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ABSTRACT

A third generation enzymatic biosensor is developed to determine H,0,. The biosensor is based on the
use of a composite obtained from soybean peroxidase enzyme and chemically reduced graphene oxide
deposited at glassy carbon electrodes. Experiments were carried out in 0.1 M phosphate buffer solutions,
pH 7.0.Cyclic voltammograms of the biosensor show two reduction peaks centered at about 0.15 and
—0.4V, respectively. A quasi-reversible redox couple is defined in the region of potentials of the first peak,
which is assigned to the reduction/oxidation of compound Il involved in the catalytic cycle of peroxidases.
The surface concentration of the electroactive enzyme was (1.140.2) x 10~ mol cm~2. Values of 0.33
and 0.04 s~! were determined for the cathodic charge transfer coefficient and the heterogeneous electron
transfer rate constant, respectively. UV-vis spectroscopy and scanning electron microscopy (SEM) were
used to demonstrate the chemical reduction of graphene oxide. Electrochemical impedance spectroscopy
was used to characterize the different stages in the process of the electrode surface modification.

Amperometric measurements were performed at a potential of —0.090 V vs. Ag/AgCl. Current responses
were linear in the concentration range from 1.5 x 107 to 3.0 x 10-6 M. The limit of detection, limit of
quantification, reproducibility, and repeatability were 5 x 10~8 M, 1.5 x 10~7 M, 9%, and 4%, respectively.
The biosensor was stable during five days. The Michaelis Menten apparent constant was 1.6 x 10~ M.
The presence of uric acid, glucose, dopamine and ascorbic acid do not interfere in the determination of
HzOz.

The biosensor was applied to the determination of H,0, in commercial contact lens care solutions.
Good accuracy and recovery parameters were obtained.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

quantifying its concentration as an effective agent in solutions that
ensure disinfection, to verify its elimination after the disinfection

The H,0, is produced during the oxidation of different biological
substrates by dissolved oxygen in the presence of the correspond-
ing oxidase enzyme, i.e., glucose [1]. H,O, is widely used as an
oxidizer, disinfectant, and bleaching agent in various industrial
and household products [1,2]. The H,0, is hazardous because of
its rapid conversion to the hydroxyl radical, either by exposure to
ultraviolet light [3] or by interaction with transition metals [1,3].
The determination of H,0, is important for different causes, such as
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of pipes, surfaces, soft drink and juice industries, etc. and to control
its use as an additive not allowed. Therefore, different techniques
have been used for the determination of H,0, such as fluorometry,
volumetry, chemiluminescence, spectrophotometry and electro-
chemistry [4]. Electrochemical techniques are preferred because of
their low cost, fast response time and high sensitivity [5]. Pt elec-
trodes allow the direct determination of H,0, due to its catalytic
activity [6]. However, the use of enzymatic electrodes based on the
direct electron transfer between an immobilized enzyme and the
electrode surface is an interesting proposal due to its simplicity
and high sensitivity [7]. One of the most widely used enzymes in
the development of biosensors for the determination of H, O, is the
horseradish peroxidase (HRP) due to its high stability and catalytic
activity [6,8-12].


https://doi.org/10.1016/j.snb.2018.02.094
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2018.02.094&domain=pdf
mailto:cdiaznieto@cidmeju.unju.edu.ar
mailto:agranero@exa.unrc.edu.ar
mailto:jlopez@exa.unrc.edu.ar
mailto:gpierini@exa.unrc.edu.ar
mailto:glevin@conicet.gov.ar
mailto:hfernandez@exa.unrc.edu.ar
mailto:azon@exa.unrc.edu.ar
https://doi.org/10.1016/j.snb.2018.02.094

378 C.H. Diaz Nieto et al. / Sensors and Actuators B 263 (2018) 377-386

The soybean peroxidase enzyme (SPE) is also part of the large
family of plant peroxidases (class III). Its structure is similar to HRP,
has the same prosthetic group and catalytic mechanism [13]. It is
known since the nineties [14], and has not been as well studied
as the HRP [9]. SPE has better properties than HRP such as is less
susceptible to heme group loss, and H, 0, inactivation [14,15], and
can maintain its bioactivity over a wide pH range (from 3 to 10).SPE
has a thermal stabilityhigherthan HRP, i.e., SPE is stable up to 86 °C
compared to 74°C of HPR [9,16]. SPE has also a conformational
stability higher than HRP under physiological conditions, i.e., 43.3
vs.17kJmol~1 [9]. Thus, all these characteristics make SPE a good
biological element for the development of biosensors. Its catalytic
cycle both in solution and on the electrode surface is well known
[17]:

Thus, in the first stage of the catalytic cycle,the active site of the
enzyme reacts with H,O, with a rate constant k;. The enzyme oxi-
dizes, losing two electrons, giving the compound I (Cp I), which
contains a central oxyferril (Fe*) group and an organic radical
cation, R*". The Cp I is then reduced by one electron for giving the
compound II (Cp II), which is then reduced by another electron to
regenerate the enzyme in its native state. kgt 1 is the electron trans-
fer rate constant of the Cp I/Cp II redox couple and Kkgris that of
the Cp II/SPE redox couple [17].

The direct electron transfer occurs between the active site of the
enzyme and the electrode surface in the third generation biosen-
sors, without the participation of redox mediators [18]. However,
the direct electron transfer is very difficult with conventional elec-
trodes because the active site of several enzymes is located in a
hydrophobic cavity of the enzyme.The probability of direct elec-
tron transfer decreases exponentially as the distance between the
active site of the enzyme and the electrode surface increases [19].
This disadvantage can be solved if a suitable material is chosen to
modify the surface of the electrode.

It is well known that graphene is a very suitable material for
electrochemical applications due to its large surface area and high
electrical conductivity [20]. It favors a high heterogeneous electron
transfer rate due to the large number of edges per mass of material
involved [21]. Graphene oxide (GO) has a wide variety of oxygen-
containing reactive groups such as carboxyl’s, carbonyls, epoxies’,
and hydroxyls attached to a network of C sp3 structure.Reduced
graphene oxide (RGO) is the main graphene material used in elec-
trochemical applications, mainly in the development of sensors
and/or biosensors [22]. RGO has a sp? carbon content higher than
GO. However,it maintains oxygen groups in its basal plane. Chem-
ically reduced graphene oxide (CRGO) has a similar structure but
not equal to graphene, having a very defective structure compared
to graphene [23].

In this paper, we propose a third generation biosensor to deter-
mine H,0,. It is based on the use of a composite obtained from
SPE and CRGO deposited on glassy carbon electrodes. Experiments
were carried out in 0.1 M phosphate buffer solutions (PBS), pH 7.0.
The kinetic parameters of the direct electron transfer between the
SPE and the electrode surface such as the cathodic charge transfer
coefficient and the heterogeneous electron transfer rate constant
were determined by cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS). UV-vis spectroscopy and scanning
electron microscopy (SEM) were used to demonstrate the chem-
ical reduction of GO. EIS was used to characterize the various
stages of electrode surface modification. Amperometric measure-
ments were used to determine the Michaelis Menten apparent
constant, and different analytical parameters such as linear con-
centration range, limit of detection (LOD), limit of quantification
(LOQ), reproducibility, repeatability and stability of the biosensor.
The amperometric measurements were also used to demonstrate
that uric acid, glucose, dopamine and ascorbic acid do not interfere
in the determination of H,O,. The biosensor was applied to the

determination of H,O, in commercial contact lens care solutions
using the standard addition method. Good accuracy and recovery
parameters were obtained.

2. Materials and methods
2.1. Purification of soybean peroxidase enzyme

SPE was purified from soybean hulls as a single isoenzyme.
Therefore, soybean hulls were soaked overnight with distilled
water at 4 °C. After that, suspension was clarified by centrifugation
at 10000 rpm during 15 min and the supernatant was concentrated
by ultra-filtration with a hollow-fiber cartridge of MWCO 10 kDa
(Fresenius Polysulfone® ). Supernatant was loaded to a pre-packed
Q FF column (GE Healthcare, Piscataway, USA) previously equili-
brated with a buffer solution (25 mM sodium phosphate buffer,
pH 6.0). Protein elution was performed with a 20 min-gradient
of NaCl from O to 1M in the same buffer solution, at a flow rate
of 1.0 mL/min. Elution fractions were recovered and absorbance at
multiple wavelengths (280, 215 and 403 nm) and peroxidase activ-
ity were measured. Fractions containing peroxidase were pooled
and ammoniun sulfate was added up to 0.75M. Suspension was
loaded to a pre-packed Phenyl HP column (GE Healthcare, Piscat-
away, USA) equilibrated with 50 mM sodium phosphate buffer, pH
6.0, and 0.8 M ammonium sulfate. The elution was performed with
distilled water, at a flow rate of 1.0 mL/min, and the effluent was
monitored measuring the absorbance at 280, 215 and 403 nm, and
the peroxidase activity was determined. All chromatographic runs
were carried out with AKTA Purifier equipment (GE Healthcare,
Piscataway, USA).

Reaction mixture to determine the enzymatic activitywas com-
posed by 20 wM guaiacol and 8 mM H;, 05 in 1 mL of 100 mM PBS, pH
5.5,at 25 °C. After addition of a 50 p.L sample, absorbance at 470 nm
was recorded within 90s. Activity calculations were performed as
described by Tjissen [24].

2.2. Other reagents

0.1M PBS were prepared by mixing equal concentrations of
K;HPO4 and KH,PO4 (Merck p.a.). The pH was adjusted by adding
0.1 M NaOH or 0.1 M HCl as appropriate, both Merck p.a. Hydrazine
sulfate was purchased from Sigma-Aldrich.

The enzyme concentration was determined
measurements of UV-vis  absorption at
(eg%3=09x10>M~Tem™1) [8,9].

H,0, (Merck p.a.) solutions were prepared daily. Their concen-
trations were determined through measures of uv-vis absorption
at A\=240nm (sfé%z =436M-'cm1)[25].

The contact lens care solution was purchased in a local Optic
store. The concentration of H,O, indicated on the label was 3%
(w/v). A 1:50 dilution of the commercial sample was performed in
water and the absorbance at 240 nm was 0.785. Therefore, the con-
centration of H,0, in the commercial sample obtained by UV-vis
spectroscopy was 3.08% in very good agreement with that declared
by the manufacturer.

All solutions were prepared with bi-distilled water, which was
distilled in the presence of a basic solution of KMnQOy.

through
A =403 nm

2.3. Apparatus

CV and amperometric measurements were performed using a
BAS Epsilon potentiostat, with electrochemical software incorpo-
rated. In CV, the scan rate, v, was varied from 0.010 to 0.200V s~ !,
EIS measurements were performed using an AutoLab PGSTAT 30
potentiostat, Eco-Chemie, Utrecht, The Netherlands, with the FRA
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4.9 software incorporated. Some EIS measurements were per-
formed in the presence of 5x 10~3M [Fe(CN)g]~4~3+0.1 M KCl
aqueous solutions. The applied potential was 0.23V, which cor-
responds to the formal potential of the redox couple. Other EIS
measurements were carried outin 0.1 M PBS, pH 7.0 at a potential of
0.26 V, which corresponds to the formal potential of Cp II/SPE redox
couple. The amplitude of the sinusoidal perturbation was 5 mV. The
AC frequency was varied from 0.1Hz to 10 kHz. The impedance
spectra were fitted using the EIS Spectrum Analyser 1.0 [26].

A conventional three electrode cell was used in all electrochem-
ical measurements. The working electrode was a glassy carbon (GC)
disk (BAS, dia.=3 mm). Ag/AgCl (3 M NaCl) and a large area Pt sheet
were used as the reference and the counter electrodes, respectively.

The solutions were deoxygenated by bubbling pure argon for
15 min prior to measurements.

An UV-vis spectrophotometer, Hewlett Packard, Model HP8453
was used for spectrophotometric measurements. The cells had an
optical path of 1 cm.

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

2.4. Synthesis of CRGO

GO was synthesized following the methodology proposed by
Marcano et al. [27]. CRGO was synthesized following the method-
ology proposed by Guo et al. [28]. Therefore, 5mL of theGO
homogeneous dispersion (0.5mgmL~!) were mixed with 375 L
ammonia solution (28%) and, then 10 L of hydrazine sulfate
(50%wfw) was added and was carried out to a final volume of
10 mL with bi-distilled water. After vigorously stirring during a few
minutes, the mixture was heated to a 60°C in a water bath dur-
ing 3.5 h. The mixture was then cooled to room temperature; the
dispersion was centrifuged and washed three times with water to
remove excesses of hydrazine. Finally, water was added to a vol-
ume of 1.5mL to obtain a CRGO dispersion of about 1.7 mgmL~".
This solution was sonicated prior to its use.

A first characterization of synthesized CRGO was performed by
visual inspection. Thus, while the GO dispersion is brown, that of
CRGO is black. On the other hand, the UV-vis spectrum of CRGO
showed a marked increase in absorbance at A about 230 nm, which
is assigned to - transitions of the aromatic double bonds; and a
decrease of the shoulder at about A\ =290 nm, which is assigned to
n-1* transitions of C=0 groups, when it is compared with the GO
UV-vis spectrum (Fig. S1, Supporting Information).

The morphology and structure of GO and CRGO were investi-
gated through SEM images (Fig. S2, Supporting Information). Fig. S2
(A and B) reveals a wrinkled and wavy structure for GO. As shown
in Fig. S2 (C and D), two-dimensional material can be observed for
CRGO. This structure has more structured layers, irregular, folding
and tangled together. The SEM images show particles of various
sizes for the CRGO, where the thickness varies between 20 nm and
100 nm. Therefore, exfoliation and morphological changes from
GO to CRGO are confirmed from these SEM results. In addition, a
visual inspection of SEM images shows that the CRGO has a greater
number of parallel ridges and grooves than GO, which gives it a
greater rigidity and strength. This can be explained considering the
decrease of oxygen-containing groups during the reduction pro-
cess.

2.5. Preparation of GC/SPE/CRGO composite electrodes

80 L SPE (28.5 wM) were mixed with 20 pL of the CRGO dis-
persion (see below). The mixture was sonicated in an ultra sound
bath during 7 min and then in a vortex during 30 min. It was then
allowed to stand during 12 h at 4°C. The composite was stable for
three months.

5 L of the SPE/CRGO mixture were deposited on the surface of
the GC electrode. The modified electrode was dried at 35°C. The
electrode was washed with water to remove the free enzyme. It
was stored at 4°C when it was not in use. The immobilization of
SPE on CRGO occurs by physical adsorption. Similar interactions
would occur between the composite and the GC electrode surface.
Prior to the modification process, the GC electrode was polished on
a wet cloth with alumina of 1, 0.3 and 0.05 wm. The electrode was
then rinsed with water, and sonicated in an ultrasonic bath during
3 min. Finally, it was rinsed again with water and dried under argon
atmosphere.

2.6. Experimental designs

The construction of the amperometric biosensor to determine
H,0, depends on several factors. They are the amount of enzyme
and CRGO to be mixed, the pH of the buffer solution, the potential
(E) at which the amperometric measurements are performed, the
drying temperature of the mixture (Tg,ying) and the amount of mix-
ture deposited on the electrode surface. Thus, a fractional factorial
design, 2°~1, was used to study the five factors mentioned above
[29].

- Mixture (x): It was varied between 40 and 90%, where x is the
amount of enzyme expressed in pL present per 100 wL of the
SPE/CRGO mixture (% v/v).

- pH: It was varied from 5 to 7.

- E: It was varied from —0.4 to 0.3V vs. Ag/AgCl.

- Tarying: It was varied in the 25-35°C range.

- Amount of mixture SPE/CRGO deposited on the surface of the
electrode: It was varied from 5 to 10 p.L.

A composite central design was also used to optimize the sig-
nificant factorsobtained from fractional factorial design.

3. Results and discussion

3.1. Optimization of the amount of SPE and CRGO in the
composite electrode

From the results obtained from the fractional factorial design, it
was possible to infer that only two factors are significant: the poten-
tial at which amperometric measurements are performed and the
amount of enzyme in the SPE/CRGO composite. Thus, the pH was
set at 7.0 because the physiological solutions have a pH close to this
value.The amount of mixture SPE/CRGO and Tg;yi,g Were setat 5 pL
and 35 °C, respectively, considering that the enzyme can maintain
its catalytic activity at high temperatures. An advantage of using a
Tarying =35 °Cis the decrease in the drying time. On the other hand,
experiments carried out at Tgying higher than 35 °C generated very
heterogeneous modified surfaces, containing cracks and lumps.

The two significant factors were then optimized using a com-
posite central design. The levels of the two factors were varied
between 40%<x<93% and —0.4V<E<0.30V (Table S1, Support-
ing Information). In addition, the selected alpha value was 1.41 to
obtain a rotatable design that allows constant prediction variances
to be obtained at all points that are equidistant from the design
center [30]. The variable to be optimized is the slope of the calibra-
tion curve, Alss vs ¢y, 0, (see below). The goal of optimization is to
obtain the highest value for the slope of the calibration curve.

Fig. S3 (Supporting Information) shows the response surface
obtained from the composite central design. From these results,
it is possible to infer that there are no interactions between the
two factors, so each factor was studied independently. The slope
of the calibration curve increased linearly as the potential became
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Fig. 1. Cyclic voltammograms recorded in pH 7.0 0.1 M PBS at GC/SPE (-), GC/CRGO
(black solid line) and GC/SPE/CRGO (red solid line) electrodes. (B) Cyclic voltammo-
grams recorded at GC/SPE/CRGO electrode in the potential range from 0.7 to —0.1V
at different v; v=0.050 (black line), 0.075 (red line) and 0.100Vs~! (blue line). The
insert of Fig. 2B shows the dependence of I, with v for both cathodic and anodic
peaks. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

more cathodic. However, at potentials lower than —0.090V, it was
not possible to obtain steady-state currents (Iss) either in the blank
solution or during the different aggregates of H,O,, making it dif-
ficult to analyze the data .Iss were achieved in less than 5 min at an
E=-0.090V. Thus, this value was chosen.

On the other hand, as x increased in the composition of
the SPE/CRGO mixture the slopes of the calibration curves also
increased. The disadvantage is that at values of x greater than 80,
amperograms were very noisy and the dispersions were not homo-
geneous. Thus, the value of x =80% was chosen.

3.2. Electrochemical behavior of the biosensor

3.2.1. Cyclic voltammetry

Cyclic voltammograms recorded in 0.1 M PBS, pH 7.0at GC/SPE,
GC/CRGO and GC/SPE/CRGO electrodes are shown in Fig. 1A.

No voltammetric peak is observed on the GC/SPE electrode, evi-
dencing that the direct electron transfer between the enzyme and
the GC electrode surface is not possible. A very small voltammetric
peak at approximately — 0.28V is observed on the GC/CRGO elec-
trode, which would correspond to the reduction of the carboxyl
groups present on the surface of the CRGO [31]. Two reduction
peaks are observed on the GC/SPE/CRGO electrode, centered at
about 0.15V (Ic1) and —0.4V (Ic»). Peak I.; shows its comple-
mentary anodic peak (I,;) when the direction of the potential

sweep is reversed (Fig. 1A). These peaks would correspond to the
reduction/oxidation of the enzyme immobilized on the modified
electrode. Peak I, can be assigned to the reduction of ion Fe*> to
Fe*2 of the heme group of the enzyme. This behavior is in good
agreement with others described in the literature. Thus, Gorton
et al. [32] determined a formal potential (Ef) of —0.3V for the
heme group of peroxidases adsorbed on a gold electrode modified
with 4-mercaptoethanol. Brusova and Magner [33] determined an
E? =—0.35V for the same heme group adsorbed on GC electrodes.

The E? of the Fe*3/*2 redox couple can vary over a wide range
of potentials due to the nature of the sphere of coordination sur-
rounding iron in the heme group and the protein structure that
surrounds the heme group [34].

On the other hand, the complementary anodic peak of I » is not
observed when the direction of the sweep of potential is reversed.
This could be because Fe*? interacts with the hydroxyl and/or car-
bonyl groups present on the electrode surface, inactivating the
enzyme, due to the probable formation of compound III [34]. How-
ever, when an additional electrochemical reduction of the CRGO
present on the electrode surface is carried out by sweeping the
potential from —0.5 to —1.7V, the hydroxyl, and carbonyl groups
are reduced. When a new cathodic sweep is performed, from 0.3
to —0.7V, the complementary anodic peak of I, peak is observed
(results no shown). However, the corresponding cathodic peak is
shifted from —0.4 to —0.22 V. Csoregi et al. [35] found that a sweep
to very cathodic potentials causes the denaturation of the enzyme,
losing its catalytic activity.

Cyclic voltammograms recorded in the potential range from
0.7 to —0.1V at different scan rates are shown in Fig. 1B. Li and
Dong [36] studied the oxidation/reduction properties of the HRP
enzyme on gold electrodes modified with 3-mercaptopropionic
acid. These authors found two quasi-reversible oxidation peaks,
with E? at 0.175 and 0.5V, respectively. These peaks were assigned
to the HRP/Cp II and Cp II/Cp I redox couples, respectively. Based
on these results, we assigned the quasi-reversible redox couple
(Ic1/1a1) found for SPE to the formation of compound II. A value
of E =0.26 V was determined for the Cp II/SPE redox couple, which
was estimated as the average of cathodic and anodic peak potentials
[37]. The dependence of the peak currents (Ip) of both cathodic and
anodic peaks of cyclic voltammograms recorded at GC/SPE/CRGO
was linear with v (inset Fig. 1B). This behavior shows that the
electrode process is adsorption controlled [37]. The relationship
between the anodic and cathodic peak currents was 0.7. The sur-
face concentration of electroactive enzyme was determined using
the following equation [37]:

(1)

Where I' is the SPE surface concentration, Q is the charge
obtained by integrating the voltammetric peaks after subtraction
of the blank currents, n is the number of electrons exchanged, F is
the Faraday constant and A is the electrode geometric area. A value
of I'=(1.1+0.2) x 10~ mol cm~2 was determined using n= 1. The
low percentage of electro-active enzyme on the electrode surface
would be explained considering that the enzyme is adsorbed on
CRGO surface at random. Therefore, if the enzyme is adsorbed with
an orientation where the Fe center is away from the electrode sur-
face, the probability of direct electron transfer is very low. On the
other hand, if the enzyme is oriented with the Fe center close to the
electrode surface the direct electron transfer is easier, considering
that the distance between the electrode surface and the active site
of the enzyme is much smaller [38]. The heterogeneous electron
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transfer rate constant, kg, was determined using a methodology
proposed by Laviron [39] (Eq. (2)).

RT](ET’ 2 ) RT

anF ) " onF ™Y (2)

RT
_ FO
Epc=Ef + —anFln <

where E; ¢ is the cathodic peak potential, a is the cathodic trans-
fer coefficient and R and T have their usual meaning. A plot of
Epc vs. In v was linear. From the slope and the intercept, values
of «=0.33 and Kgr, =0.04s~! were determined. The value of « is
in reasonably good agreement with other values obtained for the
peroxidase biosensors, i.e., 0.43 for CTS/Hb/3D-Gr/CILE [40]; 0.31
for HRP-Sb-BLM [41]; and 0.39 for HRP/ZrO, NPs/GCE [42].

3.2.2. Electrochemical impedance spectroscopy

The different stages in the construction of the biosensor were
characterized by EIS, which is a powerful technique to study the
electrode-solution interface [43].Therefore, these measurements
were firstly performed in [Fe(CN)g]~4/~3 +0.1 M KCl aqueous solu-
tions. The applied potential was 0.23V, which corresponds to the
formal potential of [Fe(CN)s]—3/~4 redox couple. Fig. 2 A-C show
the Nyquist plots (Fig. 2A), impedance module plots (Fig. 2B) and
the phase angles (¢) (Fig. 2C) vs. frequency for the bare GC, GC/SPE,
GC/CRGO and CG/SPE/CRGO electrodes.

Fig. 2D shows the equivalent circuits, which best fitted the
experimental data for the different electrodes. For bare GC elec-
trodes, the Nyquist plot shows a semi-circle at high frequencies,
due to the kinetic control of the electron transfer of the redox cou-
ple, while at low frequencies a straight line is found, corresponding
to the diffusion control of the redox couple (Fig. 2A, symbol [7) [43].
The contribution of the constant phase element was evidenced for
the bare GC electrode in the frequency range from 100 to 4000 Hz
(Fig. 2B and C, symbol OJ). The Randles equivalent circuit (Fig. 2D a)
was the best fitted the experimental data for the bare GC electrode,
whereR; is the solution resistance, R is the electron transfer resis-
tance, CPEy is the constant phase element of the electrical double
layer, and W is the Warburg element. From the fitting, the fol-
lowing values were obtained for the bare GC electrode: Rg =120 €2,
Rer=112 R, CPE4 =1.1 x 1075 Fs~%98 and W=406 Qs 1/2,

The Nyquist plot for the GC/SPE modified electrode also shows a
semi-circle at high frequencies, and a straight line at low frequen-
cies (Fig. 2A, symbol V). The best fitting was obtained when the
equivalent circuit showed in Fig. 2D b was used, where the con-
stant phase element, CPE, refers to the presence of the enzyme,
which acts as a dielectric, making difficult the electron transferof
[Fe(CN)s]~3/~4 redox couple. Fig. 2B and C (symbol V) show that
the contribution of the CPE is found in the same frequency range
than for the bare GC electrode. From the fitting, the following val-
ues were found: Rs =66 €2, Rgr=1266 2, CPE4 =3.2 x 1076 Fs~012
CPEc=3.4x 1074 Fs~ 015> and W=627 Qs 12,

The equivalent circuit that best fitted the experimental data for
the GC/CRGO modified electrode was also that shown in Fig. 2D
b. Casero et al. [44] previously used this same equivalent cir-
cuit to fit the impedance data for GC/GO electrodes. The CPE.
element corresponds to the impedance to the electron transfer
generated by the hydroxyl, carbonyl and carboxyl groups that are
in the basal plane of the CRGO and that are not affected by the
chemical reduction process, since this treatment causes only the
reduction of the epoxy groups [31]. Fig. 2A (symbol A) shows the
Nyquist plot obtained for the GC/CRGO modified electrode, which
shows only a straight line. The contribution of CPE in this modi-
fied electrode is observed at lower frequencies than for the bare
GC electrode, i.e., in the frequency range from 0.1 to 100Hz. The
following values were obtained for the different elements of the
equivalent circuit: Rg =100 €2, Rgr =62 €, CPE4; =3.5 x 1076 Fs~013,
CPE.=7.9 x 10-5Fs~013 and W =406 Q s~1/2, For comparisons, Fig.

S4 (Supporting Information) shows the Nyquist plot obtained for
the GC/GO modified electrode. The following values were obtained
for the different elements of the equivalent circuit described
by Fig. 2D.b: Rs=100€2, Rgr=670%2, CPE4 =3.95x 1076 Fs~015,
CPE;=3.36 x 104 Fs~013 and W=406 Qs~1/2. These results also
clearly show the lower resistance to charge transfer of CRGO than
GO.

The Nyquist plot for the GC/SPE/CRGO modified electrode also
shows a semi-circle and a linear line at high and low frequen-
cies, respectively (Fig. 2A, symbol o). The equivalent circuit for
this modified electrode (Fig. 2D c) is similar to that of the bare
GC electrode, with the difference that it has an additional part,
consisting of a resistance and a constant phase element in series,
Renz and CPEc, respectively. This new contribution to the total
impedance would be caused by the enzyme/electrode electron
transfer, which is not observed for the GC/SPE electrode. The
contribution of CPE in this modified electrode is practically in
the same frequency range than that of the bare GC electrode
(Fig, 2C, symbol o). Values of the different elements of the equiv-
alent circuit, obtained from the best fitting, were: Rs=118 €2,
Rer=4124Q, Ry =53x10719Q,  CPEg=1.1x10">Fs 018
CPEc=6.3 x 1077 Fs~012 and W=539 Qs 1/2.

From the previous results, it is possible to infer that the CRGO
decreases the resistance to the electron transfer, which would facil-
itate the direct electron transfer between the active site of the
enzyme and the electrode surface. Fig. 2E shows the schemes corre-
sponding to the different stages in the construction of the biosensor.

On the other hand, the EIS measurements were also carried
out in 0.1 M PBS, pH 7.0 for the GG/SPE/CRGO electrode, in the
absence of [Fe(CN)g]=3/~4 redox couple, in order to study only
the enzyme/electrode interaction (see below). Fig. 3A shows the
Nyquist plot obtained under these experimental conditions and
Fig. 3B the corresponding Bode plots. The equivalent circuit used
to perform the fitting is shown in Fig. 3C. It has a new element, C,,
which is the capacitance of surface processes [36].

From the results of the fitting, it is possible to determine the
direct electron transfer rate constant, kgt o, which corresponds to
Cp II/SPE redox couple [36], defined by Eq. (3).

(3)

Ker2 = RerCa

As shown in Fig. 3A, it is not possible to observe the complete
semi-circle in the Nyquist plot.The impossibility of performing
measurements at frequencies in the order of pwHz with our equip-
ments does not allow that the full semicircle can be observed. The
value of kgt estimated was 0.04s~1, in very good agreement with
the value previously obtained by CV.

3.2.3. Amperometry

Fig. 4A shows the steady-state reduction currents (Iss) obtained
after the addition of different H,O, aliquots. Iss are obtained at
4 min for H0, concentrations (cy,o, ) lower than 2 uM, while they
are obtained at 20 s for cy, 0, > 2 M. Thus, the current is controlled
by the transport of H, 0, from the solution bulk to the electrode sur-
face at low concentrations of H, 05, while at high concentrations of
H, 0, the limiting-step is the reaction rate because the H,0, con-
centration on the electrode surface is equal to that of the solution
bulk [17].

Fig. 4B shows the corresponding calibration curve. The linear
section of the calibration curve is shown in the inset of Fig. 4B,
which satisfies the Linearity Test, i.e., Fexperimental < Fheoretical [45]-
Its sensitivity is (4.4 +0.4) x 10~3A M~!. Each point of the calibra-
tion curve is the average of six replicated measurements obtained
using different modified electrodes. The linear concentration range
was from 1.5 x 10~7 to 3.0 x 10~ M. The LOD was 5.0 x 10-8 M.
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electrode, is the CRGO and is the SPE.

It was calculated following the modern IUPAC recommendations
[45,46].

This LOD is much lower than those determined by other biosen-
sors based on SPE (Table 1). The LOQwas 1.5 x 10~7 M (calculated as
three times the LOD). At H,0, concentrations greater than 48 wM,
the current reaches the steady state, showing a typical Michaelis-
Menten behavior.

It is well known that the chemical reactions involved in the
catalytic cycle of peroxidases are irreversible. This causes that
there is no upper limit on the reaction rate, not complying with
the behavior predicted by Michaelis-Menten [49]. However, there
is evidence that if only one of the three reactions involved is
considered, the behavior of Michaelis-Menten can be observed
[50].
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Table 1

Characteristic parameters of different biosensors based on SPE.
Electrode LOD/M Linear range/M Sensitivity/A M1 KPP /M Reference
GC/SWCNHs/SPE 5x1077 (0.02-1.2) x 1073 0.0166 4.88x1073 [15]
Sol—Gel Thin-Film Immobilized SPE? 5x 1077 (0.02-2.6) x 103 0.0275 5.12x 1073 [47]
GC/PVA-g-PVP/SPEP 1x10°7 (0.01-62) x 103 0.0052 12.8 x 103 [48]
GC/SPE/CRGO 5x 1078 (0.15-3) x 106 0.0040 1.6x10°6 This work

PVA-g-PVP: self-gelatinizable grafting copolymer of polyvinyl alcohol with 4-vinylpyridine.

2 using methylene blue as redox mediator.
b using ferricyanide as redox mediator.

The Michaelis-Menten apparent constant (Kﬁ’p) can be deter-
mined through both the Lineweaver-Burk and Eadie-Hofstee
equations (ecs. 4 and 5, respectively) [41,49]:

1 1 KPP
o (4)
Iss Imax Imax CH,0,
I
ss = —Ki}ip = + Imax (5)
CH,0,
where Inax is the current obtained at the maximum
reaction rate, under saturation conditions. Values of

KiP=(1.6+£04)x10°°M and Inax=(3.9+£0.7)x 10-8A, and
KPP =(1.4£0.6) x 10" Mand Imax = (4 £ 1) x 10-8 Awere obtained
for this biosensor using Eqgs. (4) and (5), respectively.Values
obtained by both methods are very similar. Both methods give the
same results for small errors. However, when the error increases,
both methods present differences, i.e., the Lineweaver-Burk
method has better accuracy, and the Eadie-Hofstee method has
better precision [51]. These Kﬁ/'[)p values are much lower than those
determined for other biosensors based on SPE (Table 1), showing
that the enzyme present in the SPE/CRGO composite has higher
affinity toward H,0, than other biosensors. Another important
advantage of the proposed biosensor is that the use of a redox
mediator is not necessary. Based on these results, the only advan-
tages of other biosensors based on SPE described in the literature
compared to the biosensor proposed in this paper is that they have

a greater linear range and greater sensitivity [15,47,48] (Table 1).In
addition, none of them were applied to the determination of H,0,
in real samples.The presence of interferences was only studied in
those biosensors based on GC/SWCNHs/SPE [15], and sol-gel thin-
film immobilized SPE [47].

On the other hand, amperograms recorded with the
GC/SPE/CRGO electrode modified by different aliquots of H,0,
after performing a potential sweep from —0.5 to —1.7V showed
no change in current responses (results not shown). This behavior
clearly shows that a sweep to very cathodic potentials causes the
loss of the catalytic activity of the enzyme.

3.2.3.1. Statistical parameters of the biosensor. Reproducibility was
studied by preparing four different modified electrodes. From the
corresponding calibration curves a percentage variation coefficient
(VC%) of 9% was obtained. Repeatability was determined by mea-
suring the slopes of four calibration curves obtained with the same
electrode. A VC% of 4% was calculated. The biosensor was stable
during five days stored at 4 °C. Although these results show that the
long-term stability of the biosensor is not optimal, it is important to
note that its preparation is very simple and the LOD is very low. The
rather low stability of the biosensor could be explained consider-
ing that the interaction between the SPE/CRGO composite and the
GC electrode surface is given by physical adsorption.In addition,
the rather low stability of the biosensor could be explained con-
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sidering electrostatic repulsions between molecules of enzymes
negatively charged at pH 7.0 because the isoelectric point of SPE
is 3.9. However, the SPE/CRGO composite is stable during three
months.

The selectivity of the biosensor towards the determination of
H,0, was evaluated by adding substances that are common inter-
ferences such as uric acid, glucose, dopamine and ascorbic acid
[7,11,41]. Thus, the selectivity was studied using a solution 1 uM
H,0,, to which each interferencewas added at a concentration of
100 M. The addition of the aforementioned interferences did not
produce any change in the current response (Fig. 5), showing that
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Table 2
Determination of H,0, in contact lens care solutions. Each value is the average of
three replicated measurements.

Samples CH,0, /MM CH,0, [WM? Recovery/%
1 1 1.1+0.1 110

2 1.5 1.4+0.1 93

3 2 1.9+0.2 95

? cn,o, Calculated using the standard addition method.

they do not interfere in the determination of H,0,. These results
show that the proposed biosensor is highly selective to determine
H,0,.

3.2.3.2. Determination of H>0, in a real sample. A 1:10 dilution of
the commercial contact lens care solution was performed in PBS of
pH 7.0.Then, a new 1: 2000 dilution was performed. After stabiliz-
ing the biosensor in the pH 7.0 PBS, an aliquot of the last diluted
solution was injected into the electrochemical cell at a final volume
of 2 mL. Then, different aliquots of the H,O, commercial solution
were added every two minutes. Fig. 6 shows the ammperograms
obtained after these additions. Table 2 shows the concentrations
of the prepared solutions and those calculated using the standard
additions method, with the corresponding recovery percentages.

Under our experimental conditions, we have found that a better
reproducibility in the determination of real samples is obtained
when dilutions were performed. The GC/SPE/CRGO biosensor was
also used for the determination of the sterigmatocystin mycotoxin
in contaminated maize samples with very good results, which will
give rise to a future scientific publication.

4. Conclusions

It was shown that the presence of chemical reduced graphene
oxide in the soybean peroxidase enzyme/chemical reduced
grapheme oxide composite used to modify the glassy carbon elec-
trodes allows the direct electron transfer between the enzyme and
the electrode surface. Thus, we developed a biosensor to determine
H,0, without the need to use any redox mediator. The biosen-
sor shows a high affinity toward H;0,, a low limit of detection
anda high selectivity. In addition, the biosensor is easy and quick to
construct. UV-vis spectroscopy and scanning electron microscopy
were used to demonstrate the chemical reduction of the graphene
oxide. Electrochemical impedance spectroscopy was used to char-
acterize the different stages in the process of the electrode surface
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modification. The biosensor was applied to the determination of
H, 0, in contact lens care solutions with a good accuracy and recov-
ery percentages.
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