Published on 03 agosto 2015. Downloaded on 05/10/2025 17:55:05.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue

REVIEW

@ CrossMark
&click for updates

Cite this: RSC Adv., 2015, 5, 72150

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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View Article Online

O 4 O Cuz O N-
OO
N

18

18+ Cu®

Review

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.
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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. Further