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A  third  generation  enzymatic  biosensor  is  developed  to determine  H2O2.  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
−0.4  V,  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  II  involved  in  the  catalytic  cycle  of  peroxidases.
The  surface  concentration  of the electroactive  enzyme  was  (1.1  ±  0.2)  × 10−10 mol  cm−2.  Values  of  0.33
and  0.04  s−1 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  × 10−7 to  3.0  ×  10−6 M.  The  limit  of  detection,  limit  of
quantification,  reproducibility,  and  repeatability  were  5 × 10−8 M, 1.5 × 10−7 M,  9%, and  4%, respectively.

−6
The biosensor  was  stable  during  five  days.  The  Michaelis  Menten  apparent  constant  was  1.6  × 10 M.
The  presence  of  uric  acid,  glucose,  dopamine  and  ascorbic  acid  do  not  interfere  in  the determination  of
H2O2.

The biosensor  was  applied  to the  determination  of H2O2 in commercial  contact  lens  care  solutions.
ery  p
Good  accuracy  and  recov

. Introduction

The H2O2 is produced during the oxidation of different biological
ubstrates by dissolved oxygen in the presence of the correspond-
ng oxidase enzyme, i.e., glucose [1]. H2O2 is widely used as an
xidizer, disinfectant, and bleaching agent in various industrial
nd household products [1,2]. The H2O2 is hazardous because of

ts rapid conversion to the hydroxyl radical, either by exposure to
ltraviolet light [3] or by interaction with transition metals [1,3].
he determination of H2O2 is important for different causes, such as
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quantifying its concentration as an effective agent in solutions that
ensure disinfection, to verify its elimination after the disinfection
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 H2O2 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 H2O2 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 H2O2 is the
horseradish peroxidase (HRP) due to its high stability and catalytic
activity [6,8–12].
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The soybean peroxidase enzyme (SPE) is also part of the large
amily of plant peroxidases (class III). Its structure is similar to HRP,
as the same prosthetic group and catalytic mechanism [13]. It is
nown since the nineties [14], and has not been as well studied
s the HRP [9]. SPE has better properties than HRP such as is less
usceptible to heme group loss, and H2O2 inactivation [14,15], and
an maintain its bioactivity over a wide pH range (from 3 to 10).SPE
as a thermal stabilityhigherthan HRP, i.e., SPE is stable up to 86 ◦C
ompared to 74 ◦C of HPR [9,16]. SPE has also a conformational
tability higher than HRP under physiological conditions, i.e., 43.3
s.17 kJ mol−1 [9]. Thus, all these characteristics make SPE a good
iological element for the development of biosensors. Its catalytic
ycle 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
nzyme reacts with H2O2 with a rate constant k1. The enzyme oxi-
izes, losing two electrons, giving the compound I (Cp I), which
ontains a central oxyferril (Fe+4) group and an organic radical
ation, R+•

. The Cp I is then reduced by one electron for giving the
ompound II (Cp II), which is then reduced by another electron to
egenerate the enzyme in its native state. kET,1 is the electron trans-
er rate constant of the Cp I/Cp II redox couple and kET,2is that of
he Cp II/SPE redox couple [17].

The direct electron transfer occurs between the active site of the
nzyme and the electrode surface in the third generation biosen-
ors, without the participation of redox mediators [18]. However,
he direct electron transfer is very difficult with conventional elec-
rodes because the active site of several enzymes is located in a
ydrophobic cavity of the enzyme.The probability of direct elec-
ron transfer decreases exponentially as the distance between the
ctive site of the enzyme and the electrode surface increases [19].
his disadvantage can be solved if a suitable material is chosen to
odify the surface of the electrode.

It is well known that graphene is a very suitable material for
lectrochemical applications due to its large surface area and high
lectrical conductivity [20]. It favors a high heterogeneous electron
ransfer rate due to the large number of edges per mass of material
nvolved [21]. Graphene oxide (GO) has a wide variety of oxygen-
ontaining reactive groups such as carboxyl’s, carbonyls, epoxies’,
nd hydroxyls attached to a network of C sp3 structure.Reduced
raphene oxide (RGO) is the main graphene material used in elec-
rochemical applications, mainly in the development of sensors
nd/or biosensors [22]. RGO has a sp2 carbon content higher than
O. However,it maintains oxygen groups in its basal plane. Chem-

cally reduced graphene oxide (CRGO) has a similar structure but
ot equal to graphene, having a very defective structure compared
o graphene [23].

In this paper, we propose a third generation biosensor to deter-
ine H2O2. It is based on the use of a composite obtained from

PE and CRGO deposited on glassy carbon electrodes. Experiments
ere carried out in 0.1 M phosphate buffer solutions (PBS), pH 7.0.

he kinetic parameters of the direct electron transfer between the
PE and the electrode surface such as the cathodic charge transfer
oefficient and the heterogeneous electron transfer rate constant
ere determined by cyclic voltammetry (CV), and electrochemical

mpedance spectroscopy (EIS). UV–vis spectroscopy and scanning
lectron microscopy (SEM) were used to demonstrate the chem-
cal reduction of GO. EIS was used to characterize the various
tages of electrode surface modification. Amperometric measure-
ents were used to determine the Michaelis Menten apparent

onstant, and different analytical parameters such as linear con-
entration range, limit of detection (LOD), limit of quantification

LOQ), reproducibility, repeatability and stability of the biosensor.
he amperometric measurements were also used to demonstrate
hat uric acid, glucose, dopamine and ascorbic acid do not interfere
n the determination of H2O2. The biosensor was applied to the
tuators B 263 (2018) 377–386

determination of H2O2 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 0 to 1 M 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 0.75 M.  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 ÄKTA Purifier equipment (GE Healthcare,
Piscataway, USA).

Reaction mixture to determine the enzymatic activitywas com-
posed by 20 �M guaiacol and 8 mM H2O2 in 1 mL of 100 mM PBS, pH
5.5, at 25 ◦C. After addition of a 50 �L sample, absorbance at 470 nm
was recorded within 90 s. Activity calculations were performed as
described by Tjissen [24].

2.2. Other reagents

0.1 M PBS were prepared by mixing equal concentrations of
K2HPO4 and KH2PO4 (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 through
measurements of UV–vis absorption at � = 403 nm
(�403

Enz = 0.9 × 10−5 M−1 cm−1) [8,9].
H2O2 (Merck p.a.) solutions were prepared daily. Their concen-

trations were determined through measures of uv–vis absorption
at � = 240 nm (�240

H2O2
= 43.6 M−1 cm−1) [25].

The contact lens care solution was purchased in a local Optic
store. The concentration of H2O2 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 H2O2 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 KMnO4.

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 0.200 V s−1.
EIS measurements were performed using an AutoLab PGSTAT 30
potentiostat, Eco-Chemie, Utrecht, The Netherlands, with the FRA
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.9 software incorporated. Some EIS measurements were per-
ormed in the presence of 5 × 10−3 M [Fe(CN)6]−4/−3 + 0.1 M KCl
queous solutions. The applied potential was 0.23 V, which cor-
esponds to the formal potential of the redox couple. Other EIS

easurements were carried out in 0.1 M PBS, pH 7.0 at a potential of
.26 V, which corresponds to the formal potential of Cp II/SPE redox
ouple. The amplitude of the sinusoidal perturbation was 5 mV.  The
C frequency was varied from 0.1 Hz to 10 kHz. The impedance
pectra were fitted using the EIS Spectrum Analyser 1.0 [26].

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

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

An UV–vis spectrophotometer, Hewlett Packard, Model HP8453
as used for spectrophotometric measurements. The cells had an

ptical path of 1 cm.
SEM images were obtained with a Field Emission Gun Scanning

lectron Microscopy (FE-SEM, Zeiss, �IGMA model).

.4. Synthesis of CRGO

GO was synthesized following the methodology proposed by
arcano et al. [27]. CRGO was synthesized following the method-

logy proposed by Guo et al. [28]. Therefore, 5 mL  of theGO
omogeneous dispersion (0.5 mg  mL−1) were mixed with 375 �L
mmonia solution (28%) and, then 10 �L of hydrazine sulfate
50% w/w) was added and was carried out to a final volume of
0 mL  with bi-distilled water. After vigorously stirring during a few
inutes, the mixture was heated to a 60 ◦C in a water bath dur-

ng 3.5 h. The mixture was then cooled to room temperature; the
ispersion was centrifuged and washed three times with water to
emove excesses of hydrazine. Finally, water was added to a vol-
me  of 1.5 mL  to obtain a CRGO dispersion of about 1.7 mg  mL−1.
his solution was sonicated prior to its use.

A first characterization of synthesized CRGO was performed by
isual inspection. Thus, while the GO dispersion is brown, that of
RGO is black. On the other hand, the UV–vis spectrum of CRGO
howed a marked increase in absorbance at � about 230 nm,  which
s assigned to �–�* transitions of the aromatic double bonds; and a
ecrease of the shoulder at about � = 290 nm,  which is assigned to
-�* transitions of C O groups, when it is compared with the GO
V–vis spectrum (Fig. S1, Supporting Information).

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

.5. Preparation of GC/SPE/CRGO composite electrodes

80 �L SPE (28.5 �M)  were mixed with 20 �L of the CRGO dis-

ersion (see below). The mixture was sonicated in an ultra sound
ath during 7 min  and then in a vortex during 30 min. It was then
llowed to stand during 12 h at 4 ◦C. The composite was  stable for
hree months.
tuators B 263 (2018) 377–386 379

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 �m.  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
H2O2 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 (Tdrying) and the amount of mix-
ture deposited on the electrode surface. Thus, a fractional factorial
design, 25−1, 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 �L present per 100 �L of the
SPE/CRGO mixture (% v/v).

- pH:  It was varied from 5 to 7.
- E: It was  varied from −0.4 to 0.3 V vs. Ag/AgCl.
- Tdrying: 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 �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 Tdrying were set at 5 �L
and 35 ◦C, respectively, considering that the enzyme can maintain
its catalytic activity at high temperatures. An advantage of using a
Tdrying = 35 ◦C is the decrease in the drying time. On  the other hand,
experiments carried out at Tdrying 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 −0.4 V < E < 0.30 V (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, �Iss vs cH2O2 (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 −0.1 V
at  different v; v = 0.050 (black line), 0.075 (red line) and 0.100 V s−1 (blue line). The
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nsert of Fig. 2B shows the dependence of Ip with v for both cathodic and anodic
eaks. (For interpretation of the references to colour in this figure legend, the reader

s  referred to the web version of this article.)

ore cathodic. However, at potentials lower than −0.090 V, it was
ot possible to obtain steady-state currents (Iss) either in the blank
olution or during the different aggregates of H2O2, making it dif-
cult to analyze the data .Iss were achieved in less than 5 min  at an

 = −0.090 V. Thus, this value was chosen.
On the other hand, as x increased in the composition of

he SPE/CRGO mixture the slopes of the calibration curves also
ncreased. The disadvantage is that at values of x greater than 80,
mperograms were very noisy and the dispersions were not homo-
eneous. Thus, the value of x = 80% was chosen.

.2. Electrochemical behavior of the biosensor

.2.1. Cyclic voltammetry
Cyclic voltammograms recorded in 0.1 M PBS, pH 7.0at GC/SPE,

C/CRGO and GC/SPE/CRGO electrodes are shown in Fig. 1A.
No voltammetric peak is observed on the GC/SPE electrode, evi-

encing that the direct electron transfer between the enzyme and
he GC electrode surface is not possible. A very small voltammetric
eak at approximately − 0.28 V is observed on the GC/CRGO elec-
rode, which would correspond to the reduction of the carboxyl

roups present on the surface of the CRGO [31]. Two reduction
eaks are observed on the GC/SPE/CRGO electrode, centered at
bout 0.15 V (Ic,1) and −0.4 V (Ic,2). Peak Ic,1 shows its comple-
entary anodic peak (Ia,1) when the direction of the potential
tuators B 263 (2018) 377–386

sweep is reversed (Fig. 1A). These peaks would correspond to the
reduction/oxidation of the enzyme immobilized on the modified
electrode. Peak Ic,2 can be assigned to the reduction of ion Fe+3 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 (Eo

f ) of −0.3 V for the
heme group of peroxidases adsorbed on a gold electrode modified
with 4-mercaptoethanol. Brusova and Magner [33] determined an
Eo

f = −0.35 V for the same heme group adsorbed on GC electrodes.
The Eo

f 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 Ic,2 is not
observed when the direction of the sweep of potential is reversed.
This could be because Fe+2 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 −1.7 V, the hydroxyl, and carbonyl groups
are reduced. When a new cathodic sweep is performed, from 0.3
to −0.7 V, the complementary anodic peak of Ic,2 peak is observed
(results no shown). However, the corresponding cathodic peak is
shifted from −0.4 to −0.22 V. Csöregi 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 −0.1 V 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 Eo

f at 0.175 and 0.5 V, 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
(Ic,1/Ia,1) found for SPE to the formation of compound II. A value
of Eo

f = 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]:

� = Q
nFA

(1)

Where � 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 � = (1.1 ± 0.2) × 10−10 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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ransfer rate constant, kET, was determined using a methodology
roposed by Laviron [39] (Eq. (2)).

p,c = Eo
f + RT

�nF
ln

(
RTkET,2

�nF

)
− RT

�nF
ln v (2)

where Ep,c is the cathodic peak potential, � is the cathodic trans-
er coefficient and R and T have their usual meaning. A plot of
p,c vs. ln v was linear. From the slope and the intercept, values
f � = 0.33 and kET,2 = 0.04 s−1 were determined. The value of � is

n reasonably good agreement with other values obtained for the
eroxidase biosensors, i.e., 0.43 for CTS/Hb/3D-Gr/CILE [40]; 0.31

or HRP-Sb-BLM [41]; and 0.39 for HRP/ZrO2NPs/GCE [42].

.2.2. Electrochemical impedance spectroscopy
The different stages in the construction of the biosensor were

haracterized by EIS, which is a powerful technique to study the
lectrode-solution interface [43].Therefore, these measurements
ere firstly performed in [Fe(CN)6]−4/−3 + 0.1 M KCl aqueous solu-

ions. The applied potential was 0.23 V, which corresponds to the
ormal potential of [Fe(CN)6]−3/−4 redox couple. Fig. 2 A–C show
he Nyquist plots (Fig. 2A), impedance module plots (Fig. 2B) and
he phase angles (�) (Fig. 2C) vs. frequency for the bare GC, GC/SPE,
C/CRGO and CG/SPE/CRGO electrodes.

Fig. 2D shows the equivalent circuits, which best fitted the
xperimental data for the different electrodes. For bare GC elec-
rodes, the Nyquist plot shows a semi-circle at high frequencies,
ue to the kinetic control of the electron transfer of the redox cou-
le, while at low frequencies a straight line is found, corresponding
o the diffusion control of the redox couple (Fig. 2A, symbol �) [43].
he contribution of the constant phase element was  evidenced for
he bare GC electrode in the frequency range from 100 to 4000 Hz
Fig. 2B and C, symbol �). The Randles equivalent circuit (Fig. 2D a)
as the best fitted the experimental data for the bare GC electrode,
hereRs is the solution resistance, RET is the electron transfer resis-

ance, CPEdl is the constant phase element of the electrical double
ayer, and W is the Warburg element. From the fitting, the fol-
owing values were obtained for the bare GC electrode: Rs = 120 �,
ET = 112 �,  CPEdl = 1.1 × 10−5 F s−0.08 and W = 406 � s−1/2.

The Nyquist plot for the GC/SPE modified electrode also shows a
emi-circle at high frequencies, and a straight line at low frequen-
ies (Fig. 2A, symbol ∇). The best fitting was obtained when the
quivalent circuit showed in Fig. 2D b was used, where the con-
tant phase element, CPEc, refers to the presence of the enzyme,
hich acts as a dielectric, making difficult the electron transferof

Fe(CN)6]−3/−4 redox couple. Fig. 2B and C (symbol ∇) show that
he contribution of the CPE is found in the same frequency range
han for the bare GC electrode. From the fitting, the following val-
es were found: Rs = 66 �,  RET = 1266 �,  CPEdl = 3.2 × 10−6 F s−0.12,
PEc = 3.4 × 10−4 F s−0.15 and W = 627 � s−1/2.

The equivalent circuit that best fitted the experimental data for
he GC/CRGO modified electrode was also that shown in Fig. 2D
. Casero et al. [44] previously used this same equivalent cir-
uit to fit the impedance data for GC/GO electrodes. The CPEc

lement corresponds to the impedance to the electron transfer
enerated by the hydroxyl, carbonyl and carboxyl groups that are
n the basal plane of the CRGO and that are not affected by the
hemical reduction process, since this treatment causes only the
eduction of the epoxy groups [31]. Fig. 2A (symbol �)  shows the
yquist plot obtained for the GC/CRGO modified electrode, which

hows only a straight line. The contribution of CPE in this modi-
ed electrode is observed at lower frequencies than for the bare

C electrode, i.e., in the frequency range from 0.1 to 100 Hz. The

ollowing values were obtained for the different elements of the
quivalent circuit: Rs = 100 �,  RET = 62 �,  CPEdl = 3.5 × 10−6 F s−0.15,
PEc = 7.9 × 10−6 F s−0.13 and W = 406 � s−1/2. For comparisons, Fig.
tuators B 263 (2018) 377–386 381

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 �,  RET = 670 �,  CPEdl = 3.95 × 10−6 F s−0.15,
CPEc = 3.36 × 10−4 F s−0.13 and W = 406 � s−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 �,
RET = 4124 �,  REnz = 5.3 × 10−10�,  CPEdl = 1.1 × 10−5 F s−0.18,
CPEc = 6.3 × 10−7 F s−0.12 and W = 539 � s−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)6]−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, Ca,
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, kET,2, which corresponds to
Cp II/SPE redox couple [36], defined by Eq. (3).

kET,2 = 1
2RETCa

(3)

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 �Hz with our equip-
ments does not allow that the full semicircle can be observed. The
value of kET,2 estimated was  0.04 s−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 H2O2 aliquots. Iss are obtained at
4 min  for H2O2 concentrations (cH2O2 ) lower than 2 �M,  while they
are obtained at 20 s for cH2O2 ≥ 2 �M.  Thus, the current is controlled
by the transport of H2O2 from the solution bulk to the electrode sur-
face at low concentrations of H2O2, while at high concentrations of
H2O2 the limiting-step is the reaction rate because the H2O2 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 < FTheoretical [45].

Its sensitivity is (4.4 ± 0.4) × 10−3A M−1. 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 × 10−7 to 3.0 × 10−6 M.  The LOD was  5.0 × 10−8 M.
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ig. 2. Nyquist (A), impedance module (B), and phase angles (C) vs. frequency plot
 × 10−3 M [Fe(CN)6]−4/−3 + 0.1 M KCl aqueous solutions. The solid lines are the simu
or  the different electrodes, i.e., for the bare GC (a), the GC/CRGO and GC/SPE (b) and
lectrode, is the CRGO and is the SPE.

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

This LOD is much lower than those determined by other biosen-

ors based on SPE (Table 1). The LOQ was 1.5 × 10−7 M (calculated as
hree times the LOD). At H2O2 concentrations greater than 48 �M,
he current reaches the steady state, showing a typical Michaelis-

enten behavior.
he GC (�), GC/CRGO (�), GC/EPS/CRGO (O) and GC/SPE (∇) electrodesrecorded in
 impedance spectra. (D) Equivalent circuits which best fitted the experimental data
PE/CRGO (c) electrodes. (E) Schemes for the equivalent circuits used. is the bare GC

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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Fig. 3. Nyquist (A) and Bode (B) plots for the GC/SPE/CRGO electrode recorded in 0.1 M PBSpH 7.0. The arrows indicate the corresponding axes. (C) The equivalent circuit,
which  best fitted the experimental data.

Table 1
Characteristic parameters of different biosensors based on SPE.

Electrode LOD/M Linear range/M Sensitivity/A M−1 Kapp
M /M Reference

GC/SWCNHs/SPE 5 × 10−7 (0.02–1.2) × 10−3 0.0166 4.88 × 10−3 [15]
Sol−Gel  Thin-Film Immobilized SPEa 5 × 10−7 (0.02–2.6) × 10−3 0.0275 5.12 × 10−3 [47]
GC/PVA-g-PVP/SPEb 1 × 10−7 (0.01–6.2) × 10−3 0.0052 12.8 × 10−3 [48]
GC/SPE/CRGO 5 × 10−8 (0.15–3) × 10−6 0.0040 1.6 × 10−6 This work
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VA-g-PVP: self-gelatinizable grafting copolymer of polyvinyl alcohol with 4-vinylp
a using methylene blue as redox mediator.
b using ferricyanide as redox mediator.

The Michaelis-Menten apparent constant (Kapp
M ) can be deter-

ined through both the Lineweaver-Burk and Eadie-Hofstee
quations (ecs. 4 and 5, respectively) [41,49]:

1
Iss

= 1
Imax

+ Kapp
M

Imax

1
cH2O2

(4)

ss = −Kapp
M

Iss

cH2O2

+ Imax (5)

where Imax is the current obtained at the maximum
eaction rate, under saturation conditions. Values of
app
M = (1.6 ± 0.4) × 10−6 M and Imax = (3.9 ± 0.7) × 10−8 A, and
app
M = (1.4 ± 0.6) × 10−6 M and Imax = (4 ± 1) × 10−8 A were obtained

or this biosensor using Eqs. (4) and (5), respectively.Values
btained by both methods are very similar. Both methods give the
ame results for small errors. However, when the error increases,
oth methods present differences, i.e., the Lineweaver-Burk
ethod has better accuracy, and the Eadie-Hofstee method has

etter precision [51]. These Kapp
M values are much lower than those

etermined for other biosensors based on SPE (Table 1), showing
hat the enzyme present in the SPE/CRGO composite has higher
ffinity toward H2O2 than other biosensors. Another important

dvantage of the proposed biosensor is that the use of a redox
ediator is not necessary. Based on these results, the only advan-

ages of other biosensors based on SPE described in the literature
ompared to the biosensor proposed in this paper is that they have
e.

a greater linear range and greater sensitivity [15,47,48] (Table 1). In
addition, none of them were applied to the determination of H2O2
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 H2O2
after performing a potential sweep from −0.5 to −1.7 V 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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Fig. 4. (A) Plot of I vs. t for different aliquots of H2O2. (B) �Iss vs. cH2O2 plot.cH2O2 = (a)
0.25, (b) 0.50, (c) 0.75, (d) 1.00, (e) 6.00 and (f) 20.00 �M.  Inset of Fig. 4B shows the
linear section of the calibration curve, which can be expressed by the linear least
squares procedure as: �ISS = (−4.4 ± 0.4) × 10−3 × cH2O2 (M)  − (7.9 ± 0.5) × 10−10 (A),
linear correlation coefficient, r = 0.9989.
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Fig. 6. Responses of the biosensor to the addition of a given aliquot of the commer-
cial contact lens care solution (a) and different aliquots (b-e) of the H2O2solution.
cH2O2 = 0.25; 0.50; 0.75 and 1.00 �M from (b) to (e), respectively.

Table 2
Determination of H2O2 in contact lens care solutions. Each value is the average of
three replicated measurements.

Samples cH2O2 /�M cH2O2 /�Ma Recovery/%

1 1 1.1 ± 0.1 110
2  1.5 1.4 ± 0.1 93
ig. 5. Responses of the biosensor to the addition of aliquots of 1 �M H2O2 before (a)
nd after (b) the addition of uric acid (UA), glucose (G), dopamine (D) and ascorbic
cid (AA) at a concentration of 100 �M.

idering electrostatic repulsions between molecules of enzymes
egatively charged at pH 7.0 because the isoelectric point of SPE

s 3.9. However, the SPE/CRGO composite is stable during three
onths.

The selectivity of the biosensor towards the determination of
2O2 was evaluated by adding substances that are common inter-

erences such as uric acid, glucose, dopamine and ascorbic acid

7,11,41]. Thus, the selectivity was studied using a solution 1 �M

2O2, to which each interferencewas added at a concentration of
00 �M.  The addition of the aforementioned interferences did not
roduce any change in the current response (Fig. 5), showing that
3  2 1.9 ± 0.2 95

a cH2O2 calculated using the standard addition method.

they do not interfere in the determination of H2O2. These results
show that the proposed biosensor is highly selective to determine
H2O2.

3.2.3.2. Determination of H2O2 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 H2O2 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
H2O2 without the need to use any redox mediator. The biosen-
sor shows a high affinity toward H2O2, 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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odification. The biosensor was applied to the determination of
2O2 in contact lens care solutions with a good accuracy and recov-
ry percentages.
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of electrochemical (bio) sensors by using nano-materials for the determination of
different substrates such as mycotoxins, synthetic and natural antioxidants, and
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