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a  b  s  t  r  a  c  t

Applicability  of  square  wave  voltammetry  for  the  determination  of  Cu(II)  ions  by  PolyLut/GC  and
PolyKae/GC  electrodes  was  evaluated  in  this  study.  For  this  luteolin  and  kaempferol  were electro-
chemically  polymerized  on  glassy  carbon  (GC)  electrode  surface  in  order  to  get  polyluteolin  and
polykaempferol-modified  glassy  carbon  electrodes  (PolyLut/GC  and  PolyKae/GC,  correspondingly).  The
formation  of  polyphenol  layer  on the GC electrode  surface  was  evidenced  by  atomic  force  microscopy.
Square  wave  voltammetry  was  found  to  be  more  sensitive  in  comparison  with  differential  pulse  voltam-
eywords:
lectrochemical determination of
opper(II)
aempferol
uteolin

metry.  It was  determined  that  PolyLut/GC  and  PolyKae/GC  electrodes  offered  great  sensitivity  towards
Cu(II)  ions  with  very  low  limit  of  detection,  good  reproducibility,  sufficient  stability  and  excellent  selec-
tivity  of  analytical  signal.

© 2011 Elsevier B.V. All rights reserved.

quare wave voltammetry
eavy  metals

. Introduction

Within the last few years, the number of researches related to
odification of the carbon materials has significantly increased

1,2]. Especially high attention has been paid to application of glassy
arbon. There are many reasons for such interest since glassy car-
on (GC) is inert, has good conductivity and high resistance towards
nvironmental factors and aggressive chemical agents [3]. For this
eason differently modified carbon electrodes have been used as a
upport substrate with a wide potential window suitable for bio-
nalytical purposes in catalytic biosensors [4–6], immunosensors
7,8], biofuel cells [9,10] and chemical sensors based on complex
ormation [11–14]. The studies on the modification of carbon elec-
rodes by a wide variety of organic compounds have been reported
11,12,15–17].

The polyphenolic compounds (e.g. flavonoids) have an increas-
ng interest due to their potentially positive curing effect against
ertain diseases. Some of them are electroactive compounds and

re very abundant for human life e.g. luteolin and kaempferol
18,19]. However there are just few scientific reports about the
lectrochemical investigation of polyphenols especially related

∗ Corresponding author at: Vilnius University, Faculty of Chemistry, Nano-
echnas,  Center of Nanotechnology and Materials Science, Vilnius, Lithuania.
el.: +370 60032332; fax: +370 52469210.

E-mail address: arunas.ramanavicius@chf.vu.lt (A. Ramanavicius).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.05.005
to investigation of their oxidative properties on solid electrode
surfaces and to their possible analytical applications [20–22].
Differently from other flavonoids more detailed electrochemical
investigations of quercetin were performed [23–26].

Recently rapid industrialization and urbanization have led to the
contamination of air, soil and water by heavy metal ions and other
chemical compounds based on heavy metals. Usually they are toxic
and non-degradable [27]. For this reason the evaluation of heavy
metal concentration is of special interest and it has attracted con-
siderable attention. Up to now, the electrochemical determination
of Cu(II) ions by differently modified electrodes has been realized
by some other research groups and the best results have been
reported by Freire and Kubota with the limit of detection (LOD) of
1.8 × 10−14 M for Cu(II) detection on gold electrode modified with
a self-assembled monolayer of 3-mercaptopropionic acid [28]. In
addition to this another sensor with low LOD has been reported
by Yang et al. [29]. Reported sensor has been created by cova-
lent attachment of tripeptide Gly-Gly-His to the self-assembled
monolayer based on 3-mercaptopropionic acid formed on the gold
electrode. This Cu(II) ion sensor has detection limit lower than
0.2 × 10−12 M [30].

Owing the importance of the determination of Cu(II) ions and
lack of the studies related to analytical application of electropoly-

merized luteolin and kaempferol we  developed electroanalytical
system based on solid surfaces modified by these compounds.
Major objectives of this work were: (i) development of GC elec-
trodes electrochemically modified by polyluteolin (PolyLut/GC)
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nd polykaempferol (PolyKae/GC), (ii) characterization of Poly-
ut/GC and PolyKae/GC electrodes (iii) application of PolyLut/GC
nd PolyKae/GC electrodes coupled to square wave voltammetry
SWV) for the electrochemical determination of Cu(II) ions.

.  Materials and methods

.1.  Chemicals and instruments

Kaempferol (96%) and luteolin (98%) were purchased from
igma (St. Louis, USA). The other chemicals needed for electro-
hemical experiments were purchased from Merck, Riedel and
igma–Aldrich companies and were of reagent grade.

The  1.0 mM solutions of flavonoids were prepared in 100 mM
hosphate buffer solution (PBS), pH 7.5. The PBS was  prepared by
ixing of K2HPO4, KH2PO4 and KCl followed by adjusting of pH by

ddition of KOH or H3PO4. CuSO4 solutions were prepared at differ-
nt concentrations (ranging from 1.0 × 10−6 until 1.0 × 10−11 M)  in
ritton–Robinson (BR) buffer solution, pH 5.0, which was prepared
y mixing of H3BO3, H3PO4, CH3COOH and KCl and then adjusting
f pH by addition of HCl or NaOH. All chemicals for preparation of
uffer solutions were of extra pure grade.

A traditional three-electrode cell system was used in all electro-
hemical experiments. The GC electrode Model MF-2012 obtained
rom BAS (Kenilworth Warwickshire, United Kingdom) was  used as
orking electrode with a geometric area of 0.071 cm2. An Ag/AgCl

n saturated KCl (Ag/AgCl/KClsat) electrode was used in aqueous
edia as reference electrode while platinum wire was  used as

ounter electrode. All experiments were carried out inside a Fara-
ay cage at room temperature (25 ◦C). All solutions used in the
oltammetric system were deaerated with argon before electro-
hemical treatment (99.999%) at least for 5 min. The electrode
odification step was performed by cyclic voltammetry (CV) tech-

ique applied with PHE 200 software and the application step of
he modified electrode surfaces were performed by SWV  tech-
ique applied with PV 220 software, which is suited for control of
otentiostat/Galvanostat Gamry Reference PCI4/750 from Gamry
nstruments (Warminster, USA). The bare and modified GC elec-
rode surfaces were characterized by atomic force microscope
AFM) Multimode II from VEECO Instruments (Santa Barbara, USA)
y using tapping mode in air atmosphere with antimony n-doped Si
antilever. The UV–vis spectrophotometer with a double beam was
sed (UV-1800, Shimadzu, Kyoto, Japan) for spectroscopic detec-
ion of the interactions between metal (Cu(II)), polyphenol (luteolin
r kaempferol) and chelating agent (ethylenediamine tetraacetic
cid).

In order to prove analytical results obtained by here reported
lectrochemical sensors the Cu(II) ion determination by flame
tomic absorption spectrometry (AAS) was chosen as reference
ethod which was performed by AAS (Unicam 929, Cambridge,
K).

.2. Electrode preparation, modification and characterization
rocedures

All pretreatment steps mentioned in the published scientific
eports were performed before using the GC electrodes in electro-
hemical experiments in order to avoid contamination by oxidation
roducts and to obtain a clean electrode surface [11–14].

The  polished and cleaned GC electrodes were modified by
otential cycling in 1.0 mM solutions of flavonoids (luteolin and

aempferol) dissolved in 100 mM PBS, pH 7.5. Electrochemical
odification of the GC electrode by flavonoids was performed by

0 potential cycles in the potential range between +100 mV  and
900 mV  at the scan rate of 100 mV/s. After the modification of the
 (2011) 1020– 1027 1021

GC electrode, the surfaces of obtained luteolin-modified GC (Poly-
Lut/GC) and kaempferol-modified GC (PolyKae/GC) electrodes were
rinsed in water in order to remove all soluble compounds from the
electrode surface.

The  surface morphology of electrodes was characterized by
atomic force microscope (AFM) Multimode II from VEECO Instru-
ments (Santa Barbara, USA) using tapping mode in air atmosphere
with antimony n-doped Si cantilever. For all AFM images the used
particular cantilevers were 110–140 �m length with a resonance
frequency of 230–410 kHz and with spring constant of 20–80 N/m.

2.3. Application of polyphenol-modified GC electrodes

The interaction of Cu(II) ions with PolyLut/GC and PolyKae/GC
electrodes was performed in order to approve the formation
of polyluteolin and polykaempferol layers on the GC elec-
trode surface. For this aim, the PolyLut/GC and PolyKae/GC
electrodes were immersed into solutions with varying concen-
trations of Cu(II) ions for 1 h at open circuit in order to form
Cu/PolyLut/GC and Cu/PolyKae/GC electrodes, respectively. Cu(II)
ions on Cu/PolyLut/GC and Cu/PolyKae/GC electrodes were reduced
at −900 mV  for 1 minute in BR buffer, pH 5.0. The SWV  technique
was applied for the determination of Cu(II) ions by Cu/PolyLut/GC
and Cu/PolyKae/GC electrodes in BR buffer, pH 5.0. A Gamry
Reference PCI4/750 potentiostat controlled by PV 220 software
was applied for electrochemical measurements. The potential was
swept from −400 mV  to +200 mV  at frequency of 50 Hz, amplitude
of 40 mV  and a step potential of 5 mV.  The equilibration period of
15 s at −400 mV was  applied before starting of SWV  experiment.
Peak potentials and peak currents corresponding to the solutions
including various concentrations of Cu(II) ions were calculated by
evaluation of square wave voltammograms.

The effect of the interfering ions as Cd(II), Fe(II), Pb(II), Al(III)
and Mg(II) on Cu(II) determination was also investigated. For this
aim, PolyLut/GC and PolyKae/GC electrodes were treated with
1.0 × 10−6 M interfering ion solution containing 1.0 × 10−8 M of
Cu(II) ions for 1 h. The analyte solutions were prepared in BR buffer,
pH 5.0.

The polyphenol-modified carbon electrodes were used for the
determination of Cu(II) ions in water-based sample. The sample was
taken from the tap and tested without any pretreatment to inves-
tigate the applicability of PolyLut/GC and PolyKae/GC electrodes in
real samples. In order to provide optimum conditions, the pH of
the sample was adjusted to pH 5.0 with the addition of diluted acid
or base solutions. All procedures for electrochemical determina-
tion of Cu(II) ions as it is described above were performed and the
results were evaluated. The measurements were repeated for five
times in order to calculate statistical values. Concentration of metal
ions in the sample was evaluated using calibration curves obtained
with known Cu(II) ion concentrations. Flame AAS was  applied as
reference method.

2.4.  Spectrophotometric experiments

The UV–vis spectra were recorded in the range of 220–550 nm
with a double beam spectrophotometer model UV-1800, Shimadzu
(Kyoto, Japan) using quartz cuvettes (1.0 cm optical path) at room
temperature in order to investigate the effect of the addition
of ethylenediamine tetraacetic acid (EDTA) to the relationship
between polyphenols and Cu(II)ions. The absorbance spectra of
25 �M of luteolin or kaempferol dissolved in PBS, pH 7.5 were reg-
istered before any treatment. Then the spectra were recorded after

addition of 50 �M of CuSO4 dissolved in BR buffer, pH 5.0. In addi-
tion to this, the effect of chelating agent on the interaction between
polyphenols and Cu(II) was  investigated by the addition of 100 �M
of EDTA. Registered spectra were analyzed in order to evaluate the
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egeneration of Cu/PolyLut/GC and Cu/PolyKae/GC electrodes and
uitability of them for continuous electrochemical measurements.

.5.  The repeatability, reproducibility and stability experiments

In  order to check the repeatability of Cu/PolyLut/GC and
u/PolyKae/GC electrodes, the electrochemical determination of
u(II) ions was investigated after regeneration of Cu/PolyLut/GC
nd Cu/PolyKae/GC electrode surfaces with EDTA solution. After
ach detection/regeneration cycle, electrochemical responses of
hese electrodes vs 1.0 × 10−11 M Cu(II) ions were investigated.

The reproducibility of PolyLut/GC and PolyKae/GC electrodes
n electrochemical determination of Cu(II) ions was investigated

ith 10 different electrodes. Electrochemical responses of each
lectrode vs 1.0 × 10−11 M Cu(II) ions were investigated by SWV  as
escribed above. All electrodes were prepared freshly just before
heir usage for Cu(II) detection.

The  stability of PolyLut/GC and PolyKae/GC electrodes were also
nvestigated and for this aim three different control experiments

ere performed. In the first group of these experiments, the elec-
rochemical responses of PolyLut/GC and PolyKae/GC electrodes
ere investigated after scanning within “negative” (between 0 and
1.0 V) and “positive” (between 0 and +1.0 V) potential regions by
pplying of 10 potential sweep cycles in BR buffer, pH 5.0. In the
econd group, PolyLut/GC and PolyKae/GC electrodes were kept in
ir, water and BR buffer, pH 5.0, from 1 to 24 h. In the third group,
olyLut/GC and PolyKae/GC electrodes were kept in the room tem-
erature in BR buffer, pH 5.0, for 10, 20, 30 and 40 days. After
ll these treatments, the ability of the treated modified electrodes
n the electrochemical determination of 1.0 × 10−8 M Cu(II) were
nvestigated.

. Results and discussion

In  this study, an application of polyphenol-modified GC elec-
rodes for the detection of Cu(II) ions was investigated. The
u(II)-ion preconcentration in the form of complexes of Cu(II) with
olymerized luteolin and polymerized kaempferol was  realized in
rder to get electrodes suitable for Cu(II) determination. In our
revious work we have demonstrated applicability of differential
ulse voltammetry for the determination of Cu(II) ions. It has been
etermined that both polyphenol-modified electrodes showed sen-
itivity towards Cu(II) with good reproducibility and stability of
nalytical signal. To improve sensitivity and selectivity in present
ork square wave voltammetry was applied and it was found more

ensitive in comparison with differential pulse voltammetry based
etection. Additionally, the evaluation of stability, repeatability,
eproducibility, and morphology of modified electrodes was per-
ormed.

.1. GC electrode surface modification

Luteolin and kaempferol selected for this study have the same
mpirical formula but they have one hydroxyl group at different
osition as it is presented in Scheme 1.

The cyclic voltammograms of luteolin have shown that luteolin
n the bare GC electrode exhibited electrochemically irreversible
xidation peak at lower positive potentials (Epa = +475 mV), which
s attributed to the oxidation of the 3′-hydroxyl and 4′-hydroxyl
roups in the B-ring of luteolin [13]. The formation of quinonic
tructure by oxidation of luteolin is in agreement with forma-
ion of o-quinonic structure during oxidation of quercetin as it

as reported in some studies based on: experimental and the-

retical investigations of quercetin in PBS, pH 4.0 performed by
otating disk electrode [23], electrochemical oxidation of quercetin
n hydro-alcoholic solution on the GC electrode [24], formation
Scheme 1. Structures of used flavonoids: (A) general structure; (B) luteolin and (C)
kaempferol.

of o-quinone during quercetin oxidation on the wax-impregnated
graphite electrode [26], electrochemical oxidation of quercetin in
the presence of benzenesulfinic acid on the GC electrode [31], inves-
tigation of quercetin in the presence of differently charged anionic
and/or cationic surfactants [32], investigation of quercetin with
organized molecular assemblies of non-ionic surfactant [33] and
formation of o-quinone during quercetin oxidation on the wax-
impregnated graphite electrode [26]. According to our calculations
and results presented in references listed above it has been thought
that the oxidation of luteolin could be described as two-electron
and two-proton electrode reaction (Scheme 2A).

The cyclic voltammograms of kaempferol have shown that
kaempferol on the bare GC had two  irreversible oxidation peaks
(at Epa1 = +390 mV,  Epa2 = +710 mV)  [13]. It has been thought that
the oxidation peak at +390 mV  is attributed to the oxidation of
4′-hydroxyl group in the B-ring and to 3-hydroxyl group in the C-
ring, while the second oxidation peak is attributed to oxidation of
7-hydroxyl group in the A-ring. The presence of the second peak
in the cyclic voltammograms of kaempferol could be explained
by oxidation/reduction ability of 3-hydroxyl group localized in

the B-ring and of 7-hydroxyl group in the A-ring of kaempferol.
Another reason for the oxidation of 7-hydroxyl group in the A-
ring of kaempferol differently from luteolin could be the formation
of radicalic species by an electron extraction from A- and C-ring
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Scheme 2. Oxidation mechanisms pr

f kaempferol and a leakage of hydrogen from 7-hydroxyl group
resent in the A-ring by turning to the oxidized form of 3-hydroxyl
roup in the C-ring of kaempferol, which then could be easily rear-
anged into corresponding quinonic form. Here described oxidation
rocess takes place more efficiently for kaempferol in comparison
ith that for luteolin. According to comments presented in this sec-

ion and experimental results, the proposed oxidation process for
aempferol is proposed in Scheme 2B.

According to Scheme 2B, the oxidation process of kaempferol
ncludes two major steps: one of them is based on loss of two  pro-
ons and two electrons; another one is based on loss of one proton
nd two electrons; while luteolin’s irreversible oxidation includes
nly one step based on loss of two protons and two  electrons. The
oss of one proton together with two electrons in the second step
f kaempferol oxidation caused the formation of cationic structure.
his is the main difference in electrochemical oxidation of lute-
lin and kaempferol. The formation of cationic structure is a result
f transfer of one proton together with two electrons, as it was
eported by Ghidouche et al. [34] where enzymatic oxidation of
ome flavonols has been investigated. The authors have showed
he enzymatic oxidation of polyphenols to be first promoted by
he formation of the radical on the oxygen at C3 position of the
-ring, which was formed by H abstraction. In addition to this the
ame authors have shown that subsequent reactions with solvent
r with another substrate molecule were initiated by a dismutation
eaction of two radicals, leading to the formation of a carboca-
ion having positive charge localized at C2 atom of the C-ring. The
uthors have speculated that formation of carbocation during oxi-
ation of phenolic species is of great importance and it will help to
nderstand better biosynthesis of phenolic oligomers and polymers

n plants [34]. On this basis it could be predicted that high polymer-
zation yield, which was  achieved in our study, was influenced by
he formation of carbocations during the oxidation of kaempferol.

In  our previous study related to the formation of the elec-
ropolymerized polyluteolin and polykaempferol layers on the GC
lectrode surface it has been reported that the irreversible peak cur-
ent decreased with an increasing number of the potential cycles
nd after some cycles it reached the steady-state conditions [13].
his gradual decrease in the peak current by potential cycling
ould have been attributed to the formation of the polyluteolin or
olykaempferol layer. We  thought that the electrochemical oxi-
ation of both polyphenols induced polymer formation on the GC
lectrode [35–37].

.2.  Characterization of polyphenol-modified GC electrodes
The  PolyLut/GC and PolyKae/GC electrodes have been charac-
erized by CV and electrochemical impedance spectroscopy (EIS)
echnique in the presence of redox probes, ellipsometry and
d for (A) luteolin and (B) kaempferol.

scanning  electron microscopy (SEM) [13]. Experimental character-
ization results by CV technique have indicated that the blockage
of oxidation/reduction of redox probe on the PolyLut/GC and
PolyKae/GC electrodes was a reliable indication for the modifica-
tion of GC electrode surface by corresponding polyphenolic species.
Ellipsometric measurements have shown that considerable thick-
ness of polymeric layer increased with the concentration of luteolin
or kaempferol and it is an important proof for the formation of
polyluteolin and polykaempferol layers. The morphology of the sur-
faces has been investigated by SEM and characteristic features in
the images have approved the formation of polyphenol layers on
the surface of GC electrode [13].

In addition to these characterization methods, the presence of
polymerized layers was  assessed by AFM in this study. Fig. 1A and
B present three-dimensional images of PolyLut/GC and PolyKae/GC
electrode surfaces. The morphology of both polyphenols are differ-
ent from the bare GC surface and also from each other. The surface of
the polykaempferol layer on GC electrode is more uniform and the
size of characteristic surface features is significantly lower. These
results are in agreement with the ellipsometric measurements and
with SEM results presented in our previous study [13].

3.3.  Electrochemical characterization of complex formation
ability of polyphenol-modified GC electrode:

Electrochemical sensing has been proven as an inexpensive and
simple analytical method with remarkable detection, sensitivity,
selectivity and reproducibility. Therefore high attention is currently
being paid to the development of modified electrodes suitable for
determination of trace-elements [1,11–14,38,39]. In order to show
analytical applicability of polyphenol–modified GC electrodes and
to provide some more evidences on the formation of polyluteolin-
and polykaempferol-based layers, the ability of polyluteolin and
polykaempferol to form complexes with Cu(II) ions was inves-
tigated. For this aim, modified electrodes were prepared as it is
described in Section 2.2. It is known that the pH and the concen-
tration of the solution and the incubation period are important
parameters in the formation of metal ion based complexes. There-
fore the pH of Cu(II) solution and the incubation time of PolyLut/GC
and/or PolyKae/GC electrodes were optimized. For this purpose,
solutions containing 1.0 × 10−8 M of Cu(II) ions were prepared in
BR buffer at different pH values ranging from 3.0 to 9.0 and the
modified electrodes were incubated in these Cu(II) solutions. The
accumulation of Cu(II) ions on the modified electrodes was  per-
formed at open circuit. The pH region over 9.0 was  not evaluated

since it is known that the pH values, which exceeded pH 11.0, were
not suitable for the determination of Cu(II) ions due to the for-
mation of insoluble hydroxide compounds of Cu(II) ions [13]. The
BR buffer, pH 5.0, was  found as the most suitable solvent for the
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from 1.0 × 10 to 1.0 × 10 M.  Square wave voltammograms of
PolyLut/GC and PolyKae/GC electrodes for different concentrations
of CuSO4 are presented in Fig. 3B and C, respectively. Peak currents
registered by SWV  measurements increased by increasing of Cu(II)
Fig. 1. Three dimensional AFM images (1.0 �m × 1.0 �m)

etermination of Cu(II) ions. To determine the optimal incubation
eriod, the PolyLut/GC or PolyKae/GC electrodes were incubated

n BR buffer, pH 5.0, containing Cu(II) ions for different periods:
0; 20; 40; 60; 80 and 100 min. It was observed that SWV  sig-
als increased hyperbolically by increase of incubation period but
hey became steady-state only in the cases if incubation period
xceeded 60 min. Moreover even after 20 min  of the incubation
nalytical signals become meaningful even at low Cu(II) ion con-
entrations. As a result of here presented examinations, the most
uitable conditions for the formation of Cu(II) complex on Poly-
ut/GC or PolyKae/GC electrodes were found in BR buffer, pH 5.0,
hen PolyLut/GC or PolyKae/GC electrodes were incubated for

0 min. The SWV  technique was used in order to investigate Cu(II)-
ased complex formation. The square wave voltammograms of
olyLut/GC and PolyKae/GC electrodes after incubation in solutions
ith different Cu(II) ion concentration are presented in Fig. 2.

The SWV  investigations were performed and the points of the
eak potentials and the current values at these potentials for Poly-
ut/GC and PolyKae/GC electrodes were evaluated. As it is seen from
ig. 2, the peak-currents obtained by PolyLut/GC and PolyKae/GC
lectrodes are different from that obtained by unmodified GC
lectrode. It should be noted that the responses of the bare GC

lectrode registered by SWV  are negligible and they remain at the
onstant level for any Cu(II) concentration (Fig. 2, curve a). In con-
rary PolyLut/GC (Fig. 2, curve b) and PolyKae/GC (Fig. 2, curve c)
lectrodes showed high sensitivity to the Cu(II) ions in broad con-

ig. 2. Square wave voltammograms of: (a) bare GC, (b) PolyLut/GC and (c)
olyKae/GC  electrodes, after 60 min  incubation in solutions containing 1.0 × 10−11 M

 of Cu(II) ions. Measurements were performed in BR buffer, pH 5.0, all potentials
re  presented vs Ag/AgCl/KClsat.
re GC (A), PolyLut/GC, (B) and PolyKae/GC (C) electrodes.

centration range and even at very low concentration level (up to
1.0 × 10−11 M).  The formation of Cu(II) ion-based complexes was
not observed on the bare GC electrode surface, thus it confirms
that polyluteolin and/or polykaempferol layer is crucial for the for-
mation of Cu(II)-based complexes.

The sensitivity of PolyLut/GC and PolyKae/GC electrodes for
Cu(II) ions was studied at different concentration of CuSO4 ranging

−11 −6
Fig. 3. The linear relationship between the peak current of square wave voltammo-
grams  and Cu(II) concentration for (1) PolyLut/GC and (2) PolyKae/GC electrodes
(A).  Square wave voltammograms of Cu/PolyLut/GC (B) and Cu/PolyKae/GC (C)
electrodes at different concentrations of CuSO4: (a) 1.0 × 10−11 M–(f) 1.0 × 10−6 M.
Experiments  were performed in BR buffer, pH 5.0, potentials are referred vs
Ag/AgCl/KClsat.
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on concentration (Fig. 3A). The value of the peak current is lin-
arly dependent on the concentration logarithm of Cu(II) ions in the
oncentration range of 1.0 × 10−11 to 1.0 × 10−6 M.  The data were
pproximated by linear regression and correlation coefficient of
WV  current responses for PolyLut/GC and PolyKae/GC electrodes
ere found to be 0.9927 and 0.9934, respectively.

Limits of detection (LOD) were calculated as low as
.6 × 10−11 M for the PolyLut/GC and 0.3 × 10−11 M for the
olyKae/GC electrodes and the differences between polyluteolin-
nd polykaempferol-based electrodes were observed which are
lso recorded with electrochemical and spectroscopic charac-
erization techniques. The PolyKae/GC electrode showed higher
nalytical signal in the presence of the same concentration of Cu(II)
ons if compared with analytical signals obtained by PolyLut/GC
lectrode. This can be related to the antioxidant activity of the
oth polyphenols. The antioxidant activity of kaempferol is higher
han that of luteolin [40]. The antioxidant activity of flavonoids is
elated to their ability to coordinate metal ions, several studies are
ound in literature regarding the formation of metal complexes
f flavonoids, mainly with Cu(II) and Fe(III) ions [30,41]. So, our
esults on complexation of Cu(II) ions are in well agreement with
ntioxidant activity of both polyphenols. The interaction of Cu(II)
ons with PolyLut/GC and PolyKae/GC electrodes one more time
pproved the presence of electrochemically formed polyphenolic
ayers.

Both PolyLut/GC and PolyKae/GC electrodes evaluated in our
tudy showed better sensitivity towards Cu(II) ions than the elec-
rode surfaces reported by some other researchers, e.g.: the LOD
f 4.0 × 10−7 M was reported by Niu et al. by gold electrode modi-
ed with a self-assembled monolayer of penicillamine using cyclic
oltammetry [42]; the LOD of 5.0 × 10−9 M was reported by Betelu
t al. by 4-carboxyphenyl-grafted screen-printed electrode using
WV [39]; the LOD of 1.0 × 10−10 M using stripping techniques was
eported by Zeng et al. [43] by gold electrode modified with N-
cetyl-l-cysteine and the LOD of 1.0 × 10−11 M was reported by
ztekin et al. by polyphenol-modified GC electrode using differ-
ntial pulse voltammetry technique [13].

Regeneration protocol of PolyLut/GC and PolyKae/GC electrodes
uitable for multiple detection of Cu(II) was developed. This pro-
ocol was based on the application of EDTA solution during the
ashing process of Cu/PolyLut/GC and Cu/PolyKae/GC electrodes,

ince the EDTA is an agent forming complex with Cu(II) ions. In
rder to study the repeatability of detection/regeneration cycles
f Cu/PolyLut/GC and Cu/PolyKae/GC electrodes, the UV–vis spec-
roscopy technique in the range from 220 nm to 550 nm was applied
n the presence of dissolved luteolin and kaempferol. The absorp-
ion spectra of both flavonoids have two maximums: one in the
V region (at approximately 270 nm)  usually denoted as a band II
nd the other one in Vis region (between 380 and 420 nm)  usu-
lly denoted as a band I. Band I and band II are related to optical
bsorption of B-ring and A-ring, respectively (Fig. 4A and B, curve
). It was observed that after addition of CuSO4 to the cuvette
ontaining luteolin or kaempferol, the absorbance of luteolin and
aempferol shifted from 268 nm and 272 nm to 305 nm and 320
m, respectively (Fig. 4A and B, curve b). The effect of stepwise

ncrements of CuSO4 concentration on the spectral characteris-
ics of luteolin and kaempferol is described in terms of shifts of
bsorbance peaks. However, the shifts recorded with the addition
f CuSO4 solution missed and the original absorption spectra of
uteolin and kaempferol were recovered with the addition of EDTA
Fig. 4A and B, curve c).

Here  presented and discussed spectrophotometric investi-

ations confirmed that the Cu/PolyLut/GC and Cu/PolyKae/GC
lectrodes can be regenerated back to the PolyLut/GC and
olyKae/GC by treatment with EDTA. The repeatability of detection
f 1.0 × 10−11 M of Cu(II) was investigated by SWV  for five analysis
 (2011) 1020– 1027 1025

and  no significant changes in analytical signal were detected. The
variation coefficient for five measurements was 4.4% and 2.7% for
luteolin and kaempferol, respectively.

The reproducibility of 1.0 × 10−11 M Cu(II) ion detection was
investigated by SWV  for 10 measurements and no significant
changes in analytical signal were detected. The calculated standard
deviation for PolyLut/GC and PolyKae/GC electrodes illustrated
good reproducibility of proposed analytical systems. The variation
coefficient for 10 measurements was  4.3% and 2.3% for PolyLut/GC
and PolyKae/GC electrodes, respectively.

For several flavonoids, e.g. quercetin, taxifolin, catechin and
mircetin, possessing a catechol group, which is present at C3′ and
C4′ position, has been thought to be suitable for the binding of
metal ions. However it is absent in kaempferol molecule. Our previ-
ously published electrochemical and spectroscopical investigations
have proved that the binding places for the Cu(II) ions are nei-
ther 3′-hydroxyl nor 4′-hydroxyl groups [13]. We  are predicting
that the Cu(II) ions bounded to 5-hydroxyl group located in the A-
ring and 4-carbonyl group in the C-ring that are present in both:
luteolin and kaempferol. The speculation on the position of inter-
action places of both polyphenols with Cu(II) ions is in accordance
with the results evaluated in some other studies [44–46]. This
suggestion is also confirmed by: (i) changes in band II, which is
related to the absorption of A-ring and (ii) stable band I, which is
related to the absorption spectra of B-ring (Fig. 4A and B) that were
observed after incubation in solution containing Cu(II) ions. Here
discussed spectrophotometric results were supported by electro-
chemical investigations, which were presented and evaluated in
Section 3.1.

However, the stripping analysis of Cu(II) can be affected by
interfering ions among heavy metal ions. In this study, five dif-
ferent metal ions including Cd(II), Fe(II), Pb(II), Al(III) and Mg(II)
were chosen as interferences for the investigation of selectivity
of PolyLut/GC and PolyKae/GC electrodes. The Cd(II), Fe(II), Pb(II),
Al(III) and Mg(II) ions were selected as interfering ions because:
(i) cadmium ions can form intermetallic complexes with copper
and because of this the Cd(II) has relatively severely interference
to Cu(II) stripping analysis; (ii) iron (in its Fe(II) form) is a very
strong reducing agent in neutral to basic pH conditions and reduced
copper from aqueous media; (iii) lead can occupy coordination
sites that are available on the electrode surface and can decrease
the peak current induced by Cu(II) ions. Additionally two more
widespread metal ions as Al(III) and Mg(II) were selected in order
to evaluate analytical applicability of PolyLut/GC and PolyKae/GC
electrodes. The square wave voltammograms after incubation in
solution of Cu(II) with Cd(II), Fe(II), Pb(II), Al(III) or Mg(II) ions were
compared (Figs. 5 and 6). The square wave voltammograms of Cu
(II) ions and interfering ions (Cd(II), Fe(II) or Pb(II)) registered with
PolyLut/GC (Fig. 5A–C) and PolyKae/GC (Fig. 5D–F) electrodes were
evaluated. Both (PolyLut/GC and PolyKae/GC) electrodes showed
great selectivity towards Cu(II) ions even in the presence of 100-
fold higher concentration of Cd(II) and Pb(II) ions. However in
our previous study which was  performed with PolyLut/GC and
PolyKae/GC electrodes a small peak appears at +90 mV  in the pres-
ence of 1.0 × 10−6 M of Pb(II) ions [13]. On the other hand, it was
observed that analytical signal was affected by interfering effect of
Fe(II) ions and the peak current attributed to Cu(II) has decreased.
However, the decrease was not found to be very significant, for this
reason it is thought that the interfering effect of Fe(II) can be pre-
vented by addition of masking agents. The presence of Al(III) and
Mg(II) ions in the sample at relatively low extent negatively effected
analytical signals generated by square wave voltammetry for both

polyphenol modified electrodes (Fig. 6A–D). The stripping peak cur-
rent attributed to copper significantly decreased only in the cases
if concentrations of Al(III) or Mg(II) exceeded Cu(II) concentration
by more than 100-folds. In addition to registered decrease some
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Fig. 4. Absorption spectra of luteolin (A) and kaempferol (B): (a) 25 �M of luteolin or kaempferol, (b) mixture of 25 �M of luteolin or kaempferol and 50 �M of Cu(II), (c)
mixture of 25 �M of luteolin or kaempferol, 50 �M of Cu(II) and 100 �M of EDTA.

Fig. 5. Evaluation of the influence of Cd(II) (A and D), Pb(II) (B and E) and Fe(II) (C and F) 

and PolyKae/GC (D–F) electrodes. (a) 1.0 × 10−8 M Cu(II), (b) 1.0 × 10−8 M of Cu(II) + 1.0 ×

Fig. 6. Evaluation of the influence of Al(III) (A, C) and Mg(II) (B and D) on the
S
P
1

s
A
s
o

WV  signal attributed to Cu(II), which were registered by PolyLut/GC (A and B) and
olyKae/GC (C and D) electrodes. (a) 1.0 × 10−8 M Cu(II), (b) 1.0 × 10−8 M of Cu(II) +
.0  × 10−6 M of Al(III) or Mg(II).
hifts of stripping peak potentials were observed in the presence of
l(III) and Mg(II) ions. The shifts by 7.3% and 5.7% in the potential
cale in the presence of Al(III) and by 10.4% and 9.2% in the presence
f Mg(II) were observed for PolyLut/GC and PolyKae/GC electrodes,
on the SWV  signal attributed to Cu(II), which were registered by PolyLut/GC (A–C)
 10−6 M of Cd(II), Pb(II) or Fe(II).

respectively.  The decrease in the peak current was  between 30 and
40% for both Al(III) and Mg(II). The reason for observed decrease of
peak current could be attributed to the competition for complex-
forming sites. As it is known that Mg(II) and Al(III) ions can easily
form complexes via hydroxyl groups. Due to observed changes in
the stripping voltammograms it is thought that after the formation
of complexes with Al(III) and Mg(II) ions, some hydroxyl groups
(e.g.: 5-hydroxyl group in the A-ring) become blocked. Therefore
the sensitivity of the electrodes for Cu(II) would decrease. More-
over, the changes in square wave voltammograms in obtained after
incubation of modified electrodes in samples containing Cu(II) and
Al(III) were different from that in obtained after incubation in sam-
ples containing Cu(II) and Mg(II). Observed differences are related
to the lower complexation ability of Mg(II) ions in comparison with
Al(III) ions. Clear separation of the peak attributed to Cu(II) in the
presence of most common interfering ions as (Cd(II), Fe(II) or Pb(II))
offers the possibility for the sensitive and selective determination
of Cu(II) ions. Therefore we could conclude that electrodes modi-
fied by polyphenol layer show excellent selectivity towards Cu(II)
even in the presence of interfering ions.

Furthermore, the stability of PolyLut/GC and PolyKae/GC
electrodes was evaluated. For this aim three different control exper-

iments were performed. In the first group of these experiments,
the electrochemical responses of PolyLut/GC and PolyKae/GC elec-
trodes vs Cu(II) were recorded after potential sweep in “negative”
and “positive” potential regions as it is indicated in Section 2.5.
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ny significant differences in square wave voltammograms in the
ange of −400 to +200 mV  (Fig. 2, curves b and c) were observed
fter Cu(II) ion detection by stripping at “negative” and “positive”
otential regions. From these results it can be observed that the
odified electrodes showed stability towards treatment by nega-

ive and positive potentials. In the second group of experiments,
he stability of PolyLut/GC and PolyKae/GC electrodes was  evalu-
ted by keeping of modified electrodes in air, distilled water and
R buffer, pH 5.0, each treatment was lasted from 1 to 24 h. After
his treatment, electrochemical responses of these electrodes vs
.0 × 10−8 M Cu(II) were investigated by SWV. It was seen that the
odified electrodes showed good stability when they were kept in

R buffer, pH 5.0, even for 24 h period, while they did not show
he similar or even closer stability if stored in air and distilled
ater. It was also observed that the PolyLut/GC and PolyKae/GC

lectrodes lost all their sensitivities towards Cu(II) ions within 16 h
fter keeping them in air, while they lost whole sensitivity after
4 h if they were kept in distilled water. Since PolyLut/GC and
olyKae/GC electrodes showed good stability in BR buffer, pH 5.0,
he long term stability experiments were performed with keeping
hem at room temperature in BR buffer, pH 5.0, for 10, 20, 30 and
0 days, and their ability for the electrochemical determination of
u(II) ions was  investigated by SWV. It was observed that after 10
ays the electrochemical responses of PolyLut/GC and PolyKae/GC
lectrodes towards Cu(II) ions decreased by 8.2% and 7.1%; after 20
ays by 14.1% and 11.6%; after 30 days by 21.8% and 18.7%; after 40
ays 30.4% and 25.6%, respectively. These results illustrated that the
lectrodes prepared by electrochemical polymerization of polyphe-
ols showed sufficient long term stability if stored in BR buffer, pH
.0.

AAS was selected as reference method to prove results obtained
y SWV. The statistical evaluation of electrochemical and spec-
roscopic determinations showed acceptable precision of both
olyLut/GC and PolyKae/GC electrodes. The determination of Cu(II)
ons in tap water, which contains high concentrations of interfering
ons, was performed in order to investigate practical applicabil-
ty of both polyphenol-modified electrodes. The concentration
f Cu(II) ions in tap water was calculated to be 3.9 ± 0.5 × 10−7

nd 5.4 ± 0.3 × 10−7 M by SWV  using PolyLut/GC and PolyKae/GC
lectrodes, respectively. These results were proved by AAS and
etected concentration of Cu(II) was 4.8 ± 0.2 × 10−7 M.  As it is
een, the results obtained by SWV  technique using PolyLut/GC and
olyKae/GC electrodes are in well agreement with that obtained by
AS.

. Conclusions and future developments

The applicability of PolyLut/GC and/or PolyKae/GC electrodes
or the determination of Cu(II) ions with the LOD of 0.6 × 10−11 and
.3 × 10−11 M,  respectively was demonstrated in this study. Effec-
ive complexation of Cu(II) ions with flavonoids was  observed. The
olyKae/GC electrode showed higher sensitivity to Cu(II) ions in
omparison with other electrochemical Cu(II) ion detection sys-
ems reported up to date. Evaluation of presented data let to
ome future improvements of proposed analytical systems, e.g.
y reduction of determination period. This is possible because
ere evaluated analytical systems posses high sensitivity and it is

ot necessary to work in the equilibrium time domain, therefore
horter Cu(II) pre-concentration periods could have been applied.
uture our work in this direction will be related to the investigation
f complexation ability of PolyLut/GC and/or PolyKae/GC with some

[

[
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biological  compounds including cholesterol and to the application
of this complexation ability for bioanalytical purposes.
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