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Optical sensor: a promising strategy for
environmental and biomedical monitoring of ionic
species

Muhammad Saleem and Ki Hwan Lee*

Considerable amount of research has been carried out on designing and improving metal-recognition
methodologies in environmental and biological media. The development of fluorescent-based techniques
has proven to be an important milestone for non-invasive metal detection and quantification in a
multichannel environment. Metals as natural components of the Earth's crust are generally present in trace
concentrations in environmental samples, wherein humic substances have a complexation affinity toward
them. Iron, zinc and copper are the 1st, 2nd and 3rd most abundant elements that are indispensable to the
human body in trace amounts as they play crucial roles in many biological processes. However, unregulated
amounts either an excess or deficiency may exacerbate deterioration of the vital organs and trigger the
progression of complications. In addition to these three essential elements, mercury is widely considered to
be one of the most hazardous pollutants and highly dangerous elements due to its recognized accumulative
and toxic effects in the environment and in biological media. In the present study, we attempted to
summarize all the recently developed fluorescent signaling materials for the detection of Cu?*, Fe*/Fe®",
Zn?* and ng+. The spectral shifts in the molecules on metal chelation, the mode of complexation and the
stoichiometries of the resulting adducts have been discussed in detail. Furthermore, we highlight molecules
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1. Introduction

Sensors and actuators are among the most exciting tools in
cell biology, developmental biology and medicine because
they allow researchers to spy on events occurring in living
cells and organisms with high spatial resolution and minimal
perturbation to the living systems."* Developments in imaging
processing technologies have led to integrated systems for the
quantification of low-light-level emission signals from bio-
logical systems, providing dynamic information concerning
the localization and quantification of molecules of interest
because the sensor bears a fluorescent dye module, which can
facilitate the investigation of the entire cell environment
using light signals.> A fluorescence signaling material with a
low energy emission spectrum is most suitable for in vivo
imaging. Lukinavicius et al.® and Lang et al.” introduced one
such type of biocompatible near-infrared silicon-thodamine
probe 1 (Fig. 1), which was ideally suited for implementa-
tion in live cells' imaging. The probe exhibited excellent
spectroscopic properties, low toxicity and high membrane
permeability.

The cells of multicellular eukaryotes can respond to the
metal status of the whole organism as well as to their own
status. In this regard, the trace metal signaling probe is a tool
that facilitates the symbiotic relationship between synthetic
chemistry and biological imaging to promote a synergistic
advancement in both probe design and instrumentation.®®
Therefore, the design and synthesis of fluorescent probes for
the sensing and monitoring of biologically and environmentally
related transition metal ions is an attractive and fast-growing
field of research in chemistry, biology and environmental
science due to their potential application of high sensitivity and
operational simplicity.’®** Therefore, much effort has been
devoted to the development of a fluorogenic signaling probe
that can selectively detect analytes of interest in organic or
mixed aqueous-organic media.**® The use of optical sensors
allows remote measurements to be performed and is therefore
promising for environments wherein direct accessibility is
difficult and samples could be damaged when removed from
their natural medium.'” Under these circumstances, the devel-
opment of selective chemosensors for the quantification of
environmentally and biologically important ionic species in
solutions and in body fluids, especially for transition metal
ions, has attracted tremendous attention.'®™**
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Fig.1 Chemical structure of the biocompatible near-infrared silicon—
rhodamine probe 1.
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Several methods for the detection of transition metal ions in
various samples have been proposed and used, including
atomic absorption spectrometry,**® inductively coupled
plasma mass spectroscopy (ICPMS),*” inductively coupled
plasma-atomic emission spectrometry (ICP-AES),***° voltam-
metry,* CE (capillary electrophoresis),® FAAS (flame atomic
absorption spectroscopy),® flow injection,”** carbon dots,*
graphene quantum dots,* fiber-optic redox methods,*” thin
chitosan films,*® functionalized metal nanoparticles,** and
cyclodextrin supramolecular complex.®* In addition to these
methods, UV-visible and fluorescence spectroscopy are the most
frequently used modes as well as the most favorable methods
for the recognition of physiologically and environmentally
important analytes, due to their low level detection nature and
imaging of analytes in biological media. Fluorescence-based
techniques are important tools in chemical and biochemical
research because of their appropriate beneficial features of a
non-invasive nature, high intrinsic sensitivity, appreciable
detection selectivity, operational simplicity, cost-effectiveness,
quick response, high temporal resolution and easy signal
detection.

2. Copper ion sensor

Copper(u) ion, the third most abundant element after iron and
zinc,*>® is an essential trace element and plays a crucial role in
many biological systems.®** It has been found in numerous
proteins and as a catalytic cofactor for a variety of metal-
loenzymes such as superoxide dismutase, lysyl oxidase, cyto-
chrome c oxidase, dopamine-hydroxylase, and tyrosinase.®®*” It
plays a role in many major functions inside organisms,
including electron transfer and O, metabolism and transit and
is directly involved in Fe metabolism via ceruloplasmin, which
has the capability to oxidize Fe before being transported in the
blood to all the tissues.®® In addition, copper is essential in
enzymes that act as free radical scavengers, in hormone
biosynthesis, and in biosynthesis of collagen and elastin, i.e., an
essential structural components of skin, tendons, and the
extracellular matrix.* Although copper can be tolerated by
humans at a relatively large concentration, both its deficiency
and excess can lead to complications in the human body.” Cu
overload and long-term exposure may cause irritation of the
nose, mouth and eyes and can cause headaches, stomach aches,
dizziness, vomiting, diarrhea, gastrointestinal catarrh, dyslexia,
and liver damage in infants, as well as induce Wilson's disease
that leads to oxidative stress and progressive neuro-
degeneration and the development of Parkinsonism. High
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Fig. 2 Chemical structure of receptor 2 and the proposed Cu?*
chelation mechanism.
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Fig. 3 Chemical structure of receptor 3 and the proposed copper
complexation mechanism.

levels of Cu®** will also damage the biological retreatment
systems in water and depress the self-purification ability of
natural waters. Similarly, copper deficiency can result in mental
retardation, anemia, hypothermia, impaired immune/organ
function and Menkes disease.”””® In this context, accurate
and precise determination methods for the quantitative anal-
ysis of copper in environmental and biological samples are of
tremendous importance, in view of copper's utility as well as
toxicity.”**

2.1. Fluorescein-based Cu®" sensors

Jiang et al.®* reported a new fluorescent sensor 2 (Fig. 2) func-
tionalized with one dichlorofluorescein moiety as a fluorogenic
signaling subunit and two azathiacrown ether macrocyclics as a
binding site toward Cu**. Sensor 2 showed excitation maxima at
500 nm and fluorescence emission maxima at 546 nm.
However, upon Cu”* addition, there was a significant quenching
in the fluorescence intensity at 546 nm without any shift in the
emission signal. Ratiometric fluorescence quenching was
observed on the successive addition of Cu®* into the receptor 2
solution. These characteristic changes in the ligand emission
signal were used as a tool to detect trace Cu”" levels. The ligand
operating response toward Cu®* was determined to be reversible
with EDTA, as assessed by the recovery of the original
emission signal at 546 nm on the addition of excess EDTA,
which could revert back to the quenched form on the intro-
duction of 25 equivalents Cu**, thus explaining the intra-
molecular charge transfer mechanism. The 1 : 2 ligand-metal
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Fig. 4 Chemical structure of receptors 4 and 5 (a); schematic of a
ratiometric Cu®* sensing system (b).
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Fig. 5 The structure of receptor 6 and the proposed copper
complexation mechanism.

stoichiometries were estimated by continuous variation
methods, and the detection limit of sensor 2 was calculated to
be 8.7 x 10 * mol L™".

Muthuraj et al.® reported the rapid and highly sensitive
detection of the extremely short-lived nitric oxide (NO) gas
generated in vivo by a water-soluble fluorescein derivative, i.e.,
indole-3-carboxaldehyde-functionalized fluorescein hydrazone
3 (Fig. 3). The receptor exhibited the absorption signal with the
maximum intensity at 340 nm, whereas copper titration trig-
gered the appearance of new absorption bands at 492 and 620
nm, representing the spirolactam ring-open conformation
triggered by the copper ions. Similarly, the receptor solution did
not show any emission signal in the range from 500 to 600 nm
when it was excited at 465 nm. Copper addition induced a
significant turn-on fluorescence response at 518 nm due to
conformational changes in the receptor upon copper complex-
ation, whereas an increasing copper concentration significantly
decreased the indole emission signal at 481 nm along with
causing a colorimetric change in the reaction solution. The
titration experiment suggested a binding constant value of 1.19
x 10* M™', whereas there was no such response for the
competing metallic species. The ligand was further employed in
the bioimaging experiment, wherein the selective turn-on green
fluorescence from RAW 264.7 cells upon the addition of copper
to the ligand-incubated cells suggested a potential practical
applicability of the sensor for the intracellular monitoring of
copper levels. The dramatic color change of the ligand-copper
complex from green to colorless on NO addition could be
further employed to detect this reactive species in biological
media.

Royzen et al.** described a ratiometric fluorescence sensing
system for copper ions by employing the fluorescence indicators
4 and 5 (Fig. 4). Receptor 4 binds with cadmium ions and
triggers the fluorescence intensity to the maximum values,
which cause it to reside in the “On” state, whereas receptor 5
remains in the “Off” state due to its uncomplexed form. Inter-
estingly, copper addition significantly quenched the fluores-
cence of receptor 4 by forming 4-copper complex and thus
turning sensor 4 to the “Off” state. At the same time, the
liberated cadmium ions form a complex with receptor 5 and
turn on the fluorescence of receptor 5. The fluorescence

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Chemical structure of receptor 7 and the proposed ligand—metal complexation mechanism.

properties of both receptors can easily be identified due to the
different position of their emission maxima. The water solu-
bility and ratiometric copper detection of the sensors meet the
necessary criteria for a suitable sensor for the environmental
and biomedical monitoring of copper ions.

Seo et al.® reported fluorescein-functionalized silica nano-
particles 6 (Fig. 5) for selective copper detection. The probe
alone exhibited a fluorescence emission signal at 526 nm when
it was excited at 505 nm, whereas the addition of copper caused
a significant quenching in the fluorescence emission signal
intensity. The detection limit of the sensor was calculated to be
5 uM. The probe behaved reversibly on treatment with EDTA
solution, as assessed by the emergence of a strong green fluo-
rescence from the non-emissive probe-copper complex. Job's
plot indicates the 1 : 2 probe-metal binding stoichiometry, and
the association constant was calculated to be 1.05 x 10° M.
The probe was further applied in the bioimaging experiment
utilizing HeLa cells under a confocal fluorescence microscope,
wherein the appearance of a strong fluorescence signal from the
live cells demonstrated the efficient cell viability of the receptor
toward live cells.

Qu et al.* reported a pyridoxal-based fluorescein derivative 7
(Fig. 6) for selective copper and zinc detection. The probe alone
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Fig. 7 Chemical structure of receptor 8 and the proposed copper
complexation mechanism.
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did not show any absorption signal in the range from 400 to 800
nm, whereas after the addition of copper, a new absorption
band emerged at 498 nm along with a colorimetric change in
the reaction solution from colorless to yellow. The successive
addition of copper ions caused a gradual increase in the
absorption signal at 498 nm along with the appearance of two
isosbestic points at 344 and 371 nm. The titration graph sug-
gested a 1 : 1 ligand-copper binding stoichiometry with a high
association constant value of 1.17 x 10° M~ '. The detection
limit of the probe toward the copper ions was calculated to be
0.14 pmol L™, Similarly, the probe exhibited a very weak
emission band on excitation at 400 nm, whereas the zinc
addition caused the emergence of a new emission band at 510
nm, which underwent a 16 nm bathochromic shift on succes-
sive zinc additions and turned the solution from colorless to
green under a UV lamp; whereas copper addition caused fluo-
rescence quenching. The ligand was further employed for the
bioimaging experiment, which showed the successful intracel-
lular copper detection efficacy of the receptor, as assessed by
utilizing HepG2 cells under a confocal fluorescence microscope.

Li et al.¥ reported a novel fluorescein derivative 8 (Fig. 7) for
copper recognition. The copper addition in the probe solution

9+ cCu®

Fig. 8 Chemical structure of ligand 9 and the proposed ligand—metal
complexation mechanism.
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Fig.9 Chemical structure of probe 10 and the proposed ligand—metal
complexation mechanism.

caused a decrease in the absorption band at 307 nm with a
concomitant appearance of new absorption bands at 363, 460
and 495 nm along with a colorimetric change in the reaction
solution from colorless to yellow. Moreover, two clear isosbestic
points at 284 and 324 nm indicate the presence of a new metal
complex in equilibrium with the free ligand 8. The UV-visible
titration graph and its linear relationship were utilized to
determine the 1: 1 ligand-copper binding stoichiometry, and
the association constant was calculated to be 3.3 x 10* M~ " by
utilizing the 1:1 stoichiometric mode. The ligand-copper
complex solution became colorless upon EDTA addition, sug-
gesting the potential of ligand 8 as a chemosensor for copper
detection. Similarly, the ligand exhibited a very weak fluores-
cence emission signal at 337 nm when it was excited at 287 nm,
whereas the copper addition caused fluorescence quenching. In
contrast, there was no quenching behavior for the competing
species.

2.2. Naphthalimide-based Cu®** sensors

Yu et al.®® reported an easily accessible fluorescent chemosensor
9 (Fig. 8) bearing a naphthalimide group for selective Cu**
detection in mixed aqueous organic media. Sensor 9 exhibited a
very weak fluorescence emission signal with a maximum
intensity at 433 nm when it was excited at 340 nm. Cu** addition
into the ligand 9 solution caused a significant increase in the
emission signal at 433 nm, whereas no such effect was observed
with the various competing species, suggesting the selective
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tendency of ligand 9 toward Cu®* capture. The optimum oper-
ating pH for the sensor was selected to be 7.4. A ratiometric
enhancement in the emission signal intensity was determined
by the progressive addition of Cu** into the ligand 9 solution
with the high value of the linearly dependent coefficient R =
0.999. The sensor exhibited precise and low values of Cu*"
detection with the calculated limit of detection equal to 0.025
uM. From the titration curve, the association constant was
calculated to be 3.0 x 10* M ', and this large association
constant indicated a strong interaction between ligand 9 and
Cu** ions. The ligand behaved reversibly on EDTA addition,
reverting back the high intense signal of the ligand-metal
complex solution to the very weak signal of the ligand alone,
thus successful describing an “Off-On” motif for selective and
sensitive Cu®" detection.

The fluorescein-based receptors had a slight limitation of
basic sensitivity, which limits their applications over a broad pH
span; however, these drawbacks can be overcomed by other
receptors such as naphthalimide, naphthalene, and coumarine.
Despite their plus points, some of these receptor suffer other
limitations, such as a high energy emission signal, which could
damage cells during the bioimaging experiment.

Liu et al.* reported a new ratiometric fluorescent sensor 10
(Fig. 9) for Cu®" detection via integrating 1,8-naphthalimide
fluorophore with 8-aminoquinoline. Probe 10 exhibited the
excitation maxima at 395 nm and two characteristic fluores-
cence emission bands with their maximum intensities at 435
and 526 nm. Copper introduction into the reaction solution of
the probe significantly quenched the fluorescence emission
intensity at 526 nm, whereas the emission band at 435 nm
remained intact on successive copper additions. A 1 : 1 ligand
binding stoichiometry was determined by the method of
continuous variation by utilizing the fluorescence titration
results, and the association constant was calculated by the
Benesi-Hildebrand equation as 2.9 x 10* M, according to the
fluorescence titration profile. Ligand 10 behaved selectively
toward copper ions, as seen by the fact that a number of the
competing ionic species did not distinctly alter the emission
ratio except for the copper ion. To test for practical applicability,
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Fig. 10 Chemical structure of receptors 11 and 12 along with the proposed ligand—metal complexation mechanism.
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Fig. 11 Chemical structure of receptor 13 and the proposed metal
complexation mechanism.

the ligand was further employed in a bioimaging experiment
utilizing the MCF-7 cells through a confocal fluorescence
microscope. The appearance of a distinct color from the live
cells incubated with the probe 10 and copper ions revealed the
considerable membrane permeability and the appreciable
viability of the sensor toward live cells.

Lee et al* reported two novel Cu®>" sensors 11 and 12
(Fig. 10) bearing naphthalimide and a DPA moiety and evalu-
ated their applicability to trace copper accumulation in organ-
elles. Receptor 11 exhibited the absorption maxima at 462 nm
and the fluorescence emission maxima at 547 nm in the
absence of copper ions, whereas on copper addition, the
absorption maxima underwent a 42 nm bathochromic shift
along with a colorimetric change in the reaction solution from
pale yellow to pink. Moreover, successive copper additions
caused a significant decline in the emission signal intensity at
547 nm. The same results were determined for receptor 12 due
to its similar structure, but with a slight exception. The 1:1
binding stoichiometry of the ligand-metal complex was
obtained from the titration experiment. The binding constant
for receptors 11 and 12 were calculated using the Benesi-Hil-
debrand equation as 3.1 x 10~ and 9.3 x 10 7, respectively.
The probes 11 and 12 were further applied to evaluate copper
overload in subcellular samples following delivery into HepG2
cells, wherein both the probes were selectively localized to the
ER and lysosome. Herein, copper overload in the HepG2 cells
was quenched by 11 only, whereas 12 remain unaffected.

The receptor unit in conjugation with the targeting unit
proved useful for probing metal contamination and trafficking
inside the organelles and suborganelles.

Wang et al** reported a novel naphthalimide-based fluo-
rescent sensor bearing the N,N' bis(salicylidene) diethylenetri-
amine receptor 13 (Fig. 11) for the dual channel detection of
Cd** and Cu®". The ligand exhibited a negligible fluorescence
emission signal when it was excited at 445 nm in the absence of
metallic species, whereas cadmium addition caused a signifi-
cant increase in the emission signal intensity centered at 525
nm; moreover, the emission response was found to increase
linearly upon the increasing concentration of cadmium ions.
Furthermore, cadmium insertion caused significant changes in
the UV-visible absorption spectra along with a colorimetric
change in the reaction solution. These characteristics changes

This journal is © The Royal Society of Chemistry 2015
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Fig. 12 Chemical structure of receptor 14 and the proposed copper
complexation mechanism.

in the UV-visible absorption spectra and fluorescence emission
spectra and the colorimetric change in the reaction solution
suggested a complexation process between the receptor and
cadmium ions, which could be easily assessed by the use of
spectroscopy techniques as well as by the naked eye. The 1: 1
ligand-cadmium stoichiometry was assessed from the Job's
curve utilizing the titration graph, and the association constant
was calculated to be 2.4 x 10" M~ ", whereas the ligand exhibi-
ted a cadmium detection sensitivity of 5.2 x 10”7 mol L™ ". This
highly emissive ligand-cadmium complex on treatment with
the copper ion caused a drastic quenching in the fluorescence
emission signal at 525 nm, and this fluorescence quenching
was found to be specific on copper addition. No such effect was
observed on the addition of various competitive ions. The
fluorescence quenching by the copper ion was due to the
complexation of copper toward the ligand, which was further
confirmed by NMR spectroscopy and mass spectrometry anal-
ysis. The appearance of green fluorescence from the live cells on
incubation of the probe-mixed cells with the cadmium ions
suggested the cell permeability of the receptor, which would be
useful for intracellular metal detection.

Huang et al.®® reported the 4,5-diamino-1,8-naphthalimide
(DNP)-based chemosensor 14 (Fig. 12) for selective copper
addition over a broad pH span. The free ligand 14 exhibited an
absorption band at 464 nm, which is a characteristic signal for
pyridine absorption. The sequential addition of copper ions
caused a ratiometric increment in the absorption signal at 464
nm and a constant decrease in the absorption signal centered at
514 nm with a clear isosbestic point at 485 nm along with a
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Fig. 13 Chemical structure of receptor 15 and the proposed copper
complexation mechanism.
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Fig. 14 Chemical structure of receptor 16 and the proposed copper
complexation mechanism.

colorimetric change in the reaction solution from yellow to
pink. The 1 : 1 ligand-copper stoichiometry was calculated by
utilizing the titration graph and was further supported by the
mass spectrometry analysis. Similarly, the probe showed the
fluorescence emission signal with a maximum intensity at 543
nm when it was excited at 464 nm, and the copper addition
caused drastic fluorescence quenching. The fluorescence signal
at 543 nm declined linearly with copper concentration. The
fluorescence titration experiment revealed the 1:1 ligand-
copper complexation stoichiometry with the associate constant
value of 3.9 + 0.28 x 10° M~ '. The sensor worked well in the
broad pH span and responded selectively toward the copper
ion, along with a colorimetric change in the reaction solution,
which is an advantageous feature of the proposed sensor for
metallic detection using the naked eye. The ligand behaved
reversibly on the excess addition of EDTA solution as assessed
by the recovery of the color and signal of the receptor, indicating
the engagement of the released copper ion with the EDTA.

Huang et al.** reported a Cu>"-specific colorimetric sensor 15
(Fig. 13) based on 1,8-naphthalimide chromophore integrated
with 2-aminodiphenylamine. The ligand 15 alone exhibited an
absorption band at 462 nm in the buffer solution, whereas
copper addition caused a significant decrease in the absorption
signal intensity at 462 nm and the emergence of a new absorption
signal at 540 nm along with the two clear isosbestic points at 485
and 361 nm. Furthermore, copper addition caused a visual
colorimetric change in the reaction solution from light yellow to
pink, whereas the competitive ions did not exhibit such changes
in the receptor solution. The absorption intensity at 540 nm was
utilized to determine the 1 : 1 ligand-copper complexation stoi-
chiometry with a binding constant value of 7.3 + 0.15 x 10°
mol ' L' and a detection limit of 3.0 x 10" M.
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Fig. 16 Chemical structure of receptor 18 and the proposed copper
complexation mechanism.

Reddy et al®* reported bidentate 2-hexylaminoethylamido-
naphthalimide 16 (Fig. 14) as a fluorescent chemosensor for
copper/nickel detection. The receptor exhibited fluorescent
emission signals at 364 and 382 nm, along with shoulder signals
at 401 and 430 nm, whereas copper/nickel addition significantly
quenched the probe emission signals when the excitation wave-
length was fixed at 344 nm without any shift in the spectral
position. The copper and nickel addition caused a linear decrease
in the fluorescence emission signal intensity with Stern-Volmer
quenching constants values of 9.47 x 10° and 2.18 x 10°
respectively. The detection limit of the sensor toward copper ions
was calculated to be 0.12 uM. These characteristic changes in the
fluorescence spectra of the receptor upon Cu®"/Ni** addition
revealed the applicability of 16 as a fluorescent “On-Off” sensor
for these metals ions.

Lan et al*® reported a naphthalimide-based turn-on che-
mosensor 17 (Fig. 15) for copper detection. Copper addition
caused a gradual decrease in the absorption signals at 325 and
405 nm when the copper concentration was lower than 1
equivalent, whereas a significant increase in the absorption
signals intensity at 325 along with a monotonic decrease in the
signal at 405 nm was observed when the copper concentration
was above 1 equivalent. Similarly, copper addition caused the
“turn-on” fluorescence response toward the ligand up to 1
equivalent, whereas a concentration above 1 equivalent copper
addition caused a decrease in the emission signal intensity at
522 nm along with the appearance of a new emission band at
425 nm, whose intensity increased upon an increasing copper
ion concentration. The different response of the copper binding
was observed from titration of the ligand with copper ions,
suggesting 1:1 and 1 : 2 ligand-copper complexation stoichi-
ometries. The stability constants of the ligand toward copper
ions were calculated to be K; = 4.35 x 10° and K, = 8.13 x 10%.
The two-step binding process of the ligand with that of copper
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Fig. 15 Chemical structure of receptor 17 and the proposed copper complexation mechanism.
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Fig. 17 Chemical structure of receptor 18 and the proposed copper
sensing mechanism.

ions was further confirmed by the mass spectrometry analysis.
The sensor was found to exhibit very low value of detection
limits, i.e., 4.8 x 10~® M. The sensing response of the sensor
could be retrieved upon the addition of EDTA solution, sug-
gesting the reversible nature of the sensor.

Goswami et al®® reported the 1,8-naphthalimide-based
colorimetric fluorescence sensor 18 (Fig. 16) for copper detec-
tion. The probe exhibited absorption signals at 343, 359 and 470
nm. The gradual addition of copper ions caused a successive
decrease in these absorption signals along with a slight blue-
shift in the spectral position, whereas the band at 470 nm dis-
appeared with the concomitant appearance of a new absorption
signal at 557 nm with the progressive increase in the signal
intensity upon the increasing copper ion concentration. The
UV-visible titration of the receptor with the copper ions yielded
two clear isosbestic points at 404 and 514 nm along with a
colorimetric change in the reaction solution from orange to
purple, indicating the successful formation of the receptor-
copper complex. The 1 : 1 ligand-copper binding stoichiometry
was determined by the method of continuous variation, and the
association constant was calculated to be 2.16 x 10* M. The
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copper binding behavior was further confirmed by FT-IR and
mass spectrometry analysis. Similarly, the receptor exhibited a
fluorescence emission signal at 650 nm when it was excited at
470 nm. The copper addition caused a 25-fold enhancement in
the fluorescence emission signal at 675 nm along with a slight
red-shift in the spectral position, suggesting the fluorescence
“off-on” sensing of the copper ions by the proposed receptor.

2.3. Naphthalene-based Cu®" sensors

Goswami et al.”” reported a new 1,8-diaminonaphthalene-based
ratiometric and highly selective colorimetric “off-on” type of
fluorescent probe 18’ (Fig. 17) for copper sensing. The sensor 18’
exhibited a weak absorption band with the maximum intensity
at 328 nm, whereas a significant enhancement in the absorp-
tion intensity was observed on the introduction of copper ions
into the probe solution alongside a colorimetric change in the
reaction solution for metal detection by the naked eye. In the
case of the UV-visible titration experiment, there was a contin-
uous decrease in the absorption signal intensity at 328 nm
along with the emergence of a new absorption signal at around
540 nm with the isosbestic point at 352 nm, confirming the
metal-induced conformational changes in the ligand molecule
and the presence of a singlet species in the reaction mixture.
However, with the further increase of the copper concentration
up to 15 uM, a momentous bathochromic shift in the absorp-
tion signal was observed due to the shift of the absorption
maxima from 540 to 650 nm, confirming the intermediate
complex formation. Similarly in the case of fluorescence emis-
sion spectral recording, there was a sharp decrease in the
emission signal at 496 nm up to a 5 uM Cu** addition when it
was excited at 328 nm. This emission signal quenching was
estimated to be due to metal to ligand charge transfer. With a
further increase in the copper ion concentration up to 10 uM, a
large red-shift was observed from 496 to 616 nm with the iso-
emissive point at 550 nm attributed to the host-guest complex
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Fig. 18 B3LYP-optimized geometries of receptors 19-21 and their copper complexes.
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Fig. 19 Chemical structure of receptor 22 and the proposed ligand—metal complexation mechanism.
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Fig. 20 Chemical structure of ligand 23 and the synthetic control molecular system 24, and the proposed copper complexation mechanism.

formation via coordination of the free pyrrolidinium nitrogen
with Cu®*. For the competing alkali, alkaline earth metals as
well as other varieties of transition metal ions, a negligible
fluorescence quenching was observed, suggesting the low
affinity of these ionic species toward the reported ligand. The
significant “Off-On” fluorescence as well as the colorimetric
response of the ligand toward the copper ions revealed its
selective complexation affinity toward copper ions through
fluorescence spectroscopy measurements and naked eye copper
detection.

Dessingiou et al®® reported the 2-hydroxynaphthylidene
derivatives of hydrazine 19-21 (Fig. 18) as selective sensors for
copper ions. All the receptors exhibited the fluorescence emis-
sion signal with the maximum emission intensity in the range
of 500-507 nm when it was excited at 400 nm. Copper addition
into the ligands solution caused significant quenching in the
fluorescence emission signal intensity, which was due to the
complexation of the receptors with the copper ions. The 2: 1
ligand-metal binding stoichiometry was calculated by the
method of continuous variation and the association constants
for the ligands 19-21 toward copper ions were calculated by the
Benesi-Hildebrand equation as 33 557 £ 988, 29 832 + 600 and
27 853 + 780 M~ " and the detection limits were calculated to be
0.6, 1.9 and 0.9 ppm, respectively. Similarly, there was a
significant variation of the ligands absorption signal along with
clear isosbestic points and a colorimetric change in the reaction
solution on copper addition, suggesting the strong tendency of
the ligands toward the copper bindings.

72158 | RSC Adv., 2015, 5, 7215072287

Wang et al.*” reported a multifunctional water-soluble fluo-
rescent sensor based on a cyclen-appended BINOL derivative 22
(Fig. 19) for the dual channel detection of copper and sulfide
ions. The receptor exhibited three absorption bands in the UV-
visible absorption spectra with the maximum intensity at 228,
280, 293, and 331 nm with a fluorescence emission band at 449
nm when it was excited at 291 nm. The receptor solution
showed drastic quenching in the fluorescence emission signal
on 5 equivalents copper addition, whereas there was no such
quenching effect in the receptor solution upon the addition of a
number of competing ionic species, including K, Na*, Li',
Mg>*, Ca**, Cr**, Co**, zn**, Cd**, Hg*", Pb*", Mn**, Ba**, Fe*",
Fe*’, Ag®, AI**, and Ni**, indicating the selective tendency of
receptor 22 toward copper ions. On fluorescence titration of the
receptor with an increasing concentration of copper ions, a
linear relationship was observed for the fluorescence quenching
of the receptor. The 2 : 1 binding stoichiometry of the ligand
toward the copper ions was evaluated by the Job's curve with a
binding constant value of 3 x 10°. The minimum copper
detection by receptor 22 was determined to be 4 x 10~° M in the
pure water media along with the “On-Off” fluorescence
response. Furthermore, the ligand behaved reversibly on the
successive addition of sulfide ions as assessed by the regener-
ation of the original fluorescence for the receptor after treat-
ment of the ligand-copper complex with sulfide ions. This “Off-
On” response of the receptor-copper complex was found to be
selective for sulfide ions compared to the competing species,
and thus could be utilized for the micro-molar detection of

This journal is © The Royal Society of Chemistry 2015
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Fig. 21 Chemical structure of receptor 25 and the proposed copper complexation mechanism.

sulfide ions in pure aqueous solution in environmental as well
as in biomedical samples.

Singhal et al.**° described the synthesis and copper binding
affinity of ligand 23 (Fig. 20), and for comparison of the binding
mode, the synthetic control molecular systems 24 were utilized.
The titration of ligand 23 with copper ions caused a substantial
increase in the fluorescence emission intensity at 354 nm up to
the mole ratio of 0.5 and then caused a decrease in the emission
signal intensity. Similarly, there was an increase in the fluo-
rescence emission signal of ligand 23 in a methanolic solution
upon the introduction of Zn** to the mole ratio of 1.0, which
then became saturated thereafter. This behavior of ligand 23
was found to be selective toward copper and zinc ions in
comparison to the other varieties of competing ionic species.
The association constants for ligand 23 toward zinc and copper
ions were calculated using the Benesi-Hildebrand equation and
found to be 50 000 + 1000 and 50 500 + 1000 M, respectively.
Similarly, the 1:1 complex in the case of Zn*" and 1:2
complexes in the case of Cu®>" were observed from the UV-visible
absorption spectra with association constant values of 44 500 +
1500 and 50 500 + 3500 M~ ' for the Cu®*' and Zn*' ions,
respectively, whereas there were no interpretable changes in the
absorption spectra of ligand 23 in the case of the competing
ionic species. A mechanistic insight was obtained through
recording the mass spectrometry data on the titration of the
ligand with copper ions. The proposed galactosyl-based ligand
23 may offer a capability to diagnose copper levels even in in
biological samples associated with other metal ions as well as
Cu™.

Goswami et al' reported the Schiff base derivative of
naphthalene 25 (Fig. 21) for copper and acetate ion detection.
The probe exhibited absorption signals with the maximum
absorption at 326 and 392 nm, which diminished upon copper
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Fig. 22 Chemical structure of receptor 26 and the single crystal
structure of the ligand—copper complex.
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addition alongside the appearance of a new absorption signal at
432 nm. The UV-visible titration experiment of the receptor with
copper ions triggered a clear isosbestic point at 422 nm along
with a colorimetric change in the reaction solution from yellow
to dark yellow, indicating the complex formation reaction. The
Job's plot indicated the 1 : 1 ligand-copper complexation stoi-
chiometry, and the association constant for the receptor toward
copper ions was calculated to be 1.5 x 10* M~ with a detection
limit of 5 pM. Similarly, copper addition caused a drastic
quenching in the fluorescence emission signal at 575 nm when
it was excited at 392 nm. The ligand was further found to
possess a colorimetric and selective optical response toward
acetate ion detection with a high magnitude of sensitivity.
Tang et al.' reported a new bis(8-carboxamidoquinoline)
dangled binaphthol derivatized 26 (Fig. 22) as a dual sensor
for copper and zinc. The ligand exhibited a weak fluorescence
emission signal at 403 nm when it was excited at 324 nm. Zinc
addition caused a decrease in the fluorescence emission signal
intensity at 403 nm with the concomitant appearance of a new
emission band at 507 nm and a remarkable red-shift of 104 nm.
Copper addition caused fluorescence quenching, whereas the
competing ionic species did not show such a behavior, sug-
gesting the selective tendency of the ligand toward copper and
zinc. The fluorescence titration experiment of the receptor with
zinc ions triggered a clear isoemissive point at 432, demon-
strating the existence of an equilibrium between the ligand and
ligand-zinc complex. The titration graph yielded the 1:1
receptor-zinc binding stoichiometry and the Benesi-Hilde-
brand equation gave the association constant value of 1.2 x 10*
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Fig. 23 Chemical structure of receptor 27 and the proposed copper
complexation mechanism.
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Fig. 24 Chemical structure of receptor 28 and the proposed copper
complexation mechanism.

M, whereas the detection limit of the receptor was evaluated
to be 1.51 x 10~° M. However, the enhanced fluorescence of the
ligand-zinc complex was greatly quenched with the competitive
addition of copper ions leading to the replacement of the zinc
ions in the ligand-zinc complex by copper ions. A gradual
decrease in the fluorescence emission signal intensity was
observed on successive copper additions into the ligand-zinc
complex. Based on the titration graph, the binding constant of
the copper with the ligand was found to be 5.4 x 10* M, and
the detection limit of the ligand-zinc complex toward the
copper ions was estimated to be 4.57 x 10~ ° M.

The receptor unit reported herein provides a very good
understanding of the complexation mode of the ligand with
that of metal ions. Although the limit of detection by this
receptor is moderate, it reflects a very good understanding of
the metal-ligand complexation mode. This property of the
ligand might list it into appreciable sensing methodologies.

Hatai et al.'® reported the dansyl-based fluorescent copper
sensor 27 (Fig. 23). The ligand alone exhibited a fluorescence
emission signal at 525 nm when it was excited at 335 nm,
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whereas copper addition caused a drastic fluorescence
quenching along with a colorimetric change in the reaction
solution for naked eye detection. The 1:1 ligand-copper
binding stoichiometry was found from the Job's curve, and the
association constant value was found to be 1.37 (£0.2) x 10°
M. Further mechanistic insights were obtained through the
NMR titration experiment. The addition of phosphate ions
caused a revival of the original fluorescence and permitted the
reversible nature of the sensor. The ligand was further applied
for phosphate quantification in real samples using human
saliva, urine and chicken serum.

Park et al.** reported a simple naphthalene-based receptor
28 (Fig. 24) for selective copper detection. Copper addition into
the receptor solution caused a decrease in the intensity of the
absorption signal at 425 with the concomitant appearance of a
new absorption band at 550 nm along with a colorimetric
change in the reaction solution from yellow to purple. The 1: 1
ligand-copper binding stoichiometry was calculated by the
method of continuous variation, which was further supported
by mass spectrometry analysis. The receptor exhibited an
association constant of 3.3 x 10* M~" and a detection limit of
1.4 x 10~° M. The competitive ions exhibited a negligible effect
upon introduction to the ligand solution. Furthermore, the
receptor was successfully applied for cyanide ion detection
utilizing the fluorimetric change triggered by cyanide ion
addition into the complex solution.

Li et al.* reported the chiral salan compound 29 (Fig. 25) for
the selective detection of copper. The salan derivative exhibited
an absorption band at 230 nm and did not show any shift in the
absorption signal on metal addition, including for copper ions.

Fluorescence On

Fig. 25 Chemical structure of receptor 29 and the proposed copper complexation mechanism.
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Fig. 26 Chemical structure of receptor 30 and the proposed copper complexation mechanism.
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Fig. 27 Chemical structure of receptor 31 and the proposed copper complexation mechanism.

In the case of fluorescence emission spectral measurements,
sensor 29 exhibited a strong fluorescence emission signal at 359
nm, whereas the metallic addition caused a significant increase
in the signal intensity. The maximum fluorescence enhance-
ment was observed by copper addition, which revealed the
applicability of sensor 29 for copper detection. The addition of
amino acid into the receptor-copper complex caused fluores-
cence quenching, suggesting the utility of the receptor-copper
complex for trace amino acid detection.

2.4. Anthracene-based Cu®>* sensor

Lee et al' reported the anthracene-containing
dipyridylamine-based receptor 30 (Fig. 26) for the dual
channel detection of copper and zinc ions. Receptor 30
caused a fluorescence turn-on response on zinc addition,
which was determined by the increase in the fluorescence
emission signal intensity at 420 nm when it was excited at 369
nm. Similarly, the receptor alone exhibited broad-band UV-
visible absorption signals at 300 nm and three sharp signals
at 348, 367, and 387 nm. Zinc addition caused an increase in
the absorption signal at 300 nm and red-shifted the sharp
signal with the new values at 351, 368, and 388 nm. Zinc
titration of the receptor triggered clear isosbestic points at
361, 369, 380, and 389 nm, implying the occurrence of the
complexation reaction between the receptor and zinc ion. The
1: 1 ligand-zinc stoichiometry was calculated by the method
of continuous variation, and the association constant was
calculated tobe 1 x 10° M~ *. The 1 : 1 complexation geometry
was further supported by the NMR titration and mass spec-
trometry analysis. However, copper addition into the
receptor-zinc complex significantly quenched the fluores-
cence at 420 nm, indicating the “On-Off” response, which was
further confirmed by the UV-visible spectral analysis. Upon
copper addition, the absorption peak at 300 gradually
increased in intensity along with a red-shift of the rest of the
peaks centered at 353, 372, and 392 nm, respectively. The

This journal is © The Royal Society of Chemistry 2015

well-defined isosbestic points at 350, 370, and 390 nm reflect
the receptor-copper complex formation. The Job's plot and
mass spectrometry analysis indicate the 1 : 1 receptor-copper
complex stoichiometry, displaying the association constant
and detection limits value of 3.3 x 10° M™" and 9.37 x 10~ °
M, respectively.

2.5. Anthraquinone-based Cu®* sensor

Ghosh et al.* reported a new and an easy-to-make simple
anthraquinone-based molecular receptor 31 (Fig. 27) for
selective copper detection. The ligand 31 exhibited a fluores-
cence emission signal at 457 nm when it was excited at 380
nm, whereas copper addition caused significant quenching of
the emission band at 457 with a slight blue-shift of 25 nm
along with a colorimetric change in the reaction solution,
indicating the “On-Off” type fluorogenic and chromogenic
response toward copper binding. The ligand exhibited a
ratiometric decrease in the emission signal intensity depend-
ing on the concentration of the copper ions, whereas the
competitive metal ions did not exert pronounced changes in
the probe solution. A fluorescence titration graph was utilized
to determine the 1:1 ligand-copper complexation stoichi-
ometry along with the association constant value of (1.77 +
0.34) x 10* M.
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Fig. 28 Chemical structure of ligand 32, proposed ligand—metal
complexation mechanism and colorimetric change in the solution
upon copper complexation.
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Fig. 29 Chemical structure of receptor 33 and the proposed copper
complexation mechanism.

2.6. Quinoline-based Cu** sensors

Zhou et al.'*® reported a novel fluorescent sensor 32 (Fig. 28)
based on a quinoline derivative for detecting copper ions in a
near-aqueous medium. The probe 32 alone exhibited the
absorption maxima at 319 nm with a very low intensity, whereas
upon copper addition into the probe solution, a drastic jump in
the absorption signal at 319 was observed. The linear increase
in the absorption signal intensity was found at 319 nm with a
good agreement of the linearly dependent coefficient values (R
= 0.99407). The Benesi-Hildebrand equation was used to
determine the association constant by employing the UV-visible
titration experiment, which was found to be 5.716 x 10* mol %,
and this high association constant showed the strong affinity of
the ligand toward copper binding. Similarly, ligand 32 exhibited
negligible fluorescence in the absence of metallic species,
whereas a significant enhancement in the fluorescence signal
centered at 384 nm was observed upon copper addition when it
was excited at 319 nm. The ligand solution showed a ratiometric
increase in the fluorescence emission signal intensity on
successive additions of copper ions. This linear increase in the
absorption as well in the fluorescence signal intensity of the
ligand solution upon copper binding suggests the 1 : 1 binding
stoichiometry of the ligand-metal complex. The binding
behavior of the ligand toward copper ions was further observed
by the method of continuous variation through a Job's curve,
which confirmed the 1 : 1 binding stoichiometry of the ligand
toward copper ions. A further mechanistic insight was obtained
through an NMR titration experiment as well as by DFT anal-
ysis. The sensor behaved specifically toward copper ions in

34
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Fig. 31 Chemical structure of receptor 35 and the proposed ligand—
metal complexation mechanism.

comparison to the various competitive ions, as assessed
through the optical analysis of the ligand solution upon
miscellaneous ionic additions. Moreover, the ligand possessed
a satisfactory limit of detection value of 4.23 x 10™° mol L™,
which is sufficient for environmental sample analysis. For
practical applicability, ligand 32 was further employed to detect
the copper level inside live cells utilizing the SGC-7901 (human
gastric cancer cell) cell lines through confocal fluorescence
microscopy experiments. The bioimaging assay revealed the
efficient cell permeability and low toxicity of the ligand toward
live cells, as seen by the appearance of a bright green fluores-
cence from the cells without any deformation when the ligand
mixed cells were incubated with copper ions.

Zhou et al. ' reported a novel quinoline-based derivative 33
(Fig. 29), which exhibited signaling behaviors for Cu®*. The
ligand exhibited an absorption signal at 351 nm in the absence
of metallic species addition, whereas copper addition caused a
significant decrease and red-shift in the absorption spectrum
from 351 to 399 nm. Similarly, the ligand showed a strong
emission band at 514 nm when it was excited at 399 nm, and
copper addition caused quenching in the emission band at 514
nm along with a colorimetric change in the reaction solution. A
1:1 ligand-metal complexation stoichiometry and 4.7735 X
10® mol™" association constant was found for the sensor
utilizing the titration graph, and the sensitivity of the receptor
toward the copper ions was calculated to be 6.6623 x 10~% mol
L~'. Furthermore, the sensor was utilized in a bioimaging
experiment, in order to check its applicability to detect the
copper level inside living cells, employing HeLa cells. The
appearance of a bright fluorescence from the ligand-incubated
cells revealed the efficient membrane permeability of the
receptor.

Tang et al.** described the fluorescent and colorimetric
copper  recognition  properties of  2-(4-N-phenyl-3-

34+ Cu*

Fig. 30 Chemical structure of receptor 34 and the proposed copper complexation mechanism.
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Fig. 32 ORTEP diagram of receptor 36 and the energy-minimized structure of the ligand—metal complex.

37 Cus 37+ Cu®

Fig. 33 Chemical structure of receptor 37 and the proposed copper
complexation mechanism.

thiosemicarbazone)-8-hydroxyquinoline 34 (Fig. 30) in mixed
aqueous-organic media. The ligand 34 exhibited a strong
fluorescence emission signal at 512 nm, which was drastically
quenched on copper addition. Similarly, the ligand showed
absorption signals with the maximum absorption intensity at
300 and 339 nm, whereas the addition of copper ions caused a
significant decrease in the absorption signal intensity of both
the signals along with the emergence of a new absorption band
at 375 nm. Moreover, copper introduction into the ligand
solution brought about a colorimetric change, which is useful
for naked eye copper detection in the mixed aqueous-organic
media. These characteristic changes in the ligand solution were
found to be selective in comparison to various competitive ions.
A linear decrease in the fluorescence emission intensity of the
ligand was observed on the successive addition of copper ions
and this titration graph was employed to determine the asso-
ciation constant, which was found to be 1.8 x 10°M . The 1: 1
ligand-copper binding stoichiometry was calculated by the
method of continuous variation. The ligand exhibited a 0.29 uM
level detection sensitivity toward copper ions and behaves
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reversibly on sulfide ion addition as assessed by the significant
increase in the fluorescence emission intensity and recovery of
the original spectral response.

Jiang et al.*** reported an efficient sensor 35 (Fig. 31) for
Zn** and Cu®'. The addition of zinc ions into the probe
solution caused a significant enhancement in the emission
signal along with a 90 nm red-shift, whereas copper addition
caused a drastic quenching in the emission signal intensity
when it was excited at 329 nm. Such changes were not
observed with the competitive metal ions. Similarly, copper
addition caused a red-shift in the absorption signal from 311
nm to 351 nm along with emergence of two isosbestic points
at 280 and 330 nm, respectively. Mechanistic insights were
obtained from the single crystal X-ray diffraction analysis,
NMR titration, DFT calculation and mass spectrometry
studies. The proposed ligand-metal complexation mecha-
nism is given in Fig. 31. The probe exhibited a 0.45 pM
detection limit toward copper ions, as determined using the
fluorescence titration graph of the probe on successive copper
additions, which caused a progressive decrease in the emis-
sion signal centered at 402 and 492 nm. These characteristic
changes in the probe solution on metal addition suggest that
the probe could serve as an “Off-On” sensor for both zinc ions
and copper ions.

Tang et al."** reported a new quinoline derivatized thio-
semicarbazone 36 (Fig. 32) for the selective detection of
copper ions. Receptor 36 exhibited a strong emission signal at
512 nm when it was excited at 340 nm, whereas copper
addition significantly quenched this emission signal.
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Fig. 34 Chemical structure of receptor 38 and the proposed ligand—metal complexation mechanism.
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Similarly, copper addition caused an enhancement in the
absorption signal intensity at 300 and 340 nm with the
concomitant emergence of a new signal at 374 nm along with
a colorimetric change in the reaction solution from colorless
to yellow. The 1:1 receptor-copper complexation stoichi-
ometry was calculated using a Job's plot, and was further
confirmed by the mass spectrometry analysis and DFT
calculation. The association constant of the receptor toward
the copper ions was calculated to be 4.41 x 10® M~ ', which
reflects the strong binding affinity of the receptor toward
copper ions. Sulfide ion addition caused a fluorescence
enhancement of the receptor-copper complex along with a
colorimetric change in the reaction solution, leading to
confirm that the initial features of the receptor permit the
reversibility of the ligand with sulfide ion addition, whereas
other anionic species did not induce such a change in the
complex solution. The probe 36 exhibited detection limit
values of 1.4 x 10® M toward copper detection.

Gao et al." reported a new Schiff base derivative 37 (Fig. 33)
for selective copper detection. The ligand 37 exhibited a fluo-
rescence emission signal at 468 nm when it was excited at 410
nm, whereas copper addition caused a drastic fluorescence
quenching, reflecting the “On-Off” copper sensing behavior.
The stability constant value of the ligand toward copper was
calculated to be 1.11 x 10> M~ " and this high value suggests the
efficient tendency of the receptor toward copper binding. The
ligand exhibited a detection limit of 8.68 x 10° M toward
copper monitoring. Similarly, copper ions triggered a signifi-
cant decline in the absorption signal at 334 nm with a
concomitant increase in the absorption signal at 406 nm along
with a colorimetric change in the reaction solution from
colorless to yellow and a clear isosbestic point at 356 nm, sug-
gesting copper complex formation, whereas other competitive
ions did not obviously exhibit such changes in the spectrum.
The UV-visible and fluorescence titration graphs were employed
to find the 1:1 ligand-metal binding stoichiometry further
assisted by the mass spectrometry analysis. The ligand-copper
complex solution underwent colorimetric change from the
yellow to colorless along with the recovery of the original
spectral response upon sulfide ion addition, which might open
up the sensing ability of the receptor for sulfide ions. Such
phenomena were not observed for a number of competing
anionic species.
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2.7. Macrocyclic copper sensors

Yang et al."™ reported a novel chiral perazamacrocyclic fluo-
rescent sensor 38 (Fig. 34) for the fluorescence sensing of
copper ions. The probe 38 exhibited an emission signal at 380
nm when it was excited at 331 nm, and this emission signal was
significantly quenched upon copper addition into the probe
solution. These characteristics changes in the emission spectra
revealed the applicability of the resulting probe 38 as an “On-
Off” sensor for the selective detection of copper ions, compared
to other competitive ions. The 1 : 1 ligand-metal binding stoi-
chiometry was assessed by the Job's method and further
mechanistic insight was obtained through mass spectrometry
analysis, and the mass spectrometry results were consistent
with those obtained by the optical analysis. Furthermore, after
copper addition, the in situ generated Cu(u)-containing complex
of 38 exhibited remarkable fluorescence enhancement
responses and
unmodified R-amino acids in protic solutions via a ligand
displacement mechanism.

Basa et al.'* described the synthesis and dual sensing
properties of the anthracen-9-ol derivative 39 (Fig. 35) for
copper and zinc ions. The receptor 39 exhibited an absorption
signal with the maximum intensity at 325 and 386 nm. The
successive additions of Zn>" into the receptor solution caused a
red-shift in the absorption signal due to zinc-mediated imine-
enamine tautomerization. The introduction of Zn** also
revealed manifold concomitant anthracene absorbance under
the broad absorption band of the starting material along with a
colorimetric change in the reaction solution, which permits the
naked eye detection of Zn** in the reaction media. Compound

considerable enantioselectivities toward
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Fig. 36 Chemical structure of receptor 40 and the proposed copper
complexation mechanism.
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Fig. 35 Chemical structure of receptor 39, proposed receptor—copper complexation mechanism and water-promoted hydrolysis of the

receptor—copper complex.
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Fig. 37 Chemical structure of probe 41 and the proposed copper
complexation mechanism.

39 showed a nice selectivity and 42-fold fluorescence enhance-
ment with a bright blue emission on 5 equivalents Zn>" addi-
tion. The 1:1 ligand-metal binding stoichiometry was
observed using the method of continuous variation with the
association constant value of 8.0 x 10° M, and this strong
association constant suggest the tenacious binding affinity of
the ligand toward the zinc ion in the solution. The ligand
showed a ratiometric enhancement in the fluorescence emis-
sion intensity on increasing the zinc ion concentration, and this
emission signal intensity remained stable during the competi-
tive addition of other alkali and alkaline earth metals, except for
Pb>", Fe*"/Fe*", and Hg*", which caused fluorescence quenching
due to their paramagnetic and heavy atom effect. Moreover,
interesting results were obtained from copper addition into the
receptor 39 solution, which caused a momentous fluorescence
quenching along with a strong colorimetric change in the
reaction solution from pale yellow to orange-brown. The UV-
visible absorption results further revealed the binding efficacy
of receptor 39 with copper ions by the characteristic enhance-
ment in the absorption intensity at 473 nm and a decrease in
the absorption signal at 324 nm upon increasing the copper ion
concentration. The 1 : 1 receptor-copper binding affinity was
determined by the method of continuous variation and further
assisted by a mass spectrometry analysis. The resulting complex
could be further hydrolyzed in the presence of water, as
confirmed by the mass spectrometry as well as single crystal X-
ray diffraction analyses. Hence, the interesting features of the
single molecular system 39 with an “Off-On” fluorescence
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response toward Zn>" and an “Off-On” colorimetric response on
copper binding may have potential application in trace ionic
detection.

Singh et al.*** described the sensor 40 (Fig. 36) for selective
copper and cyanide ion detection. The receptor exhibited an
absorption signal in the range of 541-546 nm and a fluores-
cence emission band at 574-579 nm when the excitation slit was
fixed at 500 nm. Copper addition caused a gradual decrease in
the absorption signal at 546 nm with the concomitant emer-
gence of a new band at 526 nm, which increased ratiometrically
depending on the copper ion concentration. The absorption
spectra of the probe exhibited a clear isosbestic point at 535 nm
on titration with copper ions. Similarly, copper addition caused
quenching in the fluorescence emission signal at 559 nm along
with the emergence of a new blue-shifted signal at 553 nm,
which increased in intensity with an increasing copper ion
concentration, thus suggesting complex formation; moreover,
the linear changes in the emission and absorption signal enable
the receptor to be applied as a ratiometric copper analyzing
probe. A titration graph was used to determine the ligand-metal
binding stoichiometry, and the proposed complexation mech-
anism is given in Fig. 36. The association constant of the
receptor toward copper binding was found to be 0.8 x 10° M,
and the calculated value for the detection limit was 5 x 10~7 M.
Moreover, the quenched fluorescence of the ligand-copper
complex was significantly recovered upon cyanide addition,
suggesting the “Off-On” sensing of cyanide ions via fluorimetric
measurements as well as by naked eye detection with an
detection limit of 8 x 10~® M. The low intensity emission signal
from this type of sensor material provides a very good basis for
its utilization in bioimaging studies.

Liu et al.*” reported a two-photon excited fluorescent che-
mosensor 41 (Fig. 37) for Cu®" detection. The probe 41 exhibited
the absorption band with the maximum absorption intensity at
368 nm, whereas copper addition caused a significant decline in
the absorption signal at 368 nm along with the appearance of a
new high energy absorption band at 343 nm, which describes
the internal charge transfer inside the ligand by integrating the
copper chelation domain into the fluorescence motif. The 1 : 1
ligand-metal binding stoichiometry was evaluated by the
method of continuous variation, and the Benesi-Hildebrand
equation was utilized to determine the association constant,
ie., 1.04 x 10> M~ *. The probe behaved specifically toward
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Fig. 38 Chemical structure of receptor 42 and the proposed copper complexation mechanism.
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Fig. 39 Chemical structure of trimer 43 and 44.

A

Fig. 40 Proposed binding mechanism of trimer 43 with a metal ion.
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copper ions, compared to a number of competing ionic species.
The designed sensor was successfully applied to the homoge-
neous quantitative determination of Cu*" in a serum medium in
a linear range from 0.04 to 2.0 uM.

Jang et al.**® reported a new cavitand derivative 42 (Fig. 38)
bearing four coumarin groups for selective copper recognition.
The receptor exhibited a strong fluorescence emission signal
when it was excited at 357 nm, whereas copper addition caused
a significant quenching in the fluorescence emission signal
intensity along with a 30 nm red-shift in the spectral position. A
similar red-shift was shown in case of the UV-visible absorption
spectral measurement. The Job's plot indicated the 1 : 4 ligand-
copper binding stoichiometry and the dissociation constant
values of 3 pM. Further mechanistic insight was obtained
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Fig. 41 Chemical structure of receptor 45 and the proposed copper
complexation mechanism.
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through the FT-IR and mass spectrometry analyses, and the
results are consistent with those obtained using the Job's curve.

2.8. Triazole-based Cu** sensors

Zhang et al.'*® described molecular pockets (43 and 44, Fig. 39)
in the form of a tripod made of cholic acid that had the capa-
bility to solubilize pyrene in polar media as a result of the facial
amphiphilicity of bile acids.

1,2,3-Triazole containing trimers were found to possess the
potential for metal complexation, as assessed by electron
paramagnetic resonance spectroscopy. The introduction of
copper and zinc ions into a solution of pyrene caused signifi-
cant fluorescence quenching and the copper exhibited more
quenching in comparison to zinc ions, resulting in the forma-
tion of 1,2,3-triazole groups via a click reaction. This heterocy-
clic skeleton can coordinate with metal ions. The decrease in
the fluorescence intensity can be utilized as the criteria for
metal ion detection. From the fluorescence titration experi-
ment, the 1:1 trimer-metal binding stoichiometry was esti-
mated, and the proposed binding mechanism is given in
Fig. 40. The fluorescence spectral analysis suggests the entrance
of the pyrene moiety into the hydrophobic cavity of the trimer,
and then the metal coordination with the 1,2,3-triazole nucleus
brings the metal ions closer to the pyrene nucleus inside the
cavity formed by the trimer. This phenomenon is responsible
for the larger degree of fluorescence quenching of the pyrene
moiety. The ppm level detection of the trimer makes it an
interesting candidate to detect metal contamination inside pure
water media as well as inside biological samples and offers
advantages over organic chemosensors, in which the majority of
them are water insoluble and need toxic organic solvents for
their operation. The fluorescence quenching by trimer 43 was
greater, compared to trimer 44, wherein the major reason for
the lower efficiency of trimer 44 is the lack of a chelating unit.
Fluorescence spectral studies revealed that quenching of fluo-
rescence in the case of trimer 43 on copper addition was due to
the micro-molar detection efficiency, which was much greater
compared to that of trimer 44. These results revealed that trimer
44 can separate the copper ions from the pyrene unit located

This journal is © The Royal Society of Chemistry 2015
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Fig. 42 Chemical structure of receptor 46 and the proposed ligand—metal complexation mechanism.
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Fig. 43 Chemical structure of receptor 47 and the proposed copper complexation mechanism.

inside the cavity. The efficient fluorescence sensitivity and fair
water solubility of the trimers make them useful chemosensors
for heavy metal ions in environmental and biomedical analysis.
Moreover, the coordination capacity of such pockets toward the
metal ions might be useful to be used a catalyst or to mimic the
active site of a metal-containing enzyme.

Hrishikesan et al.* reported the Cu**-specific colorimetric
sensing properties of bis-triazole-appended azobenzene recep-
tors 45 (Fig. 41) in mixed aqueous-organic media. Receptor 45
exhibited absorption maxima at 459 nm in the absence of any
ionic species. The introduction of copper ions into the reaction
solution of 45 triggered a new absorption band at 342 nm with a
gradual decrease in the signal at 459 nm and the emergence of a
clear isosbestic point at 383 nm. 3 equivalents copper addition
caused a significant variation in the probe absorption spectra
along with a colorimetric change in the solution, which could be
employed for naked eye copper detection. However, this
behavior of ligand 45 was found to be selective in comparison to
other competitive ionic species. The 1 : 1 ligand-metal binding
stoichiometry was evaluated using the Job's curve and the
binding constant was calculated by the Benesi-Hildebrand
equation utilizing the UV-visible titration graph to obtain a
value (K,) of 0.7 x 10" M~". Further mechanistic insight was
obtained through the FT-IR spectral analysis, which clearly

Donor

Acceptor

Lm

suggested the involvement of the triazole nucleus in the binding
with the copper ions.

Midya et al.*** reported a novel fluorescent molecular probe
46 (Fig. 42) using the Cu(1)-catalyzed Huisgen cycloaddition of
1,3-diethynyl-6-fluoroisoquinoline to 1-(2-azidoethyl)pyrroli-
dine. The probe was completely water soluble and exhibited very
good sensitivity toward the environmentally and biological
relevant metallic ion in the aqueous solution under neutral pH
conditions. Probe 46 exhibited the fluorescence emission signal
with the maximum intensity at 390 nm when it was excited at
325 nm. However, the introduction of Zn** and Cd** caused a
gradual increase in the probe emission signal at 390 nm,
whereas the addition of Cu®" and Fe*" caused a significant
quenching of the emission signal. Fe*" addition also led to a
negligible fluorescence change in the probe emission spectrum.
Moreover, there was very little fluorescence interruption with
the other competitive ions, including Li*, Na*, Mg>*, Sr**, AI*",
Mn?*, Pb>" and Sn**. These results revealed the applicability of
the probe toward the divalent transition metal ions with a
greater sensitivity toward Zn>" ions. The applicability of the
probe was further explored for the fabrication of a logic gate and
for intracellular metal detection. A bioimaging experiment was
conducted by utilizing A375 cells, wherein the appearance of
bright fluorescence from the cells incubated with the probe and
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Fig. 44 Chemical structure of sensor 48 and 49 and copper-induced radicalization.
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metals suggested a successful applicability of the sensor toward
live cells.

Kaur et al.*** reported the hetarylazo derivative 47 (Fig. 43)
for selective copper detection. The probe solution was yellow
and exhibited absorption signals at 270 and 416 nm. The
gradual addition of copper ions caused a bathochromic shift in
the absorption signals at 270 and 416 nm to 288 and 535 nm,
along with a colorimetric change in the reaction solution from
yellow to purple. The UV-visible titration of the probe with
copper ions triggered three well-defined isosbestic points at
277, 343 and 472 nm, respectively, indicating the equilibrium
between the receptor and the newly formed receptor-copper
complex. The titration graph gives the 1:1 ligand-copper
binding stoichiometry with a detection limit of 1.36 x 107> M.
Cyanide ion addition reverted the original spectrum of the
probe when added to the probe-copper complex, thus revealing
the reversible nature of the sensor.

2.9. Thiazole-based Cu** sensors

Wu et al.**® reported the donor-acceptor system of indoline-
benzothiadiazole (48 and 49, Fig. 44) for selective copper
detection via radical generation. The sensors 48 and 49
exhibited broad absorption bands at 512 nm and 490 nm,
respectively. The copper addition triggered new absorption
bands in the near-infrared regions centered at 400, 532, 633, 872
and 959 nm for 48 and 396, 646, and 1042 nm for 49 with a
concomitant decrease in the ICT bands at 512 and 490 nm. The

f\o

;)\/% (. Es 3 )

=/ F S [\/N —

&N =

Fe o
o

[ N) M

(o]

50 51

N
A
el o 8=
“z = )=s
I
50 + Cu*™

View Article Online

Review

receptor solution exhibited well-defined isosbestic points at
375, 445, and 529 nm for sensor 48 and 437 and 529 for the
sensor 49, reflecting the generation of the secondary species in
the reaction solution. The absorption titration caused a linear
increase in the absorption intensity upon successive copper
addition, which suggested the 1: 1 host-guest stoichiometry.
Similarly, the sensor showed fluorescence emission signals at
750 and 720 nm that were completely quenched upon copper
addition along with a colorimetric change in the reaction
solution attributed to the copper-induced radical cation
formation. The sensor 48 exhibited a detection limit of 1.03 x
10°® M, which is a precisely low value for environmental
detection. The reported near-infrared probe might have poten-
tial application as a low energy probe for biomedical analysis.

2.10. Ferrocene-based Cu®* sensors

Basurto et al."** reported new ferrocene derivatives bearing two
donor-acceptor systems 50-52 (Fig. 45) capable of the selective
sensing of cations and anions. The receptors 50-52 were
completely soluble in acetonitrile, and this solvent was the best
choice for the cation complexation test. In the case of UV-visible
absorption spectroscopy measurements, receptors 50-52
exhibited absorption signals with the maximum absorption at
443, 448 and 448 due to the intermolecular charge transfer
between the amine group and the thiobarbituric moiety;
furthermore, this process was responsible for the strong yellow
color of their solutions. However, 2 equivalents copper addition
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Fig. 45 Chemical structure of receptors 50, 51 and 52 along with the proposed complexation mechanism toward copper ions.
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into the receptor solution caused a discoloration of the reaction
solution. This discoloration phenomenon was found only for
copper ions, irrespective of the structural variation of different
compounds, whereas other common alkali metals or alkaline
earth metal cations exerted no such effects on the receptor
solution. These characteristic changes in the color of the
receptor solution on copper addition permit the naked eye
selective detection of copper ions in a solution. The receptor
exhibited a copper concentration-dependent variation in the
UV-visible absorption signals with the clear isosbestic points
revealing the selective complexation tendency of these receptors
toward copper ions. A mechanistic insight was obtained
through the absorption titration experiments as well by NMR
titration with an increasing concentration of copper ions; the
proposed ligand-metal binding models are shown in Fig. 45.
Furthermore, the discoloration can be triggered by the 5
equivalents addition of F~*, CN"*, BzO™ !, AcO™ !, and H,PO, "
ion into the receptor solution, irrespective of the variation in
their structures; however, the extent of discoloration was much
lower than that observed in the case of copper ions. Similarly,
there were certain changes in the UV-visible absorption spectra
on the 5 equivalents addition of these ionic species. There was
no such effect for a number of other competing analytes, sug-
gesting the naked eye selective colorimetric detection of acetate,
benzoate, or cyanide anions as well, which are ions of toxico-
logical and biological relevance.

MOMO, ('j:MOM
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RSC Advances

2.11. Pyrene-based Cu®* sensors

Xie et al.* reported two N-pyrenylacetamide-substituted sugar-
aza-crown ethers 53 and 54 (Fig. 46) as fluorescent chemo-
sensors for selective copper detection. Receptor 53 exhibited
fluorescence emission signals with the maximum intensity at
385 and 480 nm, which are a characteristic signals for the pyr-
ene monomer and corresponding excimer, respectively,
whereas receptor 54 exhibited emission signals at 405 and 485
nm, respectively. The metal-binding properties of the receptors
were assessed by the addition of the alkali and alkaline earth
metal ions as well as transition metals. The total fluorescence
intensity was significantly quenched in the presence of copper
ions, which had a higher magnitude, and to a relatively lesser
extent with Cd*". Only a slight quenching was observed in case
of Pb*" and Zn>". However, in the competition experiment with
100 equivalents copper addition into the competing metal-
ligand solution, copper was the only metal that caused fluo-
rescence quenching. The fluorescence intensity of the receptor
was found to be quenched linearly on progressive copper
additions, and this titration experiment was utilized to deter-
mine the 1:1 receptor-copper complexation stoichiometry
with the high stability constant values of K(Cu®**: 53) = 6.7 0.2
and log K(Cu**: 54) = 7.8 & 0.3. The lowest detection capacity of
both receptors toward copper ions was found to be 40 nM,
which was calculated as three times the standard deviation of
the background noise from the calibration curve.

MOMO‘\‘L‘J ‘OMOM 53

Fig. 46 Chemical structure of receptor 53 and 54 along with the DFT-calculated receptor—metal complexation mechanism.
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Fig. 47 Chemical structure of receptor 55 and the proposed copper complexation mechanism.
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Fig. 48 Chemical structure of receptor 56 and the proposed
receptor—copper complex.

Wu et al."*® reported a new pyrene derivative containing a
picolinohydrazide moiety 55 (Fig. 47) for selective copper
detection. The receptor was colorless and exhibited an

absorption band centered at 360 nm, whereas it had a very weak
fluorescence emission band due to the pyrene moiety. Copper
addition caused the appearance of a new emission band at 455
nm, which increased in intensity on successive copper addi-
tions, whereas other competing species did not exhibit such a
response. The 1 : 1 ligand-copper stoichiometry was calculated
by utilizing the fluorescence titration graph, and the association
constant was calculated to be 2.75 x 10*> M. Further mecha-
nistic insight was obtained from the mass spectrometry and
NMR titration experiment. The ligand was further employed in
the bioimaging experiment to determine its applicability for
intracellular copper detection. The appearance of blue fluores-
cence from the live cells upon incubation of the cells with the
copper ions and probe revealed the potential applicability of the
receptor toward copper detection inside live cells as assessed by
utilizing HeLa cells under a confocal fluorescence microscope.
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Fig. 49 Chemical structure of receptor 57 and the proposed mechanism for the effect of pH variation on the excimer (a) and monomer (b)

emission of 57 in the absence and presence of Cu?* ions.
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Fig. 50 Chemical structure of receptor 58 and the proposed metal sensing mechanism.

Goswami et al.' reported a new pyrene-based fluorescence
probe 56 (Fig. 48) for the fluorogenic detection of Cu®* in mixed
aqueous-organic media. The receptor 56 exhibited an
enhancement in the fluorescence emission signal intensity with
the maximum emission at 414 nm when it was excited at 330
nm on copper addition, whereas competitive metal ions did not
show this behavior. A ratiometric increment in the fluorescence
emission signal with a good linear relationship was observed on
successive copper additions, and this titration graph was used
for the determination of the ligand-metal binding stoichiom-
etry, i.e.,, 1:1, which was further assisted by the mass spec-
trometry analysis. The detection limit of ligand 56 toward
copper ions was calculated to be 1.21 uM. In addition to this
cationic detection, ligand 56 was further tested for anionic
detection. Interestingly, there was an appearance of a new
emission band at 448 nm with a 29 nm red-shift from the parent
emission signal of the receptor in the presence of fluoride ions
when it was excited at 330 nm along with a colorimetric change
in the reaction solution under a UV lamp. The Job's plot based
on the fluorescence emission change at 448 nm suggested the
1:1 receptor-fluoride ion binding stoichiometry, along with
the detection limit of 2.91 uM. There were no significant
changes observed in the presence of a number of other
competing species. The NMR titration experiment provided
further confirmation of the 1 : 1 binding mode of the receptor
toward fluoride ions. The appearance of bright fluorescence
from both prokaryotic (Candida albicans cells) and eukaryotic
(Tecoma stans pollen cells) living cells revealed the appreciable
cell permeability and viability of the receptor for the detection
of the ionic species in the intracellular media. This type of
selective displacement behavior of the receptor can be further
integrated to mimic the “OR” logic gate by combining two
different wavelengths, i.e., Apax = 448 Nm Or Apax = 414 nm.

Sarkar et al.**® reported a pyrene-based simple fluorosensor
57 (Fig. 49) for selective copper detection. Probe 57 exhibited
two weak broad band emission signals at 385 and 452 nm when
it was excited at 350 nm. Copper introduction into the receptor
solution caused a significant enhancement in the excimer peak
at 452 nm along with the emergence of two prominent mono-
mer peaks at 378 and 396 nm, and the fluorescence intensity
was enhanced up to 10-fold, which was attributed to the
hindrance of the photoinduced electron transfer process upon
ligand-metal complexation, involving the amino lone pair of
electrons. Similarly, the ligand showed a UV-visible absorption
signal in the range of 340-380 nm, which was significantly

This journal is © The Royal Society of Chemistry 2015

reduced upon copper addition along with the generation of a
new peak at 395 nm and a clear isosbestic point centered at 385
nm, indicating receptor-copper complexation. These charac-
teristic changes in UV-visible absorption as well as in the fluo-
rescence emission signal along with the colorimetric change in
the solution were found to be selective only upon copper addi-
tion. Other competitive ions did not shown an obvious varia-
tion, thus reflecting the specific affinity of the receptor toward
copper ions. The sensor exhibited a detection limit of 4 x 10™8
M and mechanistic insight was obtained using a Job's plot and
NMR analysis as well as mass spectrometry measurement. The
proposed ligand-copper complexation mechanism is given in
Fig. 49. The receptor behaved reversibly upon the addition of
the K1, as assessed by the recovery of the initial values of the free
probe.

Bhorge et al.**® reported a new receptor 58 (Fig. 50) for the
detection of Cu®>" and Fe*" in solution phase and inside the

59 59 + Cu**

Fig. 51 Chemical structure of receptor 59 and the proposed copper
complexation mechanism.

60 60 + Cu®

Fig. 52 Chemical structure of receptor 60 and the proposed copper
complexation mechanism.
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Fig. 53 Chemical structure of receptor 61 and the proposed copper complexation mechanism.

biological media. The receptor exhibited UV-visible absorption
signals at 355 and 452 nm. Copper addition declined both the
absorption signals. The titration experiment of the receptor
with copper ions caused a blue-shift in both signals with clear
isosbestic points at 349 and 414 nm along with a colorimetric
change in the reaction solution from yellow to pale lemon. The
1 : 1 ligand-copper binding stoichiometry was calculated by the
method of continuous variation, and the detection limit was
calculated to be (2.17 4 0.02) x 10~® M. Further mechanistic
insight was obtained through NMR titration and mass spec-
trometry analysis. Ferric ion addition caused the fluorescence
enhancement at 438 nm, suggesting the applicability of the
receptor for Fe*" detection, as well a sensitivity of (3.19 + 0.02)
x 107® M. The receptor was further employed for live cell
imaging, wherein the appearance of a bright blue fluorescence
from the cells on metallic ion incubation indicated the potential
practical utility of the probe for intracellular metal detection.
Bag et al.™* reported triazolylpyrene receptor 59 (Fig. 51) for
selective copper detection. The receptor exhibited a dual emis-
sion behavior due to the emergence of emission signals at 383
and 466-544 nm when it was excited at 343 nm. Copper addi-
tion caused a 1800-fold enhancement of the monomer emission
signal intensity. An increasing copper ion concentration caused
a continuous increment in the monomer emission with the
concomitant appearance of an excimer emission at around 466
nm. Furthermore, the intensity of both signals kept on
increasing up to 2.5 equivalents copper addition, beyond which
the quenching in the fluorescence emission signal was
observed. The 2 :1 ligand-copper binding stoichiometry was
calculated by the method of continuous variation, and the
association constant value was calculated by the Benesi-Hil-
debrand equation to be 2.23 x 10> M~ ". The detection limit of

62 62

the probe toward copper ions was calculated to be 1.77 x 10~°
mol L™". The 2 : 1 binding mode was further confirmed by the
mass spectrometry analysis.

Wau et al."** reported pyrene-based fluorescence copper sensor
60 (Fig. 52). The receptor solution was yellow and exhibited an
absorption signal at 421 nm. Copper addition caused a decrease
in the intensity of the absorption signal at 420 nm with the
concomitant appearance of a new absorption band at 355 along
with a colorimetric change in the reaction solution from yellow to
colorless. Similarly, copper addition caused the emergence of a
new emission signal at 417 nm when it was excited at 350 nm,
and the intensity of this signal continued to increase on
increasing the copper ion concentration. The 1 : 1 ligand-copper
binding stoichiometry was calculated by the method of contin-
uous variation utilizing a fluorescence titration graph, and the
association constant was calculated to be 5.55 x 10> M~ ", Further
mechanistic insight was obtained through the FT-IR, NMR and
mass spectrometry analysis, and the results were consistent with
the Job's analysis. The competitive experiment indicated the
selective tendency of the receptor toward copper ions in
comparison to the competitive ions.

Kim et al.**> reported N-(pyrenylmethyl)naphtho-azacrown-5 61
(Fig. 53) for copper detection. The probe possessed combined
pyrene and naphthalene units and the spectrum of both units
overlapped to achieve a favorable condition for the FRET-ON. The
probe exhibited a pyrene emission band upon excitation at 240
nm, whereas copper addition caused the complete quenching of
the pyrene emission with the concomitant appearance of a
naphthalene emission signal at 330 nm; whereas the addition of
other metal ions did not exert such changes in the fluorescence
emission signal of the receptor. The 1 : 1 binding stoichiometry
was calculated by the method of continuous variation, and the
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Fig. 54 Chemical (a) and energy-minimized structure (b) of receptor 62 along with the copper complex (c).
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Fig. 55 Chemical structure of receptor 63 and 64 along with the proposed complexation mechanisms.

association constant of the receptor toward copper ions was
found to be 1.04 x 10* M~'. Further mechanistic insight was
obtained through the FT-IR measurement, DFT calculation and
mass spectrometry analysis.

Lin et al.**® reported pyrene-based receptor 62 (Fig. 54) for
selective copper recognition. The probe solution was yellow and
exhibited an absorption signal in the range of 235-350 nm. The
addition of Hg”>" caused a decrease in the absorption signals at
278 and 334 nm with the concomitant appearance of new peaks
at 284 and 361 nm. The UV-visible titration of receptor 62 with
an increasing concentration of mercury ions triggered clear
isosbestic points at 281 and 336 nm along with a colorimetric
change in the reaction solution from yellow to brown. Moreover,
copper addition caused a gradual increase in the absorption
signals at 278 and 334 with the additional emergence of a
shoulder peak at 388 nm, whereas the peak at 348 nm gradually
decreased. The titration of the ligand with the copper ions
displays clear isosbestic points at 344 and 354 nm along with a
color variation in the reaction solution from pale yellow to
green-yellow. The 1 : 1 ligand-metal binding stoichiometry was
calculated by the method of continuous variation, which was
further assisted by the NMR titration analysis. Similarly,
mercury addition caused the appearance of two new emission
signals at 401 and 424 nm with a colorimetric change from weak
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Fig. 56 Chemical structure of receptor 65 and the proposed copper
complexation mechanism.
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blue to orchid. The increasing concentration of copper ions
triggered emission signals at 396 and 439 nm and a color
change from weak blue to strong blue. The competing ionic
species did not exert such an effect on addition to the probe
solution.

2.12. BODIPY-based Cu®* sensors

Qi et al.*** reported new 4,4-difluoro-4-bora-3a,4a-diaza-s-inda-
cene (BODIPY) derivatives (63 and 64, Fig. 55) as “off-on”
fluorescent chemosensors and fluorescent chemodosimeters
for Cu®" and Pb**. Compound 63 displayed a negligible fluo-
rescence emission signal when it was excited at 504 nm.
However, 5 equivalents copper addition into a solution of
receptor 63 triggered the maximum fluorescence intensity,
whereas further increases in the copper concentration beyond 5
equivalents caused a sudden decrease in the fluorescence
emission signal along with a 9 nm red-shift in the spectrum. A
similar red-shift and absorbance decrease can be found in the
UV-visible absorption spectra of receptor 63. The recognition
mechanism of receptor 63 was assessed by fluorescence emis-
sion spectroscopy, UV-visible absorption spectroscopy and an
NMR spectroscopy titration experiment as well as by mass
spectrometry analysis, and the results suggest an irreversible
copper detection by compound 63 via a selective hydrolysis of
the acetyl group. Compound 64 exhibited the maximum
increase in the fluorescence emission signal intensity upon the
addition of Pb*", whereas a low intensity emission signal was
observed in the cases of copper and zinc addition, suggesting
the complexation tendency of receptor 64 toward Pb>", Cu** and
Zn**. From the fluorescence titration experiments, the associa-
tion constants of receptor 64 toward Pb>*, Zn>" and Cu®" were
calculated to be 8800, 510, and 55000 M ', respectively,
revealing the higher tendency of receptor 64 toward copper ions
compared Pb*" and Zn>" due to higher association constant
value. The 1:1 binding stoichiometry for the ligand-metal
complex was calculated by the method of continuous variation
drawing on the Job's curve; the proposed sensing mechanisms
are shown in Fig. 55.
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Fig. 58 Chemical structure of receptor 67 and the receptor—copper complex.

Chou et al.**® reported a boron-dipyrromethene (BODIPY)-
based fluorescent chemosensor 65 (Fig. 56) for selective
copper detection. The probe 65 solution exhibited very weak
fluorescence with a relative fluorescence quantum yield of
0.006. Copper addition into the probe solution caused the
emergence of a new emission band at 516 nm with a significant
increase in the fluorescence quantum yield of up to 18-fold
upon the new values of 0.11. This behavior of ligand 65 was
selective only upon copper addition compared to with other
competing species. The mechanistic insight was obtained by
plotting the emission intensity at 516 nm against the mole
fraction of probe 65, and the maximum emission intensity was
observed with the 0.5 mole fraction, suggesting the 1 : 1 binding
stoichiometry of the probe-copper complex, which was further
assisted by the NMR titration experiment. The probe-copper
binding constant was calculated to be 7.28 x 10> M, and this
high value of binding constant permits strong binding of the
receptor toward copper ion. For the practical applicability of the
probe toward copper detection inside biological media, an MTT
assay was carried out to assess the ligand toxicity toward live
cells. The appearance of bright green fluorescence without any
deformation of the cells in the bioimaging experiment suggests
the potential applicability of the probe to trace copper levels
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inside living cells. In the preliminary experiment, RAW264.7
cells were utilized for the confocal fluorescence microscopy
investigations.

Wang et al.**® reported a molecular probe 66 (Fig. 57) for
selective copper detection. Receptor 66 exhibited a UV-visible
absorption band at 525 nm and fluorescence emission band
at 539 nm when it was excited at 500 nm. The UV-visible titra-
tion of the receptor with copper ions caused a significant
decrease in the main absorption band at 525 nm with the
concomitant appearance of a new absorption signal at 554 nm
along with the emergence of a clear isosbestic point at 533 nm.
Copper addition caused a colorimetric change in the reaction
solution from light yellow to purple, which could be assessable
by the naked eye. The 1 : 1 ligand-copper binding stoichiometry
was calculated from the Job's curve, which was consistent with
the mass spectrometry analysis, and the stability constant was
calculated by a nonlinear curve-fitting analysis as 2.1 x 10° M ™"
(R, = 0.9984). The ligand was found to detect copper ions in the
range of 0-4 uM, as calculated utilizing the titration graph.
Similarly, copper addition caused a significant quenching in the
fluorescence emission signal intensity, and a linear decline in
the emission intensity on increasing the copper ion
concentration.
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Fig. 59 Chemical structure of receptor 68 and the proposed ligand—metal complexation mechanism.
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2.13. Coumarin-based Cu®" sensors

Jung et al.** reported a novel coumarin-based fluorogenic probe
bearing 2-picolyl unit 67 (Fig. 58) as a fluorescent chemosensor
for copper sensing with high selectivity and a suitable affinity
for biological systems over other tested cations. Copper addi-
tion into the receptor 67 solution produced a 15 nm bath-
ochromic shift in the absorption signal along with a
colorimetric change in the reaction solution from yellow to dark
yellow. Similarly, copper addition drastically quenched the
fluorescence emission signal of receptor 67 when it was excited
at 430 nm. Ratiometric fluorescence quenching was observed in
the receptor 67 solution on successive copper additions,
whereas there was no such response for other competitive ions.
These characteristic changes in the absorption and fluores-
cence emission spectra along with colorimetric change in the
reaction solution suggest the selective tendency of receptor 67
toward copper ions. Receptor 67 was shown to be applicable for
operation in a wide pH range of 4-10 and can form complexes
with the copper ions following a 1 : 1 binding stoichiometry. A
detailed mechanistic insight was obtained through femto-
second spectroscopy, single crystal X-ray diffraction analysis,
and DFT calculations. Furthermore, the sensor was applied for
intracellular copper detection in a confocal fluorescence
microscopy experiment employing LLC-MK2 cells. The toxicity
of the sensor was assessed by the MTT assay, which suggested
the appreciable cell viability of 67 toward live cells, wherein the
appearance of a bright fluorescence from the live cells indicated
the precise cell permeability of the reported sensor.

Yeh et al.**® reported a new coumarin-derived fluorescent
probe 68 (Fig. 59) for selective copper detection. Sensor 68
exhibited an absorption signal with the maximum absorption
intensity at 487 nm, whereas copper addition caused a signifi-
cant decrease in the absorption signal at 487 nm and the
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emergence of a new band at 440 nm along with the turning of
the reaction solution from yellow to red. Similarly, probe 68
exhibited a fluorescence emission signal at 537 nm, which was
drastically quenched on copper addition. This quenching
phenomenon was found to be selective only in the presence of
copper ions and there was no such fluorescence quenching in
the presence of a number of competing species. These charac-
teristic changes in the UV-visible absorption as well as in the
fluorescence emission signals along with the colorimetric
change in the reaction solution enable the selective tendency of
probe 68 toward copper ions. The 2 : 1 ligand-metal binding
stoichiometry was determined by the continuous variation
method by plotting the emission intensity at 537 nm against the
mole fraction of sensor 68 while keeping constant the total
concentration. The Benesi-Hildebrand equation was employed
to obtain the association constant of 9.56 x 10° M. This large
binding constant of the receptor toward copper binding
suggests the strong affinity of the ligand for copper. The 2 : 1
ligand-metal binding stoichiometry was further confirmed by
the mass spectrometry analysis as well as by the NMR titration
experiment. A 0.27 pM limit of detection was found for che-
mosensor 68, which is considerably low for environmental and
biomedical analyses. Chemosensor 68 behaved reversibly on
the addition of cyanide ions, which caused an increase in the
emission signal at 537 nm. Copper addition reverts back the
spectrum to the quenched state. This “Off-On-Off” behavior of
the ligand-metal complex solution on the introduction of
cyanide and copper ions reveals the reversible nature of the
reported sensor. Furthermore, the ligand was employed in the
bioimaging experiment utilizing HeLa cells through a confocal
fluorescence microscopy experiment. The appearance of green
fluorescence from the live cells incubated with the ligand and
the significant disappearance of the green signal from the cells
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Fig. 60 Chemical structure of receptor 69 and the proposed copper complexation mechanism.
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Fig. 61 Structure of receptor 70 and the DFT-calculated receptor—copper complex.
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Fig. 62 Chemical structure of coucage 71, proposed copper complexation mechanism and photolysis.

indicated the successful operational tendency of receptor 68
inside biological media.

Huang et al.** reported a new fluorescent sensor 69 (Fig. 60)
based on coumarin for selective copper detection. Ligand 69
exhibited a strong absorption band at 451 nm in the absence of
any metallic addition, whereas copper addition caused a
gradual decrease in the absorption signal at 451 nm with the
emergence of a new absorption band at 490. Continuous
increase in the absorption intensity upon successive copper
additions was observed. Similarly, the receptor exhibited a
fluorescence emission signal at 523 nm, which was drastically
quenched upon copper addition. The linear decrease in the
fluorescence emission intensity at 523 nm was utilized to
determine the association constant value, which was 6.4 x 10°
M™'; the 1:1 ligand-metal binding stoichiometry was calcu-
lated by the continuous variation method. The ligand was
further applied in the bioimaging experiment to test the intra-
cellular copper detection ability of the ligand utilizing Hep G2
cells under a confocal fluorescence microscope. The appearance
of green fluorescence from the probe-incubated cells indicated
the promising cell permeability of ligand 69 toward living cells.

Ko et al.**® described a coumarin-based fluorescent sensor
iminocoumarin 70 (Fig. 61) for selective copper detection. Probe
70 exhibited an absorption signal at 450 nm, which was
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Fig. 63 Chemical structure of receptor 72 and the proposed copper
complexation mechanism.
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significantly decreased on copper addition along with the
emergence of some irregular bands at longer wavelengths.
Similarly, the ligand showed a very weak emission signal at 515
nm, which drastically increased upon successive copper addi-
tions. These characteristic changes in the UV-visible and fluo-
rescence emission of the ligand were found to be selective in
comparison to the competitive ions, suggesting the specific
affinity of receptor 70 toward copper ions. The 1:1 ligand-
metal stoichiometry was found from a Job's plot, which was
further assisted by the mass spectrometry analysis, and the
association constant was calculated to be 3.34 x 10* M~ " by the
Benesi-Hildebrand equation. The optimal pH range for sensing
the ligand toward copper was estimated to be pH 5-8, which is
compatible with the efficient sensor for biomedical analysis.
The appearance of green fluorescence from the live cells without
any deformation suggests the cell permeability and appreciable
viability of the reported receptor toward live cells as assessed by
utilizing LLC-MK2 cells under a confocal fluorescence micro-
scope. The ligand was further employed to determine copper
accumulation inside the specific organs after 3 days feeding of
copper solution to a test mouse. The appearance of the efficient
bright fluorescence from the liver and kidney of the copper-fed
mouse revealed the copper accumulation in these two organs,
whereas there was no such luminescence from the rest of
organs, including lung, heart, muscle and spleen.

Ciesienski et al'*' reported the copper-caging ligand 71
(Fig. 62) based on a coumarin fluorescence reporter, which
behaved selectively toward copper ions. Ligand 71 exhibited a
fluorescence emission signal with the maximum emission
intensity at 479 nm when it was excited at 430 nm. The ligand
fluorescence signal was significantly quenched upon copper
addition, whereas the UV-visible absorption signal intensity at
432 nm continued to increase with the successive additions of
copper ions into the ligand solution. The 1:1 coucage-Cu>*
complex stoichiometry was confirmed by the continuous vari-
ation method, and the dissociation constant was calculated by
the Benesi-Hildebrand equation as 7.3 £ 0.9 uM. In contrast,
there was no fluorescence change in the coucage system in the
presence of other competing species, suggesting the selective
tendency of the reported ligand toward copper ions. Moreover,
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Fig. 64 Chemical structure and Cu®*-induced catalytic sensing cycle of 73.
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Fig. 65 Chemical structure of receptor 74 and the proposed copper complexation mechanism.

the ligand underwent photolysis on exposure to ultraviolet
radiation. Furthermore, ligand 71 exhibited its practical appli-
cability to trace copper ions inside biological media, as assessed
through a bioimaging experiment utilizing MCF-7 cells. The
appearance of bright green fluorescence from the live cells
incubated with the ligand and copper ions without any defor-
mation in the cells suggests the precise cell permeability of the
required ligand with a maximum viability toward live cells. The
decrease in the intracellular emission intensity from the probe-
incubated cells upon copper addition indicated the successful
operational capability of the ligand in intracellular media.

L

2N Cu*/H,0
———

Cu® /H0

He et al.*** reported the coumarin-based fluorophore 72
(Fig. 63) for the selective detection of copper ions in an aqueous
solution. The ligand exhibited an absorption signal with the
maximum absorption intensity at 468 nm. This absorption
signal can be attributed to the coumarin chromophore. Simi-
larly, the probe exhibited a fluorescence emission signal at 534
nm when it was excited at 468 nm in an aqueous solution.
Copper addition caused a 70-fold enhancement in the fluores-
cence emission signal at 534 nm; however, it caused no change
in the UV-visible absorption spectra. This response of the probe
was selective upon copper addition, exhibiting high values of

Fig. 66 Chemical structure of receptor 75 and the copper-induced conformational changes in the ligand structure.
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Fig. 67 Chemical structure of receptor 76 and the proposed copper complexation mechanism.
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Fig. 68 ORTEP diagram of receptor 77 and the energy-minimized structure of the receptor—copper complex.

association constant, ie., 3.67 x 10° M~ '; the 1:1 ligand-
copper binding stoichiometry was calculated from the Job's
curve using the titration graph. The 1 : 1 complex stoichiometry
was further assisted by the mass spectrometry analysis. The
appearance of green fluorescence from the live cells under a
confocal fluorescence microscope on incubation of the probe-
mixed cells with copper ions revealed the practical applica-
bility of sensor 72 for intracellular copper detection.

Kim et al.** reported a new coumarin derivative 73 (Fig. 64)
for selective copper detection. Copper addition into the probe
73 solution triggered the fluorescence emission signal at 502
nm with the intensity of the signal being proportional to the
copper concentration when the excitation wavelength was fixed
at 450 nm. From the titration experiment, the detection limit of
the sensor toward the copper ions was found to be 8.7 x 107°
M, which is quite low, indicating the applicability of the
reported material as a fluorescent chemodosimeter for trace
copper detection. The “turn-on” response of the sensor toward
copper ions with the considerable high sensitivity and precise
selectivity over the number of ionic species revealed 73 to be an
efficient chemodosimeter for copper sensing in environmental
and biological samples.

Garcia-Beltran et al.*** reported a new probe (E)-7-(diethyl-
amino)-2-oxo-2H-chromene-3-carbaldehyde oxime 74 (Fig. 65)
for selective copper recognition. The probe alone exhibited an
absorption band at 430 nm and a fluorescence emission band at
510 nm when the excitation slit was fixed at 460 nm. Copper
addition caused significant quenching in the fluorescence
emission signal at 510 nm. The fluorescence titration of the
receptor with the copper ions caused a linear decrease in the
emission signal intensity. The Job's plot reflected the 2:1
ligand-copper binding stoichiometry, which was further
confirmed by mass spectrometry analysis. The appearance of
green fluorescence from the cells incubated with the probe

72178 | RSC Adv., 2015, 5, 7215072287

without any deformation indicate the potential applicability
and membrane permeability of the reported sensor toward
intracellular copper monitoring, as assessed via the bioimaging
experiment utilizing SH-SY5Y cells under a confocal fluores-
cence microscope.

Yu et al.**® reported a coumarin-based reactive probe 75
(Fig. 66) for selective copper recognition. The probe exhibited a
fluorescence emission signal at 410 nm when it was excited at
360 nm. Copper addition caused a 62 nm bathochromic shift in
the emission signal from 410 to 472 nm along with a colori-
metric change in the reaction solution from violet to blue-green
under UV lamp by illuminating at a higher wavelength of 365
nm. There was no such response for the various competitive
metallic ions. The titration of the probe with an increasing
concentration of copper ions caused a gradual decrease in the
emission signal at 410 nm with the concomitant appearance of
new emission band at 472 nm, whose intensity increased line-
arly depending on the copper ion concentration. The probe
operating mechanism on copper addition was studied in detail
by mass spectrometry analysis and the proposed copper
complexation mechanisms are shown in the Fig. 66.

Helal et al.**® reported the thiazole-coumarin-based receptor
76 (Fig. 67) for copper detection. Receptor 76 exhibited a UV-
visible absorption signal at 412 nm in the absence of metallic
species. Copper addition caused a synchronous decrease in the
absorption signal intensity at 412 nm with the concomitant
appearance of a new absorption band at 460 nm. The UV-visible
titration of the receptor with copper ions induced a clear iso-
sbestic point at 435 nm, indicating the equilibrium between the
receptor and the newly formed copper complex. Moreover, the
ligand behaved as a chromogenic sensor for copper detection as
assessed by the induction of a colorimetric change in the
reaction solution from light-green to yellow on the introduction
of copper ions into the probe solution. The 1 : 1 ligand-copper

This journal is © The Royal Society of Chemistry 2015
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Fig. 69 Chemical structure of sensor 78 and the metal-assisted
colorimetric response.

binding stoichiometry was estimated by the continuous varia-
tion method using a UV-visible titration graph. Similarly, the
increasing concentration of copper ions caused a drastic
quenching in the fluorescence emission signal at 495 nm when
it was excited at 435 nm. The 1 : 1 binding stoichiometry was
further confirmed by the fluorescence titration graph with the
binding constant value of 2.2 x 10® M~". Further mechanistic
insight was obtained through EPR and mass spectrometry
analysis. Moreover, the ligand behaved reversibly on the addi-
tion of an EDTA solution, suggesting the chemosensing ability
of the probe for copper detection.

Chen et al.*¥ reported a novel coumarin-based fluorescent
probe 77 (Fig. 68) for selective copper detection. Copper addi-
tion caused the emergence of a new absorption band at 416 nm
with a concurrent increase in the absorption intensity of the
signal at 338 nm and a successive decrease in the intensity of
the absorption signal at 243-341 nm and 379 nm. The UV-
visible titration graph yielded four clear isosbestic points at
243, 321, 357 and 389 nm, respectively, suggesting complexa-
tion between the receptor and copper ions. The 1: 1 binding
stoichiometry was calculated from the Job's curve utilizing the
absorption signal at 416 nm, and the detection limit of the
receptor toward copper ions was estimated to be 0.2 uM. Simi-
larly, copper addition caused a drastic quenching in the fluo-
rescence emission signal intensity at 520 nm when it was
excited at 342 nm. The linear decrease in the fluorescence
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emission signal intensity at 520 nm on the increasing copper
concentration suggested the 1 :1 ligand-copper binding stoi-
chiometry with an association constant value of 6.57 x 10> M "
The ligand was further applied in the bioimaging experiment in
order to determine its practical applicability for intracellular
copper detection by utilizing Hep G2 cells under a confocal
fluorescence microscope. The appearance of bright fluores-
cence from the live cells on incubation with the receptor
revealed the efficient cell viability and membrane permeability
of the sensor toward live cells.

2.14. Styrylcyanine-based Cu®* sensor

Yang et al.**® reported a highly sensitive fluorescent probe 78
(Fig. 69) based on styrylcyanine dye for the detection of Cu®>" and
Pb*". The free probe 78 exhibited a fluorescence emission signal
with the maximum emission intensity at 475 nm, which was
significantly quenched upon copper addition. The fluorescence
emission intensity of the probe was reduced on copper addition
in a fine linear relationship, and this ratiometric fluorescence
quenching of the probe by the copper ions was utilized to find
the Stern-Volmer quenching constant, which was ksy = 8.05 x
10° M™%, this high value of quenching constant permits a strong
affinity of the sensor toward copper ions with an appreciable
sensitivity of 1.24 uM. The mechanistic insight was further
evaluated by the NMR titration experiment. Furthermore, probe
78 behaved as a dual sensor as assessed by the decrease in the
probe emission signal intensity at 475 nm along with appear-
ance of new red-shifted emission band at 595 with the iso-
emissive point at 550 nm upon Pb>" addition. A fluorescence
titration experiment was carried out to obtain the binding
constant values of the probe toward Pb*", which was found to be
5.82 x 10* M. The probe sensitivity toward Pb** was found to
be 3.41 pM. The ligand coordination with Pb** was further
confirmed by the NMR titration experiment. The probe behaved
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Fig. 70 Chemical structure of receptor 79 and 80 along with the proposed complexation mechanism.
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Fig. 71 Chemical structure of receptor 81 and the proposed copper
complexation mechanism.

specifically toward the copper and lead ions as assessed by the
competitive ion experiment, wherein the other ionic species did
not obviously display any characteristic change in the probe
solution. These characteristic changes in the probe solution
upon Cu”" and Pb** addition along with the colorimetric change
in the reaction solution can be used as efficient tools to detect
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the micro-molar metallic ions in environmental and biological
samples.

2.15. Schiff base Cu®** sensors

Udhayakumari et al.**® reported thiophene-based diimine 79
and monoimine 80 (Fig. 70) as colorimetric and fluorescence
recognition scaffolds for the transition metal ions. The receptor
79 exhibited a colorimetric turn-on response toward Pb*" and
Hg>", and a colorimetric turn-off response toward Sn>*. Simi-
larly, receptor 80 can be utilized for the naked eye detection of
Cu”" and Hg>", compared to a number of competing species.
Receptor 79 exhibited fluorescence emission signals at 510 and
545 nm when it was excited at 460 nm, whereas the introduction
of Pb*>", Hg**, and Sn*" into the reaction solution caused fluo-
rescence quenching. The 1:1 ligand-metal binding stoichi-
ometry for ligand 79 was found by the method of continuous
variation by the utilization of the titration curves. Furthermore,
the binding constants for Pb**, Hg>*, and Sn** were calculated
to be 1.11 x 10*, 5.01 x 10° and 3.61 x 10", respectively, by the
Benesi-Hildebrand equation. Receptor 80 showed a fluores-
cence emission signal at 440 nm when it was excited at 360 nm.
Copper addition into the receptor 80 solution caused significant
increase in the fluorescence emission signal intensity with a
red-shift in the signal from 440 to 500 nm. The linear increase
in the fluorescence emission signal was observed with
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Fig. 72 Chemical structure of probe 86 and the proposed copper complexation mechanism.
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Fig. 73 Chemical structure of receptor 88 and the proposed copper complexation mechanism.
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ratiometric increase of the copper ion concentration. Moreover,
mercury addition caused an increase in the emission signal
intensity at 430 nm. A 10 nm bathochromic shift and increased
emission signal intensity on Hg>* addition might be due to the
inhibition of the photoinduced electron transfer mechanism.
The 2 : 1 ligand-metal binding stoichiometry was calculated for
receptor 80 from the Job's curve by utilizing the titration graph,
and the binding constants of receptor 80 toward copper and
mercury were calculated to be 3.67 x 10* and 3.54 x 10°
respectively by the Benesi-Hildebrand equation. To assess the
practical applicability of the receptor, a bioimaging experiment
was conducted utilizing E. coli MTCC40 and Staphylococcus
aureus MTCC96 cell lines through a confocal fluorescence
microscope. The appearance of a bright blue signal from the live
cells without any deformation in the cells suggests the prom-
ising cell permeability and momentous viability of the reported
receptor toward live cells.

Mariappan et al™® reported the selective fluorescence
sensing of copper(u) and water via competing imine hydrolysis
and alcohol oxidation pathways sensitive to the water content in
aqueous-acetonitrile mixtures (Fig. 71). The addition of copper
ions into the receptor 81 solution caused an immediate
appearance of an intense yellow emission, which was found to
be selective in comparison to the various competitive ions. The
addition of CuCl, into the receptor 81 solution in a 1: 1 stoi-
chiometric ratio yielded the yellow crystal of compound 81 upon
evaporation of the solvents as characterized by NMR and single
crystal X-ray diffraction analysis. However, the presence of a
small water content replaced the yellow emission by an intense
emission at 490 nm, and these results revealed the dual appli-
cability of sensor 81 toward copper as well as water content by
means of fluorescence spectroscopy. The resulting green emis-
sion diminished within a few second along with the production
of a non-emissive solution referred to the formation of the
oxidized product 84. The two possible pathways for the trans-
formation of sensor 81 to the final non-emissive products 84
and 85 are given in Fig. 71. The evidence of this reaction
pathway was obtained from the UV-visible spectral changes and
NMR titration as well as from the mass spectrometry analysis.

Yadav et al™' reported a novel and easily synthesizable
chemosensor 86 (Fig. 72) for the selective sensing of Cu®" ions
in a mixed aqueous-organic medium. Ligand 86 exhibited an
absorption maxima at 425 nm in the absence of copper ions,
whereas upon copper addition the broad absorption bands of
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the ligand at 425 nm completely disappeared with the emer-
gence of two new signals centered at 365 and 504 nm, which
were attributed to the ligand-copper complex formation along
with a colorimetric change in the reaction solution from light
yellow to orange-brown. These characteristic changes in the
absorption spectra as well as the colorimetric change in the
reaction solution can be used as a tool for copper ion detection
via spectroscopy techniques and by the naked eye. Probe 86
behaved selectively toward copper ion in comparison to the
competing ions. The UV-visible titration experiment of the
probe with the successive additions of copper ions caused a
ratiometric increase in the intensity of the absorption signal at
504 nm and the emergence of a clear isosbestic point, sug-
gesting the formation of a new species as a result of the copper
addition. The 1:1 ligand-metal binding stoichiometry was
calculated by the continuous variation method, and the asso-
ciation constant of the ligand toward the copper ions was found
to be 1.56 x 10* M™" by the Benesi-Hildebrand expression.
Further mechanistic insight was obtained from the NMR titra-
tion experiment as well as from the mass spectrometry analysis.
In the case of the fluorescence spectroscopy analysis, the copper
addition caused significant quenching in the ligand emission
signal at 494 nm when it was excited at 425 nm and this
quenching behavior was found to be specific for only copper
ions, whereas a number of other metallic species did not
interfere with the copper sensing behavior of the ligand.
Subhasri et al.' reported fluorescent chemosensors 88
(Fig. 73) for selective copper detection. The receptor 88 can be
successfully applied as a chemosensor for copper detection as
assessed by the fluorescence emission and UV-visible absorp-
tion spectral measurements. Copper addition into the receptor
88 solution caused a significant enhancement in the emission
signal intensity, and this phenomenon was found to be selective
for copper ions compared to various competitive ions. The 1 : 1
ligand-copper binding stoichiometry was calculated by the
continuous variation method, and the Benesi-Hildebrand
equation was used to determine the dissociation constant
values. Mechanistic insight was obtained through molecular
docking studies and DFT calculations. The ligand cytotoxicity
was assessed by the MTT assay with the results revealing the
efficient compatibility of the reported receptor toward live cells.
These characteristic changes in the UV-visible absorption
spectrum and the fluorescence emission spectrum as well as
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Fig. 74 Chemical structure of receptor 89 and the proposed ligand—metal complexation mechanism.
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Fig. 75 Chemical structure of receptor 90 and the proposed copper
complexation mechanism.

low toxicity of the receptor make it a suitable candidate for
copper detection in environmental and biological samples.
Kim et al.* reported a simple and low-cost chemosensor 89
(Fig. 74) for transition metal ion detection. The ligand alone
exhibited a negligible fluorescence emission signal when it was
excited at 362 nm, whereas Zn>" addition caused a significant
enhancement in the fluorescence emission intensity, indicating
an “Off-On” type of fluorescence response for Zn>*. Further-
more, Zn>* sensing could be assessed using the UV-visible
absorption spectrum due to the decrease in the absorption
bands at 272 and 400 nm and the continuous increase in the
new absorption signals at 260 and 341 nm along with the
distinct isosbestic points at 267, 301, and 364 nm. The 1:1
ligand-Zn®" binding stoichiometry was found by the contin-
uous variation method utilizing the titration graphs, which was
consistent with the mass spectrometry analysis results. In the
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case of the competitive ion experiment, the fluorescence emis-
sion intensity for the ligand-Zn** complex was drastically
quenched by Cu** and Co>*, while no such effect was observed
by the other competing ionic species. The ligand exhibited a
significant colorimetric change in the presence of Fe** from
light yellow to reddish pink, whereas Cu®>" and Zn** caused a
discoloration of the ligand solution and this colorimetric
change would be useful for naked eye ionic detection in the
solution phase as well as for the construction of sensor strips.
Moreover, the ligand was further successfully applied in the
bioimaging experiment by utilizing the fibroblasts cultured and
harvested, and the results revealed the efficient cell viability and
membrane permeability of ligand 89 toward live cells.

Jo et al.*®* reported a new asymmetric chemosensor 90
(Fig. 75) for selective copper detection. Copper addition caused
a significant increase in the absorption signals at 310 and 406
nm, while the signal at 270 nm underwent a constant decline
and reached a minimum value on 4 equivalents copper addi-
tion. The clear isosbestic points at 260 and 280 nm indicate the
complex formation upon copper addition. The titration experi-
ment of the ligand upon copper addition caused a colorimetric
change in the reaction solution from colorless to yellow, and
this colorimetric change has intense application potential for
colorimetric metal sensing. The 1 : 1 ligand-copper complexa-
tion stoichiometry was calculated by the continuous variation
method, and the association constant was calculated to be 6.0 x
10®> M. The ligand exhibited a 18 uM detection limit toward
copper monitoring. The ligand behaved reversibly on EDTA
addition, which was assessed by the turning of the yellow color

91

Fig. 76 Chemical structure of ionophore 91 and the proposed copper complexation mechanism.
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Fig. 77 Chemical structure of receptor 92 and the proposed copper complexation mechanism.
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Fig. 78 Chemical structure of receptor 93 and the proposed copper
complexation mechanism.

solution to colorless along with the disappearance of the
absorption signal at 406 nm, indicating an EDTA-induced
demetallation reaction in the ligand-copper complex solution.

Ghaedi et al.**® reported a copper (Cu®*) ion-selective bulk
optode 91 (Fig. 76). The appearance of two absorption signals at
416 and 356 nm strongly supports the occurrence of a chemical
reaction between the copper ion and ionophore 91 impregnated
in the membrane. The increase in copper concentration caused
a significant decrease in the absorption signal centered at 356
nm and an increase in the absorption bands at 416 nm. These
characteristic changes were attributed to copper extraction from
the membrane. The high stability, reproducibility and longer
lifetime are the characteristic features of the reported optode
material, which can detect copper ions with a sensitivity of 8.1
x 1077 mol L™,

Na et al.**® reported a simple and easily synthesized colori-
metric and fluorescent receptor 92 (Fig. 77) for selective copper
ion detection. Copper addition into the receptor solution
caused a significant decrease in the absorption signal intensity
at 380 nm with a concomitant increase in the signal at 428 nm
and turns the colorless solution to yellow. A clear isosbestic
point at 401 nm was observed in the UV-visible titration
experiment of the receptor with the copper ion, indicating the
formation of a single species between the receptor and copper
ion. The Job's plot indicated the 1 :1 ligand-copper binding
stoichiometry. The association constant and detection limit of
the receptor toward copper ions were calculated to be 5 x 10°
M~ ' and 12 pM, respectively. Further mechanistic insight was
obtained through the mass spectrometry analysis by the
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Fig. 80 Chemical structure of receptor 95 and the proposed copper
complexation mechanism.

appearance of a clear peak for the receptor-copper complex.
The ligand behaved reversibly on EDTA addition, which reverses
the optical as well as colorimetric response of the ligand-copper
complex solution. Furthermore, fluoride ion addition exerted a
distinct colorimetric as well as spectral change in the ligand
solution, suggesting the dual channel applicability of the
receptor for copper and fluoride ion detection.

Huo et al* reported a simple chromogenic sensor 93
(Fig. 78) for selective copper detection. Receptor 93 exhibited
absorption signals at 300 and 360 nm in the absence of metal
ions, whereas copper addition caused the disappearance of the
absorption signal at 360 nm with the concomitant appearance
of a new red-shifted absorption band at 442 nm along with a
colorimetric change in the reaction solution from colorless to
yellow, which was attributed to the copper-induced intra-
molecular charge transfer. The ligand exhibited a ratiometric
response upon copper addition, and the appearance of a clear
isobestic point strongly indicated the copper complex forma-
tion. The titration graph revealed the 6.5 x 10~° M detection
limit of the ligand toward copper recognition. The reverse color
change in the ligand-copper complex upon EDTA addition
indicates the reversibility of the receptor. The 1:1 ligand-
copper binding stoichiometry was calculated by the continuous
variation method, and the binding constant was found to be 1.3
x 10° mol~" dm® by the Benesi-Hildebrand equation.

Yang et al.*® reported a new carbazole-based Schiff base 94
(Fig. 79) as a dual sensor for Fe** and Cu®'. Receptor 94
exhibited well-defined absorption signals at 286 and 370 nm.
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Fig. 79 Chemical structure of receptor 94 and the proposed ligand—metal complexation mechanism.
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Fig. 81 Chemical structure of receptor 96 and the proposed complexation mechanism.
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Fig. 82 Chemical structure of receptor 97 and the proposed copper complexation mechanism.

The addition of Fe’" and Cu®" caused an increase in the first
absorption band at 286 nm along with a concomitant decrease
in the second absorption band centered at 370 nm and a blue-
shift from 370 nm to 364 nm in the former case and from 370
nm to 341 nm in the latter case. The appearance of a clear
isosbestic point at 296 nm on ligand titration with Fe**/Cu**
and a significant shift in the absorption signal suggest copper
binding with the receptor. The Job's plot indicated the 1 : 2 and
1:1 ligand-Fe*'/Cu®* binding stoichiometry along with the
association constant values of 8.33 x 10* M~ " and 2.57 x 10*
M, respectively. The detection limit of the ligand toward Fe**/
Cu®" was found to be 3.02 x 10~° mol L™" and 3.62 x 10~° mol
L™, respectively, which are low enough to fulfill the criteria for
a reliable chemosensor.
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Fig. 83 Chemical structure of receptor 98 and the proposed copper
complexation mechanism.
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Awual et al™® reported a highly selective mesoporous
adsorbent fabricated by direct immobilization of a synthesized
3-(3-(methoxycarbonyl)benzylidene)hydrazinylbenzoic acid 95
(Fig. 80) onto mesoporous silica monoliths for selective copper
recognition in drinking water. The incubation of the meso-
porous adsorbent with copper ions triggered a colorimetric
change as well as a significant optical response with maximum
absorption intensity at 450 nm, whereas these changes were
found to be selective only for copper addition, compared to the
competing ionic species. The successful applicability of the
sensor in pure aqueous media and recyclability were the
prominent features that make the material a suitable candidate
for the assessment of copper levels in drinking water.

Jo et al.** reported a new chemosensor 96 (Fig. 81) based on
the combination of 2-hydroxy-1-naphthaldehyde and the
precursor 4-((2-aminophenyl)amino)-3-nitro-2H-chromen-2-one
for selective copper detection. The UV-visible titration of the
receptor with copper ions caused a significant reduction in the
absorption signal at 480 nm with the concomitant appearance
of new absorption bands at 430 and 550 nm. The increasing
copper concentration harvested two clear isosbestic points at
460 and 510 nm along with a colorimetric change in the reac-
tion solution from yellow to orange. The 1:1 ligand-copper
binding stoichiometry was calculated from the Job's curve,
which was further supported by mass spectrometry analysis.
The binding constant and the detection limit for the sensor
toward copper ions were found to be 5.0 x 10> M~* and 2.95 x
10~° M, respectively. The optical and colorimetric responses of
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Fig. 84 Chemical structure of receptor 99 and the possible metal complexation mechanism.

Fig. 85 Chemical structure of receptor 100 and the proposed copper complexation mechanism at variable pH.

the receptor could be reversed on EDTA addition, suggesting
the reversible nature of the reported sensor 96. Moreover, the
optical response and color of the ligand varied to a higher extent
on cyanide ion addition, thus indicating the applicability of the
sensor for selective cyanide ion monitoring.

Aksuner et al.*** reported a novel Schiff base ligand 97
(Fig. 82) immobilized on polyvinlyl chloride. The sensor
exhibited a linear range toward copper ions in the concentra-
tion range of 1.0 x 10 ®-5.7 x 10~* mol L' The ligand
behaved reversibly and possessed a precisely low detection limit
of 8.8 x 1072 mol L™ ". The high selectivity of the optode toward
copper detection and the quick response time of less than 2.5
min were the attractive features of the reported material. The
practical applicability of the sensor was assessed by utilizing tap
water and tea sample, which gave satisfactory results for copper
monitoring in the utilized samples.

Fang et al.**> reported the Schiff base 98 (Fig. 83) for selective
copper detection. The receptor exhibited the absorption signals
with the maximum absorption intensity at 256 and 324 nm.
Copper addition caused an increase in the absorption band
centered at 324 nm with the concomitance appearance of a new
absorption band in the range from 350 to 450 nm with a
continuous increase in the intensity depending on the copper
concentration. Similarly, copper addition caused a drastic
quenching of the probe emission signal at 430 nm when it was
excited at 324 nm. This behavior of the probe could be reversed
on EDTA addition, which revived the high intensity emission
signal and reflected the decomplexation of the receptor-copper

This journal is © The Royal Society of Chemistry 2015

complex. The 1:1 ligand-copper binding stoichiometry was
calculated by the continuous variation method with the binding
constant value of 3.94 L mol~'. The detection limit of the probe
toward copper detection was found to be 2.0 x 10~® mol L™

2.16. Terphenyl-based Cu** sensors

Wenfeng et al.'*® reported a novel triphenylamine-based fluo-
rescent sensor Tris[(4-amino)phenylduryllamine 99 (Fig. 84) for
the dual channel detection of ferric/copper ions in pure
aqueous media. The receptor 99 was colorless but changed to a
brown color upon copper addition. The other metal ions did not
cause such a change in the aqueous solution of the receptor.
This colorimetric change in the receptor solution upon copper
addition can be used to sense copper ions via naked eye.
Moreover, the change in the fluorescence of the receptor
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Fig. 86 Chemical structure of receptor 101 and the proposed copper
complexation mechanism.
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Fig. 87 Chemical structure of receptor 102 and the proposed ligand—copper complexation mechanism.

solution on ferric ion addition can be visualized under a UV
lamp on illuminating at higher wavelengths. Ferric ions did not
cause any change in the receptor solution under ambient light.
The receptor exhibited two absorption bands at 275 and 350 nm
in the absence of metallic species. Fe**/Cu®" addition caused an
increase in the absorption intensity with a blue-shift of the first
signal at 275 nm. The signal at 350 nm underwent a red-shift
with the decrease in the absorption signal intensity along
with the emergence of a new absorption band at 400 nm with a
gradual increase in the absorption intensity in the UV-visible
titration experiment, thus permitting the different coordina-
tion patterns of these metallic species with that of ligand to be
detected. Similarly, the addition of Fe*'/Cu®* caused fluores-
cence emission signal quenching at 425 nm, whereas the
gradual addition of Fe**/Cu®" into the ligand solution shifted
the emission band to lower energy with new values of 462 and
431 nm. Interestingly, on increasing the concentration of Fe**/
Cu”*, a new emission band with a gradual increase in intensity
was observed, reflecting the binding tendency of the ligand
toward these metallic species. The relatively high value of the
Stern-Volmer quenching constant for Fe*" and Cu** (4.08 x 10*
M ! and 1.76 x 10" M, respectively) suggest the strong
binding affinity of these metals toward receptor 168. The probe
showed a considerable low limit of detection for Fe** and Cu**
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with the experimental values of 230 nM and 620 nM, respec-
tively, which meet the selective requirements for environmental
application.

Mahapatra et al.'®* reported a new triphenylamine-based
fluorogenic probe 100 (Fig. 85) bearing an indolylmethane
unit for selective copper detection. The ligand 100 exhibited
strong absorption signals at 274 and 283 nm along with a
shoulder peak at 356 nm. Copper addition caused the appear-
ance of two new strong absorption bands at 487 and 541 nm. An
increasing copper ion concentration caused a significant
increase in these two signals with a concomitant decrease in the
absorption band at 291 nm. Moreover, it caused a copper-
induced colorimetric change in the reaction solution from
colorless to purple, and thus could be employed for colorimetric
copper detection. Furthermore, the red-shift in the absorption
band at 250 nm and the appearance of two clear isosbestic
points at 287 and 332 nm indicated the inter-conversion
between the complex and the un-complexed species. The 1: 2
host-to-cation complexation stoichiometry and the association
constant value of (3.35 4 0.21) x 10* M~ were obtained from
the fluorescence titration graph. Similarly, the copper addition
caused drastic fluorescence quenching at 378 nm when it was
excited at 291 nm. This response was selective in comparison to
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Fig. 88 Chemical structure of receptor 103 and the proposed copper complexation mechanism.
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Fig. 89 Chemical structure of receptor 104 and the proposed copper complexation mechanism.

the various competing ionic species, suggesting the receptor as
an “On-Off” fluorescence copper sensor.

Bhalla et al.**® reported a terphenyl-based bifunctional fluo-
rescent chemosensor 101 (Fig. 86) for the dual channel detec-
tion of copper and fluoride ions. The receptor exhibited
absorption signals at 265 and 342 nm. Copper addition caused a
9 nm red-shift in the signal at 342 to its new position at 351 nm,
whereas there was no such response for the other metal ions.
Similarly, the receptor showed a fluorescence emission signal at
517 nm when it was excited at 360 nm. However, copper addi-
tion caused a drastic fluorescence quenching, which was due to
the receptor-copper complex formation. The fluorescence
titration graph was utilized to determine the 1 : 1 ligand-copper
binding stoichiometry with the binding constant value of 5.40.
The reversibility of the receptor was assessed by the addition of
EDTA solution, which revived the receptor fluorescence emis-
sion signal, thus indicating decomplexation of the receptor-
Cu”* complex. Moreover, fluoride ion addition into the probe
solution caused considerable changes in the UV-visible
absorption and in the fluorescence emission signal along with
a colorimetric change in the reaction solution, and this
behavior of the ligand toward fluoride ions was successfully
applied to trace its capability to sense fluoride ion selectively in
comparison to a number of the other competitive anionic
species.
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2.17. Benzimidazole-based Cu®* sensors

Fu et al.**® described an “On-Off-On” type fluorescent sensor
102 (Fig. 87) for selective copper detection. Ligand 102 exhibited
a strong absorption band at 329 nm, which gradually decreased
in intensity upon the successive addition of copper ions along
with the emergence of a new absorption band at 265 nm with a
slight bathochromic shift and a continuous increase in inten-
sity, suggesting the occurrence of complexation between the
ligand and copper ions. In the case of fluorescence, the probe
exhibited a strong emission band at 436 nm when it was excited
at 243 nm, and 1 equivalent copper addition caused complete
fluorescence quenching of the signal at 436 nm. The fluores-
cence and UV-visible titration curve reflect the 2:1 ligand-
copper complexation stoichiometry, and the binding constant
of the ligand toward copper ions was calculated to be 3.22 x 10°
M~ '. The ligand behaved specifically over a number of
competing ionic species; furthermore, the response of the
ligand toward copper ions could revert back on addition of an
excess of sulfide ions, as could be assessed by the regeneration
of the quenched emission signal. The switching response of the
ligand was further applied for the integration of logic gates.
Moreover, for practical applicability, the ligand was tested in the
bioimaging experiment utilizing Ec-9706 cells, and the
appearance of fluorescence from the cells incubated with the
ligands revealed the appreciable cell viability and permeability
of the sensor toward the live cells.
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Fig. 90 Chemical structure of receptor 105 and the proposed copper complexation mechanism.

This journal is © The Royal Society of Chemistry 2015

RSC Adv., 2015, 5, 72150-72287 | 72187


https://doi.org/10.1039/c5ra11388a

Published on 03 August 2015. Downloaded on 2/17/2026 10:32:20 AM.

RSC Advances
(—N OH
/"N
N—) N~ ”23
Sz cu* 37 ,C“~-.o
~ H
(o] 2- 74 o
HN S N
N CuS N
CC L
N N
H H
106 106 + Cu®*

Fig. 91 Chemical structure of receptor 106 and the proposed copper
complexation mechanism.

Saluja et al.* reported a benzimidazole-based imine-linked
receptor 103 (Fig. 88) for copper detection. Copper addition
caused a successive decrease in the emission signal of the probe
when it was excited at 350 nm. The linear decrease in the
fluorescence emission signal intensity was utilized to determine
the 1:1 ligand-copper binding stoichiometry, which 