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We describe the development of an electrochemical sensor based on glassy carbon electrodes modified with
multiwalled carbon nanotubes dispersed in low molecular weight polyethylenimine for the determination of
luteolin in peanut hulls. A well defined quasi-reversible surface redox couple was found using cyclic and square
wave voltammetries for luteolin in 1.0 mol L~ ! HCIO, aqueous solutions. The best accumulation potential and the
accumulation time were 0.55 V and 20 min, respectively. An optimal ratio of 1:5 for multiwalled carbon nano-
tubes/polyethylenimine was used to prepare dispersions.

Keywords:
Fla}\,/‘gnoid The linear range was from 2.4 x 10~ 3 to 1.75 pmol L™ . The luteolin contents determined in two peanut hull sam-
Luteolin pleswere (1.18 4 0.08) and (1.47 4 0.09) g per 100 g of sample, being in very good agreement with those values

Multiwalled carbon nanotubes obtained from the same samples using HPLC. The limits of detection and quantification were 5.0 x 10~ % and

Polyethylenimine

1.5 x 10~ mol L™, respectively. The reproducibility and the repeatability were 8.0 and 7.3%, respectively.

The modified glassy carbon electrode was stable even after 23 days.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Luteolin (3',4',5,7-tetrahydroxy-flavone, LUT) is one of the most bio-
active flavonoids. Its chemical structure is shown in Fig. 1. LUT is found
in high amounts in thyme, peppermint, parsley, celery, green pepper,
perilla leaves, and chamomile tea [1,2].

It is well known that LUT has a broad range of biochemical and phar-
macological properties. It has antioxidant, anti-inflammatory, antican-
cer, anti-allergic, anti-platelet and anti-ulcer properties. In addition,
LUT can be used for antiviral activities, cataract prevention, and anti-
thrombotic action [3-6]. Recent studies have also shown that LUT
could suppress the oxidative damage of DNA [7].

Different analytical methods have been reported for the determina-
tion of LUT. They include thin-layer chromatography [8], gas chroma-
tography (GC) [9], high-performance liquid chromatography (HPLC)
[10-17], and capillary electrophoresis (CE) [18-20], coupled with vari-
ous detection techniques, such as UV spectrophotometry, diode-array,
electrochemical array, etc. Even though these techniques have made
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possible the highly selective and sensitive quantification of LUT, they
present some disadvantages such as high cost, high consumption of
time and reagents, and high complexity of operation.

Since the discovery of carbon nanotubes (CNTs) in 1991 [21], they
have attracted the attention of scientists all over the world. CNTs are
often used for the development of electrochemical sensors due to
their multiple advantages such as low overvoltages for the oxidation/
reduction of different analytes, fast response times, high sensitivity
(mainly connected with the increase of the electroactive surface area),
and highly stable responses [22,23]. Therefore, CNT-based electrochem-
ical sensors represent an interesting alternative for the determination of
different analytes [24,25].

Non-functionalized multiwalled carbon nanotubes (MWCNTSs) are
insoluble in most solvents. To overcome this problem, different strate-
gies have been used such as dispersion of CNTs in concentrated acid so-
lutions [26,27], organic solvents as N,N’-dimethylformamide [28,29],
and polymers such as Nafion [30,31], chitosan [32-34], DNA [35], poly-
lysine [36] and polyhistidine [37]. Highly branched polyethylenimine
(PEI), a polymeric amine with a high positive charge density [38,39]
has been successfully used to increase the level of MWCNT solubility,
demonstrating an excellent performance either in batch or in flow sys-
tems [22,40-42].

In this work, we describe an electrochemical sensor for the direct
quantification of LUT based on the use of glassy carbon electrodes
modified with MWCNTSs dispersed in low molecular weight PEI in
1.0 mol L™ ! HClO, aqueous solutions using cyclic (CV) and square
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Fig. 1. Chemical structure of luteolin.

wave (SWV) voltammetries. We also discuss the analytical applications
of the sensor for the quantification of LUT in samples of peanut hulls.

2. Materials and methods
2.1. Reagents and materials

LUT, ascorbic acid (AA), and PEI (MW ~600 g mol~!) were pur-
chased from SIGMA. MWCNTs (diameter (30 4+ 15) nm, length
1-5 uM) were obtained from Nano-Lab (USA). Phosphate buffer solu-
tions (PBS) of pH 7.40 were prepared using Na,PO4H (Merck p.a.) and
KPO4H, (Merck p.a.). Ultrapure water (p = 18 MQ cm) from a
Millipore-MilliQ system was used for preparing all solutions. Samples
of peanut hulls were obtained from a local farmer. HCIO4, methanol
and ethanol were from Merck p.a. Acetic acid and acetonitrile were
from Sintorgan (HPLC degree).

2.2. Apparatus

CV and SWV experiments were carried out with an Epsilon (BAS,
USA) potentiostat. Electrochemical measurements were performed in
a 5 mL Pyrex cell. Working electrodes were either a bare glassy carbon
electrode (GCE, CH Instruments, 3 mm diameter) or a GCE modified
with MWCNT dispersions in PEL A platinum wire and an Ag/AgCl,
3 mol L~ ! NaCl (BAS, RE-5B) were used as counter and reference elec-
trodes, respectively.

Scanning Electron Microscopy (SEM) images were obtained with a
Field Emission Gun Scanning Electron Microscopy (FE-SEM, Zeiss,
SIGMA model).

LUT was also determined using a HPLC Waters 2998 system equipped
with a quaternary pump model Waters e2695, diode array detector, and
a C18 (Luna) column (100 x 4.6 mm). The injection volume was 15 pL.
The mobile phase flow rate was kept constant at 0.5 mL min~—'. A
gradient elution was used, starting with 60% of solvent A (H,0/acetic
acid (99:1)) and 40% solvent B (methanol/acetonitrile/acetic acid
(89:10:1)), followed by a linear variation up to 100% of solvent B in
30 min.

2.3. Preparation of GCE and GCE/MWCNT-PEI

GCE electrodes were pre-treated by polishing with alumina slurries
of 1.0, 0.3, and 0.05 um for 1 min each, and were sonicated in water
bath for 15 s.

MWCNT-PEI dispersions were obtained by mixing 1.0 mg of
MW(CNTs with 1.0 mL of PEI solutions of different concentrations pre-
pared in 50:50 v/v ethanol/water, followed by sonication for 45 min.

Polished GCE electrodes were modified with MWCNT-PEI disper-
sions by dropping an aliquot of 20 pL on the top of the electrode and
allowing the solvent to evaporate at room temperature.

24. Sample preparation

LUT extraction was carried out by milling 2.5 g of peanut hulls in an
analytical mill. The extract was then placed in an Erlenmeyer flask con-
taining 50 mL of methanol, with constant stirring for 24 h at room tem-
perature. Finally, the solution was filtered using a Whatman filter paper
[43].

2.5. Procedure

Before starting the experiments, the CGE/MWCNTs-PEIs were cy-
cled 10 times between —0.200 and 0.900 V in a 1.0 mol L~ ! HCIO,4
aqueous solution at a scan rate of 0.050 V s~ . LUT accumulation on
the electrode surface was performed at 0.55 V for 20 min under stirring
conditions (see below), and the voltammetric stripping was performed
in the same solution.

Square wave voltammograms were recorded in the potential range
from 0 to 0.8 V. Other experimental parameters were amplitude of the
square wave, AEs,, = 0.025V, staircase potential, AE; = 0.005 V and
frequency, f = 40 Hz.

3. Results and discussion
3.1. Optimization and characterization of MWCNT-PEI dispersions

The electrochemical behavior of AA in PBS (pH 7.40) was used to op-
timize and characterize MWCNT-PEI dispersions. Fig. 2 shows cyclic
voltammograms for 1.0 x 1073 mol L™ ! AA obtained at bare GCE (dot-
ted line), GCE/PEI (dashed line) and GCE/MWCNTSs-PEI (solid line). At
bare GCE, AA is oxidized at about 0.3 V, with a peak current (I,) of
20.5 pA. When GCE was modified with PEI, the peak potential (Ep) for
AA oxidation decreased by 0.092 V, while the peak current remained al-
most the same (18.6 pA). The decrease in the overvoltage for AA oxida-
tion is attributed to the facilitated charge transfer due to the favorable
electrostatic interactions with the electrode surface. A remarkable de-
crease in the oxidation overvoltage (~0.3 V) compared to GCE was
found at GCE modified with the MWCNT-PEI dispersion, demonstrating
that the catalytic activity of MWCNTSs associated with PEI largely facili-
tates the charge transfer. The I, obtained for the electrooxidation of
AA at GCE/MW(CNTSs-PEI shows an important enhancement (almost 3
times) compared to GCE and GCE/PEI, demonstrating the benefits of
the huge increase in the electroactive area due to the presence of
MW(CNTs.

We also studied the effect of the MWCNTSs/PEI ratio on the efficiency
of the dispersion and the performance of GCE modified with MWCNTSs/
PEI using AA as a redox probe. The evaluated MWCNT/PEI ratios were
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Fig. 2. Cyclic voltammograms of 1.0x 107> mol L~! AA in 0.1 mol L™ PBS of pH 7.40 at
bare GCE (...), GCE modified with 5.0 mg mL~! PEI (- - -), and GCE modified with
1.0 mg mL~! MWCNTs/5.0 mg mL~ ! of PEI (—).v = 0.100 Vs .
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1:1,1:2,1:3,1:4, 1:5 and 1:6 (results not shown). In all cases, a marked
decrease in the overvoltage for the oxidation of AA was found. However,
this decrease was almost independent of the MWCNT/PEI ratio (the E,
varied from 0.004 to 0.032 V for the different dispersions). Regarding
the oxidation current, as light increase was observed with increasing
amounts of PEI, i.e., 49 uA and 62 pA were obtained from electrodes
modified with 1:1 and 1:6 MWCNT/PEI dispersions, respectively. How-
ever, the best compromise between the efficiency of the dispersion and
the sensitivity, robustness and reproducibility of the resulting GCE/
MWCNTSs/PEI was reached with the 1:5 MWCNT/PEI dispersions. More-
over, the 1:5 MWCNT-PEI dispersions were stable even after 23 days.
Therefore, a 1:5 MWCNT/PEI ratio was selected for further studies.
Under these conditions, the E, for AA oxidation was 0.004 V, and I,
was 56 pA.

Fig. 3 displays typical SEM pictures for GCE modified with MWCNTs-
PEI prepared with different ratios 1:1 (A) and 1:5 (B) at different mag-
nifications (1000 x for A1 and B1; and 30,000 x for A2 and B2). At low
magnifications, both MWCNT-PEI dispersions cover the whole GCE sur-
face, although there are conglomerates of CNTs. Pictures at higher mag-
nifications show more clearly the presence of CNTs dispersed in the
polymeric matrix. The images obtained for 1:5 MWCNTs-PEI display a
more efficient dispersion of the bundles.

3.2. Application of GCE/MWCNT-PEI electrodes for the determination of
luteolin

Fig. 4A displays cyclic voltammograms obtained in 1.0 mol L™}
HClO, aqueous solutions after 20 min accumulation in 1.0 pmol L™!
LUT at bare GCE (dotted line) and GCE/PEI (solid line). On these sur-
faces, the electrochemical signals are poorly defined. At GCE/
MW(CNTs-PEI, LUT is oxidized under the same experimental conditions,

showing a quasi-reversible surface redox couple with a well defined ox-
idation peak at 0.680 V (I, = 28.2 pA) (Fig. 4B, solid line). No signal was
observed for 1.75 umol L~ LUT without the previous adsorption step
(dotted line in Fig. 4B). This behavior clearly indicates a strong adsorp-
tion of LUT on GCE/MWCNTSs-PEI (1:5), promoted not only by the elec-
trostatic interactions between LUT and PEI, but also by m—m interactions
between the structure of LUT and MWCNTs.

It is well known that SWV is a fast and sensitive technique to quan-
tify the amount of initially adsorbed substrate, considering its ability to
discriminate against capacitive currents [44]. Thus, SWV was chosen to
carry out further studies.

Fig. 5 shows the forward (If), reverse (I.) and net (I,) currents from
SW voltammograms obtained in 1.0 mol L~ ! HCIO, aqueous solutions,
after accumulation of 1.0 umol L~ ! of LUT at the GCE/MWCNTs-PEIs.
These results clearly suggest both the adsorption of LUT and the quasi-
reversible nature of the surface redox couple, considering the shape of
Iy, I; and I, voltammetric responses obtained [44], as shown in Fig. 5.
The selective interaction of LUT with the GCE/MWCNT-PEI electrode
surface could be explained by considering the different functional
groups containing oxygen, such as carboxylic acid, lactone, o-quinone,
p-quinone, carbonyl, phenol, m-m interactions, etc., all of which may
be present on the electrode surface [45]. The interaction between
these groups and the —OH groups present in the chemical structure
of LUT might be responsible for the adsorption of LUT on GCE/
MWCNTs-PEIs.

The effect of the accumulation time, t,., at 0.55 V on the LUT adsorp-
tive oxidation was evaluated using 1.75 pmol L~! LUT. The oxidation
current increased linearly with the adsorption time of up to 20 min,
and then it leveled off for times longer than 20 min. The effect of the ac-
cumulation potential, E,., on the LUT adsorptive oxidation was evaluat-
ed between —0.3 and 0.8 V using a t,.c = 20 min. The LUT adsorptive

Fig. 3. SEM images of the GCE/MWCNT-PEI electrode prepared with MWCNT/PEI ratios 1:1 (A) and 1:5 (B). Detector In-Lens at 15.00 kV acceleration voltages, magnification 1000 x for A.1

and B.1, and 30,000.00 x for A.2 and B.2.
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Fig. 4. Cyclic voltammograms obtained in 1.0 mol L~ 'HCIO, after accumulation of
1.0 umol L~ " of LUT at A) bare GCE(- - -) and GCE/PEI(—), and B) GCE/MWCNTs-PEL
Experimental conditions: adsorption of LUT for 20 min at 0.55 V. v = 0.100 V s~ . Other
conditions are the same as that in Fig. 2.

oxidation current was independent of E,.. between —0.30 and 0.40 V,
with a maximum response at 0.55 V (results not shown). Thus, selected
conditions for the accumulation of LUT at the modified electrode surface
were t,oc = 20 min, and E;.. = 0.55 V.
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Fig. 5. Anodic stripping square wave voltammograms obtained in 1.0 mol L~ 'HCIO, after
accumulation of 1.0 umol L™ of LUT at GCE/MWCNTSs-PEL t,.c = 20 min, E,.c = 0.55 V.
AE,,, = 0.025V, AE; = 0.005 V and f = 40 Hz.
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Fig. 6. Calibration plot obtained by anodic stripping square wave voltammetry after accu-
mulation in LUT in 1 M HCIO,4 aqueous solutions. Other experimental conditions are the
same as that in Fig. 5.

The calibration plot obtained in 1.0 mol L™ ! HCIO, after performing
the LUT accumulation at the electrode surface using conditions previ-
ously described is shown in Fig. 6. A linear relationship between net
peak current, I, ,, and LUT bulk concentration, cur was found in the
range from 2.4 x 1073 to 1.75 pumol L™, The sensitivity was
124 pA nmol L~ and the linear correlation coefficient, r?, was 0.9964.
The limit of detection, LOD, was 5.0 x 10~ '° mol L' (calculated as
30/S, where o is the blank standard deviation and S is the sensitivity
of the calibration curve). The quantification limit, LOQ, calculated as
100/S, was 1.5 x 10~° mol L~ [46].

The reproducibility of MWCNT-PEI dispersions at GCE, evaluated
from the sensitivity of LUT calibration curves using five modified
electrodes, with six different dispersions, produced a relative stan-
dard deviation, RSD, of 8.0%. Repeatability assays were performed
by measuring the sensitivity of LUT calibration curves using five
electrodes modified with the same dispersion, giving a RSD of 7.3%.
These results indicate that the overall process, from the dispersion
preparation to the GCE modification with MWCNTSs-PE], is highly
reproducible.

The GCE/MWCNTs-PEIs were used to determine LUT in two differ-
ent peanut hull samples. LUT values obtained in both samples were
1.18 and 1.47 g/100 g. These values are in good agreement with those
found by Yen et al. [47], who reported LUT contents in peanut hulls be-
tween 0.19 and 2.86 g/100 g, which depend on grain ripeness. On the
other hand, our results show values higher than those reported for
LUT in peanut hulls by Zhao et al. [48] and Sheng et al. [49]. Zhao et al.
found a LUT content of 0.326 g/100 g using differential pulse voltamm-
etry (DPV) at a GCE modified with MWCNTs, while Sheng et al. found
LUT contents in the range from 0.64 to 0.88 g/100 g using a MWCNT/
poly(ethylene terephthalate) (PET) composite electrode in combination
with CE. Moreover, the linear range, and the LOD found by us are better
than those values reported by Pang et al. [50], who used a GCE modified
with graphene nanosheets (GNs) and hydroxyapatite (HA). Moreover,
the electrochemical behavior of LUT has also been studied at macroporous
carbon modified GCE in phosphate buffer solutions of pH 7.0 by CV and
DPV [51]. This electrochemical sensor showed good statistical parameters,
and was then used to determine LUT in capsules of a Chinese medicine.
For comparison purposes, different statistical parameters obtained in
this study are shown in Table 1 together with those previously reported
in the literature.

LUT contents in peanut hull samples were also determined using
HPLC. LUT showed a well defined chromatographic peak, with a reten-
tion time of 28.5 min. The calibration curve, obtained using HPLC
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Table 1

Statistical parameters of different methods.
Technique Working electrode Linear range/mol L~! LOD/mol L™! LOQ/mol L™! Stability of the sensor Ref.
DPV GCE/MWNCTs 20x1071°-30 x 107° 6.0 x 101 - ~21 days [48]
CE MWCNTSs/PET 1x107%-1x1073 44 x 1077 - 15% [49]
DPV GCE/GNs-HA 2x1078-1x 1073 1x1078 30 days [50]
SWV GCE/MW(CNTSs-PEI 24 x1079-1.75 x 106 5.0 x 10710 15 x 1079 23 days This work
? Repetitive measurements.

measurements, is expressed as (eight points were taken into account, References

which were determined by triplicate):
Area(A x t) = —(2£1) x 10° + (6.3 £0.3) x 101°c;UT(mol L’l) 1)

where the areas under chromatographic peaks in Eq. (1) are expressed
in absorbance per time units.

Table 2 shows LUT contents obtained in peanut hulls using both
methods. While these values are in good agreement, the percentage rel-
ative error of the chromatographic method (18 and 12.5% for samples 1
and 2, respectively) is greater than that of the electrochemical method
(6.8 and 6% for samples 1 and 2, respectively). Thus, the sensor pro-
posed in this study is very simple and fast. In addition, the relative
cost compared to chromatography and electrophoresis is considerably
smaller. The sensor could be applied for portable designs, and it presents
very good analytical parameters, some of which are better than most of
the existing methodologies. The sensor was useful for the quantification
of LUT in two peanut hull samples, being in excellent agreement with
the values determined using HPLC. Based on these results, we can con-
clude that the GCEs modified with MWCNTSs/PEI could provide a satis-
factory methodology for LUT determination in peanut hull samples.

4. Conclusions

Most of the electrochemical sensors modified with CNTs dispersed
in PEI were based on the use of a highly-branched high molecular
weight PEI (>750,000). In this study, we propose the use of a low
molecular weight PEI as a dispersing agent of MWCNTSs used to build a
new platform for the development of an electrochemical sensor. The
low molecular weight PEI demonstrated to be an effective dispersing
agent for MWCNTs, being the proportion of 1.0 mg of MWCNTSs to
5.0 mg mL™ " of PEI, the best to obtain a good compromise between sen-
sitivity, stability and reproducibility.

Glassy carbon electrodes modified with MWCNTs-PEI exhibited
good performance, reproducibility, repeatability, limits of detection
and quantification, and a wide linear range for LUT quantification. This
good analytical performance allowed us to determine LUT content in
peanut hull samples, providing an advantageous alternative to existing
methods for the determination of LUT in real samples.
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Table 2
LUT determination in peanut hull samples using electrochemical and chromatographic
methods. Concentrations are expressed as g LUT per 100 g peanut hulls.

Method Sample 1 Sample 2
Electrochemical 1.18 £+ 0.08 147 4+ 0.09
HPLC 1.1+ 0.2 1.6 £ 0.2
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