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a  b  s  t  r  a  c  t

A  novel  fluorescent  chemosensor  based  on  a rhodamine  derivative  (RBD4)  was  designed,  synthesized,
and  used  as  a selective  Cd2+ ion  sensor.  The  structure  of  the  fluorescence  sensor  (RBD4)  is confirmed
through  single  crystal  X-ray  study.  On the  basis  of the Förster  resonance  energy  transfer  mechanism
between  rhodamine  and  pyridine  conjugated  dyad,  a new  colorimetric  as well  as fluorescence  probe
was synthesized  for  the  selective  detection  of  Cd2+.  This  sensor  shows  high  selectivity  towards  Cd2+ ions
in  the presence  of other  competing  metal  ions.  On the  basis  of thorough  experimental  and  theoretical
findings,  the additions  of  Cd2+ ions  to the  solution  of  RBD4  helps  to generate  a  new  fluorescence  peak
at  590  nm  due  to  the  selective  binding  of  Cd2+ ions  with  RBD4  in  a  1: 1 ratio  with  a binding  constant

4 −1 2+ −8

örster resonance energy transfer
etal ions
eLa cells

(K) of  4.2524  ×  10 M . The  detection  limit  of  RBD4  for Cd was  1.025  × 10 M,  which  presented  a
pronounced  sensitivity  towards  Cd2+. The  in  situ  generated  RBD4–Cd2+ complex  is  able  to  selectively  sense
S2− over  other  anions  based  on  the  displacement  approach,  given  a remarkable  recovery  of fluorescence
and  UV–vis  absorption  spectra.  The  fluorescence  sensor  has  also exhibited  very  good  results  in  HeLa  Cells
imaging  under  physiological  pH.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Heavy-metal pollution has become hazardous to the environ-
ent and human health [1]. A Cadmium ion (Cd2+), a redundant

lement for life, is extensively used in batteries and fertilizers,
esulting in the extensive contamination of it in air, water, and soil
2]. It is not only a severe environmental hazard but also can be a
evere health threats to humans [3,4]. A cadmium ion has been rec-
gnized as a highly toxic heavy metal ion and is enlisted by the U.S.
nvironmental Protection Agency, Disease Registry, and Agency for
oxic Substances as one of the superior pollutants [5]. This poi-
onous cadmium ion may  enter in human body or living beings
hrough uptake of contaminated water, food or inhalation of smoke
cigarette smoke). The exposure (may be long- or short-term) to

d2+ may  cause renal dysfunction, mutations, calcium metabolism
isorders, as well as an increased incidence of cancers [6].

∗ Corresponding author.
E-mail address: drstalin76@gmail.com (T. Stalin).

ttp://dx.doi.org/10.1016/j.snb.2016.07.102
925-4005/© 2016 Elsevier B.V. All rights reserved.
In addition, it can accumulate in the human body for >10 years
[7–11]. The extensive use of cadmium metal in agriculture and
industrial fields lead to water and soil contamination. Cadmium
ions contamination is mainly derived from phosphate fertilizers,
Ni-Cd batteries, metal alloys, ceramic enamels, paint pigments
and natural factors like erosion, volcanic eruption and abrasion
[12–14]. The intake of cadmium ions by the cells has showed
an adverse effect in molecular mechanism, cellular functions and
causes so many acute health diseases like kidney cancer, lung can-
cer, prostate cancers and renal cancer. Smoking and inhalation
of cadmium-containing dust represent additional sources of cad-
mium uptake in humans. Cadmium ions accumulation is involved
in reproductive, neurological, cardiovascular, and developmental
disorders [15–17]. Even the fertility of the soil is affected primarily
with cadmium ions contamination which leads to the poor growth
of corps.

Consequently, there are great needs for a highly selective and

sensitive method to quantify and recognize cadmium ions in envi-
ronmental samples as well as in the living cells as the cellular
uptake and carcinogenic mechanisms of cadmium ions are still
poorly understood. In this view, the fluorescence spectroscopy is

dx.doi.org/10.1016/j.snb.2016.07.102
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.07.102&domain=pdf
mailto:drstalin76@gmail.com
dx.doi.org/10.1016/j.snb.2016.07.102
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 promising and powerful tool for sensing and imaging metal ions,
nd the development of fluorescence sensors has much interest
ncreasing attention of the researchers in the recent years [18–23].

The development of highly selective and efficient signalling sys-
ems to detect various chemically and biologically relevant species
as attained significant interest [24,25]. Recently, great efforts have
een made to develop artificial optical receptors for highly selec-
ive and sensitive anion recognition for their important roles in
ndustrial, biological, and environmental processes. As one of the

embers, sulfide is broadly used in different fields, for instance,
onversion into sulfur and sulfuric acid, cosmetic manufacturing
nd dyes, production of wood pulp, etc. [26]. As a consequence,
he sulfide anion can be widely found in water not only owing to
ndustrial processes but also thanks to microbial reduction of sul-
ate by anaerobic bacteria or formed from the sulfur-containing
mino acids in meat proteins. Sulfide can irritate mucous mem-
ranes and even cause unconsciousness and respiratory paralysis
27,28]. Once sulfide protonated to produce HS− or H2S, sulfide
ill become even more toxic. At a low concentration, H2S can pro-
uce personal distress, while at a higher concentration; it can result

n loss of consciousness, permanent brain damage, or even death
hrough asphyxiation [29]. Therefore, it is important to develop a
apid and sensitive method for immediate sulfide monitoring in
queous media and in biological systems.

In recent years, Förster resonance energy transfer (FRET) is a
idely used sensing mechanism for the design of fluorescence col-

rimetric probes. This nonradiative process involves the energy
ransfer between a pair of fluorophores that acts as energy donor
nd acceptor linked together through a nonconjugated spacer. The
asic requirements to show high FRET efficiency are a substantial
verlap between the emission of the donor moiety and absorption
ands of the acceptor moiety and an appropriate distance between
he donor and acceptor (∼10–100 Å) as the energy transfer occurs
hrough space [30,31].

Rhodamine based fluorescent probes, its colourless and non-
uorescent nature in its spiro ring-closed form and, in contrast,
he pink-red coloured and strong fluorescence in the ring-opened
orm, rhodamine dye was extremely popular in the field of probe
esign across the past decade [32–41]. Rhodamine dye acts as a
ood acceptor fluorophore in a system exhibiting FRET mecha-
ism. The characteristic emission of a rhodamine-based dye in the
piro ring-closed form is inhibited, and the FRET dyad shows only
he emission of the donor. Consequently, the FRET process of the
ystem is prohibited, whereas, after reaction/complexation with
elevant analyte, the spiro ring of the rhodamine dye opens, which
ives a strong emission, consequently activating the FRET process
ON”. Taking such advantage of the rhodamine dye, to date, a num-
er of the rhodamine-based FRET sensors have been reported for
ifferent types of analytes [42–48].

For the past one decade, the corresponding author has largely
een involved in studying the molecular spectroscopic proper-
ies [49–53] of the interactions of various organic molecules with
–cyclodextrin. In addition the development of a chemosensor

Host–guest complexes) probe capable of recognizing behaviour
s very challenging [54–56]. This molecule (Rhodamine B) shows
ntramolecular charge transfer emission in the excited singlet state.
his stimulated us to carry out a study on synthesis, crystal struc-
ure of rhodamine derivative as a fluorescence sensor for Cd2+ and
2−. In this paper, we report a novel fluorescent sensor, RBD4, based
n rhodamine B and 2-Pyridinecarboxaldehyde as the receptor. The
eceptor can combine Cd2+ to form complex RBD–Cd2+, which dis-
lays high sensitivity and selectivity for S2− over other possible

ompetitive anions on the basis of forming CdS. The 1:1 complex-
tion RBD4–Cd2+ was characterized by X-ray powder diffraction
XRD), Scanning Electron Microscopy (SEM), Energy-dispersive X-
ay spectroscopy (EDX), Fourier transform infrared spectroscopy
ctuators B 238 (2017) 565–577

(FT–IR) and Job’s plot. The photophysical properties and recogni-
tion behaviours of the chemosensor have been investigated in detail
through UV–vis absorption spectra, fluorescence spectra, theoreti-
cal calculations, and fluorescence images in biological cells.

2. Experimental section

2.1. General information and materials

All of the materials for synthesis were purchased from commer-
cial suppliers and used without further purification. The absorption
spectra were recorded on a Schimadzu UV-PC-2401 UV–vis spec-
trophotometer using 10 mm path length quartz cuvettes in the
range 300–800 nm wavelengths, while the fluorescence measure-
ments were carried on a JASCO FP-8200 spectrofluorometer using
10 mm path length quartz cuvettes with a slit width of 5 nm at
298 K. FT–IR spectra were measured on a JASCO FTIR 4600 FT–IR
spectrometer with 4 cm−1 resolution and 32 scanned between
wave number 4000 cm−1 and 400 cm−1. Samples were prepared
KBr disks with 1 mg  of complex in 100 mg  of KBr. The mass
spectra of RBD4 are recorded using Agilent Technologies 6520
Accurate mass spectrometer. NMR  spectra were recorded on a Var-
ian FT–400 MHz  instrument. The chemical shifts were recorded
in parts per million (ppm) on the scale. The following abbrevia-
tions are used to describe spin multiplicities in 1H NMR  spectra:
s = singlet; d = doublet; t = triplet; m = multiplet.

2.2. Synthesis of the rhodamine b hydrazide

In 100 ml  flask, rhodamine B (1.20 g, 2.5 mmol) was  dissolved
in 30 ml  of ethanol, 3.0 ml  of excess hydrazide hydrate (85%) was
then added dropwise with vigorous stirring at room temperature.
After the adding, the stirred mixture was heated to reflux in an air
bath for 2 h. The solution changed from dark purple to light orange
and became clear. Then the mixture was  cooled and the solvent
was removed under reduced pressure. 1 M HCl (about 50 ml)  was
added to the solid in the flasks to generate a clear red solution. After
that 1 M NaOH (about 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  of water.

Yield: 79%, mp  (◦C): 191 ± 2, 1H NMR  (CDCl3), ı (ppm): 1.16 (t,
12H, NCH2CH3, J = 7.0 Hz), 3.33 (q, 8H, NCH2CH3, J = 7.0 Hz), 3.64
(bs, 2H, NH2), 6.32 (dd, 2H, Xanthene-H, J1 = 9.0 Hz, J2 = 2.4 Hz),
6.39(d, 2H, Xanthene-H, J = 2.4 Hz), 6.46 (d, 2H,  Xanthene-H,
J = 9.0 Hz), 7.11 (dd, 1H, Ar-H, J1 = 5.4 Hz, J2 = 3.3 Hz), 7.42 (d, 1H,
Ar-H, J = 3.3 Hz), 7.44 (d, 1H, Ar-H, J = 3.3 Hz), 7.94 (dd, 1H, Ar-
H, J1 = 5.4 Hz, J2 = 3.3 Hz). 13C NMR  (CDCl3) ı (ppm): 12.8, 44.58,
66.11, 76.81, 77.23, 77.44, 77.66, 98.23, 104.83, 108.28, 123.19,
124.03, 128.28, 130.24, 132.70, 149.11, 151.75, 154.06 and 166.35.
FT-IR spectra of rhodamine b hydrazide revealed that the peak
at 1735 cm−1, the characteristic frequency for the C OAmide bond
of the rhodamine unit. Strong stretching frequencies at 3500
and 1690 cm−1 were observed in the IR spectra of rhodamine B
hydrazide due to N H stretching of NH2 (primary amine) and
N C O (amide) stretching respectively. FT-IR (KBr) cm−1: 3280,
3204 (�NH and �NH2); 2923.38, 2810 (�CH); 1685.90 (�C O);
1613.64, 1513.57 and 1496 (�Ar = CH). ESI-Mass m/z calculated
value for 457.1; experimental value is 457.2.

2.3. Synthesis of the sensor molecule (RBD4)

Rhodamine-B hydrazide (0.46 g, 1 mmol) was dissolved in 20 ml

absolute ethanol. An excessive 2-Pyridinecarboxaldehyde (4 mmol)
was added, and then mixture was  refluxed in an air bath for 6 h.
After that, the solution was cooled (concentrated to 10 ml) and
allowed to stand at room temperature overnight. The precipitate
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Scheme 1. Syntheti

hich appeared next day was filtered and washed 3 times with
0 ml  absolute ethanol. After drying under reduced pressure the
eaction afforded 0.47 g of RBD4 (77%) as pink solid, mp (◦C):
18 ± 2. 1H NMR  [CDCl3), SiMe4, J (Hz), ı (ppm)]: 1H NMR  (300 MHz,
DCl3) ı 8.46 (d, J = 5.8 Hz, 1H), 8.00 (d, J = 8.1 Hz, 2H), 7.60 (t,

 = 7.7 Hz, 1H), 7.52-7.40 (m,  2H), 7.12 (t, J = 6.5 Hz, 2H), 6.55 (d,
 = 8.8 Hz, 2H), 6.45 (d, J = 2.4 Hz, 2H), 6.24 (dd, J = 8.8, 2.5 Hz, 2H),
.31 (q, J = 7.1 Hz, 8H), 1.14 (t, J = 7.1 Hz, 12H). 13C NMR  (75 MHz,
DCl3) ı 165.61 (s), 153.43 (s), 152.60 (s), 145.97 (s), 136.30 (s),
28.46 (s), 108.58 (s), 105.85 (s), 98.54 (s), 77.66 (s), 77.23 (s), 44.52
s), 12.61 (s). ESI mass: calculated value for [(C34H35N5O2)H] (M+H)
s 545.67, experimental value 546.3.

.4. UV–vis and fluorescence spectral studies

Stock solutions of various ions (1 × 10−3 mol  l−1) were prepared
n deionized water. A stock solution of RBD4 (1 × 10−3 mol  l−1) was
repared in Acetonitrile (ACN). The solution of RBD4 was then
iluted to 1 × 10−5 mol  l−1 with ACN/HEPES buffer (2:8, v/v, 10 mM,
H 7.2). In titration experiments, each time a 1 × 10−3 mol  l−1 solu-
ion of RBD4 (1 × 10−5 mol  l−1) was filled in a quartz optical cell of

 cm optical path length, and the ion stock solutions were added
nto the quartz optical cell gradually by using a micropipette. Spec-
ral data were recorded at 2 min  after the addition of the ions. In
electivity experiments, the test samples were prepared by plac-
ng appropriate amounts of the anions/cations stock into 2 ml  of
olution of RBD4 (2 × 10−5 mol  l−1).

.5. Computational details
All ground-state optimizations were carried out by DFT [57] cal-
ulations using Gaussian 09 [58–60]. All geometry optimizations
ere performed in the gas phase using the B3LYP functional. For C,
, N, and O the 6-31G* basis set was used, whereas for Cd2+ atoms
me for probe RBD4.

the SDD effective core potential was used. Vibrational frequency
calculations were done to verify the nature of the stationary points.

2.6. Cell culture and fluorescence imaging

HeLa, human cervical cancer cell line was  procured from
National Centre for Cell Sciences, Pune, India and cultured in DMEM
(Himedia, India) containing 10% heat-inactivated fetal bovine
serum (FBS), 100 units/ml penicillin G, 100 mg/ml streptomycin
(Himedia, India), 2 mM glutamine (Gibco, USA), 25 mM HEPES,
and 2 mM sodium bicarbonate under standard conditions in CO2
incubator (Eppendorf – New Brunswick Galaxy incubator). 90% con-
fluent cells were harvested and used for bioimaging studies.

HeLa cells were seeded in 6-well plates containing sterile
circular cover-slips at a density of 3 × 105 cells/well. After 8 h,
experimental cells were incubated with 20 �l of RBD4 for 1 h. After
the incubation period, 20 �l the Cd2+ were added and incubated
for another 4 h. After the treatment period, the experimental cells
were rinsed with PBS to remove the remaining RBD4 and Cd2+ ions
and visualized for fluorescence under Nikon Eclipse fluorescence
microscope (Nikon, Inc., Melville, NY).

3. Results and discussion

Rhodamine B hydrazide was synthesized following a literature
method [61] and characterized by 1H NMR  spectra, 13C NMR  spec-
tra, ESI mass data, and FT-IR (Figs. S1–S4). It was then condensed
with 2-Pyridinecarboxaldehyde in ethanol to form RBD4 in 77%
yield (Scheme 1). The structure of compound RBD4 was  confirmed

by its spectroscopic, analytical data (1H NMR, 13CNMR, ESI–MS,
Fig. S5–S7) and X-ray crystal structure analysis is shown in Fig. 1.
Single crystals of RBD4 were obtained by slow evaporation of the
acetonitrile solution (Tables S1).
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Fig. 1. X-ray crystal structure of RBD4 showing displacement ellipsoids drawn at the 30% probability level. Hydrogen atoms have been omitted for clarity (a). The crystal
packing  of RBD4. Intermolecular interactions have been omitted for clarity (b).
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ig. 2. UV–vis absorption spectra of probe RBD4 (100 �M)  observed upon addition o
itration spectra of probe RBD4 (50 �M)  with Cd2+ (0.0−1.0 equiv) in ACN/HEPES bu

.1. UV–vis absorption spectroscopy study

We  have carried out UV–vis titration experiments to understand
he nature of binding of RBD4 to Cd2+. The fluorescence sensor
BD4 (10 mM)  in CH3CN H2O (2: 8, v/v) buffered with 2-[4-(2-
ydroxyethyl)piperazin- 1-yl]ethanesulfonic acid (HEPES), pH = 7.2
howed an absorption maximum at 308 nm,  suggesting that the
pirolactam ring of the rhodamine B unit preferred its ring-closed
tate under these conditions. The selectivity of RBD4 has been
hecked with different biologically important metal ions e.g., Na+,
+, Mg2+, Hg2+, Cu2+, Pb2+, Fe2+, Fe3+, Ca2+, Ni2+, Cd2+ and Al3+ in
CN/HEPES buffer (2:8, v/v, pH 7.2, 10 mM).  A significant change

n the UV–vis spectral pattern was observed only in the presence
f Cd2+ among all the other metal ions used (Fig. 2a). Upon gradual
ddition of Cd2+ ions (0–100 mM)  to chemosensor RBD4 (10 mM)
n ACN/HEPES buffer (2:8, v/v, pH 7.2, 10 mM),  a concomitant red
hift in the spectral position at 560 nm was observed along with an
ncrease in the absorption intensity. The emergence of the absorp-
ion band at 560 nm was due to the opening of the spirolactam

ing of the rhodamine moiety along with a color change from col-
rless to deep magenta (Fig. 2b). The association constant [62]
etween RBD4 and the Cd2+ ion was calculated from the absorp-
ion titration result and was found to be 4.2524 × 104 M−1 at 25 ◦C
uiv of various cations in ACN/HEPES buffer (2:8, v/v, 10 mM,  pH 7.2) (a). Absorption
2:8, v/v, 10 mM,  pH 7.2) (b).

(Fig. 3a). The peak values at 560 nm are plotted versus Cd2+ concen-
tration (Fig. 3b), and a linear relationship is observed with a good
regression coefficient (R2 = 0.9917) in the concentration range from
0.5–50 �M with a detection limit is calculated to be 5.67 × 10−7 M
which is far below the WHO  acceptable limit in drinking water.
Under the aforesaid conditions, addition of other metal ions did
not cause any noticeable changes. The binding of Cd2+ ion induces
opening of the spirolactam ring in RBD4 with an associated switch
on UV−vis spectral response in the range 500–580 nm, which has
a significant spectral overlap with the emission spectrum of the
pyridine fragment, and this fact unlocks a plausible route for non-
radiative transfer of excitation initiates an intramolecular FRET
process. In the free fluorescent probe RBD4 the FRET pathway is
totally suppressed, and only an emission maximum near 480 nm
is observed when excited at 308 nm.  Binding of the receptor to
Cd2+ induces the FRET process to produce an intense rhodamine-
based red emission; i.e., energy transfer from pyridine to xanthene
is due to the ring-opening resulting in increase of overlap integral
between pyridine and xanthene moiety (Scheme 2). The color of

the solution was  significantly changed from deep magenta to bright
orange when illuminated with a hand-held UV lamp (Fig. 4). So it
could easily be detected by the “naked-eye” without the need of
any other instrumental assistance.
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Fig. 3. Benesi–Hildebrand plot of chemosensor RBD4 (100 mM)  in ACN/HEPES buffer (2:8, v/v, 10 mM,  pH 7.2), absorbance at 560 nm (a). The linear responses with Cd2+

concentrations (b).
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Scheme 2. Cd2+-Induced FRET OF

.2. Fluorescence spectroscopy study

The fluorescence spectrum of RBD4 (10 mM)  in ACN/HEPES
uffer (2:8, v/v, pH 7.2, 10 mM),  exhibited an emission band at
90 nm when excited at 308 nm.  Upon interaction with various
etal ions e.g. Na+, K+, Mg2+, Hg2+, Cu2+, Pb2+, Fe2+, Fe3+, Ca2+,
i2+, Cd2+ and Al3+ a much weaker spectral response was observed

elative to Cd2+ ion at the same concentration (Fig. 5a). During
equential titration (0–100 mM of Cd2+), the emission band peaked
p at 590 nm which was attributed to delocalization in the xan-
hene moiety of the rhodamine and hence emission intensity was
ncreased significantly (Fig. 5b). The observed fluorescence spetrum
ccurred due to the metal binding event induced an electronic rear-
angement within the dye that opened the spirolactam and yielded

 fully conjugated rhodamine dye. The solution showed an intense
range fluorescence, with an approximately 20-fold enhancement
n the fluorescence intensity at 590 nm.  This fact means that RBD4
ould be used as an ‘off–on’ fluorescent chemosensor for Cd2+.
o investigate the recognition ability between RBD4 and the Cd2+
on, Job’s plot [63] experiment were carried out to determine the
inding stoichiometry of the RBD4–Cd2+ complex. The absorption

ntensity varies through a maximum at a molar fraction of about 0.5
N of the fluorescent probe RBD4.

of Cd2+, indicating a 1: 1 stoichiometry and this is the most possible
case of binding of Cd2+ with RBD4 (Fig. 6).

To check the practical ability of fluorescence sensor RBD4 as a
selective Cd2+ ion fluorescent chemosensor, we have carried out
competitive experiments in the presence of Cd2+ ions mixed with
other different metal ions (Na+, K+, Mg2+, Hg2+, Cu2+, Pb2+, Fe2+, Fe3+,
Ca2+, Ni2+ and Al3+). The fluorescence response of the RBD4–Cd2+

system remains the same by comparison with or without the other
metal ions (Fig. 7). These findings confirmed the highly selectiv-
ity, sensitivity and effective interaction of the fluorescent probe
RBD4 with Cd2+. For practical applications, the detection limit of
RBD4 was  also estimated. The fluorescence titration profile of RBD4
(10 mM)  with Cd2+ demonstrated that the detection limit [64] of
Cd2+ is 1.025 × 10−8 M which is far below the WHO  acceptable limit
(0.05 mg  l−1 or 1.85 mM of Cd2+) in drinking water (Fig. 8).

3.3. DFT study

The mode of binding of Cd2+ with the RBD4 was also stud-

ied by DFT calculations. The stoichiometry of the complexes was
found to be 1:1 on the basis of absorption and emission spectro-
scopic studies, and this mononuclear complex was modelled by
DFT calculations. The geometry optimization for free RBD4 and the
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Fig. 4. Visual color change of probe RBD4 (100 �M)  upon the addition of various metal ions (2 equivalents) in ACN/HEPES buffer (2:8, v/v, 10 mM,  pH 7.2) (Top). Fluorescence
color  change of probe RBD4 (100 �M)  upon the addition of various metal ions (2 equivalents) in ACN/HEPES buffer (2:8, v/v, 10 mM,  pH 7.2) (Bottom).

Fig. 5. Fluorescence spectra of probe RBD4 (100 �M)  observed upon addition of 2 equiv of various cations in ACN/HEPES buffer (2:8, v/v, 10 mM,  pH 7.2) (a). Fluorescence
titration spectra of probe RBD4 (10 �M)  with Cd2+ (0.0−1.0 equiv) in ACN/HEPES buffer (2:8, v/v, 10 mM,  pH 7.2) (b) (�ex = 308 nm).
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Fig. 6. Job’s plot of probe RBD4 with Cd2+ ions in HEPES buffer indicating the for-
mation of 1:1 complex.

Fig. 7. Results of the competition experiments between Cd2+ and selected metal
ions. The free RBD4 concentration was set at 10 �M,  and the excitation was  at 308 nm
with a slit width of 5.0 nm.  Solvent: ACN/HEPES buffer (2:8, v/v, 10 mM,  pH 7.2).

Fig. 8. Determination of the detection limit of Cd2+ by RBDB4 (10 mM)  in ACN/HEPES
buffer (2:8, v/v, 10 mM,  pH 7.2), (�ex = 308 nm and �em = 590 nm).
ctuators B 238 (2017) 565–577 571

corresponding complex (RBD4-Cd2+) was done by DFT calculations.
For RBD4-Cd2+ complex, ground-state-optimized structure of free
RBD4 were generated and Cd2+ was  kept well in the core of the
amide O, pyridine N and imine N as donor atoms at a noninteracting
distance. The HOMO−LUMO orbital energies and the spatial distri-
butions for RBD4 and RBD4-Cd2+ were also determined (Fig. 9). The
energy gaps between the HOMOs and LUMOs for receptor RBD4
were 49.6355 kcal mol−1. Similarly, for complex (RBD4-Cd2+) the
energy gaps were found to be 21.6300 kcal mol−1 (Table S2). These
results suggest that the binding mode of Cd2+ ion adopts NON co-
ordination by bonding through the one nitrogen of the imine group,
one nitrogen of the pyridine moiety and one oxygen atom of the car-
bonyl group, resulting in a nearly planar geometry around Cd2+. The
optimized structures of Cd2+ with receptors RBD4 shows that the
individual low-energy complexation occurs between Cd2+ and NON
atoms of the free RBD4. Hence, the interaction of NON with Cd2+

could change the HOMO−LUMO energy levels, and the electronic
transitions.

3.4. Effect of pH and time course effect

To study the practical applicability, the effect of pH on the flu-
orescence response of the new chemosensor RBD4 towards Cd2+

has also been investigated. Experimental results show that for free
RBD4, under acidic conditions (pH < 3), an obvious fluorescence
off–on (Fig. 10a) situation appears due to the formation of the
open-ring state because of the strong protonation, and it shows
a fluorescence quenching effect upon addition of Cd2+. In the pH
range from 3 to 9, neither the color nor the fluorescence (excited at
560 nm)  characteristics of rhodamine could be observed for RBD4,
suggesting that the spirocyclic form was  still preferred in this range.
The time evolution of the receptor RBD4 in the presence of 5.0 equiv.
of Cd2+ in ACN/HEPES buffer (2:8, v/v, pH 7.2, 10 mM)  was inves-
tigated as shown in Fig. 10b. The probe RBD4 showed enhanced
fluorescence in the high acidic pH but in stable in the rest pH range,
whereas RBD4–Cd2+ did not showed in the basic range, due to the
formation of Cd(OH)2. This clearly indicates the applicability of the
probe in sensing Cd2+ ion in physiological pH range. The recogni-
tion interaction gets almost completed just after the addition of 5
equiv. of Cd2+ and the fluorescence intensity remains almost the
same up to 120 min.

3.5. Powder XRD analysis

XRD pattern of the RBD4 and RBD4–Cd2+ complexes are shown
in Figs. 11. The XRD pattern of the metal complexes shows well
defined crystalline peaks indicating that the samples were crys-
talline in phase. It can be easily seen that the pattern of the RBD4
differs from its RBD4–Cd2+ complex, which may  be attributed to
the formation of a complex between RBD4 and Cd2+. The pattern
reveals the successful formation of the above said complex, which
is evident from the characteristic peaks. The obtained pattern was
also matched with standard diffraction pattern, which shows an
excellent agreement with the standard data. The XRD pattern for
Cadmium(II) chloride matches with the standard pattern of Cd,
JCPDS card number 05-0674.

3.6. SEM and EDX analysis

The SEM analysis was  here carried out to check the surface mor-
phology of the RBD4 (Fig. 12a) and RBD4–Cd2+ (Fig. 12b) complex.
The micrograph of the RBD4 is represents that the obtained mate-

rial has exhibited agglomerated crystalline nature. It is evident from
the SEM study that the RBD4–Cd2+ complex shows the complex
agglomerated crystalline nature. The difference in the shape of the
RBD4 and RBD4-Cd2+ complex aggregates deposited was  mainly
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Fig. 9. Frontier molecular orbitals of RBD4 and RBD4–Cd2+. HOMO and LUMO active representation of RBD4 (a & b). HOMO and LUMO active representation of RBD4-Cd2+ (c
and  d).
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ig. 10. Fluorescence intensity of RBD4 and RBD4–Cd2+ at various ranges of pH in A

ependent on the Cd2+ ion. Fig. 12b and Fig. 12d shows the EDX
pectrum of RBD4 and RBD4-Cd2+ complex. The EDX measurement
onfirmed the presence of Cd in the RBD4–Cd2+ complex.
.7. FT–IR analysis

To confirm the nature of the complexation between RBD4 and
BD4–Cd2+, the Fourier transform infrared (FT–IR) spectrum of
EPES buffer (2:8, v/v, 10 mM,  pH 7.2) �ex = 308 nm (a). Time evolution for Cd2+ (b).

RBD4 was  recorded in the absence and presence of Cd2+ ion (Fig.
S8). The spectrum presented rhodamine spirolactam amide car-
bonyl (C O) stretching vibrations at 1689 cm−1 in addition to
the xanthene–NH stretching vibrations at approximately 3440

and 2960 cm−1. When 1 equiv. Cd2+ was added, the stretching
vibrations of these functional groups changed, confirming the 1:1
stoichiometry for the RBD4–Cd2+ complex. In the free RBD4, the
band at 1650 cm−1 is assigned to �(C N) frequency; after complex-



M. Maniyazagan et al. / Sensors and Actuators B 238 (2017) 565–577 573

rn of R

a
i
O
p
i

3

b
c
o
t
T
i
N
s
i
w
a
t
s
o
S
a
f
s
e
s
l
c
c
i
S
r

Fig. 11. X-ray diffraction patte

tion, this band is shifted to lower frequency. New bands appeared
n the spectra of the complexes at 534–577 cm−1, corresponding to

 → M and 425–468 cm−1 due to the N → M vibrations which sup-
ort the involvement of N and O atoms in complexation with metal

ons under investigation.

.8. Absorption studies of RBD4–Cd2+ complex in presence of S2−

The aforesaid studies we can conclude that RBD4 selectively
inds with Cd2+ to form RBD4−Cd2+ complex with significant
hange in its spectral studies. We  have further studied the impact
f different anions on the cleavage of this RBD4−Cd2+ complex and
heir effect on the reversibility of this complex to regenerate RBD4.
he absorption properties of the RBD4−Cd2+complex were studied
n presence of different anions such as F−, Cl−, Br−, I−, CN−, H2PO4

−,
O3

−, ClO3
−, ClO4

−, HSO3
−, SO4

2−, PO4
3−, and S2−. The absorption

pectral studies suggest that the regeneration of compound RBD4
s observed only by adding S2− to the solution having RBD4−Cd2+,

hereas other anions did not show any remarkable changes in
bsorption spectra (Fig. 13a). The absorption spectral studies of
he titration experiment was similar but in reverse direction to the
pectra obtained with Cd2+ (Fig. 13b). This fact is evidence that flu-
rescent probe RBD4 is recovered from RBD4-Cd2+ in presence of
2−. The interactions can be expressed in terms of hard and soft
cids and bases (HSAB principle) the reactions are more favorable
or hard-hard and soft-soft interactions than for a mix  of hard and
oft in the reactants (Cd2+ soft acid, S2− soft base). Again, more
lectrons and larger size lead to softer behavior. Sulfide ion (S2−) is
ofter than O2- because it has more electrons spread over a slightly
arger volume, making S2− more polarizable. Within a group, such
omparisons are easy; as the electronic structure and size change,

omparisons become more difficult but are still possible. Thus, S2−

s softer than Cl−, which has the same electronic structure, because
2− has a smaller nuclear charge and a slightly larger size. As a
esult, the negative charge is more available for polarization. Soft
BD4 and RBD4–Cd2+ complex.

acids tend to react with soft bases and hard acids with hard bases,
so the reaction (Cd2+, S2−) produces soft-soft combinations.

3.9. Fluorescence studies of RBD4−Cd2+ complex in presence of
S2−

The fluorescence spectral studies also shows that the emission
spectra of the RBD4−Cd2+ complex returns to its original RBD4
state, selectively in presence of S2− ions (Fig. 14a). In addition
the fluorescence “ON−OFF” switching property of the fluorescent
complex RBD4–Cd2+, we have studied in fluorescence titration
experiment. Fig. 14b shows that the intensity of the fluorescence
emission maxima decreases with increasing concentration of S2−

ion, and on addition of near about 3 equiv. of S2− anion both the
intensity and the fluorescence spectrum closely match those of
fluorescent probe RBD4. The aforesaid results suggested that the
sensor RBD4 was recycled during the detection of S2− ions.

The RBD4–Cd2+ spectral binding studies it was conform that the
binding induced breakage of the spirolactam ring of RBD4 initiates
the FRET pathway for efficient transfer of energy from pyridine moi-
ety to the xanthene moiety. It is evident that the regeneration of
RBD4 from RBD4–Cd2+ complex is possible in presence of S2− ion
then the removal of Cd2+ disturb the FRET process. Thus, increas-
ing the concentration of S2− ion to the RBD4–Cd2+ complex is in
fluorescence emission spectrum which is equivalent to the fluores-
cence spectra of RBD4 (when excited at 308 nm). The aforesaid fact
suggests strong evidence of the dissociation of RBD4–Cd2+ com-
plex in presence of S2− anions to restore the original structure of
RBD4. The peak values at 590 nm are plotted versus Cd2+ concen-
tration and a linear relationship is observed with a good regression
coefficient (R2 = 0.9941) in the concentration range from 5 × 10−7
to 1.0 × 10−5 M The LOD value for sulfide ions for this method was
found to be 1.2 × 10−7 M (Fig. S9). The intensities of the fluorescence
were recorded within 15 min  after sulfide anion addition and var-
ied with time. As a result of this fact it may  be concluded that the
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Fig. 12. Scanning electron micrographs of RBD4 and RBD4–Cd2+ complex.
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ig. 13. Changes in the absorption spectra of RBD4−Cd2+ complex in presence of d
ddition of sodium sulfide (30 �M)  in ACN/HEPES buffer (2:8, v/v, 10 mM,  pH 7.2) (

onitoring system is virtually real-time and stable, and the sen-
or RBD4 was recycled during the detection of sulfide anions. For

urther investigation, three alternate cycles of titration of RBD4-
d2+ were carried out by introducing S2− into the system (Fig. S10).
his results in quenching of fluorescence due to the formation of a
dS2 complex and thus acts as an OFF switch. However, titration of
nt anions (a). UV–vis titration spectra of RBD4 (10 �M)  with 5 equiv of Cd2+ upon

the receptors with Cd2+ resulted in RBD4-Cd2+ complex formation,
which is accompanied by significant increase in the fluorescence

intensities, thereby acting as an ON switch. The high degree of
reversibility of the complexation/decomplexation process of the
receptors with Cd2+ can be achieved several times without a loss of
sensitivity of the fluorescence intensity. The comparison of differ-
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Fig. 14. Changes in the fluorescence spectra of RBD4−Cd2+ complex in presence of different anions (a). Fluorescence titration spectra of RBD4 (20 �M)  with 5 equiv of Cd2+

upon addition of sodium sulfide (30 �M)  in aqueous ACN/HEPES buffer (2:8, v/v, 10 mM,  pH 7.2) (b).

F 2+ wed in
i

e
T

3

b
H
v
b
p
a
o
p
t

m
t
fl
2
(
a
m
8
i
c

ig. 15. The fluorescence microscope images of HeLa cells with RBD4–Cd (c) sho
ons,  probe RBD4 (a), Cd2+ (b).

nt fluorescence probes for fluorescent sensing of Cd2+ is given in
able S3.

.10. Bioimaging study

To study the potential use of the fluorescent probe RBD4 in
ioimaging applications, we tested the cytotoxicity of RBD4 toward
eLa cells, by the reduction activity of MTT  assay (Fig. S11). The
iability of untreated cells was assumed to be 100%. Upon incu-
ation of 0–100 �M RBD4 for 12 h, no significant difference in the
roliferation of the cells was observed. Especially, cell viabilities of
bout 80% even at a high-dose concentration of 100 �M Cd2+ were
bserved after 12 h. These data indicated the satisfactory biocom-
atibility of the Cd2+ fluorescent probe at all dosages, thus enabling
he RBD4 to serve as a potential probe for fluorescence bioimaging.

In order to develop the application of RBD4 in more complex
etrics, we examined the imaging characteristics of RBD4 to cul-

ured living cells in vitro (HeLa, human cervical cancer cell) by
uorescence microscopy (Fig. 15). The cells were incubated with
0 �M RBD4 for 8 h at 37.0 ◦C. Then the cells were washed with
phosphate-buffered saline) PBS for three times and mounted on

 microscope stage. As shown in Fig. 15a and b the cells shows

odest intracellular staining after incubation with RBD4, Cd2+ for

 h, indicating that RBD4 was readily taken up by the cells. Upon
ncubation with 20 �M Cd2+ for 8 h, a striking turn-on fluores-
ence is observed inside HeLa cells, indicating the formation of the
tense red fluorescence and did not show any fluorescence in the absence of metal

RBD4–Cd2+ complex (Fig. 15c), aforesaid results conformed to the
studies observed in solution. Essentially, the fluorescence micro-
scopic analysis strongly proposed that the probe RBD4 could readily
cross the membrane barrier, penetrate into HeLa cells, and rapidly
sense intracellular Cd2+.

4. Conclusion

In summary, we  have developed a novel turn-on fluorescent
chemosensor based on a rhodamine–2-Pyridinecarboxaldehyde
conjugate. The sensor RBD4 displays an excellent selectivity and
high sensitivity toward the detection of Cd2+ in ACN/HEPES buffer
(2:8, v/v, pH 7.2, 10 mM)  over a wide range of tested metal ions with
remarkably enhanced fluorescent intensity and also shows a clear
color change from colorless to deep magenta. A comparison of the
present probe with other existing Cd2+ sensitive “turn-on” fluores-
cent probes reveals that it is very competitive and somewhat better
than others in respect of all the parameters. The present probe RBD4
is relatively cheap as it involves a facile two step reaction with the
commercially available much cheaper chemicals. Under UV light
illumination, one can visually detect even 1.025 × 10−8 M Cd2+ in
aqueous–acetonitrile buffer solution using this sensor without the

aid of any sophisticated instruments. Thus the chemosensor RBD4
is able to serve as a ‘naked eye’ chemosensor for Cd2+ ions. We
believe that RBD4 can be used for many practical applications in
chemical, environmental and biological systems.
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