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An enzymatic amperometric procedure for the direct measurement of As(V) in the presence of As(IIl) was
developed. The method is based on the inhibitive action of this species on acid phosphatase enzyme (AcP)
activity. Screen-printed carbon electrodes (SPCEs) were used as support for the cross-linking immobiliza-
tion of the enzyme AcP. 2-Phospho-L-ascorbic acid was used as a novel substrate, in arsenic determination,
which amperometric response decreased by the presence of As(V) ions. The optimum working conditions
were found using experimental design methodology. Under these conditions, repeatability and repro-
ducibility of the constructed biosensors were determined, reaching values below 8% in terms of residual
standard deviation. The capability of detection obtained for As(V) was 0.11 wM for AcP/SPCE biosensors.
Analysis of the possible effect of the presence of foreign ions in the solution was performed. The method
was successfully applied to the determination of the As(V) content in a ground water sample.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Arsenic is an ubiquitous toxic element present in trace concen-
tration in the environment; its mobilization or redistribution is
influenced by both abiotic and biotic processes. The contamination
of surface or ground water by arsenic represents a threat to human
health, taking into account that drinking water normally derives
from both types of sources. In fact, there are several parts of the
world where high levels of arsenic are present in water supplies
[1]. Symptoms of chronic exposure to arsenic in drinking water are
numerous including several types of cancer, particularly of skin and
lung, as well as cardiovascular, renal, hematological and respiratory
disorders [2-5]. Therefore, arsenic pollution may be regarded as a
global issue.

Arsenic occurs in the environment in several chemical forms,
showing different toxicological characteristics. Organic forms of
arsenic are rarely significant in ground water, however, the inor-
ganic forms: arsenite (AsO33~) and arsenate (AsO43~) are often
found in this kind of water. The concentration of As(V) in natural
waters is much higher than that of As(IlI) [6]. Therefore, the devel-
opment of an analytical method for the specific determination of
this arsenic species is of great interest.

Many techniques have been described in the literature for
the determination of arsenic in ground water. These included
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inductively coupled plasma atomic emission spectrometry (ICP-
AES) [7], inductively coupled plasma mass spectrometry (ICP-MS)
[8-12], graphite furnace atomic absorption spectrometry (GFAAS)
[13], hydride generation atomic absorption spectrometry (HGAAS)
[14,15], and hydride generation atomic fluorescence spectrome-
try (HG-AFS) [16]. These methodologies are often laboratory-based
and time-consuming and may lead to large capital cost for mul-
tisample analysis. But, its major drawback is that these methods
are unable to distinguish between As(Ill) and As(V) in the analyzed
samples.

There are few proposed methods to the direct determination of
As(V), without pretreatment of samples. Recently, a colorimetric
method using the molybdenum blue complex has been developed
for the sensitive determination of As(V) [17].

Electrochemical biosensors have been increasingly developed
for in situ monitoring in environmental and health care applica-
tions, due to their advantages in terms of simplicity, portability,
short response time, sensitivity, and high selectivity due to sub-
strate specificity [18]. In this way, Cosnier et al. [19] have
developed a bienzymatic biosensor for the specific determina-
tion of As(V) based on the inhibitory effect of this species on
the acid phosphatase enzyme (AcP). This amperometric biosen-
sor was constructed by the simultaneous entrapment of AcP
and polyphenol oxidase (PPO) enzymes into anionic clays (lay-
ered double hydroxides) on a glassy carbon electrode surface.
In spite of the high sensitivity of this method, the development
of the described biosensor results very tedious and time-
consuming, being necessary the immobilization of two different
enzymes.
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In this work a simply amperometric biosensor based on the
immobilization of the enzyme AcP on a screen-printed carbon elec-
trode (SPCE)is reported. The use of screen-printed electrodes (SPEs)
increases the performance of the developed biosensor due to their
disposable features and high reproducibility, together with their
low cost of production and their great versatility [20-23]. To the
best of the authors’ knowledge, this is the first time that a dispos-
able AcP biosensor (AcP/SPCE) has been used for the high selective
and sensitive determination of As(V), being also the first time that
2-phospho-L-ascorbic acid has been used as an AcP substrate in
As(V) analysis.

2. Experimental
2.1. Reagents

Several inks were used in the production of screen-printed
electrodes, namely Electrodag PF-407 A (carbon ink), Electrodag
6037 SS (silver/silver chloride ink) supplied by Achenson Colloiden
(Scheemda, The Netherlands). D2071120D1 (dielectric ink) pro-
vided by Gwent Electronic Materials (Torfaeen, UK).

All solutions were prepared with water purified with a Milli-Q
device which provided a conductivity of 0.05 pS/cm.

AcP (E.C.3.1.3.2, type IV-S from potato, 4.6U/mg, Sigma,
Steinheim, Germany), glutaraldehyde (GA) (Sigma, Steinheim,
Germany), bovine serum albumine (BSA) (Sigma, Steinheim,
Germany) and 2-phospho-L-ascorbic acid (Sigma, Steinheim,
Germany) were used.

Arsenic acid (H3AsOg4, 1002 + 5mgL-1) solution CertiPur® was
obtained from Merck (Darmstadt, Germany).

100 mM acetate buffer (Panreac, Barcelona, Spain) and 10 nM
MgCl, (Merck, Darmstadt, Germany) solution were used as sup-
porting electrolyte. NaOH (J.T. Baker, Deventer, The Netherlands)
was used to adjust the pH value.

2.2. Apparatus and software

Cyclic voltammetric and chronoamperometric measurements
were performed with an AUTOLAB PGSTAT 12 potentiostat with
GPES software (Eco Chemie, Utrecht, The Netherlands). Screen-
printed three-electrode strips were produced using the DEK 248
screen-printing system (Weymouth, UK), using carbon ink for the
working and auxiliary electrodes and Ag/AgCl ink for the refer-
ence electrode.A rotary evaporator (ILMVAC, [lmenau, Germany)
was used for sample preconcentration.

The pH of the solutions was measured with a Crison Model 2002
(Barcelona, Spain) pH meter.

Data analysis was processed with a NEMRODW [24] software
package for the experimental design process, and PROGRESS [25]
for the robust regression.

3. Methods
3.1. SPEs preparation

Home-made SPCEs were used in the determination of As(V). For
the construction of the SPCEs successive layers of different inks
were printed onto a polyester strip substrate following the printing
procedure described in previous works [26-28].

Before using the SPCEs, working and counter electrodes were
polished with a SiC-paper No. 4000 disc (Struers, Copenhagen,
Denmark). Then, the working electrode surface (4 mm?2) was acti-
vated by recording 20 cycle voltammograms between2Vand -2V,
scan rate, 100mVs~1, in a 0.1 M KCI solution.

3.2. AcP immobilization in SPCEs

AcP was immobilized by cross-linking with BSA and GA. The
optimum immobilization process was reached by mixing 5 L of a
6.64% (w/v)BSAand 5 pLofa 0.6% (w/v) AcP solution with 10 wLofa
2.5%(w/v) GA solution. Then, 5 L of this mixture was dropped onto
the working electrode surface. The electrode was kept at4°Cfor 1 h.
The excess of GA in the insoluble biocomponent was thoroughly
eliminated by rinsing with acetate buffer. Finally, it was left to get
dried at room temperature.

3.3. As(V) determination procedure

The AcP/SPCE biosensor was placed in the electrochemical cell
containing 5mL of buffer solution. An adequate potential was
applied and, once a steady-state current was set, a defined amount
of substrate solution was added to the measuring cell. A large oxi-
dation current was observed due to the addition of substrate, and
a plateau corresponding to the steady-state response was reached.
Then, fixed portions of the As(V) stock solution were added con-
secutively reaching, each time a plateau. Each addition of As(V)
solution resulted in a current decrease proportional to the amount
of As(V) added.

Enzyme electrodes were conditioned in a stirred buffer solution
for 5 min between each calibration setting.

4. Results and discussion

In order to develop an AcP/SPCE biosensor for the determination
of As(V), two different AcP substrates, namely, phenyl phosphate
and 2-phospho-L-ascorbic acid, were studied.

The amperometric response obtained for phenyl phosphate
presents a lack of stability as it can be seen in Fig. 1a. This
amperometric signal observed is related to the oxidation of the
product of the enzymatic reaction (phenol). The decrease in the
steady-state current may be ascribed to fouling of the electrode
by electroinactive polymers that resulted from the polymerization
of electrochemically oxidized phenol. Consequently, this biosensor
was totally unsuitable for the amperometric determination of As(V)
using phenyl phosphate as a substrate.

2-Phospho-L-ascorbic acid was then tested as a suitable AcP sub-
strate for the determination of As(V) using an AcP/SPCE biosensor.
This substrate is not toxic and, moreover, it is commercially avail-
able at a low cost [29-31]. The amperometric response obtained
by AcP/SPCE electrodes when 2-phospho-L-ascorbic acid was used
as substrate resulted highly stable (Fig. 1b). For this reason it was
selected for next experiments.

Cyclic voltammetry has been used in order to study the behavior
of the selected substrate on SPCEs.

In a first step, the cyclic voltammetric response of 2-phospho-
L-ascorbic acid was analyzed using both electrodes, SPCEs and
AcP/SPCEs. Fig. 2 shows that the substrate has a different behavior
in the presence or absence of the enzyme at the electrode.

The voltammetric peak obtained at 0.67V, when bare SPCEs
were used (Fig. 2a), was due to the oxidation of 2-phospho-L-
ascorbic acid. This peak was not observed when AcP/SPCEs were
utilized (Fig. 2b). In this last case, the AcP enzyme promotes the
hydrolysis of 2-phospho-L-ascorbic acid to L-ascorbic acid, which
can be oxidized on the SPCE surface at a potential of 0.01V.

Next, the influence of As(V) in the 2-phospho-L-ascorbic acid
voltammetric signal obtained in an AcP/SPCE was analyzed. As
it can be seen in Fig. 3a, two oxidation peaks are observed for
2-phospho-L-ascorbic acid. The first one, observed at 0.01V, can
be attributed to the oxidation of L-ascorbic acid as it has been
described in Scheme 1. The second oxidation peak (0.67V) is
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Fig. 1. Amperometric signal obtained at a AcP/SPCE. (a) Phenyl phosphate E,,, 0.9V, (b) 2-phospho-L-ascorbic acid E,pp +0.4 V. Acetate buffer pH 6 and 10 mM MgCl,.
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Fig. 2. Cyclic voltammograms for 4 mM 2-phospho-L-ascorbic acid solution in acetate buffer pH 6.0 and 10 mM MgCl,. Scan rate 100 mV/s. (a) SPCE and (b) AcP/SPCE.
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Fig. 3. Cyclic voltammograms obtained at a AcP/SPCE in acetate buffer pH 6.0 and 10 mM MgCl,. Scan rate 100 mV/s. (a) 2-Phospho-L-ascorbic acid additions (1) 4 mM, (2)

8 mM and (3) 16 mM and (b) As(V) additions (1) 0, (2) 0.2 mM and (3) 0.4 mM.
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Scheme 1. Mechanism of the enzymatic hydrolysis of AcP enzyme.
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Fig. 4. Cronoamperometric curve recorded for a substrate concentration (1)
3.68 mM at a AcP/SPCE and a consecutive injecting of portions of As(V) into the cell
to give an overall concentration of: (2) 1.9 uM, (3) 3.7 uM, (4) 5.4 uM, (5) 7.2 puM,
(6) 8.8 M, (7) 10.4 uM, (8) 11.9 uM, (9) 13.4 uM, (10) 14.8 uM and (11) 16.2 uM.
Eapp +0.33 V. Acetate buffer pH 5.25 and 10 mM MgCl,. The inset shows the relative
calibration plot.

observed at high concentrations of substrate and it can be related to
the direct oxidation of this compound on the electrode. Successive
additions of As(V) cause a reduce in the first oxidation peak, due
to the inhibitory effect of this species on the enzymatic activity of
AcP. Therefore, the use of 2-phospho-L-ascorbic acid is presented
as a new and very interesting alternative in the development of
amperometric biosensors to the determination of As(V).

The AcP/SPCE amperometric biosensor, constructed following
the above-described procedure, was very sensitive to the concen-
tration of As(V), as it can be seen in Fig. 4. In this figure, it is shown
that, as result of the inhibition of AcP enzyme by As(V), the concen-
tration of the generated L-ascorbic acid decreased, which provoked
the diminution of the analytical signal obtained for 2-phospho-L-
ascorbic acid.

As(V) inhibition action was quantitatively evaluated determin-
ing the difference between the steady-state current in the absence
of As(V) (Ip) and the steady-state current in the presence of As(V)
(I). The parameter Al(ly — I) depends on 2-phospho-L-ascorbic acid
concentration, applied potential (Eapp) and pH of the buffer solu-
tion. Thus, it is necessary to optimize all of these variables in order
to ensure the quality of the results.

Experimental designs have been used as a tool for optimization.
In this case, 2% (k=number of variables) central composite designs
were applied, with replication in the central point in order to esti-
mate the experimental error. The response to be optimized was
the Al obtained for a sample containing a concentration of As(V) of
10 M.

The first phase in the optimization process involved a 23 central
composite design. The values of the experimental variables were
selected taking into account the optimum pH of enzyme and the
potential peaks of substrate and their hydrolysis product. This first
experimental design allowed selecting a narrower range of exper-
iments to obtain optimal values of the influent variables that give
the maximum response. Then, a second 23 central composite design
was carried out. The high (+) and low () and the central point (0)
for each factor were as follows:

Eapp (+)=03V pH (+)=5.5 Csubstrate (+)=3.6 mM
Eapp (*)=O~] \ pH (*)=5~0 Csubstrate (*)=2~0 mM
Eapp (0)=0.2V pH (0)=5.25 Csubstrate (0)=2.8 mM

From analysis of the variance (ANOVA) in Table 1, it may be
deduced that Eapp (B) and Cgypstrate (C) can significantly influence

Table 1
ANOVA with the data of the 22 central composite design for the optimization of
experimental variables in As(V) determination.

Effect SS? DF? Ms? Fratio® Plever®
A: pH 530.15 1 530.15 437 0.1717
B: Eapp 13473.00 1 13473.00 111.04 0.0089°
C: Csubstrate 2472.90 1 2472.90 20.38 0.0457"
441.53 1 441.53 3.64 0.1967
AB 162.00 1 162.00 1.34 0.3673
AC 220.50 1 220.50 1.82 0.3100
BB 14.44 1 14.44 0.12 0.7630
BC 112.50 1 112.50 0.93 0.4372
cC 825.34 1 825.34 6.80 0.1209
Lack of fit 3085.73 5 617.15 5.09 0.1724
Pure error 242.67 2 121.33
Total 21362.5 16
R?=0.8442

3 SS, sum of squares; DF, degrees of freedom; MS, mean squares; Fiao:
MStactor = MSerror; Plevel, Probability level.
" Significant factor at o=0.05.

the response. Furthermore, pH (A) is not a significant factor and
can, therefore, be fixed.

Mindful of previous observations, the second phase involved a
22 central composite design. The new high (+), low (—) and central
(0) levels for each factor were

Eapp (+)=04V Csubstrate (+)=4.0 mM
ERPP (-)=02V Csubstrate (—)=3.0mM

Eapp (0)=0-3V Csubstrate (O)=3-5 mM

On the basis of the results obtained by the different experimen-
tal designs, the optimum values of the experimental variables for
the determination of As(V) using an AcP/SPCE biosensor were the
following (Fig. 5):

Espp=+0.33V pH=525 Coubstrate = 3.68 MM

Under these working conditions, the amperometric signal
increased more than a hundred times in comparison with the signal
obtained under the first conditions of the design.

Under these optimum conditions no amperometric response
was obtained for 2-phospho-L-ascorbic acid when SPCEs were used.
Likewise, no response was obtained for As(V) when no enzymatic
modified SPCEs were utilized.

The kind of inhibitory effect of As(V) ions on the response of the
acid phosphatase biosensors was also investigated following the
method of Lineweaver-Burk [32,33]. Fig. 6 shows the competitive
character of the registered inhibition process.

Once the optimal experimental conditions were found for the
analysis of As(V) by means of AcP/SPCEs, a calibration was per-
formed. A linear dependence was observed between Al and As(V)
concentration in the range from 0.1 up to 1.3 wM. A least-median-
squares regression (LMS) was used to detect the existence of
anomalous points [25], which might have led to incorrect adjust-
ments altering the sensitivity and the capability of detection.

A key feature of any analytical method is its capability of detec-
tion: the smallest concentration of the analyte that can be detected
to a specified degree of certainty. The capability of detection, based
on the variability of eight samples with a 0.1 wM concentration of
As(V), was evaluated according to [34] and ISO 11843-2 [35]. At
the chosen probability level of 5% («=8=0.05), the capability of
detection was 0.11 WM.

The precision of the developed method was calculated in
terms of repeatability and reproducibility. In order to calculate
the repeatability of the method, successive amperometric mea-
surements with the same electrode surface were performed. The
biosensors were conditioned at 4°C for 1h in a buffer solution
pH 6 between experiments. Sets of five successive calibrations
for As(V) were carried out yielding a relative standard devia-
tion for their slopes of 7.11%. Likewise, the reproducibility of the
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and 10 mM MgCly, Eapp +0.33 V.

amperometric signal was checked using the slopes of five regres-
sions carried out with different electrode surfaces. The RSD values
obtained were 7.37%. These results suggest that the fabrication
procedure of the AcP based biosensors is reliable, and they allow
to obtain reproducible electroanalytical responses with different
electrodes constructed in the same form.

The behavior of As(V) as an AcP inhibitor is not specific. The
effect of the presence of some metal ions (As(Ill), Cd(II), Co(II),
Cr(III), Cr(VI), Cu(II), Fe(III), Hg(II), Ni(II), Pb(II), Sb(III), Sb(V), Sn(II)
and Zn(II)) was investigated.

In the case of Hg(Il) and Pb(II) ions, instead of a decreased an
increased of the analytical signal was observed for concentrations
above 10 wM due to an enzyme activation effect.

Fe(Ill) ions apparently exerted an inhibitory effect in the AcP
enzyme, giving also a decrease in the amperometric signal. How-
ever, this effect may be due to the formation of a stable complex
with 2-phospho-L-ascorbic acid, which causes the consumption of
the substrate and, consequently a decrease in the recorded signal.
On the other hand, it is well known ascorbic acid reduces Cr(VI) to
Cr(III) and Fe(III) to Fe(II). Therefore, in both cases the decrease of
amperometric signals could be attributed to a substrate consump-
tion by the interferent metal.

For the rest of the analyzed metal ions, no remarkable effects
on the signal of the substrate were observed. Only when high con-
centrations (above 102 M) were added to the medium, a slight
decrease in the signal was registered.

The developed disposable biosensor was successfully applied to
the determination of As(V) in a ground water sample by standard

addition. The ground water sample analyzed was obtained from
a nearby source. Previously to the electrochemical determination,
a preconcentration step was necessary. This step was carried out
using a rotary evaporator at 40°C and 72 mbar. Thus, the volume
of the sample was reduced from 50 to 10 mL. Finally, additions of
this preconcentrated sample were made into the electrochemical
cell for the quantification of As(V) content.

The concentration found in the ground water sample was
2.90+0.13pM (n=3, «=0.05). Good agreement was obtained
between the concentration of As(V) found by the proposed method
and the values obtained using ICP-MS as a reference technique
(2.89+0.02 uM (n=3, ¢ =0.05)).

Taking into account the source of the analyzed sample, it can
be set that only As(V) is present. Thus, the results are definitely
consistent with those provided by the ICP-MS.

5. Conclusions

The use of AcP-based inhibitor biosensors using SPCEs allows the
selective and sensitive amperometric determination of As(V). The
main experimental variables were optimized by means of central
composite designs, founding values of +0.33V, 3.68 mM and 5.25
for Eapp, 2-phospho-L-ascorbic acid concentration and pH, respec-
tively.

Comparing this study with previous described works, the pro-
posed method offers several interesting advantages. In addition to
its high reproducibility and repeatability, it should be highlighted
the disposable character of SPCEs. Additionally, the construction
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procedure described in this study resulted much easier and faster
than those previously described in the literature.

Moreover, the proposed method allows the successful determi-
nation of As(V) in ground water samples.
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