This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TNB.2015.2461444, | EEE Transactions on NanoBioscience
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

A High Sensitivity Impedimetric Biosensor
Using the Tannin From Quercus macrolepis as
Biorecognition Element for Heavy Metals
Detection

N. Khedimallah, A. Zazoua*, A. Sbartai, N. Jaffrezic-Renault

Abstract— A new poly(vinylchloride) (PVC) membrane
electrode based on tannin from the bark of Quercus macrolepis
(acorn) as the ionophore was prepared and modified onto the
surface of a gold electrode. The electrochemical impedance
spectroscopy (EIS) technique was used to study the sensitivity of
the electrode that was modified with a thin layer of polymeric
biomembrane, in order to detect heavy metals ions in solution.
The device shows a good sensitivity for Zn*, Ni?* ions and a little
less for Cd?*. The electrode indicates a good linear response for
the three metals over a wide concentration range from 1.0 x 107
to 1.0 x 107 M, with a detection limit of 1.0 x 10 M.

Index Terms— Tannin, heavy metals, sensor, impedance
spectroscopy, pollution.

. INTRODUCTION

hether accidental or intentional, the pollution of

waters and soils by some chemical products whose
origin may be industrial (heavy metals, dyes...) or agricultural
rise to worldwide particular interest [1-3]. Beyond a certain
concentration, heavy metals do turn into highly toxic species
[4]. They have the ability to concentrate along the food chain
and pile up inside certain organs of the body, inducing a
number of health problems, especially in long run [5]. For
thirty years now, a handful of doctors and researchers
scattered about in various parts of the world have begun to
find a very clear causal link between the chronic exposure to
toxic heavy metals and many diseases. Since then, scientific
researchers cannot but confirm this thesis [6, 7]. While heavy
metal pollution proves to be a serious health problem, the most
generally used methods of analysis at the present time are
complex, heavy and expensive. This has prompted researchers
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to come up with a simple analytical tool that consist of an
electrochemical sensor composed of a sensitive membrane
with a selective ionophore and a transducer which converts the
(bio) chemical interaction between the metal ion and the
ionophore into a measurable and quantifiable electric signal
[8-12].

Electrochemical sensors as an alternative to the
spectroscopic techniques have been accepted because they
proved to be effective for the detection of trace metal ions
because of their excellent sensitivity, low cost, portability and
above all their very short time for analysis.

The use of gold electrodes as transducers has been the
subject of several studies [13-17]. Thus, a number of
researchers have immobilized membranes or biomembranes
on this kind of electrode in order to form a sensor. Enzymatic
membranes have been developed for the detection of heavy
metals based on the inhibition of the enzyme [18-20]; but this
kind of biosensor is very fragile and very sensitive with
respect to several parameters such as temperature and pH.
Other features, including chemical membranes, have come out
[21-24]. In this kind of sensors, selectivity and detection limit
remain below the mark, which considerably restricts their use.

In this piece of work, we have developed a sensor by
modifying the surface of a gold electrode with a polymer
membrane composed of poly(vinylchloride) as a matrix
containing tannin extracted directly from the shell of the
Quercus macrolepis, the fruit of the oak tree from the
southwest of the Mediterranean. Naturally, we used a
conventional method of extraction, maceration. Therefore, the
device was formed as an electrochemical sensor for the
detection of zn*, Ni** and Cd*" in trace levels. The
electrochemical characterization of our developed devices was
carried-out by impedance spectroscopy and cyclic
voltammetry.

The wuse of condensed tannins as ligand for the
functionalization of gold electrodes constitutes a great
innovation. As a matter of fact, these natural substances have
been the subject of several scientific works in the field of
water treatment using them as adsorbents for the removal of
heavy metals in aquatic systems [25-29]. Tannins have
changeable structures that invariably include a phenolic side.
We have used condensed tannins which are polyphenols of the
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flavonoid family and whose chemical structure is based on a
heterocyclic system. In their chemical structure, they show
adjacent functional groups of the polyhydroxyphenyl, which
gives them a very high affinity with metal ions.

Il. MATERIALS AND METHODS

A. Reagents

Tannins, the sensing molecules used in this work, were
extracted via the Laboratory of Chemical Engineering of Jijel
University in Algeria. The barks of acorn were shade dried
and coarsely powdered. To extract the condensed tannins from
the fruit (the acorn) of the oak tree by maceration, we have
opted for the standard protocol but with some modifications:
10 to 30 g of shell of the acorn powder were macerated at
room temperature for 2.5 hours (twice) with 100 mL of an
aqueous solution of the following solvents: ethanol, acetone,
70% methanol V/V and water. After filtration over a muslin
cloth, the filtrates were centrifuged for 20 minutes at 4000
rpm/min at room temperature, filtered through filter paper n°1
and stored at 4°C for later use.

All other reagents of analytical grade were obtained from
Sigma-Aldrich and were used without further purification.

B. Sensor design and membrane immobilization

The transducers used are gold macroelctrodes fabricated
using standard silicon technologies. They are deposited by
evaporation under vacuum onto Si/SiO2 substrates by using a
30 nm titanium bonding layer. These gold electrodes are
provided by the Laboratory for Analysis and Architecture of
Systems (LAAS), Toulouse, France. A resin layer is deposited
on the gold surface to protect it during cutting and storage.
When they are attached via an O-ring on the electrochemical
cell, these electrodes active surface is about 0.19 cm2.

Before their use, the gold electrodes are cleaned in two
steps. In a first step, the electrodes are dipped in acetone for
10 minutes before they are dried up under a nitrogen stream.
An attack by a “piranha” solution (a solution composed of 2/3
of concentrated sulphuric acid and 1/3 of hydrogen peroxide)
is carried out in a second step for one minute. The electrodes
are rinsed with ultra-pure water and then with ethanol before
being dried up under a nitrogen stream.

The thin film representing the sensitive part of the sensor
was prepared by using a suspension of polyvinyl chloride
(polymer), dinonyl phthalate (plasticizer) and tannin
ionophore in the following proportions: 7 w/w%; 30 w/w%;
62 w/w%, diluted in tetrahydrofuran (THF), respectively. The
membrane was obtained by depositing 5 pL of the
aforementioned PVC-DNP/ionophore suspension onto the
gold electrode using a spin-coater with the following
parameters: rpm = 2500, rpm/s = 2000, t = 30 s. Afterwards,
the surface was dried in air for 15 h.

C. Electrochemical measurements

The PVC-tannins electrode has been characterized by two
electrochemical methods, to wit: impedance spectroscopy and
cyclic voltammetry.

Impedance measurement and cyclic voltammetry are based
on the experimental set in fig.1. It consists of a potentiostat, an
impedance analyser, a computer for controlling the
instruments, acquiring and processing data and of an
electrochemical cell consisting of three electrodes:

- A working electrode made of gold and modified by
the PVC-tannins membrane, upon which are examined the
various electrochemical processes to be explored.

- A saturated calomel reference electrode whose
potential is constant and known, which allows us to control the
working electrode potential.

- A platinium auxiliary electrode referred to also as
counter-electrode which helps close the electric circuit in the
electrochemical cell.

Electrochemical cell

Aulary electrode

Computer —— Potentiostat Reference electrode

Work electrode

Fig. 1. Schema of the experimental setup for electrochemical
measurements

All the electrochemical experiments were performed with a
“VoltaLab 40” impedance analyser (Radiometer Analytical
SA). The electrochemical cell is placed in a Faraday cage in
order to reduce the influence of electromagnetic waves. For
the impedance spectroscopy measurements, this device is used
both to generate the sinusoidal signal with the desired
amplitude and frequency, and to extract the real as well as the
imaginary parts of the impedance of the system under study.
The impedance measurements were performed in the
frequency range from 100 kHz to 100 mHz. The potential
polarization used for these measurements was optimized and a
0.05 M PBS buffer solution at pH 7.2 was used as the
electrolyte. The impedance analyser is controlled by a
computer with the help of the software “Volta Master 4.0”.

The cyclic voltammetry measurements were performed
using the same equipment. The potential was cycled from
=400 to 600 mV (vs. the reference electrode) with a scan
speed of approximately 25 mV/s in a PBS buffer solution
containing 2 mM K3Fe(CN)6 and K4Fe(CN)6, respectively.
All electrochemical measurements were carried out inside a
Faraday cage.

I1l. RESULTS AND DISCUSSION

A. Electrochemical characterization of Au/PVC-
tannin/electrolyte interface

Cyclic voltammetry experiments can be used to characterize
the PVC-tannin thin layer deposited on the gold surface. The
cyclic voltammograms before and after the functionalization
of the gold electrode is shown in fig. 2.
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Fig. 2. The cyclic voltammograms of a 2 mM equimolar mixture of
K3Fe(CN)6 and K4Fe(CN)6 recorded in phosphate buffer saline

pH 7.2 at a bare gold electrode (a) and at the same electrode after
Tannins/PVC deposition (b). Scan rate: 25 mV s—1 vs SCE.

The oxidation peak and that of the reduction of the redox
couple are visible before the deposition of the polymeric
membrane. The potential difference between the two peaks is
AE =210 mV and the peaks have the same height, suggesting
a reversible process indicating the cleanliness of the surface
due to the efficiency of the electrode cleaning treatment. After
the deposition, a reduction in the height of the peaks is
noticed; the potential difference changes to AE = 500 mV,
which can be attributed to the decrease in the electron transfer
through the polymeric membrane which means that electrons
cannot be freely transferred to the electrode.
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Fig. 3. Nyquist plots (a) of the complex impedance spectra of the gold
electrode before (m) and after (®) Tannins/PVC deposition. Zim/kQ
represents the imaginary component and Zre/kQ the real component of
the complex impedance Z(o).
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Fig. 4. Bare electrode data modelled with the electrical equivalent. Rs is
the ohmic resistance of the electrolyte solution, Rct the charge transfer
resistance and CPE the constant phase element.

For the study of the sensor sensitivity, optimizing the
polarization is important. The Warburg diffusion impedance
has to be reduced in order to increase recognition. In actual
fact, polarization varies with the membrane used as
recognition layer.

In our study, different values of the potential were applied
on a wide range of frequencies. For a polarization equal to -
400 mV/ECS, Warburg impedance was reduced to a minimum
and the diameter of the semicircle shortened, which shows the
effect of the charge transfer reduction, thus giving us the
possibility to observe the influence of the sensitivity at the ion
exchange.

The Nyquist diagrams obtained in the complex plane for the
bare electrode and the one functionalized by the PVC-Tannins
membrane are shown in fig. 3. A strong increase in impedance
is noticed after the electrode functionalization phase, which
confirms the fact that the transfer of electrons to the electrode
has been slowed down by the addition of membrane.

The Nyquist Z spectra are adjusted by the Zplot/Zview
software (Scribner Associates Inc.) which helps setting up the
equivalent electric circuit. The best fit was obtained with a
correlation coefficient x2 = 10 by using the equivalent circuit
shown in fig. 4.

The resistance of the electrolyte, the charge transfer
resistance and the constant phase element are represented Rs,
Rct and CPE respectively. The impedance spectroscopy theory
shows that the capacity of the double layer for an
electrochemical cell behaves as a constant phase element,
CPE. Interfacial irregularities (porosity, geometry, roughness,
diffusion,...) are taken into account by this constant phase. It
is defined by a CPE capacity and aCPE number which can
take -1, 0, 0.5 and 1 values corresponding respectively to an
inductance, pure impedance, the Warburg terms or
capacitance. Due to surface heterogeneity, the impedance Z(®)
of such a non-ideal layer can be expressed as Z(w)=CPE '
(jo)™, where © is a circular frequency and n parameter varies
from 0 to 1.When n is close to 0, CPE is essentially a resistor.
If n=1, the CPE is a pure capacitor and the electrode is
considered as ideal.

In order to test the sensitivity of our chemical sensor,
different concentrations of Cd(ll), Zn(ll) and Ni(ll) were
added to the buffer solution. Each metal was separately
studied. The impedance measurements were carried out under
optimised conditions.

1536-1241 (c) 2015 |EEE. Personal useis permitted, but republication/redistribution requires | EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TNB.2015.2461444, | EEE Transactions on NanoBioscience

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

As shown in fig. 5, the diameter of the impedance diagrams
decreases with increasing Cd(ll), zn(ll) and Ni(ll)
concentration. This was especially observed at low frequency.
This phenomenon can be explained by the biochemical bonds
of the metals with the tannins membrane which are expected
to affect interfacial properties of the working electrode,
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kHz. Amplitude of alternative voltage: 10 mV
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o TABLE |
140 m Cd COMPARISONS WITH THE REPORTED WORKS ON HEAVY METAL DETECTIONS
. Metal Limite of
] eta - imite o
100 ion Interface material detection LOD Ref
| Zn Polyaniline/HRP 36.8 nM [35]
80 Zn Diphenilbenzidine/CTAB 0.1 uM [36]
HRP/Maize tassel-Multiwalled 1
60 Zn carbon nanotube 7.5 Hg.L (371
| PVC/Tannins from Quercus o
40 4 Zn macrolepis 0.2nM resﬂrlt
20- Cd Calix[4]arene 10° M [38]
| Cd Screen printed electrodes 500 nM [39]
04 Multiwalled carbon nanotubes with 8
N — cd cyclic dipeptide 27410°M 10l
2 11 10 -9 -8 7 6 5 4 3 2 PVC/Tannins from Quercus our
Log[X] (IX]= [Cd2+], [Zn2+], [Ni2+]) Cd macrolepis 1.1nM result
Fig. 7. Calibration curves describing the variation of charge transfer resistance Ni BDD 33 nM [41]
Rtc against Zn (I1), Cd (1) and Ni (Il) concentration. Ni BDD 6.8 "M [42]
. . PVC/Tannins from Quercus 08 Our
Here, a good response for the three metals detection was Ni macrolepis 8nM result
shown, especially for Zn2+. We notice that the response of the
Zn2+present two levels. Indeed, there is a competitiveness and
rapid response towards tannins initially. This phenomenon can
be explained by the relatively high electronegativity and its |/, concLUsION
relatively small ionic radius compared to the other two metals ] ) ) )
in this case the cadmium and the nickel. There is therefore a A gold electrode  functionalized ~ with  PVC-tannin

relatively high selectivity of zinc with tannins of Quercus
macrolepis which promotes a rapid chelating and complexing
of metal on the biomembrane. In a second step, a beginning
saturation of the active site is noticeable. This is what has
generated a decrease of the response and hence the onset the
second bearing. The calibration curves are linear for the two
metal ions and in a linear dynamic range for Cd (I1) and Ni (11)
(linear up to 10-3 M). Moreover, the response of Zn (II) shows
a large linear range. The observed response was linear with a
slope of 24.1 mV per decade and it was quasi Nernstian for
bivalent anions for concentrations between 10-9 to 10-3 M.
The linear model was validated for the three metals, and the
detection limits obtained for these three metals were, around
10-9 M. The sensitivity is an important parameter for low
detection limits. Typically, a higher sensitivity will result in a
lower limit of detection. The sensitivities calculated from the
calibration curves were in decreasing order from Zn (1), Cd
(1), and Pb (1) respectively. Therefore, the reaction
mechanism of the three metals overlooked to the
biomembrane can be influenced by other parameters such as
electronegativity and ionic radius [27].

Comparing our results with those previously published
about heavy metals electrodes detection shows a very low
detection limits obtained with our device functionalized with
the tannic membrane. The results in Table 1 confirm clearly
the synergy effect when we combine the physical and
chemical properties of the biomembrane-based tannin from
Quercus macrolepis with the electrochemical characteristics
of the transducer electrode.

biomembrane was used for heavy metals determination,
namely, Cd*, zn** and Ni** by using electrochemical
impedance spectroscopy technique. Chemical modification of
the electrode surface was a very large contribution to increase
the detection limit and sensitivity of the developed device. The
proposed analytical technique was rapid, simple, and low-cost
in comparison with other analytical methods used for the
detection of heavy metals. This study has shown that a good
sensitivity and low detection limit of 10 M were obtained for
the three heavy metals. The tannin biomembrane displayed a
high affinity and high response sensitivity to Zn (II). It was
shown that impedimetric responses was linear for Cd**, Zn**
and Ni** between concentrations from 10° to 10° M. This
demonstrates the great potential of these biosensors for
quantitative detection of heavy metals. Therefore, gold
electrodes functionalized with a biomembrane which is
environmental friendly can be strongly recommended as an
electrochemical sensor for heavy metals in wastewater due to
its rapidity, simplicity, and accuracy.
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