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Amperometric screen-printed biosensor arrays for detection of pesticides (organophosphates and carbamates) and phenols hav
ped. Cholinesterases (AChE and BChE), tyrosinase (TYR), peroxidases (SBP, soybean and HRP, horseradish) and cellobiose de
CDH) were combined on the same array consisting of one Ag/AgCl reference electrode surrounded by eight radially distribute
lectrodes of either carbon or platinum. Mainly cross-linking with glutaraldehyde was employed for enzyme immobilisation. The s

or the enzymes were acetylthiocholine for cholinesterases (ChEs), cellobiose for CDH and hydrogen peroxide for peroxidases
eroxide was generated in the presence of glucose by co-immobilised glucose oxidase (GOx). All measurements were perfo
lectrochemical steady state system specially constructed for eight channel screen-printed electrode arrays. The achieved rela
eviation values calculated for different enzyme substrates (10 measurements) were typically below 7% and one assay was comp

ess than 10 min. The detection limits for pesticides and phenols were in the nanomolar and micromolar ranges, respectively. The
iosensor array was evaluated on wastewater samples. To simplify interpretation of results, the measured data were treated with
nalysis–principal component analysis (PCA).
2004 Elsevier B.V. All rights reserved.
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. Introduction

The interest for environmental monitoring increases and
epresents an urgent issue because of the expanding use
f chemicals and biologically active substances in industry
nd agriculture. In some cases, such substances can exhibit

airly high toxicity. Phenols (especially chlorinated ones),
rganophosphates and carbamates as insecticides are typical
xamples of such compounds[1,2].

Enzymatic biosensor arrays represent promising pre-
creening methods for rapid and simple measurements and

∗ Corresponding author. Tel.: +420 5 49497013; fax: +420 5 41211214.
E-mail address:r.solna@email.cz (R. Solná).

express analysis of many pollutants, which can functio
ther directly as substrates or as inhibitors of enzymes sel
for the sensing array. A number of sensors for determin
of phenols and pesticides include a variety of transdu
based on amperometric[3–10], potentiometric[11,12] and
optical[13,14]detection. However, these sensors enable
termination of only individual compounds or subgroups
related pollutants, while samples usually consist of a c
plex matrix of different compounds. This problem can be
dressed by designing multibiosensors consisting of se
transducer elements with different bioselective compon
specific for various substances. In the environmental
with the exception of immunosensors[15,16]applied mainly
in the clinical field, the application of enzyme arrays suita

003-2670/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.aca.2004.10.022
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for analysis of multiple samples in various field conditions
has progressed during the last decade. The examples include
multienzymatic biosensors based on immobilisation of dif-
ferent enzymes from the same class, e.g. oxidases[17], arrays
combined with the same type of enzyme but from different
natural sources, e.g. different types of cholinesterases[18].
Usually, this approach enables detection of one type of an-
alyte in samples according to different substrate specificity:
biosensors for discrimination of phenols with immobilised
tyrosinase together with laccase and/or peroxidase[8,19],
acetylcholinesterase and butyrylcholinesterase based biosen-
sors for determination of organophosphate and carbamate
pesticides[3,20]. Additionally, especially cholinesterases can
be included in biosensor arrays for heavy metal detection, of-
ten co-immobilised with urease[21,22]. The use of enzymes
from different classes in one array can provide more infor-
mation about heterogeneous composition of samples. Various
biosensor arrays fulfilling such requirements have been de-
veloped, mainly with enzymes belonging to oxidoreductases
and hydrolases, e.g. biosensor arrays for determination of
glucose, lactate, glutamine, glutamate with glucose oxidase,
catalase, lactate oxidase, glutamate oxidase, glutaminase and
asparaginase as biorecognition elements[23] and glucose ox-
idase, lactate oxidase, creatininase/creatinase, sarcosine oxi-
dase and urease sensors for detection of glucose, lactate, urea,
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mushroom, 2590 units (�A280)/mg), bovine serum al-
bumin (BSA), glutaraldehyde, acetylthiocholine chloride
(ATChCl), glucose, cellobiose, catechol andp-aminophenol
were obtained from Sigma (St. Louis, MO, USA). Glu-
cose oxidase (GOx—Aspergillus niger, 270 IU/mg) was
from Biozyme (Biozyme Laboratories, Gwent, UK). Cel-
lobiose dehydrogenase (CDH—Phanerochaete chrysospo-
rium, 2.45 g/l,A420/A280= 0.64) was purified according to the
method of Henriksson et al.[27]. Pesticides were provided by
Dr. B. Šaf́ǎr (Military Research Institute of Protection, Brno).
All other chemicals (including phenol,p-chlorophenol,p-
cresol) were obtained from Merck (Darmstadt, Germany).
Water purified in a Milli Q system (Millipore, Bedford, MA,
USA) was used to prepare all solutions.

Wastewater samples were received from different Euro-
pean industries (30 samples from a pulp and paper industry
and 13 samples from a pesticide industry). The pulp and pa-
per samples were from two subsets of wastewater marked
as untreated (U) and alert (A), respectively. The latter sub-
set was received after processing in a pilot treatment plant at
ANOX, Lund, Sweden. The effluent quality was regulated to
the “alert” toxicity level by the addition of nutrients N and P
to the wastewater batch prior to the treatment. At DHI Wa-
ter and Environment, Hørsholm, Denmark, the two subsets
of pulp and paper wastewater were further fractionated by
R 10
t try
s ical
w com-
p

2

ch-
n des
( an
a te
D ed
l plat-
i of
c trodes
w ase
( nase.
A lec-
t losed
v g-
i rays
w n-
z otein
c ehy-
d cose
o ml);
( con-
c ase
( each
e

reatinine, chloride, ionised sodium, potassium, calcium
agnesium[24]. No principal limitations for combining se
ral enzymes in one array seem to exist. However, the req
ents of different co-substrates for functioning of the ab
entioned enzyme-modified electrodes make the answe

traightforward. The compatibility between oxidoreducta
nd hydrolases when functioning in the same array bas

our enzymes (combination of acetylcholinesterase, but
holinesterase, tyrosinase and horseradish peroxidas
lready been studied[25,26].

The present work investigates the possibility to include
itional enzymes (oxidoreductases cellobiose dehydrog
nd soybean peroxidase) with different substrate specifi
s one of the ways to obtain more information on envi
ental samples with unknown composition. The develo
iosensor array was tested in the amperometric steady
ystem using model phenolic and pesticide compound
ater it was evaluated on wastewater samples from in
rial sources. The obtained results were treated with pr
al component analysis (PCA) to facilitate interpretatio
easured signals for qualitative classification of sample

. Experimental

.1. Chemicals

Acetylcholinesterase (AChE—electric eel, 244 IU/m
utyrylcholinesterase (BChE—horse serum, 345 IU/m
eroxidase (HRP—horseradish, 263 purpurogallin u
g and SBP—soybean, 108 units/mg), tyrosinase (TY
s

P-HPLC (after pH adjustment and filtration) and diluted
imes with Milli Q water. The pesticide-containing indus
amples (P) were collected from an effluent of a biolog
astewater treatment plant at the pesticides-producing
any.

.2. Preparation of biosensors

Screen-printed arrays were obtained from BVT Te
ologies (Brno, Czech Republic). Eight working electro
Ø= 1 mm) were printed with a radial distribution on
lumina support (5 cm× 1.2 cm) with either graphite pas
P 7101 (Dupont, USA) or platinum. The Ag/AgCl print

ayer was used as a reference electrode. The original
num working electrodes were used for immobilisation
holinesterases whereas screen-printed graphite elec
ere used for immobilisation of tyrosinase, peroxid

mixed with glucose oxidase) and cellobiose dehydroge
bout 1�l of each enzyme solution was added on the e

rode surface. The prepared sensors were left in a c
essel overnight at +4◦C in vapours of glutaraldehyde (ori
nating from a drop of 3% solution). Before use, the ar
ere rinsed with Milli Q water. The final distribution of e
ymes on the eight-electrode array was as follows (pr
oncentrations in the deposited drops): (1) cellobiose d
rogenase (2.45 mg/ml); (2) horseradish peroxidase/glu
xidase bi-layer (both in the final concentration of 5 mg/
3) soybean peroxidase/glucose oxidase bi-layer (final
entrations of 5 and 10 mg/ml, respectively); (4) tyrosin
10 mg/ml); (5 and 6) acetyl- and butyrylcholinesterase (
nzyme solution prepared as a mixture of 10�l enzyme
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Fig. 1. The construction of the eight-electrode screen-printed array and the
illustration of the final distribution of enzymes on the working electrodes,
free Pt and graphite electrodes remained uncoated.

(20 nkat/�l) and 13�l BSA (50 mg/ml) in 110�l phosphate
buffer [26]). Two electrodes (7 and 8) remained as uncoated
platinum and graphite (Fig. 1).

2.3. Steady state measurements

The prepared biosensor array was fixed in the amperomet-
ric steady state cell (described elsewhere[28]) and connected
to an eight-channel potentiostat (two-electrode system with
working electrodes and the Ag/AgCl reference/counter elec-
trode printed on the array) controlled by the data software
program Intels 1.5 (Laboratory of Enzyme Chemistry, Insti-
tute of Biochemistry, Vilnius, Lithuania). The working po-
tentials of 350 mV (cholinesterase modified and bare plat-
inum electrodes)[26], 400 mV (cellobiose dehydrogenase
modified and bare graphite electrodes)[10] and−100 mV
(tyrosinase, horseradish and soybean peroxidase modified
electrodes)[9] versus Ag/AgCl were applied. The height
of 1.8 mm and speed of 15 Hz were used as cell-rotator pa-
rameters[28]. The immobilised enzymes were activated by
adding substrate solutions into 10 ml of 50 mM phosphate
buffer with 100 mM KCl (pH 7.0) to provide final concen-
trations of 0.5 mM acetylthiocholine chloride, 0.5 mM glu-
cose and 0.5 mM cellobiose. Model compounds stock so-
lutions of either phenols (phenol, catechol,p-aminophenol,
p os,
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mediators shuttling electrons between the immobilised oxi-
doreductase and the electrode[9,10]. The second steady state
current due to the concentration of phenols in the solution was
recorded.

Inhibition of pesticides was characterised by the relative
inhibition (Eq.(1)), where�I was calculated as steady state
minus background currents (Eq.(2)). After addition of the
cholinesterase substrate, acetylthiocholine, a steady state cur-
rent,Iss, was reached within 1 min. Addition of a sample con-
taining the cholinesterase inhibitor followed and resulted in
the decrease of activity demonstrated by a decrease of sig-
nal dI/dt. The resulting dI/dt measured as the slope of the
current-time dependence, was proportional to the concentra-
tion of inhibitors. About 10�l of the pesticide methanolic
solution was added into 10 ml of working buffer.

RI = (dI/dt)

�I
(1)

�I = Iss− I0 (2)

The developed biosensor array was tested on samples re-
ceived from industrial sources known to contain phenols and
pesticides. In the beginning, a standard solution of substrates
giving cell concentrations of 0.5 mM ATChCl, 0.5 mM glu-
cose, 0.5 mM cellobiose and 15�M catechol was added into
t tate
c es
d en-
t s. A
t hown
i im-
p ple
a same
r

F s. As
s 5
c ry was
a

-chlorophenol andp-cresol) or pesticides (heptenoph
ichlorvos, carbaryl, fenitrothion and phosphamide) w
repared in methanol (1 M phenols and 10 g/l pesticide s
olutions).

Detection of phenols was based on a recycling mecha
etween the electrode surface and the immobilised oxid
uctase (TYR, HRP, SBP and CDH). The enzymes were
ated by either oxidising agents (O2 for TYR and H2O2 gen-
rated from glucose by the co-immobilised glucose oxi

or HRP and SBP) or a reducing agent (cellobiose for CD
fter a stable steady state current depending on conce

ion of oxidoreductase substrates (glucose or cellobiose
stablished due to a direct electron transfer between th
yme and the electrode[29], a methanolic solution of phen
as added to the cell. The phenolic compounds serve
he working solution. After stabilisation of a steady s
urrent, addition of the sample followed (finally 10 tim
iluted). Milli Q water and additional catechol (final conc

ration increase of 15�M) were used as reference sample
ypical real record of addition substrates and sample is s
n Fig. 2. To eliminate time shifts in the recorded curves (
ortant for the multivariate analysis treatment), the sam
dditions during all measurements were aligned to the
ecording time point.

ig. 2. A typical plot recording responses of all eight working electrode
ubstrates, 0.5 mM ATChCl, 0.5 mM glucose, 0.5 mM cellobiose and 1�M
atechol were used. As example, sample from pulp and paper indust
dded.
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2.4. Treatment of sample data for chemometric analysis

Chemometric treatment of signals from multienzyme
biosensor arrays can transform the complex responses into
formats that are easier for interpretation. Principal compo-
nent analysis (PCA) as a multivariate analysis method was
used for this approach. In PCA, the raw data matrix, in our
case built of wastewater samples (rows) and sensor responses
(columns), is decomposed into a structured part based on the
systematic variance of the data and a noise part built of the
random variations[30]. From the structured part, phenom-
ena hidden in large amounts of data can be visualised. The
samples can be characterised by selecting to subsets and rela-
tionships can be found among the sensor responses[31]. PCA
calculations were carried out using the commercial software
Unscrambler (v 8.0, Camo Process, Oslo, Norway).

Since PCA models are based on structural variations in
the data set, drift caused by the sensors can have large effects
on the calculated model. Thus, prior the PCA analysis,
the measured data were pre-processed by correcting the
responses for baseline shift. The drift caused by the loss of
sensitivity and activity of the enzymes with time (stability of
the sensor) was corrected by measuring a standard (0.5 mM
ATChCl, 0.5 mM glucose, 0.5 mM cellobiose and 15�M
catechol) before each wastewater sample. The whole steady
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s value
o nally
n all
e atrix
w mns
a hen
t xes,
c ated,
s a and
P ucted
o only
f e and
w

3

de-
t unds
( etric
e cetyl-
c biose
d (both
p , and
i

pes-
t e ar-
r n in
S rba-
m e bio-

Scheme 1. Summary of the enzyme reactions included in biosensor arrays
with immobilised AChE, BChE, TYR, CDH, HRP/GOx and SBP/GOx, us-
ing thiocholine ester (ATChCl), glucose and cellobiose as enzyme substrates
present simultaneously in the solution. When positive (350 mV vs. Ag/AgCl
for ChEs and 400 mV for CDH) or negative (−100 mV for TYR, SBP and
HRP) electrode potentials were applied, currents were recorded on all elec-
trodes responding to the conversion of electroactive compounds generated
in the following reactions.

logical target (A), results from their inhibition due to struc-
tural similarity with acetylcholine[32]. If a salt of acetyl-
or butyrylthiocholine (e.g. ATChCl) is used as substrate for
ChE, then thiocholine is produced during the enzymatic re-
action and it becomes subsequently anodically oxidised at
350 mV. Tyrosinase (TYR), peroxidase (POD) and cellobiose
dehydrogenase (CDH) can participate in detection of phe-
nols through the reactions shown inScheme 1(B–D). In the
presence of oxygen, TYR catalyses a two-step reaction that
includes hydroxylation of monophenols too-diphenols and
their subsequent dehydrogenation too-quinones (B). These
are further electrochemically re-reduced too-diphenols at
−100 mV, which consequently results in a bioelectrochem-
ical amplification cycle. TYR is able to use mono-, di- and
trihydroxyphenols as substrates but it exhibits higher affinity
for dihydroxyphenols and it does not exhibit any activity for
the oxidation ofm- andp-benzenediols[33]. Phenols can also
be detected through the re-reduction of PODs, which previ-
ously have been oxidised in the presence of hydrogen perox-
ide (C). The phenoxy radicals, formed during this reaction,
tate response (810 equally time-distributed values) o
ample was then divided by the mean steady state
f the corresponding standard. The data were additio
ormalised to Milli Q water responses obtained from
lectrodes. The data were arranged into a raw data m
ith the selected response variables defining the colu
nd the rows referring to the sample measurements. W

he raw data matrix was decomposed by PCA, new a
alled principal components (PC1 and PC2), were cre
uch that PC1 described the largest variance in the dat
C2 the second largest amount of data variance constr
rthogonal to PC1 and independent on PC1. In general,

ew components accounted for most of the data varianc
ere likely to provide most of the reliable information.

. Results and discussion

This chapter briefly summarises the results from
erminations of model phenols and pesticide compo
organophosphate and carbamate) with the amperom
ight-electrode sensor system based on immobilised a
holinesterase, butyrylcholinesterase, tyrosinase, cello
ehydrogenase, horseradish and soybean peroxidase
eroxidases were co-immobilised with glucose oxidase)

ts ability to evaluate industrial samples.
The electrocatalytic determination of phenols and

icides using the above mentioned enzyme electrod
ay takes advantage of the well-known reactions show
cheme 1. The detection of organophosphate and ca
ate insecticides using cholinesterases (ChEs) as th



R. Solná et al. / Analytica Chimica Acta 528 (2005) 9–19 13

are electrochemically reduced on the electrode surface at
−100 mV[34]. The direct addition of hydrogen peroxide into
the working solution can be replaced by its continuous gen-
eration using co-immobilised glucose oxidase (GOx) when
β-d-glucose is present in the solution. Another option for phe-
nol detection is to use immobilised CDH (D). In this case,
phenols are first anodically oxidised to quinones (at 400 mV),
which are subsequently reduced by CDH back to phenols in
the presence of cellobiose[35].

3.1. Evaluation of the enzyme electrode array

ChEs were immobilised according to the published
procedure by mixing enzymes together with BSA and
glutaraldehyde as cross-linking agents[36]. In such a way,
the modified electrodes provided up to 2.5-times higher
responses compared to application of glutaraldehyde cross-
linking using only diluted enzyme solution. The obtained
response was�I = 182/121 nA and R.S.D. = 4.7/4.8% (10
measurements with 0.5 mM ATChCl) for AChE/BChE,
respectively. The proper enzyme immobilisation concentra-
tions of PODs and GOx were tested in the range of 5, 10
and 20 mg/ml. The highest responses were achieved for the
mixtures containing 10 mg/ml HRP with 10 mg/ml GOx and
20 mg/ml SBP with 10 mg/ml GOx.

me
e ower
p hE
a ChE
e loss
o 0%
o

tes,
c nent.
T cur-
r ur-
r ctro-
c (Eq.
(
t is
c

I

T ex-
p

• M,
ChE

• ol-
er

Fig. 3. Calibration curves for organophosphate and carbamate pesticides
determined with the AChE sensor. AChE was activated by acetylthio-
choline chloride (0.5 mM) recorded as a stable steady state current. The
pesticide inhibitions were characterised as logRI, where relative inhibition
is equal toRI= (dI/dt)/�I, dI/dt characterised the time decrease in signal
after addition of pesticide in the working solution containing acetylthio-
choline chloride. The applied potential was +350 mV vs. Ag/AgCl. The
relative standard deviations varied for both enzymes were in the range of
2.1–5.9%.

• 0.5 mM cellobiose from the range of 0.1–1 mM for CDH
with K

app
m = 0.30 mM andImax= 120 nA when 100�M

catechol was present.

Glucose can be used as CDH substrate too; however its
K

app
m value is about 1000 times higher than for cellobiose, one

of the most effective electron donors for this dehydrogenase
[37].

3.2. Determination of pesticides

The following model pesticides were determined with
cholinesterases: carbaryl, heptenophos, fenitrothion, dichlor-
vos and phosphamide. The relationship between relative inhi-
bition and concentration of the pesticide for AChE and BChE
based sensing elements are shown inFigs. 3 and 4, respec-
tively. Table 1summarises sensitivities and limits of detec-
tion (LOD) for all pesticides; LODs were determined as the
lowest reliably detectable decrease inIss of approximately
10 pA s−1. AChE seemed to be more selective for carbaryl,
representing the carbamate insecticides, compared to other
tested compounds (organophosphates), which is illustrated
by the sensitivity values. BChE did not provide so strict sep-
aration of carbaryl versus other organophosphates. On the
other hand, compared to the AChE responses, BChE showed
h mide
( pes-
t
d , the
v des
w is of
A suitable pH for measurements with this multienzy
lectrode array was found at pH 7.0. It represents the l
H of the optimal range for ChEs (e.g. at pH 6.75 BC
lready lost 34% of the activity reached at pH 7.0 and A
ven 55%). On the other hand, at higher pH values, the
f activity of the oxidoreductases increased (from 20 till 5
f the activity reached at pH 7.0).

To find suitable working concentrations of substra
alibration curves were constructed for each compo
he apparent Michaelis constants and the maximal
ents were calculated by fitting the variation of c
ent versus the concentration of substrate to the ele
hemical version of the Michaelis–Menten equation
3)), where [S] represents the substrate concentration,Imax
he maximum current andKapp

m the apparent Michael
onstant.

= Imax[S]

([S] + K
app
m )

(3)

he following concentrations were used for all following
eriments:

0.5 mM ATChCl from the tested range of 0.1–5 m
the calibration parameters were obtained both for A
(Kapp

m = 0.17 mM, Imax= 54 nA) and for BChE (Kapp
m =

0.31 mM, Imax= 152 nA);
0.5 mM glucose from the range of 0.1–1 mM with f
lowing parameters for GOx in combination with eith
HRP (Kapp

m = 0.26 mM, Imax= 262 nA) or SBP (Kapp
m =

0.07 mM, Imax= 181 nA), with added 100�M catechol;
igher sensitivity for organophosphates except phospha
Table 1). The ChEs electrodes enabled the detection of
icides in the nano- to micromolar range (0.8 nM–2.4�M)
epending on pesticide molecule. As might be seen
ariation between limits of detection for different pestici
as relatively high. Therefore, considering future analys
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Fig. 4. Calibration curves for pesticides obtained with the BChE-
immobilised sensor. The meaning ofRI (relative inhibition) is the same as
mentioned inFig. 3, as well as the working conditions. The relative standard
deviations were found to be in the range 3.4–7.8%.

heterogeneous and unknown samples; the array seems to be
better suited for preliminary screening than for exact quanti-
tative characterisation.

The low inhibition effect of phosphamide, as evident from
Figs. 3 and 4and Table 1, probably depends on its phos-
phorodithioate structure. In general, organothiophosphates,
which are characterised by one thione moiety (PS) and
three OR groups attached to a phosphorus atom, are only
weak ChEs inhibitors. Some of them can be slowly de-
graded photochemically to hydrolytic and oxidation prod-
ucts. To speed up the conversion into the corresponding
oxon forms, treatment with bromine water has been sug-
gested as an easy and efficient method for in situ oxidation
[38,39].

3.3. Determination of phenols

The selectivity for five phenolic compounds (catechol,
p-aminophenol,p-chlorophenol,p-cresol and phenol) was
studied with the TYR-, CDH-, HRP/GOx- and SOP/GOx-
modified electrodes. All measurements were performed in
the amperometric steady state cell. Parameters from calibra-

tion curves fitted by the Michaelis–Menten equation (K
app
m ,

Imax) and LODs are summarised inTable 2. The sensitiv-
ity was calculated asImax/K

app
m and LOD according to the

S/N = 3 ratio. From the parameters, the following conclu-
sions can be made. The TYR and HRP/GOx sensors re-
sponded to all tested phenols (Table 2). The TYR sensor
showed higher sensitivity forp-chlorophenol than for phe-
nol andp-cresol and the trend was similar for the HRP/GOx
sensor. On the other hand, the results are completely different
for the same sensors with regards top-aminophenol andp-
cresol (Table 2). The TYR sensor showed a lower sensitivity
for p-aminophenol compared to the other phenols. It was pos-
sible to make a similar conclusion for the HRP/GOx sensor
except for the sensitivity top-cresol. For the SBP/GOx sen-
sor, no responses for phenol and chlorophenol were observed,
and a lower sensitivity for catechol andp-cresol compared to
HRP/GOx was noticed. Similar sensitivities were found only
for p-aminophenol. As expected, CDH preferred diphenols
(i.e. catechol andp-aminophenol), which after anodic oxi-
dation to quinones enter the CDH enzyme reaction.Table 3
gives a brief overview of relative responses for all phenols
compared to the catechol response detected with the cor-
responding oxidoreductase electrode.Imax was used as the
initial value for calculation.

3
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Table 1
L fenitro Ac
c dard d .1–5.9
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1 mol−1

C
H
F
D
P

imits of detection (LOD) and sensitivities for carbaryl, heptenophos,
holine chloride was used as substrate for the ChEs. The relative stan
.4–7.8%, respectively

esticide AChE

LOD (nM) Sensitivity (s−

arbaryl 0.80 100
eptenophos 9.2 10
enitrothion 85 4.2
ichlorvos 77 14
hosphamide 130 3.4
.4. Precision of measurements and stability of the
iosensor arrays

The relative standard deviation for 10 repeated mea
ents, calculated for final concentrations of 0.5 mM ATCh
.5 mM glucose, 0.5 mM cellobiose and 20�M catechol in

he measuring solution, varied in the range between 1.7
.7% depending on the enzyme electrode used. With re

o the storage stability, the enzyme electrodes lost up to
f their activity on the second day, 50% on the fifth day
ept TYR which was more stable and lost only 30%), an
he seventh day only 20% of the initial enzyme activity
ained (tyrosinase 50%). The time required for one ana
as equal to the sum of the times necessary to estab
table steady state current after substrate or sample add
ogether with the time interval needed to receive a reliabl
ermination of dI/dt for relative pesticide inhibition (aroun
min).

thion, dichlorvos and phosphamide determined with the ChE based.etylthio-
eviations for limits of detection for AChE a BChE were in the ranges 2% and

BChE

l) LOD (nM) Sensitivity (s−1 mol−1 l)

93 34
2.8 137
6.9 68
14 51

2390 4.8
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Table 2
Maximum current (Imax), apparent Michaelis constant (K

app
m ) (obtained from the calibration curves of the tested model phenols), limit of detection (LOD,

S/N = 3) and sensitivity (Imax/K
app
m ) determined through amperometric steady state measurements with TYR, HRP/GOx, SBP/GOx and CDH immobilised in

one sensor array

Enzyme Phenols p-Aminophenol p-Cresol Phenol p-Chlorophenol Catechol

Imax (nA) TYR 104 658 1169 1378 1971
HRP 611 131 60 29 222
SBP 472 40 n.o.a n.o. 200
CDH 333 n.o. n.o. n.o. 178

K
app
m (�M) TYR 80 71 121 89 284

HRP 106 43 13 3.4 36
SBP 93 167 n.o. n.o. 82
CDH 148 n.o. n.o. n.o. 125

Sensitivity (mA M−1) TYR 1.3 9.3 9.7 16 6.9
HRP 5.8 3.0 6.4 8.5 6.2
SBP 5.1 0.24 n.o. n.o. 2.4
CDH 2.3 n.o. n.o. n.o. 1.4

LOD (�M) TYR 2.4 0.33 0.41 0.19 0.43
HRP 0.74 1.0 1.8 0.39 0.41
SBP 0.60 14 n.o. n.o. 1.2
CDH 1.4 n.o. n.o. n.o. 2.1

Glucose and cellobiose were used as substrates for GOx and CDH. Applied potentials:−100 mV (TYR, HRP, SBP) and +400 mV (CDH) vs. Ag/AgCl. The
values were calculated as the average of three measurements and the relative standard deviations forImax were in the range 4.7–18%, forK

app
m within 7.3–17%

and for limits of detection within 1.6–10%.
a Not observed.

3.5. Sample analysis

3.5.1. Steady state measurement of samples
The developed biosensor array was further tested for in-

dustrial samples potentially containing phenols and pesti-
cides. A total number of 43 samples from a pulp and paper
industry (two subsets of 15 samples each) and a pesticide
industry (13 samples) were analysed. The working buffer
containing 0.5 mM ATChCl, 0.5 mM glucose, 0.5 mM cel-
lobiose and 15�M catechol was used as a standard. After
measurements, all signals were divided by the signals of the
standard and corrected with the responses received from the
blank sample (Milli Q water); the relative response values
were calculated in this way. It was found that most of the
samples responded at least on one of the sensing enzyme
electrodes.Table 4summarises the relative responses from
the biosensor array obtained with industrial samples.

The CDH immobilised electrode responded only to one
sample from the pulp and paper industry (A10). In general,

the pulp and paper industry samples affected mainly the POD
based electrodes. U-group samples (untreated wastewater)
influenced HRP and TYR sensors more compared to group
A samples (alert wastewater). Some of the A-group sam-
ples provided responses on the cholinesterase-based sensors
(especially with AChE). However, this effect did not appear
with high probability due to the presence of pesticides in
samples but may be due to other undefined compounds. Ac-
cording to different enzymes with variable substrate speci-
ficity, it might be possible to eliminate presence of some
substrates (at least at detectable levels), e.g. monohydroxy
or o-dihydroxybenzene and quinone derivatives that should
appear at the CDH modified electrode. On the other hand, not
only 2e− acceptors as quinones play role in the CDH reac-
tions, but as well 1e− acceptors, e.g. ferricyanide, ferricitrate,
Cu2+ ion, tetramethylbenzene and 4-aminopyridine cation
radicals[35]. PODs responded to a wide range of substrates
(phenols, biphenols, anilines, benzidines, polyphenols, ascor-
bate, iodide), which can have interference effects if present

Table 3
Relative responses forp-aminophenol,p-cresol, phenol andp-chlorophenol with respect to catechol calculated from theImaxvalues from TYR, CDH, HRP/GOx,
and SBP/GOx sensors

Enzyme based electrode Relative response (%)

enol l

T
H
S
C

T

Catechol p-Aminoph

YR 100 5.3
RP 100 276
BP 100 236
DH 100 119

he calculated relative standard deviations were below 10%.
a Not observed.
p-Cresol Phenol p-Chloropheno

33 59 70
59 27 14
20 n.o.a n.o.
n.o. n.o. n.o.



16 R. Solná et al. / Analytica Chimica Acta 528 (2005) 9–19

Table 4
Relative responses (%), received from division of steady state responses for
samples by the corresponding response from a standard and with subtracted
blank sample responses (Milli Q water), from the enzyme modified array
determined for undiluted samples from pulp and paper (P&P) and pesticide
industries

Samples P&P Relative response (%)

CDH HRP SBP TYR AChE BChE

A1 <1 2.2 86 <1 <1 <1
A2 <1 <1 <1 <1 <1 <1
A3 <1 <1 <1 <1 <1 <1
A4 <1 <1 <1 <1 <1 <1
A5 <1 <1 15 <1 <1 <1
A6 <1 6.9 19 <1 <1 <1
A7 <1 <1 34 <1 <1 <1
A8 <1 <1 <1 <1 <1 <1
A9 <1 <1 <1 <1 16 63
A10 15 9.6 17 <1 1.5 <1
A11 <1 4.3 9.4 <1 5.4 <1
A12 <1 <1 <1 <1 <1. <1
A13 <1 <1 12 <1 9.6 <1
A14 <1 <1 40 <1 6.3 <1
A15 <1 <1 13 <1 48 <1
U1 <1 <1 <1 <1 <1 <1
U2 <1 40 57 6.7 <1 <1
U3 <1 44 24 <1 <1 <1
U4 <1 31 42 <1 <1 <1
U5 <1 <1 <1 250 <1 <1
U6 <1 47 36 <1 <1 <1
U7 <1 46 33 <1 <1 <1
U8 <1 377 <1 <1 <1 <1
U9 <1 25 <1 <1 <1 <1
U10 <1 32 86 <1 <1 <1
U11 <1 <1 <1 <1 <1 <1
U12 <1 <1 <1 198 <1 <1
U13 <1 <1 <1 <1 <1 <1
U14 <1 21 <1 37 <1 <1
U15 <1 10 <1 9.9 <1 <1

Pesticides
P1 <1 <1 <1 <1 29 100
P2 <1 <1 <1 <1 19 <1
P3 <1 <1 <1 <1 46 5.2
P4 <1 <1 <1 <1 100 <1
P5 <1 <1 <1 <1 <1 <1
P6 <1 <1 <1 <1 39 20
P7 <1 <1 <1 <1 29 9.5
P8 <1 <1 <1 <1 <1 <1
P9 <1 <1 <1 <1 38 100
P10 <1 <1 <1 <1 15 <1
P11 <1 <1 38 <1 18 <1
P12 <1 <1 <1 <1 20 <1
P13 <1 <1 <1 <1 33 <1

Catechol (15�M) and ATChCl (0.5 mM) served as initial standards.

in the samples. However, considering origin of the samples
(pulp and paper industry), the most reliable group seems to
be heteroaromatic compounds resulting from lignin degrada-
tion (e.g. coniferyl alcohol,p-coumaryl alcohol). One must
also take into account that the true sample composition was
unknown and thus influence from the matrix as well as other
undefined components can affect the total response remark-
ably.

The pesticide wastewater samples affected the ChE
electrodes, however, without any visible effect on the
oxidoreductase-immobilised electrodes (except sample P11
providing responses even on the TYR electrode). Thus, the
inhibition can be partially due to the presence of some heavy
metal ions resulting in the decrease of cholinesterase activity.
Even if considering only the relative responses of the enzyme
sensors to samples, the pulp and paper industry samples (U-
group) were clearly separated from the pesticide samples (P).
This clearly appears when one focuses on ChEs versus POD
and TYR responses. Due to the complexity of the obtained
responses, chemometric multivariate analysis was used as a
tool providing additional useful information, i.e. better qual-
itative resolution of different sample groups, as will be dis-
cussed below.

3.5.2. Chemometric analysis of samples data
Principal component analysis (PCA) can provide addi-

tional possibilities for investigation the measured data sets.
The result of raw data matrix processing is shown inFig. 5
as a PC1 versus PC2 plot (score plot). This two-dimensional
projection accounts for 90% of the data variance and indi-
cates three separate object groups. PC1 describes differences
between the origin of the samples with pesticide-based ones
(P) placed along the negative part and P&P wastewaters (A
a om-
p s of
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-group. According to the presumption that U-samples p
bly have higher toxicity levels than samples from the g
, the PC2 component might reflect the toxicity conten

he samples. The high discrimination of the samples ac
ng to their origin (described by PC1 inFig. 5) would be hard
r even impossible to conclude based only on the kn
dge of the responses from the enzyme sensors summ

n Table 4. Thus, the score plot clearly facilitates to visua
he differences between the samples.

Another aspect of the information derived from PCA
ow important particular response variables (i.e., the
ors) are for each PC in the model. These properties c
onveniently displayed in the loading plot. The relations
etween objects (samples) and variables (responses) an
uch they influence the system are often best illustrat
score-loading bi-plot. This plot includes the score coo

ates as well as the corresponding loading values. To
asily visualise the relationship between measured sa
nd the variables derived from each enzyme sensor in t
ay, the raw data matrix was simplified. Instead of using
ariables to characterise response on the enzyme sen
as done when creating the model inFig. 5, only one value
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Fig. 5. PCA score plot for the first two principal components, which explain 90% of the total variation in data, obtained from environmental samples. Each
sample corresponds to 6830 response variables detected by six enzyme-based sensors (each sensor responses are built of 810 variables). P representspesticide
samples whereas A and U samples represent two subsets of P&P wastewater varying in toxicity content.

clearly separated from each other, but compared to the pre-
vious score plot based on whole sample responses (Fig. 5)
the groups are more tightly situated around the origin and
it may be possible that important information hidden under
other variables has been excluded. Three pesticide samples
(P5, P8 and P11) were after PCA analysis placed into group
A of pulp and paper samples (marked with arrows inFig. 6).
This deviation can be explained according to the results sum-
marised inTable 4(based only on one steady state response

variable for each sensor in the array) where these samples
seem to be outliers of the pesticide sample group. Samples
P5 and P8 did not distinguish themselves with any inhibition
effect on the ChE sensors and for sample P11; some response
was found on the TYR sensor.

ConsideringTable 4, the POD sensors (HRP/GOx and
SBP/GOx) responded strongly to P&P samples. The sam-
ple group A was more influenced by SBP/GOx whereas
HRP/GOx responded slightly better to the sample group U.

F onship buil
v orrecte where
s ples i e marked w
a

ig. 6. PC1 vs. PC2 score-loading bi-plot that characterises the relati
ariables; each represents the steady state response of one sensor c
amples represent two subsets of P&P wastewater. The pesticide sam
rrows.
between tested samples and response variables. The raw matrix wast from six
d according to a standard response. P represents pesticide samplesas A and U
ncluded in the cluster of pulp and paper industry subset A samples arith
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These relations are clearly shown in the score-loading bi-plot
(Fig. 6). Furthermore, as shown inFig. 6andTable 4, the in-
fluence of the AChE and BChE sensors on sample group A
was evident, and the relation between the TYR sensor and the
U-marked samples was visible, too. The CDH sensor only re-
sponded to one sample (sample A10), which resulted in a high
influence on the A-marked samples indicated in the score-
loading bi-plot (Fig. 6). However, it is difficult to evaluate
from these experiments whether this response was an out-
lier, which can be excluded from the analysis, or significant.
Furthermore,Table 4shows that the pesticide samples more
or less provided responses only on the pesticide-sensitive
cholinesterase sensors. InFig. 6, this effect can be seen as
a negative correlation between the P-scores and the AChE
and BChE loadings along PC1.

4. Conclusions

The first part of the present work proved the high poten-
tial of developing multienzyme array systems that can be
used for detection of phenolic and pesticides compounds.
The lowest limits of detection were determined as 0.80 nM
carbaryl (AChE immobilised sensor), 2.8 nM heptenophos
(BChE sensor), 0.41�M catechol with the HRP/GOx elec-
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more, some portable device incorporating the multivariate
data analysis for quick sample characterisation will be highly
useful for field measurements.
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[32] P. Skĺadal, Food Technol. Biotechnol. 34 (1996) 43.
[33] S.-Y. Seo, V.K. Sharma, N. Sharma, J. Agric. Food Chem. 51 (2003)

2837.
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