

In summary, we have developed a rhodamine B-based
chemosensor bearing xanthenes and pyridine group for
the detection of biologically/physiologically very impor-
tant transition metal ion, Cu**. Chemosensor 1 displayed
selective fluorescent and colorimetric changes upon ad-
dition of Cu**. Compound 1 is found to be an excellent
sensor for Cu”" using either of the two very modes of
measurements (absorption and emission); one case dis-
plays intensity enhancement whereas in other case shows
fluorescence depletion respectively. A mechanistic inves-
tigation has been performed to explore the nature of
fluorescence quenching. The sensor has been applied
efficiently in living cells to sense biologically and phys-
iologically very important Cu®" ion.

Fig. 4 IR Spectra of compound a b
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