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a b s t r a c t

We developed electrochemical biosensors based on enzyme functionalized nanoparticles of different
compositions for the detection of bisphenol A. We utilized for the first time magnetic nickel nanoparti-
cles as an enzyme immobilization platform and electrode material to construct screen-printing enzyme
biosensors for bisphenol A. We compared the analytical performance of these sensors with those based
on iron oxide (Fe3O4) and gold nanoparticles. The proposed biosensor format exhibited fast and sensi-
tive amperometric responses to bisphenol A with a response time of less then 30 s. Among the three
configurations, nickel provided comparable or better characteristics in terms of detection limit and sen-
sitivity than Fe O and gold nanoparticles. The biosensors were characterized by good reproducibility,
isphenol A

agnetic
ron oxide
ickel
old
anoparticles

3 4

stability of more than 100 assays (residual activity for nickel was 98%) and a wide linear range which
spanned from 9.1 × 10−7 to 4.8 × 10−5 M for nickel, 2.2 × 10−8 to 4.0 × 10−5 M for Fe3O4 and 4.2 × 10−8 to
3.6 × 10−5 M for gold. The highest sensitivity was obtained with nickel. The detection limits for the three
types of biosensors were: 7.1 × 10−9, 8.3 × 10−9 and 1 × 10−8 M for nickel, Fe3O4 and gold nanoparticles
in that order, respectively. These results demonstrate that nickel nanoparticles can be successfully used

ctroc
creen-printed electrodes in the construction of ele

. Introduction

In recent years, several types of magnetic nanoparticles and
omposites of these materials have been used to construct elec-
rochemical enzyme based sensors. These materials have been
raditionally used as magnetic carriers in bio-separations (Park et
l., 2007) and detection (Rossi et al., 2004). In the biosensors field
hey have provided magnetic control of electrochemical processes
Katz and Willner, 2002; Wang et al., 2005) and ensured trans-
ort of immobilized biomolecules at electrode surfaces (Loaiza et
l., 2007), thus creating possibilities for regeneration and reuse.
agnetic beads with immobilized glucose oxidase have been
agnetically retained within the flow line of a flow injection

ystem designed to detect glucose using amperometric methods
Nomura et al., 2004). Combining magnetic manipulation with bio-
mmobilization, separation and detection have provided unique
apabilities and improved performance of biosensing devices

Stanciu et al., 2009). Enzymatic sensors based on various bio-
unctionalized magnetic platforms (Chen and Liao, 2002; Rossi et
l., 2004) have been designed with high enzyme loading and possi-
ilities for controlling the localization of the enzyme–nanoparticles

∗ Corresponding author. Tel.: +1 315 268 2394; fax: +1 315 268 6610.
E-mail address: eandrees@clarkson.edu (S. Andreescu).

956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2010.05.001
hemical enzyme sensors for the detection of phenolic compounds.
© 2010 Elsevier B.V. All rights reserved.

bio-conjugate through the use of a magnet placed underneath
the electrode (Istarnboulie et al., 2007; Liu et al., 2005). Exam-
ples include sensors based on tyrosinase for the detection of
phenol (Liu et al., 2005; Wang et al., 2008), glucose oxidase
for glucose (Lu and Chen, 2006) and acetylcholinesterase for
organophosphate pesticides (Istarnboulie et al., 2007; Won et al.,
2010).

Due to their simple preparation, easy functionalization and
paramagnetic properties, iron oxide-based nanoparticles (Fe2O3,
Fe3O4 and core–shell particles) have been the most widely used in
these applications. As an alternative, magnetic nickel nanoparticles
and nanowires can also be used to control electrochemical pro-
cesses and create magneto-switchable devices (Wang et al., 2005,
2006). However, in spite of their interesting electrocatalytic and
magnetic properties, biosensing applications of nickel nanostruc-
tures are scarcely reported. In previous works, nickel nanowires
have promoted electrocatalytic oxidation of glucose in the absence
of enzyme in alkaline medium (Lu et al., 2009). Nickel nanoparti-
cles electrodeposited onto a glassy carbon electrode have been used
for the immobilization of hemoglobin (Salimi et al., 2006) and for

the electrocatalysis of glucose oxidase for glucose detection (Salimi
et al., 2007). We report herein the use of enzyme functionalized
nickel nanoparticles to fabricate screen-printed electrodes for the
detection of bisphenol A. We compare the analytical performance
of these sensors with those based on iron oxide nanoparticles and

dx.doi.org/10.1016/j.bios.2010.05.001
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:eandrees@clarkson.edu
dx.doi.org/10.1016/j.bios.2010.05.001


4 and Bi

w
(

i
s
a
e
K
c
V
f
s
t
c
t
o
c
h
M
b
p
c
m
e
a
n
u
b
s
p
p
i
f
d
m
p
T
u
s

2

2

l
p
t
S
c
o
a
s
3
p
(
t
a
m
w
N
p
f
f
w
o
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ith those based on the more traditionally used gold nanoparticles
Liu et al., 2003; Mena et al., 2005; Sanz et al., 2005; Tu et al., 2009).

Bisphenol A (BPA) is an industrially important chemical used
n the production of polycarbonate plastics, epoxy resins, dental
ealants, and food packaging. Recently, it has received considerable
ttention due to its endocrine disrupting activity and possible toxic
nvironmental and health impacts (Ballesteros-Gomez et al., 2009;
ang et al., 2006; Le et al., 2008). BPA levels in the low �g/L range
ould be found in clinical, food and water samples (Dekant and
oelkel, 2008; Volkel et al., 2008). Traditional detection methods

or BPA include chromatographic techniques coupled with mass
pectrometry, capillary electrophoresis and solid phase microex-
raction (Chang et al., 2005; Nerin et al., 2002), which are time
onsuming, cannot be performed on-site and require sample pre-
reatment steps. Electrochemical sensors can provide rapid and
n-site detection of BPA. Several tyrosinase biosensors based on
arbon paste, glassy carbon and boron doped diamond electrodes
ave been reported for this purpose (Andreescu and Sadik, 2004;
ita et al., 2007; Notsu et al., 2002). Most of these sensors have

een used for the detection of simple phenolic compounds, mainly
henol and catechol, with the enzyme immobilized on traditional
arbon materials. More recently, tyrosinase was immobilized on
etal and metal oxide nanoparticles such as Au nanoparticles (Sanz

t al., 2005), titanium oxide (Chen et al., 2001), zinc oxide (Li et
l., 2006), iron oxide (Wang et al., 2008) and polypyrrole–gold
anocomposites (Njagi and Andreescu, 2007). In this work, we
tilize for the first time nickel nanoparticles as an enzyme immo-
ilization platform and electrode material to construct a BPA
creen-printing sensor with magnetically reloadable surface. The
roposed biosensor was developed on a screen-printing electrode
latform, which is the preferred format for the development of

nexpensive detection systems and portable instrumentation for
ood and environmental analysis (Avramescu et al., 2002). We
emonstrate that nickel can be successfully used as electrode
aterial for electrochemical enzyme biosensors, providing com-

arable or better characteristics than Fe3O4 and Au nanoparticles.
he biosensors described in this work show great promise for the
ltrasensitive, rapid and cost-effective analysis of BPA in aqueous
olutions.

. Experimental

.1. Reagents and stock solutions

Tyrosinase (EC.1.14.18.1, from Mushroom, 5370 U mg−1

yophilized powder), bisphenol A (99+%), tyrosine, catechol,
henol, glucose, ascorbic acid, uric acid and gold (III) chloride
rihydrate HAuCl4·3H2O (≥49.0% Au basis) were purchased from
igma (St. Louis, MO, USA). Glutaraldehyde solution (25%) was pur-
hased from Acros (NJ, USA). Fe3O4 nanoparticles with a diameter
f 10 nm, conjugated with amino functional groups were prepared
s described in the literature (Rossi et al., 2004). Well dispersed
pherical nickel nanoparticles of uniform size with a diameter of
0 nm were prepared using established procedure via the polyol
rocess (Fievet and Figlarz, 1989), starting from nickel carbonate
Sheperd Chem., USA), PtCl4 (Umicore, Germany) as a catalyst and
he polyol-propyleneglycol (Alfa Aesar, USA) as solvent/reducing
gent. Complete physicochemical characterization (size, charge,
orphology and particle size distribution) of these nanoparticles
as described in detail in a recent work (Ispas et al., 2009).
ickel nanoparticles were amino-functionalized as described

reviously (Huang et al., 2003), using the same procedure as that
or magnetite. Potassium phosphate monobasic was supplied
rom Fisher Scientific. Sodium phosphate (dibasic, anhydrous)
as purchased from J.T. Baker (Phillipsburg, NJ, USA). A solution

f 2 × 10−2 M potassium hexacyanoferrate (III) prepared in 0.2 M
oelectronics 26 (2010) 43–49

potassium chloride was used in cyclic voltammetric experiments
to determine the electrochemical surface area of the electrodes. A
stock solution of 1 × 10−2 M BPA was prepared in methanol and
stored at 4 ◦C for not more than 3 weeks. Working solutions of BPA
were prepared in phosphate buffer (PBS) at pH 6.5 daily. A stock
solution of 1 × 10−2 M HAuCl4 was prepared in Milli-Q water. All
reagents were used without further purification and all solutions
were prepared with distilled, deionized water (Millipore, Direct-Q
system) with a resistivity of 18.2 M�.

2.2. Apparatus and electrodes

Cyclic voltammetry (CV) and amperometric experiments were
performed with an Epsilon potentiostat (Bioanalytical Systems Inc.,
West Lafayette, IN, USA). All experiments were carried out using
a conventional electrochemical cell equipped with Ag/AgCl/3 M
NaCl (BAS MF-2052, RE-5B) as a reference electrode, a platinum
wire (BAS MW-1032) as a counter electrode and a screen-printed
graphite electrode with tyrosinase-functionalized nanoparticles as
a working electrode. The screen-printing graphite working elec-
trodes with a geometrical surface area of 0.17 cm2 were provided
by the BIOMEM Center, University of Perpignan, France and were
prepared as reported previously (Andreescu et al., 2002). All the
potentials were referred to the Ag/AgCl reference electrode. Distri-
bution and size of the nanoparticles deposited onto screen-printed
electrode surfaces were quantified with a JEOL JSM-7400F high
resolution field emission scanning electron microscope (FE-SEM).

2.3. Procedures

2.3.1. Preparation of tyrosinase-functionalized magnetic
nanoparticles (Ni and Fe3O4) and biosensor preparation

Enzyme functionalized magnetic nanoparticles were prepared
following a previously described procedure (Rossi et al., 2004),
using glutaraldehyde as a bifunctional cross-linking reagent. A
colloidal nanoparticle suspension (1.7 mg mL−1) was prepared by
dispersing amino-functionalized magnetic particles (Ni or Fe3O4)
in distilled water and sonicating for ∼2 h. Colloidal nanopar-
ticles suspension was combined with glutaraldehyde (2.5% in
distilled water) and tyrosinase stock solution (200 U �L−1 pre-
pared in 0.1 mol L−1 phosphate buffer at pH 6.5) in a volume ratio
1.25:1.25:2.5 and mixed thoroughly. 5 �L of this mixture contain-
ing 100 U �L−1 enzyme (theoretical units) was casted onto the
electrode surface and retained with a magnet, placed underneath
the electrode. The enzyme modified nanoparticles-based electrode
was washed with Milli-Q water to remove excess enzyme and
stored at 4 ◦C until use. Enzyme loading and activity onto the
electrode surface were estimated by performing activity tests of
the immobilized enzyme by UV–Vis spectroscopy (Shimadzu UV-
2401PC) using catechol as substrate. For these measurements, the
working electrode containing enzyme functionalized nanoparticles
was incubated in a solution of 1 × 10−4 M catechol. Activity tests
were carried out by measuring the conversion of catechol to o-
quinone by the immobilized tyrosinase. Appearance of quinone was
measured spectrophototmetrically in the incubation solution after
removing the electrode; the activity value was deduced from a cal-
ibration curve obtained with solutions of tyrosinase for which the
activity was calculated using conventional protocols.

2.3.2. Preparation of the tyrosinase-functionalized gold
nanoparticle biosensor
Before modification, the bare screen-printed electrode was
rinsed with water and dried using a nitrogen stream. Deposi-
tion of Au nanoparticles was performed using an electrochemical
procedure as described previously (Njagi et al., 2007). Briefly the
electrode was immersed into 200 mg L−1 HAuCl4 solution and a
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Fig. 1. Cyclic voltammograms for 2.0 × 10−4 M BPA solution at: bare electrodes,
R.S.J. Alkasir et al. / Biosensors

otential of −0.20 V was applied for 1 min. The modified electrode
as rinsed with water and dried under a nitrogen stream. 2.5 �L of

00 IU �L−1 tyrosinase was casted onto the modified electrode and
llowed to dry at room temperature for 30 min before immersing
t in a 2.5% (v/v) glutaraldehyde solution for 30 min. The enzyme

odified electrode was washed with Milli-Q water and stored at
◦C until use.

.3.3. Electrochemical measurements and analytical performance
easurements

Cyclic voltammetric measurements were carried out in
nstirred phosphate buffer solution at pH 6.5 in the potential range
rom −0.4 to 0.4 V vs. Ag/AgCl, at a scan rate of 25 mV s−1. Cyclic
oltammetric experiments to determine the electrochemical active
urface area were performed in 2 × 10−2 M potassium hexacyano-
errate (III) in 0.2 M KCl at a scan rate of 0.1 V s−1. All experiments
ere carried out at room temperature. Amperometric measure-
ents were performed in a 4 mL electrochemical cell containing

.1 M PBS at pH 6.5 as supporting electrolyte. All amperometric
easurements were performed at −0.15 V vs. Ag/AgCl reference

lectrode. The reproducibility of the biosensors was evaluated by
easuring the response of at least three sensors fabricated follow-

ng the same procedure. To evaluate the operational stability of the
lectrode, the response of the biosensor was repetitively measured
y injecting the same amount of BPA substrate at a final concentra-
ion of 2 × 10−6 M and rinsing the cell between measurements.

. Results and discussion

.1. Cyclic voltammetric study of tyrosinase sensors based on the
hree types of nanoparticles

The biosensors based on the three types of materials with
mmobilized tyrosinase were first characterized using cyclic
oltammetry to test their response to BPA, examine the effect
f the nanoparticle composition on the electrochemical response,
etermine the electrochemical surface area and identify differences
etween the three configurations. Fig. 1 shows cyclic voltammo-
rams of the bare and enzyme modified screen-printed electrodes
n the presence of BPA for Au (A), Fe3O4 (B) and Ni (C) nanoparticles.
n all cases, the enzyme tyrosinase was immobilized by cross-
inking with glutaraldehyde. The electrodes with immobilized
nzyme responded to BPA in both the presence and the absence
f nanoparticles but with different sensitivities. The increase in
he reduction peak after the addition of BPA is due to the reduc-
ion of the quinone derivative formed as a result of the enzymatic
xidation of BPA by the immobilized tyrosinase in the presence
f molecular oxygen (Andreescu and Sadik, 2004; Yoshida et al.,
002). In all cases, the reduction current was proportional with the
mount of BPA added.

No reduction peak for quinone was observed at the bare elec-
rodes or at the nanoparticle-modified electrodes (Fig. 1) in the
bsence of enzyme. The reversible redox peak that can be seen
n the background voltammogram of the bare electrode is prob-
bly due to the silver or carbon basal conducting layers of the
creen-printed electrode. All three types of nanoparticles signifi-
antly increased the reduction peak of the enzymatically generated
uinone as compared to that obtained with the enzyme elec-
rode without particles. The amplified signal can be attributed to
n increased conductivity of the sensor surface induced by the

resence of conductive nanoparticles, and an increased surface
rea, providing opportunities for enhanced enzyme immobiliza-
ion, substrate accessibility and enzyme–substrate interactions.
he maximum reduction potential and the intensity of the current
aried with the electrode material used. In all cases, a well defined
tyrosinase-modified bare electrodes Au (A), Fe3O4 (B) and Ni (C) nanoparticle-
modified electrodes and at electrodes with tyrosinase-functionalized Au (A), Fe3O4

(B) and Ni (C) nanoparticles. Experimental conditions: scan rate, 25 mV s−1 and 0.1 M
PBS at pH 6.5 as supporting electrolyte.

reduction peak in the potential range from 0.1 to −0.3 V vs. Ag/AgCl
was observed, with a maximum signal-to-noise ratio at +0.02 V for
Au, −0.15 V for Fe3O4 and −0.02 V for the Ni nanoparticles. The

highest response was observed with Ni as compared to that of both
Au and Fe3O4 nanoparticles.

To explain the recorded differences between the three con-
figurations and the enhanced signal for the Ni nanoparticles,
experiments to determine particles distribution, electrochemi-
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Fig. 2. (A) Typical current–time response curves for the successive additions of
2 × 10−6 M BPA in 0.1 M PBS, pH 6.5 at the tyrosinase-modified Au, Fe3O4 and
6 R.S.J. Alkasir et al. / Biosensors

al surface area and enzyme loading efficiency were conducted.
E-SEM images of the nanoparticle-modified electrodes showed
ifferences in the morphology and distribution of the particles
nto the electrode surface as compared to the blank electrode
Fig. S1 in Supplementary Information). Spherical nanoparticles of
e3O4 (10 nm diameter) and Ni (30 nm) covered uniformly the elec-
rode surface, with Ni showing better polydispersity than Fe3O4.
n the other hand, dendritic structures with aggregated 50 nm
ntities were observed in the FE-SEM images of electrodes with
lectrodeposited gold. To determine the contribution of the active
rea for the three nanoparticle-based electrodes, the ‘real’ elec-
rochemical surface area was calculated using the Randles–Sevcik
quation for a reversible process monitored by cyclic voltamme-
ry using potassium hexacyanoferrate (III) as redox probe. The
lectrochemical surface area after deposition of Fe3O4 was nearly
imilar to that of the bare graphite electrode. However, significant
nhancement was obtained with both Au and Ni nanoparticles,
ith a 5 times increase for Au, and a 1.8 times increase for Ni, as

ompared to the bare electrode. For Au, the enhancement can be
inked to the well-organized Au nanoparticle clusters formed by
lectrodeposition, as seen in the FE-SEM images (Fig. S1 in Sup-
lementary Information). These results suggest however, that the
mplified BPA response obtained for Ni in the CV experiments, is
ot proportional and cannot be attributed solely to an enhanced
urface area. Other factors such as enzyme orientation and loading
fficiency onto the nanoparticle and electrode surface, release of
oluble ions (e.g. soluble nickel) as well as different electrocatalytic
ctivities of these nanoparticles towards the reduction of the enzy-
atically generated quinone, could be responsible for the observed

iosensor response. Spectrophotometric measurements to deter-
ine enzyme loading and activity of the immobilized enzyme onto

he electrode revealed loadings of 24 U per electrode of active
nzyme for Fe3O4 vs. 64 U for the electrodes with Ni nanoparticles.
his difference can contribute to the enhanced response recorded
ith Ni. The difference between the calculated and theoretical

alue of enzyme loading can be explained by a partial inactivation
f the enzyme during immobilization with glutaraldehyde onto the
anoparticles as well as unfavorable orientation of the enzyme on
he electrode surface after attachment of the enzyme–nanoparticle
ggregates to the electrode, thus reducing the biocatalytic
ctivity.

.2. Analytical characteristics: sensitivity, detection limit, linear
ange and response time

The analytical performance of the tyrosinase biosensors was
valuated by constant potential amperometry at a potential of
0.15 V vs. Ag/AgCl. The three electrode configurations based on
u, Fe3O4 and Ni nanoparticles were tested in the same exper-

mental conditions. The enzyme–magnetic nanoparticles (for Ni
nd Fe3O4) assembly was attached onto the surface of the elec-
rode using a magnet placed underneath the electrode. For Au,
he nanoparticles were electrodeposited onto the electrodes sur-
ace, resulting in a layer of high surface area Au nanoparticle
lusters (Njagi et al., 2007). Fig. 2 displays typical amperometric
esponses for the three types of electrodes to successive additions
f 2 × 10−6 M BPA to 0.1 M phosphate buffer at pH 6.5 and the cor-
esponding calibration curves. With each addition of BPA, a well
efined amperometric response proportional with BPA concentra-
ion is observed. All three biosensors responded rapidly to changes
n BPA concentration, reaching 95% of the steady-state currents in

ess than 30 s. The response time was faster than that reported for
PA biosensors with the enzyme immobilized on carbon materi-
ls (Andreescu and Sadik, 2004; Mita et al., 2007) but longer than
hat reported with a chitosan–Fe3O4 matrix (Wang et al., 2008). The
nalytical characteristics of the three biosensors are summarized
Ni nanoparticles (NPs) based screen-printed electrodes at an applied potential of
−0.15 V vs. Ag/AgCl. (B) Calibration curves for BPA obtained with the three types of
biosensors (standard deviation for n = 3).

in Table 1, in comparison with other tyrosinase sensors reported in
the literature.

Use of the nanoparticles as electrode material and enzyme
immobilization matrices provided significant higher sensitivity for
BPA than that reported with other biosensor configurations. The
detection limits of these biosensors, calculated according to 3�s/R′

criteria, where R′ is the slope of the linear calibration curve and �s is
the standard deviation of the amperometric signal of the blank solu-
tion were 1 × 10−8, 8.3 × 10−9 and 7.1 × 10−9 M for Au, Fe3O4 and Ni
nanoparticles in that order, respectively. To our knowledge, these
detection limits are the lowest reported in the literature for BPA
and could be attributed, as mentioned earlier, to several synergis-
tic factors including the high surface area, enhanced conductivity
and electrocatalytic activity of the different types of nanoparticles.
When comparing the sensitivity of these biosensors per unit of
surface, the electrodes based on Ni (10.2 × 104 �A mmol−1 L cm−2)
and Fe3O4 (14.2 × 104 �A mmol−1 L cm−2) were far better than the
Au-modified ones (1.96 × 104 �A mmol−1 L cm−2). The linear range
spanned over three orders of magnitude from nanomolar to high
micromolar BPA concentrations for all three configurations, with at
least one order of magnitude better than those reported with car-
bon materials (Mita et al., 2007), boron doped diamond (Notsu et

al., 2002) or phenothiazine polymeric films (Dempsey et al., 2004)
(Table 1).

These results demonstrate that Ni nanoparticles can be suc-
cessfully used as electrode material in the construction of
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Table 1
Analytical characteristics of nanoparticles-based tyrosinase biosensors for BPA and comparison with the literature data.

Biosensor configuration Eappl vs. reference electrode Analyte Linear range (mol L−1) Sensitivity
(�A mmol−1 L)

LOD (mol L−1) Response
time t95%

References

Tyr–pTH–GCE −200 mV vs. Ag/AgCl Phenol 2.0 × 10−5 to 8.0 × 10−5 44.7 1.0 × 10−6 33 s Dempsey et al. (2004)
BPA – 0.4 2.3 × 10−5 –

Tyr–Fe3O4–GCE −200 mV vs. SCE Catechol 8.3 × 10−8 to 7.0 × 10−5 514 2.5 × 10−8 – Wang
et
al.
(2008)

Phenol 8.3 × 10−8 to 8.3 × 10−5 225 2.5 × 10−8

Tyr–nAu–GCE −100 mV vs. Ag/AgCl Phenol 1.0 × 10−6 to 4.0 × 10−5 82 2.1 × 10−7 2 min Sanz et al. (2005)

Tyr–APTES–BDD–GCE −300 mV vs. Ag/AgCl BPA – – 1.0 × 10−6 – Notsu et al. (2002)

Tyr–SWCP–CPE −150 mV vs. Ag/AgCl BPA 1.0 × 10−7 to 1.2 × 10−5 138 2.0 × 10−8 6 min Mita et al. (2007)

Tyr–CPE −150 mV vs. Ag/AgCl BPA 1.0 × 10−6 to 2.0 × 10−5 20.91 1.5 × 10−7 3 min Andreescu and Sadik
(2004)

Tyr–AuNPs–SPCE −150 mV vs. Ag/AgCl BPA 4.2 × 10−8 to 3.6 × 10−5 419.1 1.0 × 10−8 18 s This work

Tyr–Fe3O4–SPCE −150 mV vs. Ag/AgCl BPA 2.7 × 10−8 to 4.0 × 10−5 543.8 8.3 × 10−9 26 s This work

Tyr–NiNPs–SPCE −150 mV vs. Ag/AgCl BPA 9.1 × 10−7 to 4.8 × 10−5 758.1 7.1 × 10−9 40 s This work

pTH: poly(thionine); GCE: glassy carbon electrode; APTES: (3-aminopropyl) triethoxysilane; BDD: boron doped diamond; SWCP: single wall carbon nanotubes; AuNPs: gold nanoparticles; NiNPs: nickel nanoparticles; SPCE:
screen-printed graphite carbon electrode; CPE: carbon paste electrode; SCE: saturated calomel electrode.
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ig. 4. Substrate specificity of the Fe3O4 and Ni nanoparticles screen-printed tyrosi-
ase biosensors to the addition of 2 × 10−6 M l-tyrosine, catechol, phenol, BPA,
lucose, ascorbic acid, uric acid and phenylalanine in 0.1 M PBS at pH 6.5.

.3. Biosensor reproducibility, stability and specificity

The reproducibility of biosensors was estimated for electrodes
repared independently on different days but following the same
abrication protocol. The relative standard deviation of the sen-
itivity values deduced from the linear range of the calibration
urves for the Au (n = 3), Fe3O4 (n = 5) and Ni (n = 3) based biosensors
howed coefficients of variation of 4.7, 5.2 and 10.0%, respectively.
he operational stability was evaluated by measuring the ampero-
etric response to consecutive injections of 2 × 10−6 M BPA. Fig. 3

llustrates the operational stability of the three biosensors. The
u nanoparticle-based biosensor retained 74% of its activity after
00 assays. In the same conditions, the residual response of the
e3O4 biosensor was 70% after 100 assays, while that of Ni was
8%. These results demonstrate that the biosensors can be used
or multiple assays even though initially they were designed as
ingle use disposable electrodes. This extended stability can be
ttributed to the covalent binding between the nanoparticles and
he enzyme via glutaraldehyde, and the stable retention of the
nzyme–nanoparticle assembly onto the electrode.

The specificity of the tyrosinase biosensors based on Ni and
e3O4 nanoparticles was tested with several tyrosinase sub-
trates including catechol, phenol and l-tyrosine. The electrodes
esponded to all three substrates but with different sensitivities
Fig. 4). Higher electrochemical responses than those obtained for
PA were recorded with catechol and phenol. This could be due to
he bulkier BPA structure, inducing diffusion limitations for the bio-
atalytic process. On the other hand, the biosensors did not respond
o common interferences like glucose, ascorbic acid, uric acid and
henylalanine, which was expected at the low operation potential
f these sensors (−150 mV).

. Conclusion

We demonstrated that Ni nanoparticles can be used as electrode
aterial for the fabrication of electrochemical enzyme sensors

or the detection of BPA. We compared the performance of these
ensors with those based on the more traditionally used metal
nd metal oxide nanoparticles like Au and Fe3O4, and demon-
trated that the analytical performances of the biosensors are
ependent on the nanoparticle type and composition. We used
hese materials to immobilize tyrosinase and construct screen-
rinted electrodes for the ultrasensitive detection of BPA. Our

esults suggest that Ni provides superior characteristics in terms of
ensitivity and detection limits than both Au and Fe3O4. All three
anoparticle-based biosensors provided very low detection lim-

ts for BPA, in the nanomolar concentration range, with the lowest
oelectronics 26 (2010) 43–49

limit of 7.1 × 10−9 M obtained with Ni nanoparticles. This detection
limit is almost one order of magnitude lower than those reported in
the literature with other types of materials and electrode designs. In
addition, the Ni nanoparticles, as Fe3O4, have magnetic capabilities
that can be useful in the design of magnetically controlled systems,
flow-through columns and magneto-switchable electrochemical
devices. This is the first report that compares the effectiveness of the
three types of nanoparticles for electrochemical enzyme biosen-
sors.
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