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a  b  s  t  r  a  c  t

The  relevance  of Bisphenol  A (BPA)  in  human  health  is  well-known.  For  this  reason  we designed  and
developed  a biosensor  based  on  a bionanocomposite  (laccase–thionine–carbon  black)-modified  screen-
printed  electrode.  Thionine,  a commercially  available  dye,  was  used  as  electrochemical  mediator  coupled
with a nanostructured  carbon  black.  By  means  of  cyclic  voltammetry,  the interaction  of thionine  adsorbed
on  modified  screen  printed  electrode  with  laccase/BPA  reaction  products  has  been studied.  In  addition,
eywords:
isphenol A
accase
arbon black
hionine

the  immobilization  of  laccase  by  physical  adsorption  on the  surface  of  thionine–carbon  black  modified
screen  printed  electrodes  was  investigated.  The  response  of  the  biosensor  has  been  optimized  in terms  of
enzyme  loading,  pH  and  applied  potential  reaching  a linear  concentration  range  of  0.5–50  �M,  a  sensitiv-
ity  of 5.0  ±  0.1  nA/�M  and  a  limit-of-detection  (LOD)  of  0.2  �M. The  developed  biosensor  has  been  also
challenged  in  tomato  juice  samples  contained  in metallic  cans  where  release  of  BPA  due  to  the epoxy  resin

A sati
creen-printed electrode coating  can  be  assumed.  

. Introduction

Bisphenol A [BPA, 2,2-(4,4-dihydroxydiphenyl) propane; CAS
egistry No. 80-05-7] is produced by combining acetone and phe-
ol and is an important organic chemical owing to its wide use as

ntermediate in the manufacture of polycarbonate plastics, epoxy
esins, and flame retardants [1]. Its main use is as coating of metallic
ans, powder paints, dental fillings, and antioxidant in plastics. It
as also been used as an inert ingredient in pesticides, antioxidants
nd polyvinyl chloride stabilizer [2]. Recently, BPA has received
onsiderable attention due to its endocrine disrupting activity and
ossible toxic impact on environment [3–5]. BPA levels in the �g/L
ange have been found in biological, food and water samples [6,7].
he presence of BPA is still a “hot topic”: the European Food Safety
uthority (EFSA) is still investigating on new risk assessment of
PA and, very recently, in its newsletter, invited “. . .Member States,
esearch institutions, academia, food business operators, packaging

usiness operators and other stakeholders to submit data on BPA, in
articular its occurrence in food and beverages, migration from food
ontact materials, occurrence in food contacts materials. Deadline:

∗ Corresponding author at: Dipartimento di Medicina Sperimentale, Seconda Uni-
ersità di Napoli, Napoli, Italy. Tel.: +39 081 6132608; fax: +39 081 6132608.

E-mail address: mita@igb.cnr.it (D.G. Mita).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2013.07.129
sfactory  recovery  value  comprised  between  92%  and  120%  was  obtained.
© 2013 Elsevier Ltd. All rights reserved.

31 July 2012”. The above findings suggest that it is necessary to
determine the BPA presence also in trace amounts.

Traditional methods for BPA detection include chromato-
graphic techniques coupled with mass spectrometry, capillary
electrophoresis and solid phase microextraction, methods that are
time consuming, cannot be performed on-site and require sam-
ple pre-treatment [8]. Electrochemical sensors can provide rapid
and on-site BPA detection. For this purpose many researchers have
developed electrochemical sensors using tyrosinase as biological
element and different immobilization procedures [9–13]. Recently,
the use of different tyrosinase-functionalised nanoparticle systems
has shown interesting results [14].

All the developed electrochemical sensors for BPA use the
enzyme tyrosinase, differently from the approach used for other
phenol compounds for which other enzymes, such as peroxidase
[15] and laccase [16], have been successfully employed. In particu-
lar the use of laccase combined with a properly chosen redox-active
compound could represent a potential good candidate for designing
and fabricating novel BPA sensors.

Laccases (E.C. 1.10.3.2) are dimeric or tetrameric glycoproteins,
containing four copper atoms per monomer distributed in three

redox sites: one in each T1 and T2 sites, and two  in T3 site. It
is assumed that the catalysis firstly involves T1 Cu reduction by
the substrate, followed by internal electron transfer from T1 Cu to
T2 and T3 Cu and, finally, dioxygen reduction at T2 and T3 sites

dx.doi.org/10.1016/j.electacta.2013.07.129
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.electacta.2013.07.129&domain=pdf
mailto:mita@igb.cnr.it
dx.doi.org/10.1016/j.electacta.2013.07.129
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17]. Laccases catalyze the oxidation of ortho- and para-diphenols,
minophenols, aryl diamines, polyphenols, polyamines, lignin as
ell as some inorganic ions, coupled to the reduction of molec-
lar dioxygen to water [18,19]. In the case of BPA not all the
eaction products have been characterized. For instance, an inter-
sting study was performed by Fukuda et al. [20], in which they
emonstrated that the BPA was metabolized by laccase in two
inds of compounds: one kind composed by high molecular weight
ompounds and another kind composed by low molecular weight
ompounds, one of which was identified as 4-isopropenylphenol
y means of gas chromatography–mass spectrophotometry. The
-isopropenylphenol as oxidative degradation product has been

dentified using chromatography mass–spectrometry also in other
orks reported in literature [21,22].

It has been also reported that some redox-active compounds,
nown as “mediators”, allow enlarging the range of compounds
hat can be targeted for oxidation by laccase [23]. The mediator
nteracts with the enzyme or with the reaction product. In some
ases, typically the enzyme firstly oxidizes the mediator, which dif-
uses away from the enzyme active site, and sequentially oxidizes

 compound that may  be or not to be substrate of the enzyme. The
ediator then returns to its original form and can subsequently

e used to accomplish the conversion of more target species. The
mployment of mediators makes the use of laccase more attractive
ecause it increases the number of pollutants that can be targeted
24]. When mediators are involved in laccase-assisted processes,
he electron transfer from the mediator to the enzyme is followed
y electron donation from the target molecule to oxidized media-
or, which gives rise to the regeneration of the mediator [25–27]. In
ther cases, instead, the mediator reacts directly with the reaction
roducts, as it occurs for tyrosinase interacting with phenols [10].

Several organic and inorganic compounds have been reported as
ffective mediators for the above purposes. The laccase reduction
f dioxygen to water in the presence of different redox mediators
r nanomaterials [28] has been studied in other electrochemical
pplications [29–34].

It has been also demonstrated that the use of redox mediators
oupled with carbon nanomaterials can further improve the elec-
rochemical performances of the developed sensor. For example
arbon nanotubes were used together with ferrocenedicarboxylic
cid [35], azure dye [36], thionine [37]. Among the carbon nanos-
ructured materials such as carbon nanotubes and graphene, it
as recently demonstrated the useful use of carbon black (CB).
B is an industrially manufactured colloidal material that consists
f approximately spherical carbon primary particles with diam-
ter comprised from 15 to 100 nm,  which typically forms fused
ggregates with sizes below 1000 nm.  CB was demonstrated: (i) to
ave electrocatalytic properties towards many compounds such as
scorbic acid, dopamine, NADH, benzoquinone, epinephrine, cys-
eine, thiocholine, hydrogen peroxide [38–43], and (ii) that it can
e used as the basis for construction of a tyrosinase biosensor for
atechol detection [44]. In addition, as highlighted in our papers
41–43], this material allows the production of a stable disper-
ion using a cheap carbon nanostructured material, as recently
onfirmed by Compton’s group [45].

In this paper we describe a disposable BPA biosensor based on
accase. To our knowledge, this is the first report in literature con-
erning biosensor for BPA detection based on laccase coupled with
isposable sensor. By means of cyclic voltammetry (CV), the effect
f thionine as a mediator has been investigated when the immobi-
ized laccase interacts with BPA. In order to increase the analytical
erformance and the easiness of the proposed biosensor, a screen

rinted electrode (SPE) modified by using a nanocomposite formed
y CB and thionine has been used. Also in this case, to our knowl-
dge this is the first time that the CB was used coupled with a redox
ediator in developing an electrochemical sensor.
Fig. 1. Chemical structure of BPA (a) and of thionine (b).

The biosensor response was examined in terms of immobi-
lized enzyme units, applied electrical potential and pH. Finally the
optimized biosensor has been used for the amperometric determi-
nation of BPA in aqueous buffer solutions and in peeled tomatoes
stored in metallic cans.

2. Materials and methods

2.1. Materials

Laccase (20 Units/mg) from Trametes Versicolor,  Bisphenol A (see
chemical structure in Fig. 1a), Thionine acetate (see chemical struc-
ture in Fig. 1b), Nafion® and all the other chemicals were purchased
from Sigma (Sigma–Aldrich, Milan, Italy) and used without fur-
ther purification. Carbon Black N220 (CB) was obtained from Cabot
Corporation (Ravenna, Italy). Screen-Printed Electrodes G-Sensor
(SPEs) was obtained from Ecobioservice and Research (Firenze,
Italy).

The working electrode was made of graphite and its diameter
was 0.3 cm.

2.2. Methods

The enzymatic working electrode was prepared by modifying
the surface of a screen printed electrode with 6 �L of a dispersion
of CB 1 mg/mL  in acetonitrile [41]. After solvent evaporation, 5 �L of
thionine 0.4 mM aqueous solution were added and then the elec-
trode was  put in an oven at 60 ◦C for about 15 h [13]. After this
treatment, the electrode was  further modified by adding 5 �L of
laccase solution at different concentrations, in order to obtain enzy-
matic unit values ranging from 0.59 U to 6.52 U. After drying, the
electrodes were covered with 3 �L of a neutralized aqueous solu-
tion of Nafion® 2.2% (v/v) and left to dry at room temperature for
30 min  in order to avoid rapid enzyme leaking. The whole scheme
is reported in Fig. 2a.

The BPA/laccase reaction products were separately obtained
by the following procedure: 500 �L of 0.05 M citrate buffer at pH
4.5 were added to 100 �L of 1 mM BPA and 100 �L of laccase
(40 mg/mL) both in the same buffer and allowed to react at 37 ◦C
for 1 h to obtain total conversion of BPA in product.

To obtain a thionine–CB-modified SPE, two  steps were carried
out: (1) 6 �L of a dispersion of CB 1 mg/mL  in acetonitrile were
placed on SPE as described in our previous work [41]; (2) thionine
was made to adsorb on the modified SPE as previously described.
All the measurements were carried out using SPEs connected
to a PalmSens instrument (Palm Instruments, the Netherlands)
coupled to a PC and were performed at room temperature
(25.0 ± 0.5 ◦C). The potentials were referred to the internal Ag
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ig. 2. (a) Fabrication process of laccase biosensor based on screen-printed electrode
echanism.

seudo-reference electrode of the SPE. The cyclic voltammetry
xperiments were carried out in 0.1 M phosphate buffer plus 0.1 M
Cl, pH = 6.5 and at scan rate of 100 mV/s.

For amperometric experiments, a magnetic stirrer and a stir-
ing bar provided the convective transport in the electrolytic cell
lled with a volume of 10 mL.  These measurements were carried
ut in the absence of KCl in the reaction volume, because salinity
ffects the solubility of the reaction products, leading to inactiva-
ion or changes in the enzymatic processes as a result of interactions
ith the product. In particular, chlorinated compounds substan-

ially inhibit the conversion of BPA and then chlorine ion is the
ain cause of low conversion [24].
Each experimental point in the figures is the average of four

xperiments carried out under the same conditions. The experi-
ental error never exceeded 5%.
Micrographs of CB-SPE, thionine modified CB-SPE and laccase

iosensor based on thionine modified CB-SPE were obtained by
canning electron microscopy (SEM) using a Carl Zeiss model
UPRA 40 microscope.

. Results and discussion

.1. Cyclic voltammetry measurements using thionine in solution

Preliminary experiments were performed in order to study the
lectrocatalytic properties of thionine towards BPA/laccase reac-
ion products. Thionine is an artificial organic dye derivative of
henothiazine, and it is used as a mediator since its formal potential
alls between 0.08 and −0.25 V, near the redox potential of many
iomolecules [13,37].

Initially 100 �L of 0.4 mM thionine were poured on the SPE
ithout any modification and the typical thionine voltammo-

ram obtained is shown in curve 1 of Fig. 3a, with Epa = −330 mV,
pc = −360 mV,  Ipa = 1.47 �A e Ipc = 1.33 �A and a Ipa/Ipc ratio equal
o 1.10.

Afterwards, 20 �L of BPA/laccase reaction product, obtained as
eported in Section 2.2, were added to the 100 �L of 0.4 mM thion-
ne and poured on the screen printed electrode. The CV in presence
f BPA/laccase reaction product and thionine is reported in curve 2

f Fig. 3a. It is easy to notice a relevant change in the voltammogram
hape after the addition of BPA/laccase reaction product. The cur-
ent signal due to thionine reduction process increases in respect to
he one in absence of BPA/laccase reaction product. Conversely, the
fied with thionine–carbon black and Nafion. (b) Scheme of biosensor electrocatalytic

anodic peak of current signal due to the thionine oxidation process
decreases, as expected for mediated reactions. The enzymatic reac-
tion caused an increase of the amount of thionineox on the working
electrode surface, with the consequent increase of cathodic cur-
rent peak. On the contrary, the anodic current peak is proportional
to the amount of thioninered and this quantity decreases after
the enzyme/BPA reaction. These results confirm that thionine has
an electrocatalytic activity towards the reduction of BPA/laccase
oxidation products as shown by the electrocatalytic mechanism
scheme reported in Fig. 2b. Then the SPEs are an useful tool for mon-
itoring the electrocatalytic effect with the advantage, in respect
to the conventional electrodes such as glassy carbon electrode, of
using a few microliters of solution.

3.2. Cyclic voltammetry measurements using thionine adsorbed
on the working electrode surface

In order to develop a ready-to-use biosensor modified with
thionine, this mediator was adsorbed on the working electrode
surface, accordingly to our previously optimized procedure in the
case of thionine modified carbon paste electrode [13]. The thionine-
modified SPE was thus checked by cyclic voltammetry in order to
test its working stability. As shown in Fig. 3b, the redox peaks of
thionine can be observed at Epa = −320 mV  and at Epc = −360 mV
with a large increase in the peak currents. However, after 10 scans,
a decrease of about 70% in anodic and cathodic intensity current of
thionine is observed, demonstrating that the simple modification
by adsorption gives an unsatisfactory working stability.

In order to avoid this drawback, we  constructed a biosensor
modified with CB–thionine nanocomposite. The approach used in
this work was the bilayer one, in which firstly, a layer of CB was
deposited on the working electrode surface by “drop” coating, fol-
lowed by another layer of thionine. In this way, a thionine–CB–SPE
was obtained. This latter was  tested by cyclic voltammetry in
order to investigate its working stability. As shown in Fig. 3c, the
potential of anodic and cathodic peaks were Epa = −220 mV  and
Epc = −260 mV,  respectively, and stable cyclic voltammograms were
obtained. The difference of the experimental �Ep from the ideal
surface redox process (with �Ep = 0) is due to limitations associ-

ated with charge propagation in the film, the chemical interaction
between the ions and the modified film, and the polarizability
of the cation influencing its penetration in or out of film. Using
thionine–CB–SPE, after 10 scans only a small decrease of about
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ig. 3. (a) Cyclic voltammetry for SPE with thionine solution in the absence (curve 1) 

or  an adsorbed thionine modified SPE. (c) Cyclic voltammetry for an adsorbed thioni
curve  1) and in the presences (curve 2) of the laccase/BPA reaction products. For al

% in the measured anodic and cathodic intensity current was
bserved. Moreover, the peak currents (Ipa = 11 �A and Ipc = 16 �A)
ere much higher than the ones previous found in the case of

hionine–SPE (Ipa = 0.39 �A and Ipc = 0.29 �A), demonstrating the
mprovement due to the presence of carbon black, because the pres-
nce of the nanomaterial CB N220, characterized by a high surface
rea (120 m2/g), allows the adsorption in a stable way  of a higher
mount of thionine on the working electrode surface in a stable
ay.

In order to test the electroactivity towards the BPA/laccase reac-
ion product, cyclic voltammetry was carried out in absence and
n presence of BPA/laccase reaction products. Fig. 3d shows that
he current due to the thionine reduction increases with respect
o that obtained in the absence of BPA/laccase reaction products,
hile in the reverse scan the current of the anodic peak due to

he thionine oxidation decreases, as expected for mediated oxida-
ive reactions. These results confirm the electrocatalytic activity of
hionine adsorbed on CB-SPE towards the reduction of BPA/laccase
eaction products. The thionine–CB–SPE was thus chosen for fur-
her studies.
.3. Electrochemical characterization of thionine–CB–SPE

Then the thionine–CB–SPE was electrochemically characterized.
he current of the anodic (�) and cathodic (�) peaks increases
 the presences (curve 2) of the laccase/BPA reaction products. (b) Cyclic voltammetry
 CB-SPE. (d) Cyclic voltammetry for an adsorbed thionine and CB-SPE in the absence
easurements vscan = 100 mV/s.

linearly with increasing scan rate up to 200 mV/s (Fig. 4), demon-
0,0 0,2 0,4 0,6 0,8 1,0

scan rate (V/s)

Fig. 4. Electric current as a function of scan rate.
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urrent (Ip) is proportional to the scan rate v according to the fol-
owing equation:

p =
(

n2F2

4RT

)
�A�

here n is the number of the electrons involved in the redox reac-
ion, F is the Faraday constant, R is the gas constant, T is the absolute
emperature, A is the surface of the working electrode assuming
hat its surface corresponds to the geometrical area and � is sur-
ace coverage. At high-scan rates it can be observed that the anodic
nd cathodic peak currents deviate from a linear trend.
The effect of pH on the redox reaction of thionine adsorbed
n the CB-SPEs was also evaluated as reported in Fig. 5. The
hionine resulted to be electroactive when it is working in the
H range from 4.0 to 7.0 (Britton–Robinson buffer). The rela-

Fig. 6. SEM images of: bare SPE (a); CB-SPE (b); CB-SPE modified with thionine (c); 
 Acta 109 (2013) 340– 347

tionship between E◦ (V) and pH is described by the equation
E◦ (V) = (−0.057 ± 0.003) pH + (0.136 ± 0.016) (R = 0.997). The slope
value is equal to (−57 ± 3) mV/pH and it is in good agreement with
the theoretical value of −59 mV/pH (at 20 ◦C) for a reversible elec-
tron transfer process coupled with identical number of protons
and electrons [46]. In order to evaluate the number of electrons
involved, the peak width at half height of the cathodic peak (Fig. 3c)
was measured and resulted equal to of 92 mV  [47], thus means that
the redox reaction of thionine involves a transfer of one electron
coupled to the transfer of one proton.

3.4. SEM micrographs

In order to understand the morphological changes due to differ-
ent steps in electrode preparation (see Fig. 2a), SEM images of bare
SPE (Fig. 6a), CB-SPE (Fig. 6b), thionine modified CB-SPE (Fig. 6c)
and laccase biosensor based on thionine modified CB-SPE (Fig. 6d)
are reported. The comparison between Fig. 6a and b shows that
the presence of CB is well evidenced; the nanostructure material
confers to electrode surface a rough topography, while the pres-
ence of the thionine layer on the CB-SPE causes only a different
contrast in respect to the SPE-CB SEM image. A relevant surface
change was  observed in Fig. 6d when Nafion membrane is present
on the enzymatic electrode.

3.5. Laccase-CB-SPE biosensor

In order to develop a laccase based CB-SPE biosensor charac-
terized by satisfactory sensitivity, several parameters affecting the
analytical performances of the biosensor were investigated and
optimized.
3.5.1. Effect of enzyme loading
The amount of enzyme immobilized onto the electrode surface

is a key parameter to obtain a high sensitivity of the biosensor.
In detail we investigated the electrochemical response of the

laccase biosensor based on SPE modified with CB and thionine and Nafion (d).



imica Acta 109 (2013) 340– 347 345

e
(
o
t
l
F
v
t
r
r
l
N

3

t
b
r
t
i
h
w
m

3

t
t
i
i
p
o
i
o
i
e
p
c

3

l
p
o

c
t

o
w
v
f

0
(
b
r
r
t

o
b
f
b

0 1 2 3 4 5 6 7
0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

a)

cu
rr

en
t (

nA
)

lacc ase unit

-300 -250 -20 0 -15 0 -10 0

35

40

45

50

55
b)

cu
rr

en
t (

nA
)

potential  (mV)

3.0 3.5 4.0 4.5 5.0 5.5 6.0

30

40

50

60

70

80

90

100
c)

re
la

tiv
e 

cu
rr

en
t (

%
)

pH

Fig. 7. (a) Effect of enzyme units on the biosensor response in presence of 10 �M
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lectrode as a function of the amount of immobilized enzyme
0.59 U, 1.19 U, 2.36 U, 4.74 U and 6.52 U of laccase at a potential
f −200 mV  in 0.05 M citrate buffer, pH 4.5). As shown in Fig. 7a,
he electric response increases with the amount of immobilized
accase, reaching a maximum value when using 1.19 U of enzyme.
or greater amounts, there is a significant decrease in the current
alue. This behaviour could be attributed to the increase of film
hickness, leading to an increase of interfacial electron transfer
esistance, making the electron transfer more difficult [48]. For this
eason, subsequent experiments were carried out using 1.19 U of
accase immobilized on the working electrode covered by a layer of
afion to avoid the leakage of the enzyme during the measurement.

.5.2. Effect of applied potential
In order to obtain a high sensitivity in the electrochemical detec-

ion of enzymatic product, the biosensor response towards BPA has
een studied as a function of the applied potential in 0.05 M cit-
ate buffer, pH 4.5. We  investigated the biosensor response varying
he applied potential in the range between −300 and −100 mV vs
nternal Ag pseudo-reference electrode. As evidenced in Fig. 7b, the
ighest current peak is obtained at the potential of −200 mV,  so this
orking potential has been applied in the successive amperometric
easurements.

.6. Effect of pH

It is well known the influence of pH on the biosensor response,
hus this influence on the biosensor response to BPA at a concen-
ration of 10 �M has been studied in a pH range between 3 and 5.8
n 0.05 M citrate buffer. The results are reported in Fig. 7c, show-
ng that current values are pH dependent and that the optimum
H occurs at 4.5. For lower or higher pH values, a current decrease
ccurs, probably due to loss or inactivation of the enzyme activ-
ty. These results are in agreement with the optimum pH range
f 3.5–5 reported for free laccase [24,49] and indicate that the
mmobilization procedure did not alter the laccase activity. Once
stablished that the optimum value of the peak current occurs at
H 4.5, the experiments henceforward were carried out under these
onditions.

.7. BPA concentration determination

Once optimized the biosensor response in terms of enzyme
oading (1.19 U), pH (0.05 M citrate buffer at pH 4.5) and applied
otential (−200 mV), the signal current was studied as a function
f the BPA concentration (Fig. 8).

In the inset (a) the amperometric signal obtained with BPA at a
oncentration equal to 20 �M is reported and it shows the result of
wo successive additions of BPA standard.

As can be seen from Fig. 8, the electrical response as a function
f BPA concentration is similar to a Michaelis–Menten behaviour,
ith a Kapp

m = 161 ± 18 �M and Imax = 1073 ± 57 nA. The Kapp
m

alue is similar to Km biochemical one reported in [50] and obtained
rom experiment with BPA and free laccase.

Linearity was obtained in a BPA concentration range of
.5–50 �M,  while the sensitivity was 5.0 ± 0.1 nA/�M (see inset
b)). The limit-of-detection (LOD) was equal to 0.2 �M.  The LOD has
een calculated as ratio signal/noise (S/N) = 3. The intra-electrode
epeatability was around the 3% (n = 5), while the inter-electrode
eproducibility was around 5%. Concerning the stability, the elec-
rode had an operational stability of about two weeks.

The LOD obtained is comparable with the one (0.15 �M)

btained in our previous study in which a tyrosinase–thionine car-
on paste electrode was developed, but better than the one (23 �M)
ound by Dempsey et al. [10] using tyrosinase-thionine glassy car-
on electrode. Moreover, in our case there is the advantage of

BPA in 0.05 M citrate buffer, pH 4.5, applied potential equal to −200 mV,  T = 25 C.
(b) Dependence of biosensor response on the applied potential in the presence of
10 �M BPA in 0.05 M citrate buffer, pH 4.5, T = 25 ◦C and 1.19 U laccase. (c) Effect
of  pH on the biosensor response in presence of 10 �M BPA in 0.05 M citrate buffer,
applied potential equal to −200 mV,  T = 25 ◦C and 1.19 U laccase.
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Fig. 8. Dependence of biosensor response on the concentration of BPA in 0.05 M
citrate buffer, pH 4.5, applied potential of −200 mV,  1.19 U of laccase. Inset: (a)
amperometric signal obtained with two successive addition of BPA standard, of
20  �M;  (b) linear range for biosensor response.

Table 1
Recovery studies of spiked tomato juice samples.

Sample BPA concentration
added (�M)

BPA concentration
found (�M)

Recovery (%)

A 10 12 120
A  20 18.5 92
B  10 9 90
B  20 19 95
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[21] M.  Michizoe, H. Ichinose, N. Kamiya, T. Maruyama, M. Goto, Biodegradation of
xperimental conditions: 0.05 M citrate buffer, pH 4.5, applied potential of −200 mV,
.19 U of laccase. All the values are mean of triplicate measurements.

 cost-effective biosensor, because we have used (i) disposable,
ost-effective and miniaturized screen-printed electrode instead
f carbon paste or glassy carbon electrodes (ii) the carbon black,
hich is a cost-effective nanostructured material and (iii) the lac-

ase enzyme, which is cost-effective than the tyrosinase enzyme.

.8. BPA measurements in real samples

To challenge the biosensor with real samples, the biosensor was
hen tested using tomato juice coming from metal cans coated with
poxic resins, which are known to contain and leak BPA. Two  differ-
nt commercial brands were investigated. The juices were properly
reated [51] and each sample (A and B) was examined with our
iosensor using the procedure previously described. No apprecia-
le current signals were obtained, according to the circumstance
hat the same samples analyzed with HPLC gave a BPA concentra-
ion smaller than the value of our LOD. To evaluate the accuracy
f our biosensor, the samples were spiked with known amount of
PA. Two different concentrations of BPA were used for each sample
nd Table 1 shows the obtained results. A recovery varying between
2% and 120% was obtained. The relative standard deviation (RSD)
f three successive measurements of the same sample was around
%. These results suggest a good recovery values and a low matrix
ffect on the biosensor samples.

. Conclusion
In this paper it has been reported, for the first time to our
nowledge, the design and development of a biosensor based on

[

 Acta 109 (2013) 340– 347

a bionanocomposite laccase–thionine–carbon black for BPA detec-
tion.

In particular the interaction with laccase/BPA reaction prod-
ucts by thionine adsorbed on screen-printed electrodes modified
with nanostructured carbon black was investigated. The thionine
seems to be an effective electrochemical mediator towards the BPA
detection in both tyrosinase [10,13] and laccase based biosensors.

The response of the biosensor was  optimized in terms of enzyme
loading, pH and applied potential reaching a detection limit of
micromolars level.

The biosensor proposed here shows better results when
compared with laccase carbon paste biosensor [52] and
tyrosinase–thionine glassy carbon electrode [10]. The coupling of
thionine with nanostructured materials (carbon black in our case)
thus allows the development of a stable, miniaturized and low cost
device for BPA detection.
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