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ARTICLE INFO ABSTRACT

Keywords: One of the significant health problems in some developing countries such as Iran is lead toxicity. Potentiometric

Curcumin plasticizer-free Pb%* selective electrode based on a simple and biocompatible ionophore, curcumin, for lead (II)

]S“elafd EH) L detection in erythrocytes have been developed. Glassy carbon electrode modification was done with curcumin as
elf-plasticizing

an ionophore. Curcumin and its interaction with lead (II) were characterized using FT-IR, FE-SEM, and UV-Vis
spectroscopic techniques. Match potential method (MPM) was applying for determining selectivity coefficients of
the proposed sensor. Furthermore, the structures were optimized in various media for both tautomeric structures
of curcumin, and then the binding mechanism was supported by DFT calculation, being in a high correlation and
agreement by experiment. Also, noncovalent interaction studies were done to obtain a description of the sensing
process. The fabricated ISE based on photocurable self-plasticizing (n-butylacrylate) membrane with curcumin
shows a potentiometric response with a Nernstain slop of 28.348 &+ 0.68 mV per decade in a linear range from
1.0 x 10 to 1.0 x 102 and detection limit of 3.98 x 10 M. The sensor’ s response time was about 20 s at room

Potentiometric sensor
Density Functional Theory

temperature. The sensor shows a sensitive detection of Pb>" in human erythrocytes and standard solutions.

1. Introduction

With the rapid development of modern industries, lead is ubiquitous
in the natural environment as one of the most toxic heavy metals due to
their nonbiodegrability and accumulation in organisms [1-3]. Lead
could be absorbed by humans and other organism and would lead to
serious health including lungs, gastrointestinal tract, and even skin
[2,4-6]. There are different published references for lead in the human
body. One research reported that the maximum amount of lead is 70 ng/
L for women, 90 pg/L for men (18-69 years old), and 35 pg/L for chil-
dren 13-14 years old [7]. The MAK committee recommends setting the
blood lead content of men and women over 45 to 300 pg/L as a safe
value for occupational exposure [8].

Lead exposure is closely related to various harmful effects, among
which the reproductive organs, kidneys, nervous and hematopoietic
system, and cardiovascular system are the most critical targets [9].

* Corresponding authors.

Another result of lead exposure is impaired cognitive and intellectual
abilities, acute encephalopathy, foot drop, wrist drop, muscle weakness,
headache, insomnia, fatigue, seizures, anemia, and coma [10,11]. A
study in Iran showed that lead exposure, even at a low level, might be a
risk factor for pregnancy hypertension and preeclampsia in those who
don’t have any occupational exposure [12,13].

Many researchers have shown great attention in the past decade in
the development and application of ion selective sensors [14]. New
ionophores in construction of ion selective electrodes have been exten-
sively studied. Many analytical techniques, such as inductively coupled
plasma mass spectrometry, absorption spectrometry, and atomic fluo-
rescence spectroscopy would be utilized for quantitatively analyze lead
ions. However, these procedures have been limited to the laboratory due
to the high cost of the appropriate equipment and the requirement for
professional user [15]. In contrary, potentiometric sensors are being
characterized using simple operation, fast response, nontoxic operation,
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low cost, besides being suitable for online monitoring and outdoor op-
erations of lead in aqueous [15,16]. For potentiometric sensors or ion
selective electrodes (ISEs), ionophores embedded in the sensing mem-
brane determine the sensitivity and selectivity of the sensor toward lead
ion. While various ionophores have recently been developed for the
coordination of lead ion selectively including calixarenes, crown ethers,
nitrogen-containing compounds, and some O/S atom enriched organic
molecules. Curcumin [1,7-bis (4-hydroxy-3methoxyphenyl)-1, 6-hepta-
diene-3, 5-dione], and its derivatives have many applications, such as
anticancer, antioxidation, antiinflammatory, antiatherosclerosis, de-
livery applications, and even scavenging free radical molecules in ani-
mal models [17]. One of the key roles of curcumin that has recently
attracted attention is its sensory application as an ionophore to detect
many cations and anions, such as Hg>", Fe>", Re?', cu?*, Pt?*, s, F
and CN™. The keto-enol isomerization of curcumin in 1,3-diketone can
be chelated and finally form a complex with heavy metal ions (Scheme
1) [16].

The construction of ISE membrane is widely used for determining of
lead ion in various environmental, industrial, and biochemical samples.
Nevertheless, it made many problems when utilized for fabrication of
solid-state sensors due to its poor adhesion on solid substances by sol-
vent casting procedure. The addition of plasticizers to make it flexible
causes its leaking into the solution during measurement and make it the
main cause of toxicity, a specific environmental concern [18,19].
Therefore, these challenges would be resolved with the sue of self-
plasticizing and photocurable polymer technique[20].

Here, we designed a novel potentiometric sensor based on curcumin
ionophore, which uses a self-plasticizing method to detect lead in human
erythrocytes, showing high selectivity to Pb2* over different kinds of
cations. This sensor was faster, easier, and even cheaper than the pre-
viously mentioned methods. So far, there has not been any report on the
self-plasticization method of Pb®* -ISE based on curcumin. The fabri-
cated potentiometric sensor in this study was used for lead (II) detection
in human erythrocytes.

2. Method
2.1. Materials and methods

The materials used in membrane fabrication like 2-hydroxyethyl
methacrylate (HEMA), 2,2-dimethoxy-2-phenyl acetophenone (DMPP),
n-butyl acrylate (n-BA), 2-hexane-diol diacrylate (HDDA), Curcumin,
and Sodium tetrakis (4-chlorophenyl) borate (NaTFPB), were bought
from Sigma-Aldrich. The metal ions salts used such as Pb(NOs)s, ZnCly,
NiCly, MgCly, CaCly, NH4Cl, NaCl, and KCl were purchased from Merck
company. Also, the CuCly and Triton X-100 were purchased from Fluky
and Scharlau, respectively. All other solvents and chemicals throughout
this study were purchased from Merck Company and used as received in
reagent grade.

2.2. Instruments

A digital pH/ISE meter (Orion Star A214) was used to measure the
difference in potential (electromotive force) of the fabricated sensor.
The reference electrode was an Ag-AgCl double-junction electrode (3.0
M NaCl internal solution, BASi, USA). The Infrared spectra (IR) of
samples were recorded between 4000 and 400 cm™! as an attenuated
total reflectance (ATR) on a Thermo Nicolet AVATAR 370 FT-IR

OH
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spectrometer. The spectrophotometer type UV/Vis/NIR (UV- 3600 Shi-
madzu) equipped with temperature controller TCC-2 was utilized to get
the spectra of curcumin ionophore, Pb?* their complexes. Field Emission
Scanning Electron Microscope Tescan equipped with Energy Dispersive
facility (FESEM-EDX) was used to analyze the morphology of the
membrane.

2.3. Membrane preparation:

The photocuring technique was applied for preparing the membrane
sensor according to the previously reported method [19,21,22]. An
inner layer consisting of 98.40 wt% HEMA as a monomer and 1.60 wt%
DMPP as a photoinitiator. The mixture was sonicated to form a ho-
mogenous mixture. 0.1 pL of the mixture dropped casted onto the GCE
and polymerized by using UV box with a constant flow of nitrogen gas
for 480 s. The polymerized inner layer of the membrane was then dipped
with 0.01 M Pb%" for 18 min. The outer layer of the membrane was
prepared by mixing 3.80 wt% Cur, 1.40 wt% DMPP, 0.10 wt% HDDA,
0.90 wt% NaTFPB and 94.40 wt% n-BA. 2.0 pL of the mixture is then
dropped onto the hydrated poly-(HEMA) inner layer and photocured for
360 s.

2.4. Complexation study

In order to study primary complexation between Pb2* and curcumin
ionophore, absorption spectra of three solutions (1.0 x 10> M of cur-
cumin ionophore, 1.0 x 10* M of Pb2+, and their mixture in 1:1 V/V)
was carried out spectrophotochemically by using UV- 3600 Shimadzu
spectrometer over a range of 200-600 nm [23]. Titration between 1.0 ml
of curcumin ionophore (1.0 x 10° M) and 1.0 x 10°% M of P>t (1.0 x
10 M) at 25 °C in the EtOH-DI-water (1:1) was conducted to study the
stoichiometry of formed complex between curcumin ionophore and 1.0
x 10* M of Pb?* by using UV-Vis. The spectra were recorded in the
range of 200 nm to 600 nm at 2 min after each addition [24].

2.5. Sensor evaluation

Potential measurements were carried out in an electrochemical cell
setup containing a double junction Ag/AgCl reference electrode. The
inner reference solution was 0.1 M Tris-HCI (pH = 7), whereas 1 M
lithium acetate was utilized as a gel bridge electrolyte. Then, the Ag/
AgCl reference and modified GCE working electrode were connected to
an Orion meter. All test solutions of Pb(NO3), in a concentration range
of 101%-101 M were prepared in DI water [25]. All of these measure-
ments were done at room temperature.

2.6. Computational study

The Gaussian-09 program package was used for all calculations [26].
Geometry optimization of all compounds is performed with the
gradient-corrected DFT level coupled with the hybrid exchan-
ge—correlation functional [26]. It uses the Coulomb-attenuating method
with B3LYP/6-311++G(2d,2p) level of theory, which was found to be
suitable for the whole molecule without any asymmetry restrictions in
the ground state (GS) [27,28]. The effect of solvent was estimated by the
conductor-like polarizable continuum model (CPCM) calculations in
Gas-phase, Hy0, Methacrylate, and the mixed solvent of HyO: Methac-
rylate (1:1) [29-32]. The reported energies are Gibbs free energies,

HO OH

Scheme 1. Enol-Keto structures of Curcumin ionophore.
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which contain zero-point vibrational corrections, thermal and entropy
corrections at 298 K, and solvation energies. The noncovalent interac-
tion (NCI) topological analysis was also performed on the prepared
complex with the MultiWfn [33].

3. Results and discussion
3.1. Computational study on the sensing mechanism

The metal complexes structures, (1:1) and (1:2) ratio stoichiometries
of curcumin in different tautomer structures were optimized without
restriction in the gas phase and in the solvent medium under optimi-
zation conditions by using the PCM model in water, methacrylate media,
and water: methacrylate media. It was predicted using the DFT method
to better understand the process, which took place between Pb and
curcumin during complexation. The optimized structure of curcumin
and its tautomer are shown in Fig. 1. The tautomeric structure of cur-
cumin and their Pb-complexes are displayed in the enol-keto tautomer,
which forms non-conjugated fragments, while in enol structure, it is a
linear conjugated system. As shown in Fig 9, the energies of each
tautomeric isomers in various solvents are displayed. It is clear that the
enol structure of curcumin and the (1:1) and (2:1) Pb complexes are

Egas =-1262.978

Microchemical Journal 178 (2022) 107383

more stable than the keto structures. Also, it was demonstrated that all
the optimized structure in the water environment is the most stable
configurations and the stabilities of these structures in different envi-
ronments are respectively HoO > Hy0: Methacrylate (1:1) > Methac-
rylate > Gas-phase. The relative energies of the tautomer enol-keto are
collected in Table 1. As exhibited in Table 1, the solvent’s alteration led
to a slight reduction of the energy gap and more substantial relatives
Gibbs free energy.

Based on the most stable of the optimized structure by using the PCM
model in the water environment, we consider other calculations based
on water. The keto tautomer structure consists of separate fragments
shown in the electron cloud in the HOMO keto form of curcumin and its
complexes. The electron clouds are mainly distributed on one fragment
of the curcumin structure. In contrast, the electron density of HOMO in
the enol form of curcumins’ derivatives delocalized on the whole
molecule (Fig. 1g). Also, it was exhibited that the HOMO-LUMO
bandgaps of keto structures are much more than the enol form of cur-
cumin, and the HOMO-LUMO bandgap of curcumin and tautomer
structure of curcumin become smaller for four various complexes.
Accordingly, the decreasing bandgap energy was seen because of the
adsorption of Pb?* and the charge transfer.

Fig. 2. The FMO analysis of (a) enol-Curcumin, (b) keto-Curcumin,
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(2:1) in eV.



R. Moghaddasi et al.

d .

o
S

Sl
‘k

‘t ,

¥
ot

Egas =-2529.080
Emet = -2529.106
EMet:water = -2529.209

Ewater =-2529.211

©)
E -1.17 -0.64
|
— LUMO of Keto-Curcumin
.| LUMO of Enol-Curcumin

»

:*n"ho'i‘
LS Y VI o

(]

5‘ -6.57
—
-
2]
S —
FEI ’ S—— —
-8.04
7.67 -8.17
HOMO of Keto-Curcumin

-| HOMO of Enol-Curcumin

°

LUMO of Enol-Curcumin: Pb (1:1)

HOMO of Enol-Curcumin: Pb (1:1)
° 2 y
" “ s 0% 2 % R -.:‘ " 9
1N 2.
1 "9l ’

HOMO of Tau-Curcumin: Pb (1:1)

Microchemical Journal 178 (2022) 107383

; 2
®
@
Egas = -2528.814 -57.10
Emet = -2528.821 -55.10
EMet:water = -2528.836 -90.36
Ewater = -2528.840 -88.48
(H
o
2
2 o
& 14

LUMO of Keto-Curcumin: Pb (2:]
LUMO of Enol-Curcumin: Pb (2:1_)5 84

LUMO of Keto-Curcumin: Pb (1:1)¢ g4 .
-7.15 —
—
— L 83dq. '
847 G ”"o,’
HOMO of Enol-Curcumin: Pb .}“ 3 ‘v
J *o’
bob,. i ¥ w tz?‘r ’
T
1 —
-11.66
— HOMO of Keto-Curcumin: Pb (2
-12.83

Fig. 1. (continued).

(¢) enol-Curcumin: Pb (1:1), (d) keto-Curcumin: Pb (1:1), (e) enol-
Curcumin: Pb (2:1), and (f) keto-Curcumin: Pb (2:1) in eV.

The further characterization on interactions described above has
been performed by NCI plot index for both keto-enol tautomer structures
of curcumin and their (1:1) and (2:1) complexes (Fig. S1). The NCI plot
isosurface analysis confirms the more overlap of the x system since the
green isosurface extends from one end to the other of the conjugated
system.

The reactivity descriptors based on DFT also have been used to
describe the reactivity, charge transfer, and stability by Koopman’s
theory equations. The means of HOMO-LUMO energies value is estab-
lished as electronic chemical potential as p= (Erymo + Enomo)/2, and
also the global electrophilicity is defined the charge transfer process as

® = Hp/2n. Moreover, the chemical hardness in the HOMO-LOMO
bandgap differences as n=(Epymo-Enomo)- The higher amount of p and
energy gap HOMO-LOMO demonstrated higher kinetic stability. The
resistance to deformation of the electron cloud was signified with a
higher hardness under small perturbations. As exhibited in Table 1, the
highest relative p is related to the enol form of curcumin. The highest
amount of electrophilicity is found to be in the (1:1) and (2:1) complexes
of enol-curcumin. The lower gap for complex represents the softer sys-
tem along with higher electrophilicity indices.

In order to establish a comparison between the stability of Curcumin-
Pb complexes for both enol-keto tautomer structures, the calculated
binding energies for complexes are listed in Table 1. It is revealed a
stronger interaction between the enol-Curcumin and Pb2* in the (2:1).
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Table 1

The calculated electronic chemical potential p, chemical hardness n, global
electrophilicity o indices, the HOMO and LUMO energies gap in eV, and the
changes in binding energy E, enthalpy H, and Gibbs free energy G in water
environment kJ mol for Curcumin, Tautomeric structure of curcumin, (1:1)
complex, Tautomeric structure of Curcumin: Pb (1:1), (2:1) complex, and
Tautomeric structure of Curcumin: Pb (2:1), and.

AEnowmo- AE AH AG
LUMO

Entry 1 ® n

Enol- —4.3 1.5 12.9 6.49 - - -
Curcumin

Keto- —4.4 1.2 148 7.40 - - -
Curcumin

Enol- -7.3 17.0 3.2 1.60 196.9 196.3 205.7
Curcumin:

Pb (1:1)

Keto- -9.9 8.8 11.3 5.68 166.9 166.9 178.8
Curcumin:

Pb (1:1)

Enol- -7.6 176 3.3 1.66 316.5 316.1  339.6
Curcumin:

Pb (2:1)

Keto- -8.7 6.6 11.6 5.82 233.8 2347 2457
Curcumin:

Pb (2:1)

The binding energy for complexes of curcumin toward Pb%' ion
diminished for (2:1) complex. So, it could be predicted that (2:1) stoi-
chiometric ratio for Pb?* and the enol form of curcumin could be
regarded as the most favorable interactions.

~~~~~~~ CUR-Pb2+
- = Pb2+
——CUR

Absorbance (a.u.)

250 300 350 400 450 S00 sso0
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3.2. UV-Vis analysis

The complexation study between curcumin and Pb?>" was done by
UV-Vis spectroscopy. The results are shown in Fig. 2 (I). As seen, Pb
(NO3), spectra show a maximum absorption peak at 210 nm, but the
spectra of curcumin show maximum absorption peaks at 200 and 431
nm. After adding Pb?* solution to curcumin, distinct spectral changes
were included, and the intensity of curcumin peak at 431 nm decreased
[17]. These significant changes indicate that the selective complexion
between Pb%* and curcumin ionophore occurred.

To assess the interacting potential of curcumin and Pb?*, the UV-Vis
titration experiment was carried out, and also the stoichiometry of the
complex between curcumin and Pb?" cation was measured. As repre-
sented in Fig. 2 (II). By increasing the molar fraction of Pb2+, curcumin
absorption spectra gradually decrease. This result demonstrates a stoi-
chiometry of 2:1. (inset of Fig. 2 (II)) for the plot of absorbance versus
the molar ratio of [Pb>"]/[CUR]. Thus, the suggested process for the
CUR-Pb?* complex is (Eq. 1):

Pb%t + 2curcumin < 2curcumin — Pb%* (1).

Eventually, it can result in the determination of the amount of Pb2 +
ions in a solution by using the proposed sensor. The detection limit of
curcumin toward Pb?" was determined to be 38 uM with a linear range
of concentration to be 0-3 pM.

3.3. Study of electrode composition

The performance of membrane sensors is affected by so many pa-
rameters such as membrane composition, ionophore amount, additive
amount, pH effect, interference effect, and the lifetime of the sensor. The
composition of the membrane sensor was varied to reach the optimum
amount found in determining the target of interest. In this study, in

'y

.,
0,

Absorbance (a.u.)

00:0-0.0..0..4.0

00 03 05 08 10 13 15 18 20
[Pb™)/ [CUR]

Absorbance (a.u.)
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400
) (nm)

(1

y=28.347x+277.12
R=0.996 &

-8

(11

6 -5 -4 -3 -2 -1

Log [Pb?*]

Fig.2. (I) UV-Visible spectra of 1.0 x 10"* M Pb(NOs),, 1.0 x 10 M curcumin ionophore, and their mixture 1:1 (V/V)., (II) UV-Vis spectra of (a) 1.0 x 10> M Pb3*,
(b) 1.0 x 10> M CUR and (c) mixture of CUR ionophore and Pb2* cation (1:1, v/v), and UV-Vis absorption spectra of CUR ionophore (1.0 x 10° M) in 1:1 DI: EtOH
mixture in the presence of an increasing concentration of Pb?* and absorbance versus the [Pb?*]/[CUR] molar ratio and plots., and (III) Calibration graphs of lead

(ID) self-plasticizing CUR-based membrane GCE.
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order to reach the optimum amounts of membrane composition, 10
membrane sensors with different amounts of ionophore and additive
were prepared and tested in the concentrations of Pb?* in the range of
1.0 x 1071%t0 1.0 x 107! M (Table 2). In preliminary studies, the self-
plasticizing membranes with and without CUR ionophore were con-
structed and exhibited the Nersntian and narrow response toward the
lead (II) ions, respectively. In self-plasticizing membrane sensors, the
ionophore as a key element of the membrane should be an optimum
amount to get the Nernstaian response at the membrane-bulk solution
interface, which is owing to the membrane potential. Also, the amount
of NaTFPB additive used in the membrane composition significantly
influenced the selectivity and sensitivity of the self-plasticizing mem-
brane sensor. In comparison with other lead PVC-based membrane
sensors, the use of the self-plasticizing polymer was found to enhance
the detection limit and stability of the potential response of the sensor.

Fig. 2 (III) represents the significant enhancement of the potential
slope of the self-plasticizing polymeric membrane modified GCE based
on CUR ionophore with a Nernstian slope of 28.34 mV/decade for the
lead (II) cation over the working range of 1.00 x 10 to 1.00 x 102 M
with detection limit 3.98 x 101° M. The IUPAC recommendation was
used for evaluation of working range of concentration and detection
limit of the proposed sensors.

In order to assay fabricated ion sensor for detecting lead (II) in
human Red Blood Cell (RBC), the whole blood specimen was at first
centrifuged to access RBC because the majority of lead is taken up into
RBC. RBC specimen was vortex for 5 min to create homogeneity. Then,
the small RBC volume was extracted from the whole specimen. It diluted
1 in 100 with DI water containing ammonia, NaEDTA, and triton x-100
[1]. Then we spike different concentrations of Pb(NOsyy solution in
diluted RBC to examine if the protein and other ions in the blood affect
our ISE detection of lead (II) or not.

3.4. Characterization of optimized electrode

The FTIR spectrum of curcumin, optimized membrane, and complex
of curcumin-Pb?" is shown in Fig. 3 (I). For curcumin, the bands that are
seen at 3505 cm™?, 1628 cm ™', 1509 cm™,1282 cm ™" and 1154 cm ™!
are ascribed to the phenolic —-OH stretching, -C = O group, -C = C vi-
brations, aromatic -C-O stretching, and C-O-C stretching modes,
respectively. It can be seen in the figure that the prominent absorption
peak was seen just for the optimized membrane. This result illustrates
that the polymer covers the curcumin moiety. After interaction with lead
(ID), there was a shift in ~OH group from 3505 cm ! to 3501 ecm ™! that
there wasn’t seen before. Also, the percentage of transmittance for the
peak 1628 cm ™! was changed after detecting Pb?*. These results proved
that -OH and C = O groups are taking part in forming the complex
between curcumin and lead (II). The peaks 575 and 543 cm~! vanished
in the complex spectrum, indicating that curcumin and lead (II) suc-
cessfully form a complex with each other.

Microchemical Journal 178 (2022) 107383

FESEM characterization was done on the surface of the fabricated
sensor to study the morphology of ISE before and after the destocking of
fresh membrane into Pb(NO3), solutions. Fig. 3(II). clearly shows the
cluster of Pb?* atoms on the surface of curcumin. It means that the
complex of curcumin and Pb?* occurred.

The EDX analysis was done in order to determine the complex for-
mation between Pb?* and curcumin. The spectrum of the optimized
membrane after adding Pb(NO3); solution is displayed in Fig. S2. The
attendance of Pb?* in the membrane shows the complex between cur-
cumin and Pb%" successfully occurred.

3.5. Determination of selectivity coefficient

The match potential method (MPM) was used to evaluate the selec-
tivity of the self-plasticizing GCE based on CUR ionophore [34]. Ac-
cording to IUPAC recommendation, for calculation of selectivity

coefficient, logKﬁ’{,“’JM the known concentration of lead (II) ion solution

(a}bz‘ —1.00 x 107! M) was added to the reference solution based on the
fixed concentration of thiocyanate ions ((pr2+:1.00 x 10© M), and the
change in potential was recorded (Eq. 2). In parallel, the same way was
followed for each interfering cations by adding their known concen-
tration to the reference solution to obtain the same potential change as
before. The selectivity coefficient factors were calculated for each
interfering cations by using the following equation:

logkpM — nze_tn) (9,

Table 3 presented the compression of selectivity coefficients for the
optimized self-plasticizing CUR-based membrane GCE. The concluded
results showed the strong affinity of the proposed membrane sensor to
lead (II) in compression of all tested foreign cations. This result displays
those other common cations in human blood cannot significantly
interfere with fabricated lead (II) sensor in this work.

3.6. Response and lifetime of the optimized electrode

Another essential feature of a sensor is its response time. An efficient
ISE should generate both stable and reproducible potential in a short
response time (the first moment at which the potential of the cell reaches
the 95% steady value within + 1 mV after the work and the reference
electrode are placed into the sample solution) [24]. Fig. 4 (I). Shows the
response time of fabricated electrode in various concentrations of Pb
(NO3)5 from 1.00 x 10°t01.00 x 1072 M, and the sensor’s response time
was close to 20 s. The potentiometric response of the proposed electrode
and plotting its calibration curve were recorded for time. The lifetime of
fabricated- ISE was about 4 weeks and swelled up due to leaching
membrane ingredients into the solution.

Table 2

Composition, slopes, linear ranges, and detection limits of calibration curves for lead (II) self-plasticizing CUR-based membrane GCE.
ELC NO. LINEAR RANGE (M) SLOPE DMPP* HEMA NATFPB CUR DMPP HDDA N-BA R?

(MV/DEC) (WT.%) (WT.%) (WT.%) (WT.%) (WT.%) (WT.%) (WT.%)

El 1.0 x 10°-1.0 x 10! 11.3 +£0.97 1.60 98.00 0.80 0.00 1.00 0.10 95.50 0.98
E2 1.0 x 10°-1.0 x 102 28.34 + 0.68 1.60 98.6 1.20 3.60 1.20 0.10 94.40 0.99
E3 1.0 x 10°-1.0 x 102 21.8 £ 0.34 3.00 90.00 1.00 1.00 1.50 0.10 98.00 0.97
E4 1.0 x 10°-1.0 x 102 23.5+0.26 2.70 90.00 1.20 3.50 1.10 0.10 94.40 0.98
E5 1.0 x 10°-1.0 x 10 22.75+ 0.19 3.00 90.00 0.50 4.10 1.60 0.50 90.00 0.99
E6 1.0 x 10°-1.0 x 10! 24.23 + 0.17 1.60 98.6 1.20 3.50 1.20 0.10 94.40 0.99
E7 1.0 x 108 -1.0 x 10! 33.68 + 0.97 3.00 90.00 0.50 4.00 1.60 0.50 90.00 0.99
E8 1.0 x 10°-1.0 x 102 21.05 + 0.24 1.60 98.00 0.00 3.60 1.10 0.10 95.50 0.99
E9 1.0 x 10°-1.0 x 10 18.88 + 0.23 1.60 98.00 1.10 4.00 1.10 0.10 94.10 0.99
E10 1.0 x 108 -1.0 x 10! 23.25 +0.27 1.60 98.00 1.50 4.30 1.10 0.10 94.10 0.99

* Inner Layer.
™ Outer layer.
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Fig. 3. Comparison of (I) FT-IR spectra for (a) CUR ionophore, (b) fabricated membrane and (c) used membrane in 1 x 10M lead (II) nitrate solution. (II) FESEM
micrographs of the optimized fresh membrane (a,c) and optimized membrane after destocking into the Pb(NO3), solutions (b,d).

Table 3
The selectivity coefficient of various interfering cations for the membrane
sensor.

Interference Ions ag a;,bz‘ (aﬁ,zw — App24) lOngMbZM
ag
Ni*+ 4.20 x 10 1.10 x 10° 2.30 x 10°° —~2.60
K" 3.20 x 103 1.10 x 10° 3.10 x 103 —-2.50
NH,* 3.00 x 102 1.10 x 10° 3.30 x 107 —2.42
Ca%t 9.00 x 10™* 1.10 x 10 1.10 x 102 -1.95
Zn%+ 6.00 x 10 1.10 x 10° 1.60 x 1072 -1.69
Na® 2.40 x 10 1.10 x 10° 4.16 x 102 -1.38
Mgt 4.00 x 10 1.10 x 10® 2.50 x 102 —0.60
Ccu®t 2.00 x 10° 1.10 x 10° 5.0x0! -0.30

3.7. Repeatability and reproducibility of ISEs

Repeatability of the fabricated sensor was performed by using
identical ISE three times. The standard deviation (SD) for the repeat-
ability test was 0.14, and the Coefficient of Variation (CV) was 0.6%. A
reproducibility study was carried out by using five Pb?*-ISEs in which
each electrode was used just for one time. It was exhibited that the SD for
the repeatability test was 0.58, and the CV was 2.5%. The difference in
the Nernstain slope of five electrodes in the reproducibility test could be
due to variation of thickness and morphology in each membrane of
electrode compared to the other, which results in fluctuation of the
extraction equilibrium of corresponding ions in the vicinity of the
interface between the membrane and aqueous layer. As a result, the
electrode membrane’s thickness variation can create a minor change in
ISE slope.

260.0
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1X 107%™

<1600
E o

1 107°M

80 120 160 20 200 280 320 360 40 440 480 520 560 60 640
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3.8. Titration of Pb(NO3)2 by EDTA
The proposed Pb2*-ISE was effectively utilized as an indicator elec-
trode in laboratory conditions. The potentiometric titration of 1.00 x 10
3 M (5 ml) was performed by EDTA (1.0 x 10~2M) using the optimized
electrode. As it can be seen from Fig. 4 (II), a standard sigmoidal shape
with a sharp break point of titration curve indicates the selectivity of the
fabricated sensor. Also, the endpoint of the curve corresponds to 1:2
stoichiometry of the EDTA-lead (II) complex. Before the endpoint, the
potential show usual logarithmic changes by adding the volume of EDTA
titration. After it, the potential stays approximately stable because of the
low concentration of Pb?" ions in the solution due to their complexation
with EDTA.

3.9. Comparative study

The fabricated-ISE in this study with curcumin as ionophore was
compared with the recently published Pb?* selective electrode. As
shown in Table 4, all the Pb?"-ISEs studies had plasticizers in their
membrane, while this work was applied in the self-plasticizing method.
As seen proposed sensor is comparable with reported Pb?>*-ISEs in
selectivity, response time, working concentration range. It can result
that the proposed electrodes can be used effectively for accurate and
precise detection of Pb%" concentration in human blood.

The proposed Pb%*-ISE was successfully used to detect different Pb%*
concentrations in real samples. From the results arranged in Table 5, the
results of the recovery experiment performed in diluted whole blood
samples with DI-water. For the recovery test, we applied the human
whole blood samples of Pb>*cations were spiked into the diluted human

2200
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Fig. 4. (I) Dynamic response time of the fabricated sensor in Pb(NO3), solutions in the concentration range of 1.00 x 10°-1.00 x 102 M, and (II) Potentiometric
titration curve of 5 ml Pb(NOs3), solution (1.00 x 103 M) with EDTA (1.00 x 102 M) based on the prepared sensor as an indicator electrode.
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Table 4

comparison of the proposed Pb?*-ISE in this study with the reported potentiometric sensor.
No. Ionophore Slope (mV/decade) Linear range (M) LOD(M) Response time (s) Ref.
1 Curcumin 28.34 1.00 x 10°-1.00 x 10% 3.98 x 1070 20 This study
2 Dibenzodiaza-15-crown-4 28.2 5.00 x 10— 1.00 102 3.50 x 10°° 15 (35]
3 1,2-bis(N’-benzoylthioureido)benzene 30.37 £ 0.62 6.31 x 10°8-3.98 x 102 2.51 x 108 15 (24]
4 Benzyl disulphide 29.2+1.3 2.00 x1075 - 5.00 x 102 1.00 x 105 240 (36]
5 5,5'-dithiobis-(2-nitrobenzoic acid) 29.00 £ 0.3 4.00 x107° - 1.00 x 1072 4.00 x 1076 70 (37]
6 1,3-bis(N’-benzoylthioureido)benzene 31.5+1.6 4.00 x107¢ - 1.00 x 102 1.60 x 10°© 10 (38]
7 Methylene Bis (diisobutyldithiocarbamate) 28.0 1.00 x1072 - 1.00 x 10~° 1.60 x 107 16 (39]
8 tetrakis(2-hydroxy-1-naphthyl)porphyrins 29.2 +0.3 3.20 x107° - 1.00 x 107! 3.50 x 107 10 (40]

Appendix A. Supplementary data
Table 5

Comparison of fabricated Pb>" ISE sensor in determining the Pb>* concentration
in spiked whole blood samples.

Sample No. Pb>* °Recovery RSD (%)
“Added (ppm) Founded (ppm)

1 100 87.66 87.66 0.068

2 200 87.66 93.83 0039

3 300 962 97.33 0.125

4 500 496 99.2 0.218

5 700 663.33 94.7 1.57

6 1000 1013 101.3 0.332

@ Average of three determination;
b Recovery = (found/added) x 100.
¢ RSD = (SD/average) x 100.

whole blood samples and were then detected by the presented proposed
sensor. In spite of the complex fluid matrix, lead (II) cation was suc-
cessfully detected with significant accuracy (Recovery%, 87.66 —101.3)
and acceptable precision (RSD%, 0.039- 1.57).

4. Conclusion

This paper has designed a simple potentiometric plasticizer-free
Pb%*-selective ISE based on curcumin as an ionophore. This sensor can
solve the issue of requiring plasticizers in PVC-based membrane sensors.
The response of the fabricated sensor to lead (II) revealed a low detec-
tion limit 3.98 x 107! M, in a concentration range of 1.0 x1079 to 1.0 x
10~2 M was in Nernstain slope of 28.347 + 0.68 mV/decade with strong
selectivity and rapid response time. The proposed Pb2*-ISE was suc-
cessfully used to detect different Pb?* concentrations in real samples.
Moreover, DFT and NCI gradient studies were implemented for the
binding mechanism of the assessment of stoichiometry and behavior of
both tautomeric structures of ionophores. It was exhibited that the enol
structure is more stable than the keto structure. The experimental results
and theoretical works beside each other could be used to develop and
clarify sensing mechanisms.
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