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Herein, the main objective of this research is to design and synthesize a novel optical chemosensor, 2,6-Bis(4-
dimethylaminophenyl)-4-(dicyanomethylene)-cyclohexane-1,1-dicarbo-nitrile (BDC), for detection of one of the most significant
metal ions Cu(II). This novel fluorescent chemosensor exhibits unique optical properties with large Stokes shift (about 170 nm)
approximately. The fluorescence and UV-vis absorption performance among the BDC probe and Cu(II) ions were examined in
1:9 (v/v) methanol-HEPES buffer (pH = 7.2) solution. Also, BDC displays high selectivity for Cu(II) concerning other cations.
Moreover, this probe provides high selectivity and sensitivity based on their fluorescence properties and recognition abilities
within a detection limit of the Cu(II) contents (LOD 2.3 x 10~/ M). The suggested mechanism of BDC sensor is attributed to the
chelation process with Cu(II), to establish a 1:1 metal-ligand ratio complex with a binding constant (K 4 = 716 x 10* M™"). The
detection process is accompanied by quenching the main emission peak of the BDC at 571 nm. All the experimental data were
collected to investigate the effects of several important parameters such as reversibility and the concentration limits. Besides,
we study the interference of various metal ions on selectivity and detection capacity of this significant Cu (II) ion. This novel
chemosensor shows ultrasensitive, fast tracing of Cu(Il) in the physiological pH range (pH 7.2) and therefore may propose a novel

promising method for the investigation of the biological functions of Cu(II) in living cells.

1. Introduction

As one of the most essential metal ions in humans, copper
ions play a vital role in several biological processes involving
generation of cellular energy, transferring and activation of
oxygen molecules, and transduction of signals [1]. According
to the limitations of U. S. Environmental Protection Agency
(EPA), the maximum Cu(II) ion content in drinking water
is 1.3 mg/L [2-4]. Thus, in case of increasing Cu(II) content,
these ions bind to the active sites of some particular enzymes
and exchange the nutrient minerals [5-8]. During this
process, the metal-enzyme interaction alters the functions
of many enzymes [9, 10], which causes disturbance of the
same biological systems. Therefore, the enzymatic activity
of these enzymes decreases significantly to about 5 % of
their natural activity. Additionally, copper ions may cause
many health problems. The structure of many tissues changes

during absorption process of these toxic heavy metal ions, fol-
lowed by replacing other substituents. These tissues (e.g., the
arteries, joints, bones, and muscles) are affected strongly with
this undesired interaction and cause health weakness and a
series of dangerous diseases [11-14]. Also, the deposition of
copper ions in many sites causes irritation and other lethal
effects [15]. The metal ions absorption also distorts the DNA
replication and synthesis of many bioprocesses. This process
causes critical alteration of the body chemistry-based RNA
and DNA [16, 17].

The significance of sensing and detection of heavy metals
in aquatic samples is unquestionable [18, 19]. The tracing
of the heavy metal ions in the environment (biological
sample or wastewater) has several significant limitations such
as the low detection limit, the sensitivity of investigated
techniques, and the interference with system components.
In conventional methods, the detection limit of the utilized
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techniques is essential. Several techniques were applied for
the detection of heavy metal ions such as flame atomic
absorption spectrometry (FAAS), inductively coupled plasma
(ICP), etc. [20, 21]. However, these techniques require special
samples preparation and perusal procedures, expensive cost,
professional handling. Furthermore, they are not portable
instruments and need a stationary lab for the detection
process.

The optical chemosensors exhibit fluorescence or color
changes upon the detection process of the heavy metal
ions. Most recently researches for detection Cu(II) ion based
fluorescence chemosensors are considered as molecular self-
absorption because they suffer from small Stokes shift. [22-
24]. Large Stokes shift limits reabsorption of emitted light
and scattering, which provides cellular imaging with high
signal-to-noise ratio [25, 26]. There are several advantages
which involve the use of optical sensors such as response
rate and results precision [27-33]. However, the usage of
fluorescence-based optical chemical sensing technique is not
commonly employed. Concerning other spectroscopic tools,
this method provides a very sensitive and simple readout.
Moreover, this sensing technique offers real-time recognition
for the analyte, which improves the chemical analyses field.
Also, it has significant applications in many biological and
medical issues, such as blood analysis and cell imaging [34-
36]. Interestingly, the net results of the chemosensors will
offer a complete view about the sensing mechanism and limit
of detection of the heavy metal content. Eventually, this will
enable inhibiting the usage of contaminated water and food
that polluted with heavy metal ions.

Many chemosensors were developed, designed, and syn-
thesized for determination copper ions with high proficiency,
precision, and measurability [37]. These chemosensors have
been developed based on the significant organic probe
such as some traditional organic dyes [38]. Besides, the
appropriate mechanism of these organic probes depends
on various optical sensing mechanisms such as ratiometric
fluorescence mechanism [39-41] and fluorescence resonance
energy transfer FRET [42]. These specified sensing probes
dyes cover a wide range of emission spectrum from UV
to near IR [43]. One of the most important chemosen-
sors for sensing copper ions has been developed based on
Turn-Off mechanism. This mechanism provides the quench-
ing of the fluorescent organic probe due to the chelation
process with copper ions. Numerous types of signaling
mechanisms have been reported and applied for optical
tracing of several cations, involving intra-molecular charge
transfer (ICT) [44], photo-induced energy transfer (PET)
[45, 46], charge transfer based metal-ligand interactions
(CTML) [47], excimer/exciplex formation (EEF) [48], and
excited state intra/inter-molecular proton transfer (ESPIT)
[49]. The design and synthesis of the chemosensors depend
mainly on the mechanism type which controls the interaction
between the specified metal ions and the sensing molecules.
The paramagnetic nature of the copper ions provides the
quenching property of the intrinsic fluorescence of the
chemosensors [50]; the majority of researches described that
copper ions chemosensors had exhibited quenched emission
during binding interaction [51]. The main target of this work
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is to design and synthesize new and highly sensitive optical
chemosensors BDC for detection of copper metal ions. This
chemosensor can determine the copper ion contents within
a concentration limit of 2.3 x 1077 M (LOD). Further, this
novel sensor has the prospect to show fast responsivity,
easy reversibility, and reproducibility for copper metal ions
detection.

2. Materials and Methods

2.1. Instruments and Materials. NMR spectra of 2,6-Bis(4-
dimethylaminophenyl)-4-(dicyanomethylene)-cyclohexane-
1,1-dicarbonitrile were attained at 25°C on a Bruker Avance
DRX200 (200 MHz-1H) or Bruker Avance DRX500 (125
MHz for *C) spectrometer with calibration to the residual
proton solvent signal of DMSO-ds. Melting point was
detected on a Stuart-SM/P3 instrument in a preserved
capillary. The UV-vis spectra were obtained using a 1-cm
quartz cell utilizing (Evolution™_200-series/UV-Visible)
spectrophotometer. Fluorescence spectra were determined
on a (JASCOFP6300-spectrofluorometer) using a1l cm quartz
cell for the emission and excitation spectral measurements.
Chemicals were obtained from Sigma-Aldrich and used
without further purification: dimethylamino benzaldehyde,
malononitrile, sodium acetate, and metal nitrates.

2.2. Synthesis of BDC. The chemosensor probe was syn-
thesized according to the recent literature [52]. Typically,
A solution of dimethylamino benzaldehyde (20.0 mmol),
malononitrile (15.0 mmol), and sodium acetate (2.0 mg, 0.02
mmol) in 20 acetone were stirred at 20°C for 5 h. The solid
phase was filtered and washed with cold acetone to yield
compound 79 %; the chemical structure of the yield BDC is
shown in Figure 1. M,=234°C; 'HNMR (300 MHz, CDCl,):6
=3.00 (2s, 12 H, 4 CH,), 3.30-4.10 (m, 4 H, 2 CH,), 4.25-
551 m, 2 H, 2 CH, 6.58-6.73 (m, 4 H, Ar-H), 7.85-8.03 (m,
4 H, Ar-H); FTIR v,,,, 2240, 1616, 1544, 1440, 762. Elemental
Analyses calculated for C,,H,,N: C, 74.65; H, 5.99; N, 19.35
and Found: C, 74.49; H, 5.89; N, 19.28.

2.3. Optical Measurements. Different nitrate salt solutions of
Cu2+, Ni2+, Hg2+’ Ba2+, Mg2+’ Ag+, Fe2+, K+, Al3+, Mn2+,
Pb**, Na*, Sr**, Co**, Zn?", Cd*", Cr**and Fe** with 1x1073
M concentration were prepared for all metal cations, and
a stock solution of 1x10™> M BDC probe was prepared
in methanol. The investigated solutions were prepared by
mixing appropriate volume of the salt ions solution with
a particular aliquot of probe stock solution and diluting
the net solution. The absorption spectra (UV—vis) of the
chemosensor probe and the formed metal-probe complexes
were detected in methanol-HEPES buffer mixture of (1:9,
v/v) with pH = 7.2. The fluorescence measurements were
investigated for the free probe in absence of any metal
ions and the metal-chemosensor complexes under the same
conditions. In a photometric titration, the net volume of the
free sensor probe and salt ions could be fixed at 2.2 mL
because the volume of salt ions can be neglected concerning
the volume of the free sensing probe. For all fluorescence
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FIGURE 1: Chemical structure of 2,6-Bis(4-dimethylaminophenyl)-4-(dicyanomethylene)-cyclohex-ane-1,1-dicarbonitrile.

spectra, measurements for both emission and excitation slit
widths were 5 nm.

2.4. Study the Binding Complex Stoichiometry and Reversibil-
ity. To study the stoichiometry of the Cu(II) metal-BDC
complex, Job’s method based on fluorescence measurements
was utilized. Preserving the total of the initial concentration
of Cu(II) ion and BDC free ligand at 10 4M, and varying the
molar ratio of Cu(II) within range of 0.1, 0.2, 0.3, 0.4, 0.5,
0.6 0.7, 0.8, 0.9. The fluorescence of BDC in the absence (F)
and presence F of Cu(II) ions were detected, respectively. A
plot of (F, - F) versus different molar ratios of Cu(II) ions
was drawn to investigate the stoichiometry of metal complex
formation. For the recovery and reversibility experiments, a
2.2 mL of mixture solution containing Cu(II) ions and BDC
ligand molecules with a molar ratio of (1:1) was prepared
in methanol-HEPES buffer mixture of (1:9, v/v) pH = 7.2
solution. The resulting solution has 10 yM Cu(II)-BDC
complex. 5 uL aliquots of 1 x 107> M EDTA solution were
added gradually to the metal-complex solution in order to
investigate the reversibility of the optical chemical sensor.

2.5. Quantum Yield. The fluorescence quantum yields of
BDC free ligand and Cu(II) metal complex were calculated
utilizing the optical dilute route based on standard reference
solution of quinine sulfate in 0.05 M sulfuric acid. This
standard solution provides 55 % quantum yield at 298°K
[53]. All sample solutions were measured in quartz cell of
path length 1 cm. This cell provides absorbance value below
0.1 for all wavelength range of excitation and emission to
consistently illumine through the sample and to cancel the
influence of inner-filter effect.

3. Results and Discussion

3.1. Optical Measurements of BDC. The synthesized 2,6-
Bis(4-(dimethylamino)phenyl)-4-(dicyanomethylene)cyclo-
hexane-1,1-dicarbonitrile shows distinctive optical properties;
these properties were measured in methanol-HEPES buffer
mixture of (1:9, v/v) with pH = 72 (see Figure 2). Under
excitation with 401 nm, the free probe exhibits a characterized
peak centered at 571 nm. On the other hand, the absorption
spectra indicate presence of two peaks (242 and 351 nm,
respectively).

The fluorescence response of the BDC towards the copper
ions was detected using absorption and emission techniques.
Upon adding up Cu(Il) ions to the plain BDC solution,

a new absorption band generated at 301 nm, besides the
two main absorption peaks of the free BDC probe, which
could be attributed to 7-7r* and n-7* transitions [54]. The
absorption of the new and the 242 nm peaks is enhanced
with further addition of copper ions. On the contrary, the
351 absorption peak starts to quench upon addition of copper
ions to the BDC solution. The synchronous action of the
three absorption peaks proceeds with appearance of an
isosbestic point at 318 nm (Figure 3(a)). Interestingly, unique
behavior of BDC UV-vis spectra confirms the chelation
process between Cu(II) metal and the nitrile groups of the
sensitive chemosensor [55].

Memorable, a significant linear relationship exhibits the
relation between absorbance ratio at 241 and 351 nm of the
chemosensor probe and the Cu(II) concentration within a
range of 0 to 1.0 x107° M (Figure 3(b)). Further, with increas-
ing Cu(II) concentration up to a molar ratio of BDC to metal
ions of 1:1, the plot shows linearly dependent coefficient: R*=
0.9894, and the absorption ratios becomes steady at a higher
molar ratio. Thus, the ratiometric detection process exhibits
a 1:1 Cu(II) binding stoichiometry of BDC. Considerably,
the limit of detection (LOD) of BDC chemosensor probe
was determined to be 2.3 x 107/ M, using the calculation
formula LOD = 3¢/k, where k and ¢ give the liner curve slope
and standard deviation, respectively [56]. Furthermore, BDC
has four cyanide groups which have significantly observed
a considerable inorganic ligand. There are some significant
explanations for this assessment, such as the high similarity to
halides, its stability as an aqueous anion, and its capability to
form salts with numerous metals. However, there are possibly
better explanations to classify metal-cyano complexes as
organometallics [57, 58].

Concurrently, BDC chemosensor probe has an orange
fluorescence with the main peak appeared at 571 nm and
under excitation with 401 nm. The optical properties of BDC
show that there is no overlap between the absorption and
fluorescence spectra; and large Stokes shift (AA =170 nm) was
recorded. Most organic probes that are used for Cu(II) ion
detection generally exhibit small Stokes shifts, which would
increase cross-talk between absorbed and emitted photons
and scattering [59]. This leads to undesired back-ground
interferences which requires the using of other fluorophore
to introduce energy transfer between the two flourophores
to increase Stokes shifts. Also, the large Stokes shift min-
imizes self-quenching which provides a significant feature
in practical applications. When the Cu(II) was gradually
added to BDC, a substantial quenching of the fluorescence
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FIGURE 2: The optical properties include UV-Vis and emission spectra of the BDC.

intensity of the main peak at 571 nm was observed, as
shown in Figure 4(a). Upon addition of Cu(II) ion to the
free ligand solution within a concentration range of Ll
(0.64 mg/L to 4.3 mg/L, respectively), the main emission
peak reaches minimum intensity value. After adding more
than 1 equivalent of Cu(Il) ions, the fluorescence intensity
became a minimum and the fluorescence titration exhibits
nonlinear curve fitting of the fluorescence emission titration
and provides a 1:1 complex ratio between the BDC chemosen-
sor probe and Cu(II) ions, which was in conformity with
absorption titration data (see Figure 4(b)).

Upon addition of various metal ions with a concentration
of 10 uM, the chelation of each metal ion to 10 uM BDC
chemosensor probe was studied separately in 1:9 methanol-
HEPES buffer solution (pH=7.2) utilizing fluorescence spec-
troscopy. There were minimal changes in the emission
intensities of the BDC probe. As shown in Figure 5(a),
the effect of each metal ion on the sensitivity of BDC in
presence of Cu(II) ions was investigated; all the investigated
interfering salt ions have no noticeable interference within
the chemical sensing of Cu(II) ions based BDC sensor. Thus,
the chemosensor could be utilized as a selective sensor for
Cu(II). The stoichiometric ratio (BDC: Cu(II) complex) was
determined using Job’s plot based fluorescence analysis [60,
61]. Job’s plot (see Figure 5(b)) was performed by fluctuating
the concentration of copper metal ions within a range up
to 10 uM. The highest quenching value of the fluorescence
intensity was detected when the molar ratio of Cu(II) was
approximately 0.5, which proved that BDC and Cu(II) ion
gave a 1:1 complex. Also, this is in a good agreement with the
Absorption titration.

3.2. Determination the Binding Constant of the Formed Metal
Complex. The binding constant Ky;.q4 of Cu(II) complex
involving BDC organic probe was obtained by utilizing Ryan
and Weber equation model based on fluorescence quenching
[62, 63]. This equation states that the metal ion binds at
congruent and active sites or organic ligands and only with
molar ratio of (1:1) metal/ligand complex is composed. The

binding constant of the formed complex (ML) of metal cation
(M) and ligand molecule (L) could be depicted at definite pH
and constant ionic strength using the following formula:

_[ML]

Km
(M]

x [L] €))
where [M] gives the molar concentration of free Cu(Il);
[L] indicates the molar concentration of free (BDC) lig-
and; [ML] is the molar concentration of the formed ML
[(Cu(I)-BDC)].Further, the mass Cu(II) and BDC ligand are

expressed in the following:

Cym = [M] +[ML] 2)

3)

where Cy; and C; are the stoichiometric concentrations
of Cu(II) ions and BDC. The fraction of ligand that bound to
metal ions (v) could be given regarding the binding constant
and the free concentration of metal ion using (1) and (3).

C, =[L] + [ML]

[ML] _ Ky [M]

T C,  1+k[M] @)
The ligand fraction could be exhibited using (2) and (4):
K, (Cy —vC
m (Cum L) )

"1 + Ky (Cpr —vCy)
And from (5), the binding constant of the formed metal
complex could be calculated as follows:

v

K = (Cpr —vCp) (1 - v)

(6)

Weber et al. [62] studied the fluorescence intensity (I) that
diverges linearly with the fraction of the total ligand bound
giving the next equation:

I,-1
V= 7)

- Io _IML
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where I is the emission intensity of the free ligand and
I, is the minimum emission intensity of the ligand after
complexation with metal ions at which the emission intensity
does not alter with further metal ion addition.

The metal complex between the Cu(II) and BDC optical
probe was formed, and the chelation process was accompa-
nied by fluorescence quenching. Using Rayan and Weber [62]
equation the binding constant was calculated to be (Ky;,q =
716 x10* M), Also, the logarithm of the binding constant of
the formed complex (log Ky;,4) of Cu(Il) ions bound to the
BDC ligand is calculated to be 4.8. This could be attributed
to the interaction between Cu(II) ions and nitrile groups of
BDC and form a stable metal complex [55] .

3.3. Reversibility of the Optical Chemosensor. Ethelenedi-
aminetetraacetate (EDTA), immensely robust chelating agent
for Cu(II) ions, was used for studying the reversibility of the
Cu-BDC reaction. 5 L aliquots of 1 x 10~ M EDTA solution
were added gradually to a 2.2 mL solution including Cu-
(BDC) complex with a molar ratio of (1:1) metal to ligand
with a concentration of (10 uM) in methanol-HEPES buffer
mixture of (1:9, v/v) pH = 7.2. As a result of EDTA addition,
their molecules start to exchange BDC molecules, and a new
complex of Cu-EDTA forms instantaneously. Interestingly,
the exchange chelation process was accompanied by fluo-
rescence enhancement due to the liberated chemical probe
BDC. Thus, the increasing of the fluorescence intensity was
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observed until they attain 88% of their intensity of the free
form.

3.4. Quantum Yield. The estimated values of the quantum
yield were introduced for both metal complex Cu-BDC and
free ligand to be 0.156 and 0.295, respectively. The quinine
sulfate [53] was utilized as standard and reference probe to
calculate the estimated values of quantum yields. A solution
of quinine sulfate probe, 55 % quantum yield, was prepared in
sulfuric acid. The limitation error for the quantum yield was
roughly stated to be + 6 %.

IAR.IS‘]’LS2 (8)
AgIpni

szQR

where R and S point to the BDC and complex referencing
solutions; # is a refractive index at 298°K; I is the integrated
area under emission band; A is the maximum absorption
band of all cases.

4. Conclusion

In brief, an ultrasensitive and novel turn-off optical
chemosensor probe BDC was designed and synthesized
for detection the Cu(II) ions based on chelation process
even without any interference with several metal ions
including Cu**, Ni**, Hg*", Ba**, Mg, Ag*, Fe’", K', AI**,
Mn?*, Pb®*, Na*, Sr’", Co*", Zn>", Cd**, Cr’", and Fe**.
The colorimetric and absorption ratiometric BDC probe
exhibited large Stokes shift 170 nm; the present chemosensor
offers a new concept for design optical probe with significant
alterations in fluorescence. The BDC could detect Cu(II)
ions very easily with precious selectivity and distinctive
sensitivity and provided a limit of detection (LOD) 2.3 x 1077
M. An excellent linear relationship between the copper ions

and BDC in micro-concentrations was displayed and could
afford to utilize in quantitative determination of Cu(II) ions.
The sensing mechanism of Cu(II) and BDC was attributed
to the complexation between two cyano groups and Cu(II).
Ryan and Weber equation was used to determine the binding
constant of the Cu(II)-BDC metal complex (Ky;,q4 = 716 x
10* M™'). Lastly, the BDC sensing probe shows that unique
properties including low detection limit, high complex
stability, and the interferences from different metal ions are
negligible. Thus, BDC can be provided as a novel, highly
selective optical sensor for Cu(II) in bioapplications.

Data Availability

All the significant data were included in the manuscript.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] X. Qi, E. J. Jun, L. Xu et al., “New BODIPY derivatives as
OFF-ON fluorescent chemosensor and fluorescent chemod-
osimeter for Cu®": cooperative selectivity enhancement toward
Cu**} The Journal of Organic Chemistry, vol. 71, no. 7, pp. 2881~
2884, 2006.

[2] P. G. Georgopoulos, A. Roy, M. J. Yonone-Lioy, R. E. Opiekun,
and P. J. Lioy, “Environmental copper: Its dynamics and human
exposure issues,” Journal of Toxicology and Environmental
Health - Part B: Critical Reviews, vol. 4, no. 4, pp. 341-394, 2001.

[3] H. Sigel and M. Dekker, “Metal ions in biological systems,” in
Properties of Copper, pp. 12-17, 1981.

[4] J. A. Cowan, Inorganic Biochemistry: An Introduction, Wiley-
VCH, New York, NY, USA, 1997.



International Journal of Analytical Chemistry

[5] A. C. Rosenzweig and T. V. O’Halloran, “Structure and chem-
istry of the copper chaperone proteins,” Current Opinion in
Chemical Biology, vol. 4, no. 2, pp. 140-147, 2000.

[6] A. Singh, Q. Yao, L. Tong, W. Clark Still, and D. Sames,
“Combinatorial approach to the development of fluorescent
sensors for nanomolar aqueous copper;” Tetrahedron Letters,
vol. 41, no. 49, pp. 9601-9605, 2000.

[7] S. Puig and D. J. Thiele, “Molecular mechanisms of copper
uptake and distribution,” Current Opinion in Chemical Biology,
vol. 6, no. 2, pp. 171-180, 2002.

[8] F. Arnesano, L. Banci, L. Bertini, and S. Ciofi-Baffoni, “Perspec-
tives in inorganic structural genomics: A trafficking route for
copper;” European Journal of Inorganic Chemistry, no. 8, pp.
1583-1593, 2004.

[9] E. Gaggelli, H. Kozlowski, D. Valensin, and G. Valensin, “Cop-
per homeostasis and neurodegenerative disorders (Alzheimer’s,
prion, and Parkinson’s diseases and amyotrophic lateral sclero-
sis);” Chemical Reviews, vol. 106, no. 6, pp. 1995-2044, 2006.

[10] T. V. O'Halloran and V. C. Culotta, “Metallochaperones, an
intracellular shuttle service for metal ions,” The Journal of
Biological Chemistry, vol. 275, no. 33, pp. 25057-25060, 2000.

[11] Z. Shi, X. Tang, X. Zhou et al., “A highly selective fluorescence
“turn-on” probe for Cu (II) based on reaction and its imaging
in living cells,” Inorganic Chemistry, vol. 52, no. 21, pp. 12668—
12673, 2013.

[12] K. J. Barnham, C. L. Masters, and A. I. Bush, “Neurodegen-
erative diseases and oxidative stress,” Nature Reviews Drug
Discovery, vol. 3, no. 3, pp- 205-214, 2004.

[13] A. P. S. Gonzales, M. A. Firmino, C. S. Nomura, FE R. P.

Rocha, P. V. Oliveira, and I. Gaubeur, “Peat as a natural

solid-phase for copper preconcentration and determination

in a multicommuted flow system coupled to flame atomic
absorption spectrometry;, Analytica Chimica Acta, vol. 636, no.

2, pp. 198-204, 2009.

X. Zhang, Y. Shiraishi, and T. Hirai, “Cu (II)-selective green

fluorescence of a rhodamine—diacetic acid conjugate,” Organic

Letters, vol. 9, no. 24, pp- 5039-5042, 2007.

[15] H. Kozlowski, M. Luczkowski, M. Remelli, and D. Valensin,
“Copper, zinc and iron in neurodegenerative diseases
(Alzheimer’s, Parkinson’s and prion diseases),” Coordination
Chemistry Reviews, vol. 256, no. 19-20, pp. 2129-2141, 2012.

[16] J. Xiong, X. Liu, Q. Y. Cheng et al., “Heavy metals induce decline
of derivatives of 5-methycytosine in both DNA and rna of stem
cells;” ACS Chemical Biology, vol. 12, no. 6, pp. 1636-1643, 2017.

[17] G. G. Kournoutou, P. C. Giannopoulou, E. Sazakli, M. Leotsini-
dis, and D. L. Kalpaxis, “Oxidative damage of 18S and 5S
ribosomal RNA in digestive gland of mussels exposed to trace
metals,” Aquatic Toxicology, vol. 192, pp. 136-147, 2017.

[18] R. Ding, Z. Luo, X. Ma et al., “High Sensitive Sensor Fabricated
by Reduced Graphene Oxide/Polyvinyl Butyral Nanofibers for
Detecting Cu (II) in Water,” International Journal of Analytical
Chemistry, vol. 2015, 2015.

[19] R. Zhu, G. Zhou, E Tang, C. Tong, Y. Wang, and J. Wang,
“Detection of Cu®* in water based on histidine-gold labeled
multiwalled carbon nanotube electrochemical sensor,” Inter-
national Journal of Analytical Chemistry, vol. 2017, Article ID
1727126, 8 pages, 2017.

[20] T. Sun, Y. Li, Q. Niu, T. Li, and Y. Liu, “Highly selective and
sensitive determination of Cu*" in drink and water samples
based on a1, 8-diaminonaphthalene derived fluorescent sensor;’
Spectrochimica Acta Part A: Molecular Spectroscopy, vol. 195, pp.
142-147, 2018.

(14

[21] A. Bekhradnia, E. Domehri, and M. Khosravi, “Novel
coumarin-based fluorescent probe for selective detection of
Cu(II),” Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, vol. 152, Article ID 13923, pp. 18-22, 2016.

[22] L. Lin, D. Wang, J.-L. Ye, M. Lin, D.-J. Wang, and G.-D. Yin,

“Oxadiazole-based selective chemosensor for copper (II) based

on fluorescence quenching,” Synthetic Metals, vol. 221, pp. 220-

226, 2016.

A. Helal, H.-S. Kim, Z. H. Yamani, and M. Nasiruzzaman

Shaikh, “Fluorescein-N-Methylimidazole Conjugate as Cu2+

Sensor in Mixed Aqueous Media Through Electron Transfer,”

Journal of Fluorescence, vol. 26, no. 1, pp. 1-9, 2016.

[24] M. Ozdemir, “A rhodamine-based colorimetric and fluorescent
probe for dual sensing of Cu®" and Hg** ions, Journal of
Photochemistry and Photobiology A: Chemistry, vol. 318, pp. 7-
13, 2016.

[25] J. E Araneda, W. E. Piers, B. Heyne, M. Parvez, and R.
McDonald, “High stokes shift anilido-pyridine boron difluoride
dyes,” Angewandte Chemie International Edition, vol. 50, no. 51,
pp. 12214-12217, 2011.

[26] X. Wu, X. Sun, Z. Guo et al, “In vivo and in situ tracking
cancer chemotherapy by highly photostable NIR fluorescent
theranostic prodrug,” Journal of the American Chemical Society,
vol. 136, no. 9, pp. 3579-3588, 2014.

[27] 1. Oehmeand O. S. Wolfbeis, “Optical sensors for determination
of heavy metal ions,” Microchimica Acta, vol. 126, pp. 177-192,
1997.

[28] M. Benounis, N. Jaffrezic-Renault, H. Halouani, R. Lamartine,
and I. Dumazet-Bonnamour, “Detection of heavy metals by an
optical fiber sensor with a sensitive cladding including a new
chromogenic calix [4] arene molecule,” Materials Science and
Engineering C: Materials for Biological Applications, vol. 26, no.
2-3, pp. 364-368, 2006.

[29] O.S. Wolfbeis, “Materials for fluorescence-based optical chem-
ical sensors,” Journal of Materials Chemistry, vol. 15, no. 27-28,
pp. 2657-2669, 2005.

[30] I. M. Steinberg, A. Lobnik, and O. S. Wolfbeis, “Characterisation
of an optical sensor membrane based on the metal ion indicator
Pyrocatechol Violet,” Sensors and Actuators B: Chemical, vol. 90,
no. 1-3, pp. 230-235, 2003.

[31] S. A. Ingale and FE. Seela, “A Ratiometric Fluorescent On-Off
Zn** Chemosensor Based on a Tripropargylamine Pyrene
Azide Click Adduct;” The Journal of Organic Chemistry, vol. 77,
no. 20, pp. 9352-9356, 2012.

[32] R. E M. Elshaarawy, R. Ali, S. M. Saleh, and C. Janiak, “A
novel water-soluble highly selective “switch-on” ionic liquid-
based fluorescent chemi-sensor for Ca (II),” Journal of Molecular
Liquids, vol. 241, pp. 308-315, 2017.

[33] S. M. Saleh, R. Ali, and R. E Elshaarawy, “Turn-on pH
nano-fluorosensor based on imidazolium salicylaldehyde ionic
liquid-labeled silica nanoparticles,” RSC Advances, vol. 6, pp.
68709-68718, 2016.

[34] M. Schiferling, “The art of fluorescence imaging with chemical
sensors,” Angewandte Chemie International Edition, vol. 51, no.
15, pp. 3532-3554, 2012.

[35] M. Taki, J. L. Wolford, and T. V. O’Halloran, “Emission Ratio-

metric Imaging of Intracellular Zinc: Design of a Benzoxa-

zole Fluorescent Sensor and Its Application in Two-Photon

Microscopy,” Journal of the American Chemical Society, vol. 126,

no. 3, pp. 712-713, 2004.

L. Zeng, E. W. Miller, A. Pralle, E. Y. Isacoff, and C. J. Chang,

“A selective turn-on fluorescent sensor for imaging copper in

(23

(36



(37]

(38]

[41]

[42]

(47]

(48]

(49]

(50]

living cells,” Journal of the American Chemical Society, vol. 128,
no. 1, pp. 10-11, 2006.

L. Zhu and E. V. Anslyn, “Facile quantification of enantiomeric
excess and concentration with indicator-displacement assays:
an example in the analyses of a-hydroxyacids,” Journal of the
American Chemical Society, vol. 126, no. 12, pp. 3676-3677, 2004.

S. Xu, R. Tang, Z. Wang, Y. Zhou, and R. Yan, “A novel flavone-
based fluorescent probe for relay recognition of HSO®™ and
AP Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, vol. 149, pp. 208-215, 2015.

S. Hu, S. Zhang, Y. Hu, Q. Tao, and A. Wu, “A new selective
pyrazoline-based fluorescent chemosensor for Cu”" in aqueous
solution,” Dyes and Pigments, vol. 96, no. 2, pp. 509-515, 2013.
J. E Zhang, Y. Zhou, J. Yoon, Y. Kim, S. J. Kim, and J. S. Kim,
“Naphthalimide Modified Rhodamine Derivative: Ratiometric
and Selective Fluorescent Sensor for Cu®>" Based on Two
Different Approaches,” Organic Letters, vol. 12, no. 17, pp. 3852—
3855, 2010.

Z. Xu, L. Zhang, R. Guo et al., “A highly sensitive and selective
colorimetric and off-on fluorescent chemosensor for Cu®
based on rhodamine B derivative,” Sensors and Actuators B:
Chemical, vol. 156, pp. 546-552, 2011.

L. Tang, X. Dai, X. Wen, D. Wu, and Q. Zhang, “A
rhodamine-benzothiazole conjugated sensor for colorimetric,
ratiometric and sequential recognition of copper (II) and sulfide
in aqueous media,” Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy, vol. 139, pp. 329-334, 2015.

M. Frigoli, K. Ouadahi, and C. Larpent, “A Cascade
FRET-Mediated Ratiometric Sensor for Cu?* Ions Based
on Dual Fluorescent Ligand-Coated Polymer Nanoparticles,”
Chemistry - A European Journal, vol. 15, no. 33, pp. 8319-8330,
20009.

Z.-Q. Guo, W.-Q. Chen, and X.-M. Duan, “Highly selective
visual detection of Cu (II) utilizing intramolecular hydro-
gen bond-stabilized merocyanine in aqueous buffer solution,”
Organic Letters, vol. 12, no. 10, pp. 2202-2205, 2010.

E. Ballesteros, D. Moreno, T. Gomez et al., “A New Selective
Chromogenic and Turn-On Fluorogenic Probe for Copper (II)
in Water— Acetonitrile 1: 1 Solution,” Organic Letters, vol. 11, no.
6, pp. 1269-1272, 2009.

Z. Zhou, N. Li, and A. Tong, “A new coumarin-based fluores-
cence turn-on chemodosimeter for Cu2+ in water,” Analytica
Chimica Acta, vol. 702, no. 1, pp. 81-86, 2011.

P. D. Beer, “Transition-Metal Receptor Systems for the Selective
Recognition and Sensing of Anionic Guest Species,” Accounts of
Chemical Research, vol. 31, no. 2, pp. 71-80, 1998.

J.-S. Wu, J.-H. Zhou, P--F. Wang, X.-H. Zhang, and S.-K. Wu,
“New fluorescent chemosensor based on exciplex signaling
mechanism,” Organic Letters, vol. 7, no. 11, pp. 2133-2136, 2005.

R. Ali, S. M. Saleh, and R. E M. Elshaarawy, “Turn-on pH
nano-fluorosensor based on imidazolium salicylaldehyde ionic
liquid-labeled silica nanoparticles,” RSC Advances, vol. 6, no. 90,
pp- 86965-86975, 2016.

S. M. Saleh, R. Ali, and I. A. I. Ali, “A novel, highly sensitive,
selective, reversible and turn-on chemi-sensor based on Schiff
base for rapid detection of Cu(Il),” Spectrochimica Acta Part A:
Molecular Spectroscopy, vol. 183, pp. 225-231, 2017.

M. She, Z. Yang, L. Hao et al., “A novel approach to study
the structure-property relationships and applications in living
systems of modular Cu* fluorescent probes,” Scientific Reports
- Nature, vol. 6, article 28972, 2016.

(52]

(54]

(59]

[63]

International Journal of Analytical Chemistry

M. N. Elinson, A. N. Vereshchagin, S. K. Feducovich et al,,
“Unexpected stereoselective sodium acetate catalyzed multi-
component cyclization of aryl aldehydes, malononitrile and
acetone into cis-4-dicyanomethylene-2, 6-diarylcyclohexane-1,
I-dicarbonitriles,” Tetrahedron Letters, vol. 48, no. 38, pp. 6614—
6619, 2007.

J. Liu, J. Cheng, X. Ma, X. Zhou, and H. Xiang, “Photophysical
properties and pH sensing applications of luminescent salicy-
laldehyde derivatives,” Research on Chemical Intermediates, vol.
42, no. 5, pp. 5027-5048, 2016.

R. Chandra, A. Ghorai, and G. K. Patra, “A simple benzildihy-
drazone derived colorimetric and fluorescent ‘on-off-on’ sensor
for sequential detection of copper(II) and cyanide ions in
aqueous solution,” Sensors and Actuators B: Chemical, vol. 255,
pp. 701-711, 2018.

H.Lan, B. Liu, G. Lvetal., “Dual-channel fluorescence “turn on”
probe for Cu®"? Sensors and Actuators B: Chemical, vol. 173, ppP-
811-816, 2012.

L. Zou, B. Yan, D. Pan, Z. Tan, and X. Bao, “A colorimetric
and absorption ratiometric anion sensor based on indole &
hydrazide binding units,” Spectrochimica Acta Part A: Molecular
Spectroscopy, vol. 148, pp. 78-84, 2015.

R. D. Pike, “Structure and bonding in copper(I) carbonyl and
cyanide complexes,” Organometallics, vol. 31, no. 22, pp. 7647-
7660, 2012.

M. Atanasov, P. Comba, G. R. Hanson, S. Hausberg, S. Helmle,
and H. Wadepohl, “Cyano-bridged homodinuclear copper(II)
complexes,” Inorganic Chemistry, vol. 50, no. 15, pp. 6890-6901,
2011.

J. Zhang, R. Chen, Z. Zhu, C. Adachi, X. Zhang, and C.-S. Lee,
“Highly Stable Near-Infrared Fluorescent Organic Nanopar-
ticles with a Large Stokes Shift for Noninvasive Long-Term
Cellular Imaging,” ACS Applied Materials & Interfaces, vol. 47,
no. 7, pp. 26266-26274, 2015.

J-C. Qin, T.-R. Li, B.-D. Wang, Z.-Y. Yang, and L. Fan,
“Fluorescent sensor for selective detection of AI** based on
quinoline-coumarin conjugate;,” Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, vol. 133, pp. 38-43,
2014.

H. Jia, X. Gao, Y. Shi et al., “Fluorescence detection of Fe**
ions in aqueous solution and living cells based on a high
selectivity and sensitivity chemosensor,” Spectrochimica Acta
Part A: Molecular Spectroscopy, vol. 149, pp. 674-681, 2015.

D. K. Ryan and J. H. Weber, “Fluorescence Quenching Titration
for Determination of Complexing Capacities and Stability
Constants of Fulvic Acid,” Analytical Chemistry, vol. 54, no. 6,
Pp. 986-990, 1982.

C. Plaza, G. Brunetti, N. Senesi, and A. Polo, “Molecular
and quantitative analysis of metal ion binding to humic acids
from sewage sludge and sludge-amended soils by fluorescence
spectroscopy,” Environmental Science & Technology, vol. 40, no.
3, pp. 917-923, 2006.



