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Soybean  seed  coat  peroxidase  (SBP)  was  used  in  combination  with  aniline  (ANI),  acrylic  acid  (AA),  ethy-
lene glycol  diglycidyl  ether  (EGDE)  and  H2O2, to  prepare  a  biosensor  in  one-pot  synthesis  strategy.  SBP
catalyzed  the  chemical  polymerization  of ANI  initiated  by H2O2, to give  the conductive  polymer  (PANI)
in  acidic  medium  where  acrylate  acted  as  dopant.  Further  reactions  between  free  radicals,  AA and  the
diepoxy  EGDE  determined  the entrapment  of  the  SBP together  with  PANI in a  hydrogel  on  the electrode
surface,  becoming  wired  for  the  amperometric  detection  of  H2O2 at neutral  pH  and  −100 mV  vs Ag/AgCl.
On the  other  hand,  the  absence  of  AA and  EGDE  in the reaction  mixture  led to an  unstable  sensor  modifier
oybean seed coat peroxidase
poxy
oly(acrylic acid)
ydrogen peroxide

and  an  erratic  response  to H2O2. The  apparent  Km for immobilized  SBP  in the flow  system  was  0.0763  mM,
lower  than  the  parameter  for the  free  enzyme  at pH  7.0.  Quantitative  analysis  of  H2O2 was  carried  out
in  a flow  injection  system  (FIA);  the  calibration  plot  was  linear  in  the range  of 5.0–50  �M,  with  a limit
of  detection  of 2.2  �M.  A  dental  bleaching  sample  was  successfully  analyzed  and  the  catalase  test  results
demonstrated  the specificity  of  the  response.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Intrinsically conducting organic polymers such as polyaniline,
olypyrrole and polythiophene have been studied intensively due
o their high electrical conductivity and good environmental sta-
ility for biosensor development. In the family of conducting
olymers, polyaniline (PANI) is unique because of its ease of syn-
hesis and its doping/de-doping chemistry: the electronic state of
he polymer can be changed through variation of either the num-
er of electrons or the number of protons [1]. Among the various
xidation states of PANI, the imine sites from emeraldine base (EB)
an be protonated to the bipolaron form (dication salt, ES) which
ndergoes further rearrangement to form the delocalized polaron

attice (a polysemiquinone radical cation salt) with a conductivity
f a semiconductor level [2,3]. In this way, when the chemical poly-

erization of aniline (ANI) is performed at pH lower than 3.0, the

cidic condition minimizes the formation of undesired branched

∗ Corresponding author.
E-mail addresses: vcdall@ffyb.uba.ar, vivianacdall@gmail.com

V. Campo Dall’ Orto).

ttp://dx.doi.org/10.1016/j.snb.2016.08.110
925-4005/© 2016 Elsevier B.V. All rights reserved.
products and the conductivity is enhanced [4]. Instead, PANI films
produced in non-acidic media are usually non-conducting [5].

ANI can be polymerized using H2O2 as oxidant and horseradish
peroxidase (HRP) as catalyst, to obtain PANI in its conducting ES
form at pH 4.3 in a medium containing sulphonated polystyrene
(SPS) [6]. The negatively charged SPS assists the polymerization by
in some way pre-organising the reacting monomers and interme-
diates, and by acting as counter ion (dopant) through the formation
of a soluble complex with the positively charged PANI [7,8]. On the
other hand, the chemically synthesized PANI is a suitable polymeric
support for enzyme immobilization. Fernandes et al. reported the
immobilization of HRP made by adding the enzyme solution at pH
6.0 to PANI previously activated with glutaraldehyde, and the enzy-
matic activity of the solid was tested for the oxidation of phenolic
compounds with H2O2 [9].

The enzyme immobilization in film assemblies organized on
electrode supports is a key step in the development of biochemi-
cal modifiers for electroanalysis. Redox enzymes usually lack direct
electrical communication with electrode supports, often overcome

by using conductive polymers as “wiring” matrixes that transport
the electrons between the enzyme redox center and the conduct-
ing surface. The earliest sensor developments with PANI presented
redox activity only in acidic solutions at pH values below 3.0,

dx.doi.org/10.1016/j.snb.2016.08.110
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.08.110&domain=pdf
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hus preventing their integration with redox enzymes that usu-
lly operate in neutral pH regions. This limitation was  resolved
y using composite PANI polymers doped with Poly(acrylic acid)
Poly(AA)), which switched the redox activity to pH 7.0 [10]. The
ANI-Poly(AA)-coated electrodes for biosensor assemblies offer an
utstanding signal amplification and a suitable environment for

mmobilization of biomolecules [4].
Determination of H2O2 and other organic peroxides is of prac-

ical importance in clinical, environmental, and many other fields
11]. The fabrication of H2O2 sensors has attracted great interest
ince the measurement of H2O2 is the basis of detecting many
iologically active compounds such as glucose and cholesterol
12]. Ultrasensitive potentiometric approach of H2O2 sensing was
arried out using a membrane electrode doped with the cation
xchanger dinonylnaphthalene sulfonate [13]. The sensitive deter-
ination of H2O2 may  also be achieved in the amperometric mode

y the use of peroxidase-modified electrodes, and in this context
he combination of PANI with HRP was thoroughly explored, the
nzyme being either electrostatically attached to PANI at pH 6.8
14], or cross–linked with glutaraldehyde [15].

The approach was also tested with seed coat soybean peroxidase
SBP), obtained from a non expensive food industry by–product
16,17]. SBP was immobilized on various PANI-based polymers acti-
ated with glutaraldehyde and was tested for pyrogallol oxidation
ith H2O2 [18]. A sol–gel thin–film SBP biosensor was  constructed

or the detection of H2O2 in acid medium, with methylene blue as
edox mediator [19]. A patent also claims the cross–linking of SBP
ith the diepoxide Poly(ethylene glycol diglycidyl ether) (PEGDGE)

nd the poly(4-viny1pyridine)–Os(II) complex to develop an elec-
rochemical biosensor for H2O2 [20].

This paper reports the fabrication and characterization of a
ANI–based biosensor incorporating SBP for the detection of H2O2.
he novelty resides in the use of a different protecting environ-
ent for the enzyme on the electrode surface, and the synthesis

f PANI and of Poly(AA) catalyzed by SBP which is also the recog-
ition element of the sensor. In this case, AA was  combined with
NI, the monomeric diepoxy cross–linker ethylene glycol diglycidyl
ther (EGDE) and the enzyme to catalyze the ANI polymerization
n the electrode surface by addition of H2O2. The SBP molecules
ot entrapped in the resulting matrix, staying attached on the elec-
rode surface and electrically wired at neutral pH. The combination
f AA with EGDE was chosen for this application on the basis of
heir known aptitude in the development of hydrophilic networks
o immobilize SBP [21,22].

. Experimental

.1. Materials and instrumental

Acrylic acid (AA; 99 wt%), catalase from Aspergillus niger,
4Fe(CN)6 and K3Fe(CN)6 were purchased from Sigma–Aldrich.
thylene glycol diglycidyl ether (EGDE; 50 wt% in ethylene gly-
ol dimethyl ether) was from TCI America. Hydrogen peroxide
2O2 30% for analysis was from Merck. Aniline (ANI) was dis-

illed under vacuum. Acetone was from Anedra. Hydrochloric acid,
odium hydroxide and potassium dihydrogen phosphate were ana-
ytical grade reagents. Deionized water was used for all aqueous
olutions. Soybean seed coats were kindly donated by Molinos Río
e la Plata, Argentina.

UV–vis experiments were made with an Evolution Arrays Spec-
rophotometer from Thermo Scientific, using a conventional quartz

uvette. ATR-FTIR (diamond attenuated total reflectance) spectrum
as recorded using a Nicolet iS50 Advanced Spectrometer (Thermo

cientific) with 32 scans and a resolution of 4 cm−1; the sample was
eposited on a glass substrate for this experiment.
tors B 239 (2017) 1016–1025 1017

The flow system consisted of an HPLC SpectraSYSTEM Isocratic
Pump P100, a Rheodyne injection valve (Model 7125) with a 20 �L
sample loop, a guard column and the flow cell for amperometric
detection.

The amperometric detection of H2O2 was  performed with a
home-made microprocessor-controlled electrochemical analyser
with electrochemical impedance spectroscopy module. A thin-
layer cell (7-�L nominal volume), equipped with a glassy carbon
working electrode (GCE, Bioanalytical Systems, 7-mm2 area), which
was properly modified with the enzymatic layer, and a stainless
steel block as auxiliary electrode, operated at a constant potential
vs. Ag/AgCl. Stainless steel and polyether ether ketone were used
for the flow system connections.

The carrier was an aqueous solution containing 50 mM KH2PO4
brought to different pH values (PBS), properly filtered and degassed.
The H2O2 was  detected amperometrically with the novel biosen-
sor in the flow system at a reductive potential. All the samples
were diluted properly with carrier, and filtered through a 0.45-
�m pore diameter nylon membrane before injection. Most of the
experiments were performed at a flow rate of 0.3 mL  min−1.

Batch experiments were performed in a 10-mL cell with a 7-
mm2 GC working electrode, a graphite auxiliary electrode and a
Ag/AgCl reference electrode (BAS), using 500 mM KNO3 solution
brought to pH 6.0.

2.2. Extraction and purification of soybean seed-coat peroxidase
(SBP)

The crude extract of SBP was obtained by contact of seed coats
with a solution containing 50 mM sodium acetate/acetic acid and
5 mM CaCl2 [18]. The homogenate was centrifuged at 2000 × g for
15 min  and the supernatant was  separated. Then it was purified
as described elsewhere [23]. The catalytic activity of the enzyme in
the purified extract was 46539 units mL−1 (5900 units mg−1) deter-
mined by comparison with the standard purchased from Sigma:
Peroxidase from Glycine max  (soybean) P-1432, 50–150 units per
mg of solid. One unit will form 1.0 mg  of purpurogallin from pyro-
gallol in 20 s at pH 6.0 at 20 ◦C. For the sensor assembly, a diluted
solution of SBP was used, containing 1551 units mL−1 (0.2629 mg
SBP mL−1).

2.3. Preparation of the modified electrode

A mixture of monomers was  freshly obtained by mixing 1 �L
of EGDE, 1 �L of AA and 5 �L of ANI with 5.0 mL  of acetone. The
adequate amount of monomers in the acetone solution depended
on their miscibility with the solvent.

Then, the corresponding GCE was  polished with alumina, rinsed
with distilled water and dried. The biopolymerization was per-
formed on the clean electrode surface by adding 0.5 �L of SBP
diluted solution, 0.5 �L of monomers mixture and 0.5 �L of 100 mM
H2O2. The acetone evaporated and after 15 min  a film was formed.
Then, it was  hydrated with 100 mM KNO3 solution during 30 min
before use.

As a control, the GCE was modified with 0.5 �L of SBP diluted
solution, 0.5 �L of solution of ANI in acetone, and 0.5 �L of 100 mM
H2O2.

2.4. Sensor performance

Electrochemical impedance spectroscopy (EIS) experiments

were performed in 500 mM KNO3 solution over a frequency range of
100 kHz – 0.1 Hz at an applied voltage of +200 mV  vs Ag/AgCl, with
10 mV  amplitude and a total of 40 data point. When necessary, the
redox couple used as probe was  50 mM Fe(CN)6

3−/Fe(CN)6
4−.
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Fig. 1. UV–vis spectra at pH 6.0 and 7.0 of SBP-Poly(EGDE-AA-ANI) deposited on
018 D.I. Torres et al. / Sensors and 

H2O2 detection with the chemically modified working electrode
as performed in batch and in a flow system, in triplicate. The

tudy of sensor response in batch was performed by H2O2 addition
n a concentration range between 2.0 mM and 11 mM (final con-
entration), with the biosensor polarized at −100 mV  vs Ag/AgCl.
he study of interferences performed in batch was carried out with
rea, glucose and ascorbic acid added to the 500 mM KNO3 solution
t different final concentration levels (in triplicate for each level):
.1 mM;  0.3 mM;  0.5 mM;  1.0 mM and 10 mM.

The commercial sample for in-office dental bleaching system
as purchased in a local store, and properly diluted in 50 mM PBS,

H 7.0 for the analysis in the flow system.
Catalase was used to demonstrate the specificity of the biosen-

or, by decreasing the H2O2 response when present in the solution.
he experiment was performed in batch with the biosensor polar-

zed at −100 mV  vs Ag/Ag, by adding 48 units of catalase to 10,00 mL
f 500 mM KNO3 solution, then making three additions of 0.410 mM
2O2 (final concentration) and three additions of diluted sample

ontaining 0.408 mM H2O2 (final concentration).

. Results and discussion

.1. Design of SBP-Poly(EGDE-AA-ANI)/GCE

This biopolymerization took place when the SBP solution was
ixed with 100 mM H2O2 and the monomers (ANI, EGDE and AA)

iluted in acetone, on the GCE surface (Scheme 1). The adequate
mount of monomers in the acetone solution depended on their
iscibility with the solvent. The acetone evaporated after 15 min  of

eaction giving place to a homogeneous film. The modified surface
as then hydrated with 100 mM KNO3 solution for 30 min  before

se.
In this experiment, the enzyme SBP catalyses the non-selective

xidation of a substrate (in this case, the monomer ANI) to a free
adical product by the electron-acceptor H2O2 in a well known
ing-pong mechanism. The catalytic cycle of peroxidases involves
he oxidation of Fe(III) in the active site by H2O2 forming a reac-
ive Fe(IV) = O species and a radical intermediate of the heme group
compound I). One-electron reduction of compound I by ANI gives
ompound II, in which the FeIV = O species remains intact and por-
hyrin radical is reduced, releasing the radical cation ANI+•

. Then
nother molecule of the reducing substrate (ANI) regenerates the
e(III) ion and releases ANI+•

. This oxidized product initiates the
adical polymerization on the electrode surface, giving PANI. Now,
n the presence of PANI, the reduction of compound I on the GCE
s achieved by this conductive polymer (Scheme 2), and the reac-
ion between SPB and H2O2 becomes “wired” with the electrode
or electrochemical detection [24].

The H2O2 reduction charge is propagated along the polymer
hain to the GCE surface polarized at −100 mV  vs Ag/AgCl, by fast
lectron transfer reactions involving PANI+/0 redox species. Pekmez
t al. [25] have explained that a partial reduction of PANI film occurs
nder this condition, and the polymer is thus a mixture of reduced
polyleucoemeraldine) and oxidized (polyemeraldine) species and
heir cation radicals protonated to various degrees, depending on
he reaction medium.

In this way, the oxidized SBP regenerates the conductive form of
ANI, the emeraldine salt (ES). If PANI is synthesized at pH higher
han 4.0, the electroactivity can be lost due to the failure in forma-
ion of ES.

The presence of AA in the reaction medium contributes to lower

he pH value, and the acrylate formed (A−) acts as counter ion
dopant) to achieve the electrical neutrality of the oxidized ES. The
uestion is whether AA and A− remain as monomers or polymerize
y vinyl groups when ANI+•

radicals are released.
quartz substrate (A); ATR-FTIR spectra of SBP-Poly(EGDE-AA-ANI) (I), EGDE(II) and
glass substrate (III) (B).

In parallel, EGDE monomers can react with AA forming ester
groups, and with the histidine residues of SBP binding covalently by
epoxy opening. Thus, EGDE and AA would be the cross-linkers than
retain both the enzyme and PANI closely entrapped in a hydrogel
matrix on the GCE surface, forming SBP-Poly(EGDE-AA-ANI) in a
one-pot synthesis (Scheme 1). In control tests, it was observed that
no film was formed in the absence of the enzyme. Besides, when
EGDE and AA were omitted, the film was  not stable enough to be
used as sensor.

The SBP-Poly(EGDE-AA-ANI) composite film was deposited on
quartz surface and studied by UV–vis spectroscopy. It was put in
contact with solutions at pH 6.0 and 7.0, producing the spectra
shown in Fig. 1A. Two main bands attributable to the conducting
polymer, were detected: a broad adsorption around 460 nm cor-
responding to the radical cation (semiquinone structure) and the
very broad band around 750 nm due to imine moieties (quinone
structure, dication or bipolaron). The band at 440 nm indicated
the presence of the lowest oxidized state of PANI, and the band at
750 nm corresponded to the delocalized state from proton-doped
polyemeraldine. From these results we evidenced the presence of
the emeraldine state protonated (ES) even at pH 6.0 and 7.0 in
the SBP-Poly(EGDE-AA-ANI) composite film [26], responsible of SBP
wiring on sensor surfaces.
The ATR-FTIR spectrum of SBP-Poly(EGDE-AA-ANI) in Fig. 1B
evidenced the surface coverage. The absorption band at 1722 cm−1

was due to C O symmetric stretching, and the band at 1604 cm−1

could be attributed to asymmetric stretching of COO− in a
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Scheme 1. Schematic illustration for the synthesis of the SBP-Poly(EGDE-AA-ANI)/GCE.
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Scheme 2. Mechanism of re

olyether environment, in similitude with Poly(EGDE-MAA) [27].
he symmetric stretching of COO− was detected at 1410 cm−1,
nd the band around 1100 cm−1 corresponded to ether groups from
GDE. The bands at 940 and 1630 cm−1 expected for vinyl groups
ere not detected, indicating that AA was polymerized. The amide

 band between 1600 and 1700 cm−1 expected for SBP was very
eak, indicating that the relative amount of enzyme in the compos-

te was low. The formation of PANI was revealed by the absorption
ands at 1603, 1183, and 837 cm−1, which were attributed to the
ibrations of, C C−, Ph–NH–Q and C N in the ANI unit [28]. The
and at 1503 cm−1 with a shoulder at 1497 cm−1 could be assigned
o benzenoid ring stretching from EB and ES forms, respectively
29].

Fig. 2A shows the amperometric response in batch of SBP-
oly(EGDE-AA-ANI)/GCE to H2O2 in a concentration range of
.0–11 mM,  compared with the performance of SBP-PANI/GCE

n Fig. 2B: clearly, the response to H2O2 followed a linear ten-
ency with concentration in the first case (see insert in Fig. 2A),

nd was lower and erratic in the second case. The mean slope
f regression line for H2O2 obtained with SBP-Poly(EGDE-AA-
NI)/GCE was 18.90 ± 0.59 nA mM−1, and with SBP-PANI/GCE was
.13 ± 0.30 nA mM−1. According with the t-test for comparing
 of H2O2 and PANI with SBP.

means, the slope values differed significantly at the 1% level and 6
degrees of freedom. In order to evaluate the selectivity of the pro-
posed method, additional experiments were performed in batch.
Three metabolic compounds were selected to analyze possible
interferences because they usually coexist with H2O2 in the dif-
fusive layer of bioenzymatic sensors developed for clinical use.
In this way, a 500 mM KNO3 solution at pH 6.0 was  spiked with
urea, glucose or ascorbic acid in a concentration range between
0.1 mM and 10 mM,  considering that a 11 mM H2O2 solution
can produce a signal step of 0.26 �A with the modified elec-
trode polarized at −100 mV vs Ag/AgCl (Fig. 2C). The absence of
faradaic current in the range of �A indicated that these compounds
caused negligible interference in the detection of H2O2 with this
biosensor.

This evidence would support the hypothesis of a protective
matrix for SBP and PANI, formed by radical polymerization of AA
initiated by ANI+•

, in combination with a probable esterification of
AA with EGDE, and SBP covalent binding to EGDE. These reactions

were previously found by MALDI-TOF in matrixes formed by these
monomers and methacrylic acid instead of AA [22]. In the present
work, the replacement of AA by MAA  was not satisfactory.



1020 D.I. Torres et al. / Sensors and Actuators B 239 (2017) 1016–1025

Fig. 2. Amperometric response in batch to H2O2 in 500 mM KNO3, pH 6.0 at −100 mV
vs  Ag/AgCl with SBP-Poly(EGDE-AA-ANI)/GCE (A); the insert presents the calibration
plot. The same experiment was performed with SBP-PANI/GCE (B). The electrochem-
ical response of potential interfering substances (glucose, ascorbic acid, urea) in
batch with SBP-Poly(EGDE-AA-ANI)/GCE (C).

Table 1
Circuit modeling results of SBP-Poly(EGDE-AA-ANI)/GCE and of bare electrode with
EIS  Spectrum Analyser 1.0 simulating programme. The redox couple used as probe
was  50 mM Fe(CN)6

3−/Fe(CN)6
4− in 500 mM KNO3 solution, pH 6.0. The equivalent

circuits for the modified and bare electrodes are represented in the inserts of Fig. 3A.

Parameters Modified electrode Bare electrode

Mean value S.E. (%) Mean value S.E. (%)

RS (�) 96.45 0.99 95.5 2.5
RCT (�) 786.4 1.5 150.7 6.6
CDL (F) – – 7.8 × 10−7 8.1
Pa (F) 2.1 × 10−6 1.3 – –
n  0.86 0.18 – –

AW (� s−0.5) 387.4 3.4 658.2 3.4

a Parameter of constant phase element (CPE), pre-exponential factor.

3.2. Interfacial properties of SBP-Poly(EGDE-AA-ANI)/GCE

In general, the electrocatalytic activity and electron transfer
properties of the immobilized enzymes on the electrodes are sig-
nificantly affected by the conformation and structure of enzymes
on the electrode surfaces. The electrochemical impedance spec-
troscopy (EIS) is a powerful tool that can provide information about
the electrode processes and the interfacial properties of a modified
electrode surface.

The Nyquist plots of EIS for the bare GCE and the modified GCE
using the Fe(CN)6

3−/Fe(CN)6
4− redox couple as a probe, are shown

in Fig. 3A, and the estimated parameters for each equivalent circuit
are presented in Table 1.

The experimental data obtained with bare GCE  fitted well to
the Randles equivalent circuit. Instead, the results with the mod-
ified electrode fitted to an equivalent circuit in which the double
layer capacitance (CDL) was  replaced by a constant-phase element
(CPE) (inserts in Fig. 3A). This CPE usually arises due to the inter-
face electrode-film defects such as local charge inhomogeneities
and different adsorbed species; the average effects determine the
macroscopic impedance value, which depends on the reaction rate
distribution [30].

The electron transfer resistance (RCT) of a redox probe at the
electrode surface can be estimated by the Nyquist diameter of the
EIS spectrum. The estimated RCT in the presence of the 50 mM
Fe(CN)6

3−/Fe(CN)6
4− probe using the bare electrode was  150.7 �,

and 786.4 � using SBP-Poly(EGDE-AA-ANI)/GCE. This difference
could be attributed to the amount of covered area of the modified
electrode and/or the structural properties of the SBP layer on the
GCE surface. Here, it can be assumed that the electro-active species
(in this case, Fe(CN)6

3−/Fe(CN)6
4− couple) could directly diffuse to

the electrode surface through pores and defects of the immobilized
SBP layer, or the electro-active species could permeate through the
immobilized SBP layer and react at the electrode surface [31].

On the other hand, the Nyquist plot of EIS for the SBP-Poly(EGDE-
AA-ANI)/GCE was  obtained in the absence of the probe redox couple
at pH 6.0 (Fig. 3B). The profile found at DC voltage of +200 mV  vs
Ag/AgCl resulted similar to the profiles for conductive PANI films
electropolymerized on GCE and measured in acid medium (1.0 M
H2SO4, 0.5 M Na2SO4) [32].

PANI obtained and tested in acid medium behaves as a good
electronic conductor at intermediate oxidation levels [33,34]. It has
been described that in the reduced state (– 100 mV  vs SCE) and in
the highly oxidized state (+1000 mV vs SCE) higher resistances are
expected [32]. At intermediate potentials the resistance of PANI is
expected to decrease, so that the film tends to behave as a capacitor
in series with a resistance even for relatively high frequencies (f).

As f decreases, the capacitance tends to a value (CSP) which is f-
independent.

In our system, the PANI was  synthesized in acid medium pro-
vided by AA but the EIS experiments were performed in 500 mM



D.I. Torres et al. / Sensors and Actuators B 239 (2017) 1016–1025 1021

F bare G
w d to t
w e (�) 

K
Z
T
C
(

3

A
d
o

5
t
i
−

v
n
t

s
−
c
c
r
f
S

ig. 3. The Nyquist plots of electrochemical impedance spectroscopy (EIS) for the 

as  50 mM Fe(CN)6
3−/Fe(CN)6

4− in 500 mM KNO3, pH 6.0, and the inserts correspon
as  also obtained for SBP-Poly(EGDE-AA-ANI)/GCE in the absence of the redox prob

NO3 brought to pH 6.0. Calculation of CSP, through the expression
im = l/(2�f CSP), gave a specific capacitance of about 150 �F cm−2.
his result was  consistent with the values reported by Sarac et al:
SP of 38.9 �F cm−2 for PANI/GCE and 239.1 �F cm−2 for PANI/CFME
carbon fiber microelectrode) [35].

.3. Optimization of experimental variables

The typical hydrodynamic voltammograms of SBP-Poly(EGDE-
A-ANI)/GCE were performed to investigate the effect of the
ifferent experimental conditions on the amperometric detection
f H2O2.

The effect of the applied potential on the current responses of
0 �M H2O2 was investigated in a 50 mM PBS pH 7.0 carrier solu-
ion at a flow of 0.3 mL  min−1. Fig. 4A exhibits that the peak currents
ncreased when changing the electrode potential from +100 mV to
200 mV  vs Ag/AgCl, particularly from −100 mV.

The applied potential chosen for H2O2 detection was −100 mV
s Ag/AgCl, a compromise between the optimization of signal to
oise ratio and the minimization of eventual interferences from
he matrix species such as dissolved molecular oxygen.

The effect of pH on the current intensity of 50 �M H2O2 was
tudied in 50 mM PBS carrier solution at the applied potential of
100 mV  vs Ag/AgCl. The tested pH range was between 6.0 and 8.0,

onsidering the optimal pH expected for immobilized SBP. Fig. 4B

learly indicates that the best pH value was 7.0, beyond which the
esponse was remarkably lower. Even though the optimal pH value
or the free enzyme in solution is 4.0–5.0 [18,23], it changed upon
BP immobilization.
CE (�) and the SBP-Poly(EGDE-AA-ANI)/GCE (�); the redox couple used as probe
he equivalent electrical circuit model used in each simulation (A). The Nyquist plot
(B).

Fig. 4C exhibits the dependence of the hydrodynamic response
of H2O2 on the flow rate of the PBS carrier in the flow injection
system. When the flow rate of the substrate (H2O2) is limited by
mass transport, the diffusion layer at the electrode surface becomes
thinner and the diffusion time becomes shorter, which leads to an
increase of the diffusion current with the flow rate of the carrier.
Instead, in our system the residence time of the substrate in the
enzymatic layer was  a limiting factor when the flow rate of the
carrier increased, reason by which the current peak decreased from
0.3 to 0.6 mL  min−1. For the quantitative experiments, the flow rate
was set in 0.3 mL  min−1.

3.4. Analytical performance of SBP-Poly(EGDE-AA-ANI)/GCE

The amperometric measurement using SBP-Poly(EGDE-AA-
ANI)/GCE was investigated by injections of H2O2 at different
concentration levels in the flow system under the optimized con-
ditions: 50 mM PBS pH 7.0; working electrode potential: −100 mV
vs Ag/AgCl; and flow rate: 0.3 mL  min−1.

The relationship between the amperometric peak current inten-
sity and the concentration of H2O2 depicted in Fig. 5A shows a
typical Michaelis-Menten (M-M)  plot. The data were analyzed by
applying a M–M  type kinetic model (Eq. (1)).

I = Imax
[H2O2]

app (1)

Km + [H2O2]

and

Imax = nFAkappcat [E] (2)
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Fig. 4. Determination of the optimal operational parameters in the flow system for
H2O2 detection with SBP-Poly(EGDE-AA-ANI)/GCE: working electrode potential (A),
pH  of the PBS solution used as carrier (B), and flow rate (C).

Fig. 5. The relationship between the amperometric peak current intensity and the
concentration of H2O2 with SBP-Poly(EGDE-AA-ANI)/GCE in the flow system using
50  mM PBS pH 7.0, the working electrode polarized at −100 mV vs Ag/AgCl, and a
flow rate of 0.3 mL  min−1. The insert shows the linear section (A). The conversion
of  the experimental data to an Eadie-Hoftee plot (B). The repeatability using one

modified electrode estimated from the current response to 50 �M H2O2 produced
by  13 successive injections (C).

where [E] is concentration of enzyme SBP at the modifier layer on
the electrode surface. The apparent Km was estimated in 76.3 �M

(S.E.: 6.7 �M),  and the Imax in 10.45 nA (S.E.: 0.44 nA). The appar-
ent kcat was estimated in 1.647 × 10−2 s−1 (or 0.9885 min−1); and
apparent kcat /Km was  216 M−1 s−1.
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Table  2
Reported values of apparent Km for SBP or HRP, with H2O2 as substrate, different
reducing agents, pH and assemblies.

Enzyme co-substrate pH app Km H2 O2 Reference

free SBP phenol 6.0 1.092 mM [17]
free SBP ABTS 6.8 0.173 mM [16]
free SBP ABTS 5.0 0.045 mM [16]
free HRP PANI 6.0 11 mM [18]
HRP-PANI PANI 6.0 27.11 mM [18]
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Fig. 6. Amperometric response of the diluted dental bleaching sample, and the
diluted sample spiked with 24.0 �M H2O2, in the flow system with SBP-Poly(EGDE-
AA-ANI)/GCE polarized at −100 mV vs Ag/AgCl, using 50 mM PBS pH 7.0 and a flow
rate of 0.3 mL  min−1 (A). Specificity study of the electrochemical response with SBP-

The modified electrode fabrication reproducibility was  esti-
HRP-PANI-PVS PANI 6.9 3.461 mM [25]
SBP-Poly(EGDE-AA-ANI) PANI 7.0 0.0763 mM this work

The apparent Km is the equilibrium constant for the dissociation
f the enzyme-substrate complex. The values presented in Table 2

ndicate that the pH value and also the process of enzyme immo-
ilization particularly increased the affinity between H2O2 and the
eroxidase in this novel sensor.

The kcat of free SBP under physiological conditions in batch
as reported in 1230 s−1, with a catalytic efficiency kcat /Km of

.1 �M−1 s−1 for the free enzyme in batch. The catalytic efficiency
ound for immobilized SBP in a flow system resulted low when was
ompared with the efficiencies reported for batch systems. This
ould be explained by the fact that using a thin-layer cell in amper-
metric detection mode, only a 10% of the H2O2 passing parallel to
he electrode surface can be reduced. Other aspects to be consid-
red are the amount of entrapped SBP together with the amount of
ctive/available biomolecules in the hydrogel matrix.

The conversion of M–M  plot to an Eadie-Hofstee (E-H) plot is
 strategy to put in evidence diffusive restrictions of the substrate
nside the enzymatic layer, because a linear profile in E-H plot is
xpected when the reaction rate obeys the M–M  law. In Fig. 5B, a
eparture from linearity was exhibited only at extreme values of
2O2 concentration, indicating that the diffusive restrictions were
inimal under the optimized conditions of detection [36,37].

A calibration plot is presented in the insert of Fig. 5A. The lin-
ar range of the biosensor for H2O2 concentration was  obtained
etween 5.0 and 50 �M,  with a sensitivity of 0.0875 nA �M−1 (S.E.:
.0033), an y-intercept of 0.043 nA (S.E.: 0.099) and a correlation
oefficient (R2) of 0.9782. The limits of the y-intercept confidence
nterval at 95% were 0.412 and −0.327, containing zero as expected
38].

The repeatability using one modified electrode was  estimated
rom the current response to 50 �M H2O2 (Fig. 5C), yielding a

ean current response of 4.310 nA with a R.S.D. of 1.5% (n: 13).
he detection limit of 2.2 �M was calculated considering the S.D.
f the current response produced by 13 injections of 50 �M H2O2
S.D.: 0.064 nA) and the signal-to-noise ratio of 3.

.5. Practical application

The analytical applicability of the biosensor was  evaluated for
he quantification of H2O2 in a sample of an in-office dental bleach-
ng system for professional use. The sample of bleaching gel was

ixed and properly diluted with PBS for the electrochemical detec-
ion of H2O2 in the flow system under the optimal analytical
onditions. Besides, H2O2 standard solution was  added to the sam-
le in a final concentration level of 24.0 �M,  and then analyzed
Fig. 6A). The experimental results are presented in Table 3.

The H2O2 level in this sample was calculated in 37.6 wt% by
xternal standard quantification using the linear regression equa-
ion. In parallel, the H2O2 level in this sample was  calculated in
5.0 wt% by standard addition. The ANOVA test indicated that the

opulation means were not significantly different at the 0.05 level.
o further verify the reliability, the H2O2 concentration in the sam-
le determined by titration was 35 wt%. The standard added to the
Poly(EGDE-AA-ANI)/GCE, in batch, using a 10-mL solution of catalase (48 units) in
500 mM KNO3. Successive 50-�L additions of H2O2 standard solution and of diluted
sample were made (B).

diluted sample in a concentration level of 24.0 �M was recovered
in a 107% (found: 25.7 �M).

The specificity of the electrochemical response of this biosensor
was also studied in batch in the presence of catalase. The biosensor
was polarized at −100 mV  vs Ag/AgCl in 10.00 mL of 500 mM KNO3
solution containing 48 units of catalase, and aliquots of H2O2 stan-
dard solution in a final concentration of 0.410 mM were added. The
current increased during the first 40 s after the standard addition,
and returned to the background value one minute later. The exper-
iment was  then repeated with diluted sample reaching a final H2O2
concentration of 0.408 mM and registering the same pattern. In
these cases, the immobilized SBP first reacted with the specific sub-
strate, till it was consumed by the alternative dismutation reaction
catalyzed by soluble catalase (Fig. 6B).

3.6. Sensor stability and reproducibility

The sensor storage stability was  examined by storing it at 4◦ C
in a wet chamber preventing from contact with water, with inter-
mittent measurements of the response to H2O2 standard solution
(Fig. 7A). The mean current response of the tested sensor for the
detection of 50 �M H2O2 over 15 days was  4.53 nA and the S.D. was
0.23 nA (R.S.D.: 5.1%).
mated from the current response to 50 �M H2O2 of eight different
biosensors (Fig. 7B). A mean current response of 4.39 nA was
obtained, with a S.D. of 0.27 nA and a R.S.D. of 6.0%. The mean cur-
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Table 3
Experimental results of H2O2 measurement in dental bleaching sample, using the flow injection system.

peak current intensity of replicates (nA) mean peak current intensity (nA) S.D. (R.S.D.)

Diluted sample 2.357 2.427 2.239 2.341 0.095 (4.1%)
Diluted sample + 24.0 �M H2O2 4.753 4.877 4.277 4.636 0.32 (6.8%)

Quantification by external calibration Quantification by standard addition

Average H2O2 concentration (wt%) 37.6 35.0
S.D.  (R.S.D.) 1.6 (4.1) 

Confidence interval upper limit 41.4 

Confidence interval lower limit 33.7 

F
i

r
f

4

m
T
c
o

ig. 7. Reproducibility of one biosensor response as function of time to 50 �M H2O2

n the flow system (A), and reproducibility studied on different biosensors (B).

ent response of a sensor inter-days was not significantly different
rom the mean current response inter-electrodes (P: 0.01).

. Conclusions

In this procedure, the radical polymerization of ANI in acidic

edium provided by AA was achieved with H2O2, catalyzed by SBP.

he presence of EGDE and AA acting as cross-linkers was relevant to
reate an environment capable of immobilizing both SBP and PANI
n the electrode surface. AA underwent polymerization initiated by
1.4 (4.1)
38.6
31.5

free radicals from ANI, and some extent of covalent binding to EGDE
molecules was expected. Experimental evidence of PANI formation
in the presence of polyacrylate and EGDE adducts was  obtained
from UV–vis and ATR-FTIR spectroscopy.

The electrocatalytic reaction mechanism of H2O2 on SBP-
Poly(EGDE-AA-ANI)/GCE could be resumed as follows. The H2O2
reached the electrode modifier where it was enzymatically reduced
by SBP to give H2O and to oxidize the enzyme. SBP was  regenerated
to the native form by accepting electrons from the reduction state
of the polymer, while Poly(EGDE-AA-ANI)red itself changed into the
oxidation state (Poly(EGDE-AA-ANI)ox). The oxidized form of the
polymer could be recycled to the reduced state at the electrode
surface, generating a current signal. In this process, PANI experi-
mented the transformation between the reduced leucoemeraldine
(LE) state to the partly oxidized emeraldine state in the salt form
(ES), exhibiting high conductivity due to previous protonation by
AA, and presenting delocalization of charge all over the chain
(polaron lattice).

The SBP exhibited a shift in the optimal pH value from 4.0-5.0
(free) to 7.0 (immobilized). Also the apparent Km resulted lower,
indicating higher affinity for the substrate H2O2. Glucose, urea and
ascorbic acid did not interfere in H2O2 analysis with the modified
electrode polarized at −100 mV vs Ag/AgCl.

A commercial sample for dental bleaching could be analyzed
either by external calibration or by standard addition. The cata-
lase test indicated that the electrochemical response given by this
sample was specific for H2O2.

In this way, we demonstrated that a non-expensive enzyme
(SBP) could be used as a recognition element and, at the same time,
to synthesize both a conducting polymer and a hydrogel, in the
assembly of the modifier on an electrode surface for H2O2 detection.
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