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Abstract

Amperometric screen-printed biosensor arrays for detection of pesticides (organophosphates and carbamates) and phenols have been deve
oped. Cholinesterases (AChE and BChE), tyrosinase (TYR), peroxidases (SBP, soybean and HRP, horseradish) and cellobiose dehydrogenas
(CDH) were combined on the same array consisting of one Ag/AgClI reference electrode surrounded by eight radially distributed working
electrodes of either carbon or platinum. Mainly cross-linking with glutaraldehyde was employed for enzyme immobilisation. The substrates
for the enzymes were acetylthiocholine for cholinesterases (ChEs), cellobiose for CDH and hydrogen peroxide for peroxidases. Hydrogen
peroxide was generated in the presence of glucose by co-immobilised glucose oxidase (GOx). All measurements were performed in an
electrochemical steady state system specially constructed for eight channel screen-printed electrode arrays. The achieved relative standar
deviation values calculated for different enzyme substrates (10 measurements) were typically below 7% and one assay was completed within
less than 10 min. The detection limits for pesticides and phenols were in the nanomolar and micromolar ranges, respectively. The developed
biosensor array was evaluated on wastewater samples. To simplify interpretation of results, the measured data were treated with multivariate
analysis—principal component analysis (PCA).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction express analysis of many pollutants, which can function ei-
ther directly as substrates or as inhibitors of enzymes selected
The interest for environmental monitoring increases and for the sensing array. A number of sensors for determination
represents an urgent issue because of the expanding usef phenols and pesticides include a variety of transducers
of chemicals and biologically active substances in industry based on amperometrj8—10], potentiometrid11,12] and
and agriculture. In some cases, such substances can exhibibptical[13,14]detection. However, these sensors enable de-
fairly high toxicity. Phenols (especially chlorinated ones), termination of only individual compounds or subgroups of
organophosphates and carbamates as insecticides are typicatlated pollutants, while samples usually consist of a com-
examples of such compounfds2]. plex matrix of different compounds. This problem can be ad-
Enzymatic biosensor arrays represent promising pre-dressed by designing multibiosensors consisting of several
screening methods for rapid and simple measurements andransducer elements with different bioselective components
specific for various substances. In the environmental area,

* Corresponding author. Tel.: +420 5 49497013; fax: +420 5 41211214, With the exception ofimmunosensgis, 16]applied mainly
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for analysis of multiple samples in various field conditions mushroom, 2590 units AAzgg)/mg), bovine serum al-
has progressed during the last decade. The examples includbumin (BSA), glutaraldehyde, acetylthiocholine chloride
multienzymatic biosensors based on immobilisation of dif- (ATChCI), glucose, cellobiose, catechol amaminophenol
ferentenzymes fromthe same class, e.g. oxiddSgsarrays were obtained from Sigma (St. Louis, MO, USA). Glu-
combined with the same type of enzyme but from different cose oxidase (GOx-Aspergillus niger 2701U/mg) was
natural sources, e.g. different types of cholinesterfkgls from Biozyme (Biozyme Laboratories, Gwent, UK). Cel-
Usually, this approach enables detection of one type of an-lobiose dehydrogenase (CDH=kanerochaete chrysospo-
alyte in samples according to different substrate specificity: rium, 2.45 g/l,A120/A280=0.64) was purified according to the
biosensors for discrimination of phenols with immobilised method of Henriksson et 4R7]. Pesticides were provided by
tyrosinase together with laccase and/or peroxid&st9], Dr. B. Saf¥ (Military Research Institute of Protection, Brno).
acetylcholinesterase and butyrylcholinesterase based biosenAll other chemicals (including phenofi-chlorophenol p-
sors for determination of organophosphate and carbamatecresol) were obtained from Merck (Darmstadt, Germany).
pesticide$3,20]. Additionally, especially cholinesterasescan Water purified in a Milli Q system (Millipore, Bedford, MA,
be included in biosensor arrays for heavy metal detection, of- USA) was used to prepare all solutions.
ten co-immobilised with ureag21,22] The use of enzymes Wastewater samples were received from different Euro-
from different classes in one array can provide more infor- pean industries (30 samples from a pulp and paper industry
mation about heterogeneous composition of samples. Variousand 13 samples from a pesticide industry). The pulp and pa-
biosensor arrays fulfilling such requirements have been de-per samples were from two subsets of wastewater marked
veloped, mainly with enzymes belonging to oxidoreductases as untreated (U) and alert (A), respectively. The latter sub-
and hydrolases, e.g. biosensor arrays for determination ofset was received after processing in a pilot treatment plant at
glucose, lactate, glutamine, glutamate with glucose oxidase,ANOX, Lund, Sweden. The effluent quality was regulated to
catalase, lactate oxidase, glutamate oxidase, glutaminase anthe “alert” toxicity level by the addition of nutrients N and P
asparaginase as biorecognition elemgf$and glucose ox-  to the wastewater batch prior to the treatment. At DHI Wa-
idase, lactate oxidase, creatininase/creatinase, sarcosine oxter and Environment, Hgrsholm, Denmark, the two subsets
dase and urease sensors for detection of glucose, lactate, ureaf pulp and paper wastewater were further fractionated by
creatinine, chloride, ionised sodium, potassium, calcium and RP-HPLC (after pH adjustment and filtration) and diluted 10
magnesiunf24]. No principal limitations for combining sev-  times with Milli Q water. The pesticide-containing industry
eral enzymesin one array seem to exist. However, the require-samples (P) were collected from an effluent of a biological
ments of different co-substrates for functioning of the above wastewater treatment plant at the pesticides-producing com-
mentioned enzyme-modified electrodes make the answer lespany.
straightforward. The compatibility between oxidoreductases
and hydrolases when functioning in the same array based or2.2. Preparation of biosensors
four enzymes (combination of acetylcholinesterase, butyryl-
cholinesterase, tyrosinase and horseradish peroxidase) has Screen-printed arrays were obtained from BVT Tech-
already been studid@5,26]. nologies (Brno, Czech Republic). Eight working electrodes
The presentwork investigates the possibility toinclude ad- (=1 mm) were printed with a radial distribution on an
ditional enzymes (oxidoreductases cellobiose dehydrogenas@alumina support (5cm 1.2 cm) with either graphite paste
and soybean peroxidase) with different substrate specificitiesDP 7101 (Dupont, USA) or platinum. The Ag/AgCl printed
as one of the ways to obtain more information on environ- layer was used as a reference electrode. The original plat-
mental samples with unknown composition. The developed inum working electrodes were used for immobilisation of
biosensor array was tested in the amperometric steady stateholinesterases whereas screen-printed graphite electrodes
system using model phenolic and pesticide compounds andwere used for immobilisation of tyrosinase, peroxidase
later it was evaluated on wastewater samples from indus- (mixed with glucose oxidase) and cellobiose dehydrogenase.
trial sources. The obtained results were treated with princi- About 1l of each enzyme solution was added on the elec-
pal component analysis (PCA) to facilitate interpretation of trode surface. The prepared sensors were left in a closed
measured signals for qualitative classification of samples. vessel overnight at +4C in vapours of glutaraldehyde (orig-
inating from a drop of 3% solution). Before use, the arrays
were rinsed with Milli Q water. The final distribution of en-

2. Experimental zymes on the eight-electrode array was as follows (protein
concentrations in the deposited drops): (1) cellobiose dehy-
2.1. Chemicals drogenase (2.45 mg/ml); (2) horseradish peroxidase/glucose

oxidase bi-layer (both in the final concentration of 5 mg/ml);
Acetylcholinesterase (AChE—electric eel, 2441U/mg), (3) soybean peroxidase/glucose oxidase bi-layer (final con-
butyrylcholinesterase (BChE—horse serum, 345IU/mg), centrations of 5 and 10 mg/ml, respectively); (4) tyrosinase
peroxidase (HRP—horseradish, 263 purpurogallin units/ (10 mg/ml); (5 and 6) acetyl- and butyrylcholinesterase (each
mg and SBP—soybean, 108 units/mg), tyrosinase (TYR— enzyme solution prepared as a mixture ofulCenzyme
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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 nkatful) and 13wl BSA (50 mg/ml) in 11Qul phosphate
buffer[26]). Two electrodes (7 and 8) remained as uncoated
platinum and graphite~ig. 1).

2.3. Steady state measurements

The prepared biosensor array was fixed in the amperomet-
ric steady state cell (described elsewH@8j) 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 electrod¢s)] and —100 mV
(tyrosinase, horseradish and soybean peroxidase modifie
electrodes)9] versus Ag/AgCl were applied. The height
of 1.8 mm and speed of 15 Hz were used as cell-rotator pa-
rameterd28]. The immobilised enzymes were activated by
adding substrate solutions into 10 ml of 50 MM phosphate
buffer with 200 mM KCI (pH 7.0) to provide final concen-
trations of 0.5 mM acetylthiocholine chloride, 0.5 mM glu-
cose and 0.5mM cellobiose. Model compounds stock so-
lutions of either phenols (phenol, catechalaminophenol,
p-chlorophenol ando-cresol) or pesticides (heptenophos,
dichlorvos, carbaryl, fenitrothion and phosphamide) were
prepared in methanol (1 M phenols and 10 g/l pesticide stock
solutions).

Detection of phenols was based on a recycling mechanism
between the electrode surface and the immobilised oxidore-
ductase (TYR, HRP, SBP and CDH). The enzymes were acti-
vated by either oxidising agents{@r TYR and HO, gen-
erated from glucose by the co-immobilised glucose oxidase
for HRP and SBP) or a reducing agent (cellobiose for CDH).

After a stable steady state current depending on concentra-
tion of oxidoreductase substrates (glucose or cellobiose) was
established due to a direct electron transfer between the en-

zyme and the electrod29], a methanolic solution of phenol

11

mediators shuttling electrons between the immobilised oxi-
doreductase and the electrdd@el0]. The second steady state
currentdue to the concentration of phenols in the solution was
recorded.

Inhibition of pesticides was characterised by the relative
inhibition (Eqg. (1)), whereAl was calculated as steady state
minus background currents (E€R)). After addition of the
cholinesterase substrate, acetylthiocholine, a steady state cur-
rent,lss, 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 d/dt. The resulting ddt measured as the slope of the
current-time dependence, was proportional to the concentra-
tion of inhibitors. About 1Qul of the pesticide methanolic
solution was added into 10 ml of working buffer.

_(d1/dr)
= Al @)
Al = Iss— I ()

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 ATChCI, 0.5 mM glu-
cose, 0.5 mM cellobiose and i/ catechol was added into
the working solution. After stabilisation of a steady state
current, addition of the sample followed (finally 10 times
diluted). Milli Q water and additional catechol (final concen-
tration increase of 1pM) were used as reference samples. A
typical real record of addition substrates and sample is shown
in Fig. 2 To eliminate time shifts in the recorded curves (im-

Jportant for the multivariate analysis treatment), the sample

additions during all measurements were aligned to the same
recording time point.

sample

s

CDH

AChE

substrates [—— BGHE

Pt
graphite

SBP/GOx
HRP/GOx

\__-———— TYR

Fig. 2. Atypical plotrecording responses of all eight working electrodes. As
substrates, 0.5 mM ATChCI, 0.5 mM glucose, 0.5 mM cellobiose and15
catechol were used. As example, sample from pulp and paper industry was

200 nA

100 s

was added to the cell. The phenolic compounds served asadded.
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2.4. Treatment of sample data for chemometric analysis A) ChE
Chemometric treatment of signals from multienzyme  thiocholine ester—— thiocholine + acid
biosensor arrays can transform the complex responses into  ; yiqcholine ———» dithiocholine + 2¢" + 2 H*
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 B) TYR
case huilt of wastewater samples (rows) and sensor responses
(columns), is decomposed into a structured part based on the  monophenol —%— o-diphenol —(—“;J o-quinone +2¢ +2 H
systematic variance of the data and a noise part built of the o
random variation$30]. From the structured part, phenom-
ena hidden in large amounts of data can be visualised. The C) HRP(SBP)/GOx
samples can be characterised by selecting to subsets and rela-
tionships can be found among the sensor respd8sg$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 - HRP(SBP) + phenols —— HRP(SBP)yqive + phenoxy radicals
the data set, drift caused by the sensors can have large effects
on the calculated model. Thus, prior the PCA analysis,  Phenoxy radicals —zzz— phenols
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 D) CDH
the sensor) was corrected by measuring a standard (0.5 mM
ATChCI, 0.5mM glucose, 0.5mM cellobiose and il
catechol) before each wastewater sample. The whole steady  quinones + 2¢ + 2 H* ——s phenols
state response (810 equally time-distributed values) of the
sample was then divided by the mean steady state value phenols —=— quinones
of the corresponding standard. The data were additionally
normalised to Milli Q water responses obtained from all S;he_me 1. _S_ummary of the enzyme reactions included in biosensor arrays
. ._with immobilised AChE, BChE, TYR, CDH, HRP/GOx and SBP/GOX, us-
el_eCtrOdeS' The data were arra_nged into _a.raw data matrlxingthiocholine ester (ATChCI), glucose and cellobiose as enzyme substrates
with the selected response variables defining the columnspresent simultaneously in the solution. When positive (350 mV vs. Ag/AgCI
and the rows referring to the sample measurements. Whenfor ChEs and 400 mV for CDH) or negative-100 mV for TYR, SBP and
the raw data matrix was decomposed by PCA, new axes,HRP) electrode potentials were applied, currents were recorded on all elec-
called principal components (PC1 and PC2), were Created'?rodes resp(_)nding tq the conversion of electroactive compounds generated
) . . in the following reactions.
such that PC1 described the largest variance in the data and'
PC2 the second largest amount of data variance constructed
orthogonal to PC1 and independent on PCL1. In general, onlylogical target (A), results from their inhibition due to struc-
few components accounted for most of the data variance andtural similarity with acetylcholind32]. If a salt of acetyl-
were likely to provide most of the reliable information. or butyrylthiocholine (e.g. ATChCI) is used as substrate for
ChE, then thiocholine is produced during the enzymatic re-
action and it becomes subsequently anodically oxidised at
3. Results and discussion 350 mV. Tyrosinase (TYR), peroxidase (POD) and cellobiose
dehydrogenase (CDH) can patrticipate in detection of phe-
This chapter briefly summarises the results from de- nols through the reactions shown$theme (B-D). In the
terminations of model phenols and pesticide compounds presence of oxygen, TYR catalyses a two-step reaction that
(organophosphate and carbamate) with the amperometricincludes hydroxylation of monophenols ¢ediphenols and
eight-electrode sensor system based on immobilised acetyltheir subsequent dehydrogenatiorotquinones (B). These
cholinesterase, butyrylcholinesterase, tyrosinase, cellobioseare further electrochemically re-reduceddaliphenols at
dehydrogenase, horseradish and soybean peroxidase (both-100 mV, which consequently results in a bioelectrochem-
peroxidases were co-immobilised with glucose oxidase), andical amplification cycle. TYR is able to use mono-, di- and
its ability to evaluate industrial samples. trihydroxyphenols as substrates but it exhibits higher affinity
The electrocatalytic determination of phenols and pes- for dihydroxyphenols and it does not exhibit any activity for
ticides using the above mentioned enzyme electrode ar-the oxidation ofn- andp-benzenediolg33]. Phenols can also
ray takes advantage of the well-known reactions shown in be detected through the re-reduction of PODs, which previ-
Scheme 1The detection of organophosphate and carba- ously have been oxidised in the presence of hydrogen perox-
mate insecticides using cholinesterases (ChEs) as the bioide (C). The phenoxy radicals, formed during this reaction,

+

S-glucose —% gluconolactone + H>O,

H>0, + HRP(or SBP)ytive — > HRP(SBP)o« + H,0O

cellobiose — cellobionolactone + 2¢ + 2 H™
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are electrochemically reduced on the electrode surface at
—100 mV[34]. The direct addition of hydrogen peroxide into [ Carbaryl
the working solution can be replaced by its continuous gen- 24 | e Heptenophos
eration using co-immobilised glucose oxidase (GOx) when .| | 2 E‘f:;‘lgbho'g”
B-p-glucose is presentin the solution. Another option for phe- sol |* Phosphamide
nol detection is to use immobilised CDH (D). In this case, _ ™~
phenols are first anodically oxidised to quinones (at 400 mV), ‘; 33
which are subsequently reduced by CDH back to phenolsin 2 ;g1
the presence of cellobio$85]. s
42|
3.1. Evaluation of the enzyme electrode array i
ChEs were immobilised according to the published '2 '1 c'. 1‘ é :', :;
procedure by mixing enzymes together with BSA and log ¢ (ug/)

glutaraldehyde as cross-linking agef8]. In such a way,
the modified electrodes provided up to 2.5-times higher Fig. 3. Calibration curves for organophosphate and carbamate pesticides
responses Compared to app“cation of g|utara|dehyde crossdetermined with the AChE sensor. AChE was activated by acetylthio-
linking using only diluted enzyme solution. The obtained choline chioride (0.5mM) recorded as a stable steady state current. The
- _ pesticide inhibitions were characterised asRdgwhere relative inhibition
response was\| = _182/121 nA and R.S.D.=4.7/4.8% (10 is equal toRI=(dl/dt)/Al, di/dt characterised the time decrease in signal
measurements with 0.5mM ATChCI) for AChE/BChE, after addition of pesticide in the working solution containing acetylthio-
respectively. The proper enzyme immobilisation concentra- choline chloride. The applied potential was +350mV vs. Ag/AgCl. The
tions of PODs and GOx were tested in the range of 5, 10 relative standard deviations varied for both enzymes were in the range of
and 20 mg/ml. The highest responses were achieved for the?17>-9%:
mixtures containing 10 mg/ml HRP with 10 mg/ml GOx and
20 mg/ml SBP with 10 mg/ml GOx.

A suitable pH for measurements with this multienzyme
electrode array was found at pH 7.0. It represents the lower
pH of the optimal range for ChEs (e.g. at pH 6.75 BChE
already lost 34% of the activity reached at pH 7.0 and AChE  G|ycose can be used as CDH substrate too; however its
even 55%). On the other hand, at higher pH values, the loss gaPPya|ue is about 1000 times higher than for cellobiose, one

of activity of the oxidoreductases increased (from 201ill 50% of the most effective electron donors for this dehydrogenase
of the activity reached at pH 7.0). [37].

To find suitable working concentrations of substrates,
calibration curves were constructed for each component.
The apparent Michaelis constants and the maximal cur-
rents were calculated by fitting the variation of cur-
rent versus the concentration of substrate to the electro-
chemical version of the Michaelis—-Menten equation (Eq.
(3)), where [S] represents the substrate concentratjgg,
the maximum current and 3 the apparent Michaelis

e 0.5mM cellobiose from the range of 0.1-1 mM for CDH
with K3 = 0.30 mM andlmax=120nA when 10Q.M
catechol was present.

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 showfigs. 3 and 4respec-

constant. tively. Table 1summarises sensitivities and limits of detec-
ImaxS] tion (LOD) for all pesticides; LODs were determined as the
TSI+ KT @) lowest reliably detectable decreaseligof approximately

10pAs 1. AChE seemed to be more selective for carbaryl,
The following concentrations were used for all following ex- representing the carbamate insecticides, compared to other
periments: tested compounds (organophosphates), which is illustrated
by the sensitivity values. BChE did not provide so strict sep-
e 0.5mM ATChCI from the tested range of 0.1-5mM, aration of carbaryl versus other organophosphates. On the
the calibration parameters were obtained both for AChE other hand, compared to the AChE responses, BChE showed

(KZPP = 0.17 MM, Imax=54nA) and for BChE K" = higher sensitivity for organophosphates except phosphamide
0.31 mM, Imax=152 nA); (Table 1. The ChEs electrodes enabled the detection of pes-

e 0.5mM glucose from the range of 0.1-1 mM with fol- ticides in the nano- to micromolar range (0.8 nM—2M)
lowing parameters for GOx in combination with either depending on pesticide molecule. As might be seen, the
HRP (K5PP = 0.26 mM, Imax=262nA) or SBP k3PP = variation between limits of detection for different pesticides
0.07 mM, Imax= 181 nA), with added 10QM catechol; was relatively high. Therefore, considering future analysis of
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P tion curves fitted by the Michaelis—Menten equatidi’,
24l | = Carbayl Imax) and LODs are summarised fable 2 The sensitiv-
: * Heptenophos ity was calculated asnadKa P and LOD according to the
BT | 5 Donen SIN=3 ratio. From the parameters, the following conclu-
3.0 : p;i)s‘;{}’;’;ide sions can be made. The TYR and HRP/GOx sensors re-
= 33} sponded to all tested phenolaple 2. The TYR sensor
o 36| showed higher sensitivity fgo-chlorophenol than for phe-
2 a0 nol andp-cresol and the trend was similar for the HRP/GOx
) sensor. On the other hand, the results are completely different
4.2\ for the same sensors with regardsptaminophenol ang-
-4.5 - cresol (Table 2. The TYR sensor showed a lower sensitivity
48| 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 tp-cresol. For the SBP/GOx sen-
sor, noresponses for phenol and chlorophenol were observed,
Fig. 4. Calibration curves for pesticides obtained with the BChE- and a lower SenSItl_Vlty for_calteChOI ant,r,eSO' compared to
immobilised sensor. The meaning Rf (relative inhibition) is the same as ~ HRP/GOx was noticed. Similar sensitivities were found only
mentioned irFig. 3 as well as the working conditions. The relative standard for p-aminophenol. As expected, CDH preferred diphenols
deviations were found to be in the range 3.4—7.8%. (i.e. catechol ang-aminophenol), which after anodic oxi-
dation to quinones enter the CDH enzyme reacti@tle 3
gives a brief overview of relative responses for all phenols
heterogeneous and unknown samples; the array seems to beompared to the catechol response detected with the cor-
better suited for pl’eliminary Screening than for exact quanti- responding oxidoreductase e|ectr0ﬂ,ﬁax was used as the
tative characterisation. initial value for calculation.
The low inhibition effect of phosphamide, as evident from
Figs. 3 and 4and Table 1 probably depends on its phos- 3 4 precision of measurements and stability of the
phorodithioate structure. In general, organothiophosphates pigsensor arrays
which are characterised by one thione moiety%p and
three—OR grqup_s_attached to a phosphorus atom, are only  The relative standard deviation for 10 repeated measure-
weak ChEs inhibitors. Some of them can be slowly de- mens, calculated for final concentrations of 0.5 mM ATChCI,
graded photochemically to hydrolytic and oxidation prod- ( 5mM glucose, 0.5mM cellobiose and 2M catechol in
ucts. To speed up the conversion into the correspondingihe measuring solution, varied in the range between 1.7 and
oxon forms, treatment with bromine water has been sug- g 794 depending on the enzyme electrode used. With regards
gested as an easy and efficient method for in situ oxidation , the storage stability, the enzyme electrodes lost up to 20%
(38,39} of their activity on the second day, 50% on the fifth day (ex-
cept TYR which was more stable and lost only 30%), and on
3.3. Determination of phenols the seventh day only 20% of the initial enzyme activity re-
mained (tyrosinase 50%). The time required for one analysis
The selectivity for five phenolic compounds (catechol, was equal to the sum of the times necessary to establish a
p-aminophenol p-chlorophenol,p-cresol and phenol) was stable steady state current after substrate or sample additions
studied with the TYR-, CDH-, HRP/GOx- and SOP/GOx- togetherwiththe time interval needed to receive areliable de-
modified electrodes. All measurements were performed in termination of d/dt for relative pesticide inhibition (around
the amperometric steady state cell. Parameters from calibra-5 min).

log ¢ (ug/l)

Table 1

Limits of detection (LOD) and sensitivities for carbaryl, heptenophos, fenitrothion, dichlorvos and phosphamide determined with the ChEdbgltied- Ac
choline chloride was used as substrate for the ChEs. The relative standard deviations for limits of detection for AChE a BChE were in the rafgesd.1-5.9
3.4-7.8%, respectively

Pesticide AChE BChE
LOD (nM) Sensitivity (52 mol~11) LOD (nM) Sensitivity (s mol~11)
Carbaryl 080 100 93 34
Heptenophos 2 10 28 137
Fenitrothion 85 L 6.9 68
Dichlorvos 77 14 14 51

Phosphamide 130 3 2390 48
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Table 2

Maximum current kna), apparent Michaelis constank§") (obtained from the calibration curves of the tested model phenols), limit of detection (LOD,
S/N=3) and sensitivityl&aX/KﬁPp) 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.g. n.o. 200
CDH 333 n.o. n.o. n.o. 178
KPP (uM) TYR 80 71 121 89 284
HRP 106 43 13 3 36
SBP 93 167 n.o. n.o. 82
CDH 148 n.o. n.o. n.o. 125
Sensitivity (mA M) TYR 13 93 9.7 16 69
HRP 58 30 6.4 85 6.2
SBP 51 0.24 n.o. n.o. 2
CDH 23 n.o. n.o. n.o. B
LOD (uM) TYR 24 0.33 041 019 043
HRP Q74 10 18 0.39 041
SBP 060 14 n.o. n.o. r
CDH 14 n.o. n.o. n.o. 2

Glucose and cellobiose were used as substrates for GOx and CDH. Applied poteritZdsnV (TYR, HRP, SBP) and +400 mV (CDH) vs. Ag/AgCI. The
values were calculated as the average of three measurements and the relative standard devigtion®ferin the range 4.7-18%, fﬂﬂ’pwithin 7.3-17%
and for limits of detection within 1.6—10%.

a Not observed.

3.5. Sample analysis the pulp and paper industry samples affected mainly the POD
based electrodes. U-group samples (untreated wastewater)
3.5.1. Steady state measurement of samples influenced HRP and TYR sensors more compared to group

The developed biosensor array was further tested for in- A samples (alert wastewater). Some of the A-group sam-
dustrial samples potentially containing phenols and pesti- ples provided responses on the cholinesterase-based sensors
cides. A total number of 43 samples from a pulp and paper (especially with AChE). However, this effect did not appear
industry (two subsets of 15 samples each) and a pesticidewith high probability due to the presence of pesticides in
industry (13 samples) were analysed. The working buffer samples but may be due to other undefined compounds. Ac-
containing 0.5 mM ATChCI, 0.5mM glucose, 0.5mM cel- cording to different enzymes with variable substrate speci-
lobiose and 15.M catechol was used as a standard. After ficity, it might be possible to eliminate presence of some
measurements, all signals were divided by the signals of thesubstrates (at least at detectable levels), e.g. monohydroxy
standard and corrected with the responses received from theor o-dihydroxybenzene and quinone derivatives that should
blank sample (Milli Q water); the relative response values appear at the CDH modified electrode. On the other hand, not
were calculated in this way. It was found that most of the only 2e~ acceptors as quinones play role in the CDH reac-
samples responded at least on one of the sensing enzym&ons, but as well & acceptors, e.g. ferricyanide, ferricitrate,
electrodesTable 4summarises the relative responses from CW?* ion, tetramethylbenzene and 4-aminopyridine cation
the biosensor array obtained with industrial samples. radicals[35]. PODs responded to a wide range of substrates

The CDH immobilised electrode responded only to one (phenols, biphenols, anilines, benzidines, polyphenols, ascor-
sample from the pulp and paper industry (A10). In general, bate, iodide), which can have interference effects if present

Table 3
Relative responses fpraminophenolp-cresol, phenol ang-chlorophenol with respect to catechol calculated from thgvalues from TYR, CDH, HRP/GOx,
and SBP/GOx sensors

Enzyme based electrode Relative response (%)
Catechol p-Aminophenol p-Cresol Phenol p-Chlorophenol
TYR 100 53 33 59 70
HRP 100 276 59 27 14
SBP 100 236 20 n.d. n.o.
CDH 100 119 n.o. n.o. n.o.

The calculated relative standard deviations were below 10%.
a Not observed.
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Table 4 The pesticide wastewater samples affected the ChE
Relative responses (%), received from division of steady state responses forg|actrodes. however. without any visible effect on the

samples by the corresponding response from a standard and with subtracted__ . K -
blank sample responses (Milli Q water), from the enzyme modified array %deoredUCtase immobilised electrodes (except sample P11

determined for undiluted samples from pulp and paper (P&P) and pesticide Providing responses even on the TYR electrode). Thus, the
industries inhibition can be partially due to the presence of some heavy
Samples P&P  Relative response (%) 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-

CDH HRP SBP TYR AChE BChE

Al <1 22 86 <1 <1 <1 group) were clearly separated from the pesticide samples (P).
ﬁg 2 :1 :i j 2 2 This clearly appears when one focuses on ChEs versus POD
Al <1 <1 <1 <1 <1 <1 and TYR responses. Due to the complexity of the obtained
A5 <1 <1 15 <1 <1 <1 responses, chemometric multivariate analysis was used as a
AB <1 69 19 <1 <1 <1 tool providing additional useful information, i.e. better qual-
A7 <1 <1 34 <1 <1 <1 itative resolution of different sample groups, as will be dis-
A8 <1l <1 <1 <1 <1l <1l cussed below.
A9 <1 <1 <1 <1 16 63
A10 15 96 17 <1 15 <1
Al1 <1 43 94 <1 54 <1 3.5.2. Chemometric analysis of samples data
Al2 <1 <1 <1 <1 <1 <1 Principal component analysis (PCA) can provide addi-
Al3 <1 <1 12 <1 % < tional possibilities for investigation the measured data sets.
ﬁig :i :i ‘112 :1 433 <<11 The result of raw data matrix processing is showiig. 5
U1 <1 <1 <1 <1 <1 <1 as a PC1 versus PC2 plot (score plot). This two-dimensional
u2 <1 40 57 67 <1 <1 projection accounts for 90% of the data variance and indi-
us <1 44 24 <1 <1 <1 cates three separate object groups. PC1 describes differences
U4 <1 31 42 <1 <1 <1 between the origin of the samples with pesticide-based ones
32 :1 E ;é 232 zi :i (P) placed along the negative part and P&P wastewaters (A
u7 <1 46 33 <1 <1 <1 and U) situated on the positive side of the first principal com-
us <1 377 <1 <1 <1 <1 ponent. Variation within each of the three different types of
u9 <1 25 <1 <1 <1 <1 water seems to be described by PC2. The U samples are
u10 <1 2 86 <1 <1 <1 situated in the more positive parts of PC2 compared to the
BE :1 :1 :1 1;; le Zi A-group. According to the presumption that U-samples prob-
U13 <1 <1 <1 <1 <1 <1 ably have higher toxicity levels than samples from the group
u14 <1 21 <1 37 <1 <1 A, the PC2 component might reflect the toxicity content in
u15 <1 10 <1 2] <1 <1 the samples. The high discrimination of the samples accord-
Pesticides ing to their origin (described by PC1 kig. 5 would be hard
P1 <1 <1 <1 <1 29 100 or even impossible to conclude based only on the knowl-
p2 <1 <1 <1 <1 19 <1 edge of the responses from the enzyme sensors summarised
P3 <1 <t < <1 46 2 in Table 4 Thus, the score plot clearly facilitates to visualise
P4 <1 <1 <1 <1 100 <1 .
P5 < 1 < < < <1 the differences between the samples.
P6 <1 <1 <1 <1 39 20 Another aspect of the information derived from PCA is
P7 <1 <1 <1 <1 29 % how important particular response variables (i.e., the sen-
P8 <1 <1 <1 <1 <1 <1 sors) are for each PC in the model. These properties can be
ﬁio Zi 2 2 zi i’; 122 conveniently displayed in the loading plot. The relationship
P11 <1 <1 38 1 18 < between objects (samples) and variables (responses) and how
P12 <1 <1 <1 <1 20 <1 much they influence the system are often best illustrated in
P13 <1 <1 <1 <1 33 <1 a score-loading bi-plot. This plot includes the score coordi-
Catechol (15.M) and ATChCI (0.5 mM) served as initial standards. nates as well as the corresponding loading values. To more

easily visualise the relationship between measured samples

and the variables derived from each enzyme sensor in the ar-
in the samples. However, considering origin of the samples ray, the raw data matrix was simplified. Instead of using 810
(pulp and paper industry), the most reliable group seems tovariables to characterise response on the enzyme sensor, as
be heteroaromatic compounds resulting from lignin degrada- was done when creating the modekFiy. 5, only one value
tion (e.g. coniferyl alcoholp-coumaryl alcohol). One must  was taken from the signal steady state plateau after sample
also take into account that the true sample composition wasaddition and it was corrected to the mean value of the standard
unknown and thus influence from the matrix as well as other response. The score-loading bi-plot (PC1 and PC2 describe
undefined components can affect the total response remark74% of the data variance) rig. 6 shows that the scores for
ably. the three different groups of samples (P, A and U) are still
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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 sathples. Ea
sample corresponds to 6830 response variables detected by six enzyme-based sensors (each sensor responses are built of 810 variablgssicidpresents
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-variable for each sensor in the array) where these samples
vious score plot based on whole sample resporSigs H) seem to be outliers of the pesticide sample group. Samples
the groups are more tightly situated around the origin and P5 and P8 did not distinguish themselves with any inhibition

it may be possible that important information hidden under effect onthe ChE sensors and for sample P11; some response
other variables has been excluded. Three pesticide samplesvas found on the TYR sensor.

(P5, P8 and P11) were after PCA analysis placed into group ConsideringTable 4 the POD sensors (HRP/GOx and

A of pulp and paper samples (marked with arrowKiig. 6). SBP/GOx) responded strongly to P&P samples. The sam-
This deviation can be explained according to the results sum-ple group A was more influenced by SBP/GOx whereas
marised inTable 4(based only on one steady state response HRP/GOx responded slightly better to the sample group U.
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Fig. 6. PC1 vs. PC2 score-loading bi-plot that characterises the relationship between tested samples and response variables. The raw nétoixwas buil
variables; each represents the steady state response of one sensor corrected according to a standard response. P represents pesticidessaaptes where
samples represent two subsets of P&P wastewater. The pesticide samples included in the cluster of pulp and paper industry subset A samplestare marked w

arrows.
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These relations are clearly shown in the score-loading bi-plot more, some portable device incorporating the multivariate
(Fig. 6). Furthermore, as shown kig. 6andTable 4 the in- data analysis for quick sample characterisation will be highly
fluence of the AChE and BChE sensors on sample group A useful for field measurements.

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- . This v_vork was supported by the European Commis-
lier, which can be excluded from the analysis, or significant. >'°" (project INTELLISENS, contract number QLK3-2000-

FurthermoreTable 4shows that the pesticide samples more 01481) and the Swedish Research Council (VR).

or less provided responses only on the pesticide-sensitive

cholinesterase sensors. fig. 6, this effect can be seen as

a negative correlation between the P-scores and the AChEReferences

and BChE loadings along PC1.
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