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Abstract

The screen-printed four-electrode system was used as the amperometric transducer for determination of phenols and pesticides using im-
mobilised tyrosinase, peroxidase, acetylcholinesterase and butyrylcholinesterase. Acetylthiocholine chloride was chosen as substrate for
cholinesterases to measure inhibition by pesticides, hydrogen peroxide served as co-substrate for peroxidase to measure phenols. The
compatibility of hydrolases and oxidoreductases working in the same array was studied. The deteptimesufi, catechol and phe-
nol as well as of pesticides including carbaryl, heptenophos and fenitrothion was carried out in flow-through and steady state arrange-
ments. In addition, the effects of heavy metals {CuCP+, Fet), fluoride (NaF), benzene and dimethylsulphoxide on cholinesterase
activities were evaluated. It was demonstrated that electrodes modified with hydrolases and oxidoreductases can function in the same ar-
ray.

The achieved R.S.D. values obtained for the flow system were below 4% for the same sensor and less than 10% within a group of five
sensors. For the steady state system, R.S.D.s were approximately twice higher. One assay was completed in less than 6 min. The limit of
detection for catechol using tyrosinase was equal to 0.35 and\ i the flow and steady state systems, respectively. On the contrary, lower
limits of detection for pesticides were achieved in the steady state system—carbaryl 26 nM, heptenophos 14 nM and fenitrqitibn 0.58
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of their relatively low persistence in the environment, but
some of them exhibit fairly high acute toxicity. For these rea-
Phenols are involved in many industrial processes and con-sons, the determination of phenols, organophosphates and
sequently, these substances appear widespread in industriatarbamates posses a high environmental importance.
waste[1]. Many of them, especially chlorophenols, exhibit Current analytical techniques for these toxic compounds,
toxic effects on animals and plarjs 3]. Organophosphates  such as gas and liquid chromatographyl0], are very sensi-
and carbamates represent two groups of the most commonlytive and reliable; on the other hand, the instrumental methods
applied pesticides. They are preferred in agriculture becauseare time-consuming, expensive and not suitable for field use.
Bioanalytical assays including biochemical sensors represent
« Corresponding author. Tel.: +420 5 41129497; fax: +420 5 41211214, & Promising alternative to the classical methods due to their
E-mail addressr.solna@email.cz (R. Sc). relatively low-cost of operation, the potential of miniaturisa-
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tion and rapid and simple detection procedures suitable for pounds. In the second case, the conversion of phenols by
fast screening purposes. tyrosinase proceeds in two consecutive steps with molecu-
Numerous biosensors for detection of phenols based onlar oxygen as the oxidising compound. Monophenol is hy-
tyrosinase (EC 1.14.18.11,11-22] and peroxidase (EC droxylated to produce-diphenol, which is further oxidised
1.11.1.7)[23-31] have been developed. The advantage of within the second step to-quinone. Finally, tyrosinase is
peroxidase-based biosensors is an improved sensitivity foroxidised by oxygen to its native form with production of
several phenolic compounds, which are poor substrates forwater.
tyrosinase. The determination of organophosphates and car- The multienzyme electrochemical sensors including
bamatesis usually based oninhibition of cholinesterases. Var-immobilised cholinesterase, tyrosinase or peroxidase al-
ious electrode configurations based on different transductionready exist; the amperometric bi-enzyme sensors with co-
systems have been reported for these enzyme sensors. Amonignmobilised i.e., cholinesterase together with choline oxi-
these, amperometric detection methods have been one oflasd41,42], peroxidase with glucose oxidase (using screen-
the most commonly employdd7-27,32—-39]. Amperomet-  printed electrodeg®3], and potentiometric biosensors based
ric biosensors using cholinesterases (acetylcholinesterasepn the semiconductor structures using cholinesterase, ure-
EC 3.1.1.7, and butyrylcholinesterase, EC 3.1.1.8) employ ase and glucose oxida$é4,45]. All these biosensor ar-
thiocholine esters as enzyme substrates, which are enzy+ays were directed at pesticide determination (i.e., carba-
matically hydrolysed producing thiocholine. The last is di- mates, organophosphates, triazines). For determination of
rectly electrochemically oxidisdd0]. The principle of such phenols, especially amperometric peroxidase—tyrosinase sys-
a biosensor is presented ifg. 1, A. The mechanism in- tems were developef46,47]. This paper describes the
volved in peroxidase or tyrosinase-based biosensors (Fig. 1 biosensor array based on four electrodes with immobilised
B) for detection of phenols consists of their enzymatic oxi- peroxidase, tyrosinase, acetylcholinesterase and butyryl-
dation to quinones (or free radicals), which are eletroactive cholinesterase as members representing different enzyme
and can be reduced back at the electrode sufi;26]. In groups (oxidoreductases and hydrolases). The performance
the first case, peroxidase is oxidised by hydrogen peroxide of the developed enzyme array system was tested using both
followed by its reduction to native form by phenolic com- steady state and flow-through measurements and finally ver-
ified by monitoring some real wastewater samples from in-
dustrial sources in the steady state system.

(A) + R,COOH
RS-COR: Gt ra

current

ATChCI 2. Experimental

\

R-S-5-R

2.1. Chemicals
anode (+350 mV vs. Ag/AgCl)
time Bovine serum albumin (BSA), glutaraldehyde, cate-
chol, acetylthiocholine chloride (ATChCI), acetylcellulose

() DailpaC) Ht (Mn ~ 30,000), acetylcholinesterase (AChE—electric eel,

U S0 L Type VI-S, 292 IU mg 1) and tyrosinase (TYR—mushroom,
u 6050 U (AAsgoy) mg 1) were purchased from Sigma (St.
R - peroxidase Louis, MO, USA), Carbopack C (80/100 mesh) from Su-
HRP g pelco (Bellefonte, PA, USA), poly(ethylene glycol) (400)
\ N diglycidyl ether (PEGDGE) was from Polysciences (War-
‘t tyrosinase rington, PA, USA), poly(1-vinylimidazolyl){osmium(14
Ph'or Q Ph dimethylbipyridine)Cl}*/2* (PVI,-Os, n = 13) from
time TheraScience (Alameda, CA, USA), butyrylcholinesterase
(BChE—horse serum, 65lUmg) was from Fluka
cathode (-50 mV vs. Ag/AgCl) (Buchs, Switzerland) and peroxidase (HRP—horseradish,

_ . _ . 2501U mg1) was obtained from Biozyme (Biozyme Lab-
Fig. 1. The mechanlsm _of enzyme-based biosensors. Current time dEpe_n-OratoriES, Gwent, UK). All pesticides were provided by Dr.
dence usually obtained in the case of steady state measurements: (A) with, = .+ i . .
cholinesterase; and (B) with tyrosinase- or peroxidase-modified electrodes.B' Sakf (Mlllta_ry Research In_StItUte of Protection, Bmo)'
Arrows indicate addition of appropriate substrate into electrochemical cell. All other chemicals were obtained from Merck (Darmstadt,
A-thiocholine ester (~RS-CO#is hydrolysed by cholinesterase toproduce  Germany). Water purified with the Milli Q system (Millipore,
acid (R;:COOH) and thiol (RSH), whichis directly oxidised onelectrode sur- - Bedford, MA, USA) was used to prepare all solutions.
face. The resulting current is proportlonal to activities ofChEs_. B—phenolic The real wastewater samples, Containing possible pes-
compounds (Ph) are converted to quinones (Q) or free radicaly ®Bh . . .
tyrosinase or peroxidase in the presence of molecular oxygene or hydro-tl(_;Ides and phenOIS’ were received fro_m E'_Jr(_)pean indus-
gene peroxide, respectively. Quinones are then reduced back on electrodd/1€S. The samples were marked for confidentiality reasons as

resulting into current proportional to concentration of phenols. S01-S10 (S01 and S02 from pesticides-producing industry,
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S03-S05 from pharmaceutical industry and S06—S10 from 5) mixture with only BSA—12u BSA (50 mg mi1), 132l

pulp and paper industry). The tap water was sampled at Lund

University (Lund).

2.2. Preparation of biosensors

The four-channel screen-printed sensors (strips 8xm
50 mm, electrode diameter 1 mm) were supplied by BVT
(http://lwww.bvt.cz, Tsnov, Czech Republic). The original

screen-printed platinum working electrodes were used forim-

mobilisation of cholinesterases. Forimmobilisation of tyrosi-

phosphate buffer (50 mM, pH 7.0) and 1B1% glu-
taraldehyde.

The electrode arrays covered with appropriate mixtures
described above were placed in a closed vessel overnight in
a refrigerator (this step is not necessary for tyrosinase im-
mobilisation which is ready after 3—4 h drying at room tem-
perature), and stored in the dry state or covered by a drop of
buffer (required for the tyrosinase array as protection of the
hydrogel polymer-layer against damage) in the refrigerator.

The initial enzyme combination, which was tested in the

nase and peroxidase, the screen-printed platinum electrodefiow system, included either acetylcholinesterase or butyryl-
were coated by manual deposition of the carbopack-basedcholinesterase together with tyrosinase immobilised on plat-

carbon ink. The ink was prepared by mixing 100 mg car-

inum and on carbopack layer modified electrodes, respec-

bopack C with 0.32 ml of a solution containing 1.5% acetyl- tively. The albumin layer for evaluation of any non-specific

celullose dissolved in a mixture of cyclohexanone and ace-

tone (ratio 1:1)48]. The resulting carbopack layer was al-
lowed to dry for 1 h.

response covered the fourth working electrode. For steady
state measurements in a stirred vessel, four different enzymes

were immobilised on one sensor—AChE, BChE, HRP and

The individual electrodes were subsequently covered by tyrosinase (Scheme 1).

1wl of the immobilisation mixtures. The following compo-
sitions were used for individual electrodes:

1) 10pl AChE (20 nkaful=1), 12l BSA (50 mgmi),
132l phosphate buffer (50 mM, pH 7.0) and LB1%

glutaraldehyd¢32];
2) the same as before but BChE used instead of AChE;
3) 30ul tyrosinase (10mgmit), 6ul PEGDGE

(5mgmi1) and 24ul PV113-Os (5 mg mt?) [48];
4) 22ul HRP (38 mgmt1), 132ul phosphate buffer and
13wl 1% glutaraldehyde;

SYSTEM SENSOR

SPE / ENZYME / IMMOBILISATION

= flow-through
= CP/TYR/PVI-Os
Pt/ AChE/GA
Pt/ BChE/GA
Pt/BSA/GA

= steady state
= CP/TYR/PVI-Os
CP/HRP/GA
Pt/ AChE / GA
Pt/BChE/GA

2.3. Electrochemical measurements

Scheme Dbriefly summarises, the plan of measurements,

the combinations of immobilised enzymes on two types of

sensors is given and the analysed compounds in the flow
and steady state system are presented. The initial part of
experiment was performed in the flow system. The four-
channel biosensor was fixed in the flow-through cell with

the inner volume of 1Q.l (constructed in-house) containing

TESTED COMPOUNDS

= Cu¥, Cd*, Fe™ (heavy metals)

= NaF

= DMSO, benzene (organic solvents)
=> phenol, catechol (phenols)

= carbaryl, heptenophos (pesticides)

= cu?, cd, Fe*'

= NaF

= DMSO, benzene

= phenol, catechol, p-cresol

= carbaryl, heptenophos, fenitrothion

= REAL SAMPLLES (spiked and industrial)

Scheme 1. Scheme of measurements in the flow-through or steady state systems using either immobilised tyrosinase with acetyl and butyrylcholinesterase
or tyrosinase, peroxidase, acetyl and butyrylcholinesterase on carbopack layer (CP) or free Pt under glutaraldehyde (GA) or PEGDGE/PVI-Os cross-linking
conditions. NaF and some compounds from the group of heavy metals, organic solvents, phenols and pesticides were tested with further evaluation of the
biosensor for determination of real samples in the steady state system.
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pseudoreference silver electrode and connected to the mul-3. Results and discussion
tipotentiostat detector (MEB, Multichannel Electrochemical
Biosensor, constructed byfUKitli €ka, Brno, Czech Repub- Cholinesterases and phenol oxidase enzymes have been
lic). The measured signals (electrode currents) were recordedrequently used for the development of biosensors for detec-
in a computer using the MebTools program (created by P. tion of pesticides and phenolic compounds in environmental
Skladal). The flow rate (10@Imin~1) of buffer (50 mM or wastewater samples. The current trend in development of
phosphate buffer pH 7.0 with 100 mM KCI) and samples parallel measurement systems brings the questions if these
was controlled by the Minipuls pump MP-3 (Gilson, Villiers-  biosensors proven to be potentially useful in rapid analysis
le-Bel, France) and sample additions (BDwere realised of environmental hazards could be combined into arrays. No
by the Gilson 233 XL Autoinjector. The operating potential principal limitations for combining several enzymes in one
was +350 mV (at the cholinesterase-modified electrodes) andarray seem to exist; however, the requirements of different co-
—50 mV (atthe tyrosinase-modified electrodes) versus the in- substrates for functioning of the mentioned enzyme-modified
ternal Ag reference electrode. Determination of analytes waselectrodes make the answer less straightforward. For exam-
based either on the inhibition action (for ChEs, in the pres- ple, the amperometric cholinesterase-based biosensors re-
ence of 0.5 mM acetylthiocholine chloride as substrate) or en- quire acetylthiocholine- and peroxidase-modified electrodes
zymatic generation of oxidised phenols (for tyrosinase- and require hydrogen peroxide for their function. To properly ad-
peroxidase-modified electrodes). For measurements, pestidress the compatibility question, the effects of peroxide on
cides were prepared as methanolic soluti@& and mixed the action of esterase and tyrosinase-modified electrodes as
with 0.5 mM ATChCI solution to provide final pesticide con- well as the effects of acetylthiocholine on peroxidase- and
centrations of 1, 10, 100, 1000 and 10Qapi—1. Samples tyrosinase-modified electrodes should be evaluated. The dis-
were always injected after stabilisation of the background cussion below briefly summarises the results, which have
current. The differences in the peak current were used for been carried out to better understand the compatibility prob-
the evaluation of pesticide effect on the biosensors. The ini- lem arising from combination of two classes of biosensors in
tial signal (9) of biosensor from substrate (acetylthiocholine one sensing array.
chloride) was determined without pesticide and then the sig-
nal & in the presence of pesticide (without a preincubation 3 1 - cpolinesterase-modified electrodes in biosensor
steps). Inhibition was calculated as Inh =1S,/S,. arrays

For steady state measurements, the biosensor was placed

in astirred (2000 rpm) vessel containing 8 mlof SO0MMPphos- e calibration curves for several pesticides based

phate buffer with 100mM KCI (pH 7.0) together with the =, o getermination of acetylcholinesterase and butyryl-

pseudoreference silver electrode. As signals, the changes of g jinesterase activity in flow-through and steady state sys-
currents from electrodes in array reflecting enzymatic oxi- tems are shown iffigs. 2 and 3. Limits of detection (corre-

datior_l or reduction processes or inhibition effects from the sponding to 10% inhibition) are summarisedable . From
chemical compounds in samples were recorded. ATChCI

(0.5 mM) as a substrate for cholinesterases and hydrogen per-
oxide (100uM) as co-substrate for peroxidase were used.
The pesticide solutions and calculation of percentual in- ol ] A
hibition were prepared in the same way as for the flow
system. 10}
The developed biosensor was tested using real samples in -
the above-mentioned steady state system. The pre-treatmeni . 20 -
included only filtration step for separation the biggest par- I
ticles (Swedish filter paper Class 2 No. 3; A3-90-700;
Grycksbo Papperbruk, Sweden). Two types of real samples

| |AChE
ol| D carbaryl

hibition (%)
w
o
T

. . . 4
have been measured using the biosensor arrays. First, the= | | o heptenophos
responses for pesticides and phenols were recorded in tap ;| |BChE
water. These samples were spiked with pesticides (carbaryl || & carbaryl

and heptenophos) and phenols (phenol and catechol) to get  go |.| ¥ Meptenophos

final concentrations of 7, 15 and 1g§/~! and 5, 20 and . - L . . . L s L
501M for pesticides and phenols, respectively. The spiked 0 ! 2 3 4
samples in the volume of 30 were added into 8 ml of log(c/pgi™)

buffer used in the measurement cell. The second set of the

real samples was provided by European industries. The ef-Fig- 2. Calibration'curves for carbaryl_ and hept_enopho.s obtained with the
fects of these samples on the responses of the array bioSenChE-based arrays in the flow system without pre-incubation steps; percentual

inhibition was calculated as Inh = 10044 S//Sp); Sp and § represent the
sor electrodes to 0.5 mM ATChCl and @ catechol were signals for substrate without or with pesticide, respectively. As substrate

evaluated. 0.5mM ATChCl was used and +350 mV potential was applied.
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Table 3
0F Linear range of detection for the tested heavy metals and NaF with the AChE
or BChE-modified electrodes
20 | Linear range (mM)
. Steady state system Flow system
2
s 40r | o heptenophos AChE BChE AChE BChE
8 fenitrothi
£ : CZ?g;°r§,|'°" cwt 0-0.1 0-0.05 0.01-0.1 0.01-0.1
'-g 60 - |BchE Cd* 0-0.4 0-0.05 n.8. n.o.
= v heptenophos Fet 0.1-1.3 0.1-2 1-10 0.5-10
< fenitrothion NaF 0.05-0.2 0.01-0.2 0.1-1 0.05-1
80 -
< carbaryl % @ Not observed (up to 5mM concentration).
&]
100 1 L 1 L | L | L 1 L 1 1
2 -1 0 1 2 3 4 DMSO and benzene as organic solvent slightly decreased
log(c/ugi™) the enzyme activity of ChEs. The presence of 0.1% (v/v)

Fig. 3. Calibration curves for carbaryl, heptenophos and fenitrothion ob-

DMSO resulted in a 10% loss of activity. Benzene was ef-
fective above 0.01% (v/v) with 40% inhibition obtained for

tained in the steady state system; inhibition has the same meaning as already) 194 (v/v) concentration. The effects of organic solvents on

mentioned irFig. 2.

Table 1
Limits of detection of pesticides determined in the flow and steady state sys-

ChEs have been studied and published by other researchers
[39,51].
To record activity/inactivation of the ChE-modified elec-

tems: the values represent concentrations required to obtain 10% inhibition trodes, +350 mV applied potential is required for oxidation

of cholinesterase activity

of thiocholine. In the case that the analysed samples contain

System LOD (ugth) phenolic compounds, some of them will be directly electro-
Carbary Heptenophos Fonitrothion chem|f:ally oxidised. Th!s can pe conclgded from our ob-

servation that catechol in solution contributed to the elec-
AChE BChE AChE BChE  AChE BChE  trode current similarly as thiocholine. For 0.2 mM catechol,

Flow 208 492 121 118 - - the electrode current was about 300 nA, i.e., about two-times
Steady state 53 201 36 .74 266 160 higher than typically observed with the ChE-modified elec-

0.5mM ATChCI as cholinesterases substrate was used.

trodes at 0.5 mM of acetylthiocholine. The presence of phe-
nol didn’t have any effect. Catechol also slightly inhibited

this table it is clear that using steady state measurements it isChES- Repeated measurements (10) using O:l_ mM catechol
possible to determine pesticides at lower concentration; prob-Solution decreased the response of ChE-modified electrodes

ably due to the longer (10 min) interaction with the enzymes @S much as to 30% of the initial its value. Similar inhibi-
at electrodes if compared with flow-injection measurements, tion effects were observed in flow-injection and steady-state

In addition to pesticides, cholinesterases are inhibited by méasurements.

heavy metals and by fluoridé9,50]. The effects and limits of
detection of some heavy metals &uCdt, Fe¢+) and NaF
on the biosensor system are summarised@iables 2 and 3.

Table 2

The effect of some heavy metals and NaF on cholinesterase activity deter-

mined in the flow and steady state systems

Steady state system Flow system
AChE BChE AChE BChE
Inhibition (detection limit,.M)
Ct 4 7 n.o2 n.o.
Fet - 150 n.o. n.o.
NaF 125 46 290 100
Activation (detection limituM)
Felt 600 - 2300 2300
(ofizas 10 13 50 60

Detection limits of inhibition or activation corresponded to ratio signal/noise
equal three.

@ Not observe either activation or inhibition effect up to the concentration
of 5mM.

The effects of HO; at concentration range of 5-200/
on the ChE-modified electrodes were investigated. No signif-
icant effects of HO»> were noticed on the cholinesterase ar-
rays atlower concentrations of peroxide. However, atdR0
and above the 20-40% decreases of the responses were
observed.

The main conclusions from testing of the ChE-modified
electrodes in array containing also redox enzymes sensitive
to phenols can be summarised as follows. The signals on the
ChE-modified electrodes are significantly affected by sub-
strates of phenol oxidising enzymes. The effects are well
pronounced and might increase as well as decrease the sig-
nal, e.g., current from direct oxidation of catechol will in-
crease the current response being not distinguishable from
the oxidation current of thiocholine. An opposite contribu-
tion from catechol will be due to slow irreversible inhi-
bition (decrease) of response of the ChEs-modified elec-
trodes. Despite these negative effects of phenolic compounds
on the specific responses of hydrolase-modified electrodes,
the ChE-modified electrodes can still function as pesticide
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Fig. 4. Calibration curve for catechol and phenol in the flow system based on Fi9- 5. Calibration curves for phenols (phenol, catecpetresol) in com-
their detection with biosensors consisting of tyrosinase immobilised either Pination with 10.M H20, and 0.5mM ATChCI received in steady state

on pure Pt or on the carbopack layer. Potentia-60 mV was applied. system with tyrosinase and peroxidase arrays. Potential5@fmV was
applied.

sensitive biosensors in arrays hosting also other classes of
enzymes. the current for phenol in the absence of ATChCI). For com-

parison between HRP and tyrosinase-modified electrodes, the
calibration plots recorded with the tyrosinase-based biosen-
sor are also included iRig. 5 and limits of detections are
summarised ifmable 4. The following order of sensitivities
_ : ... with tyrosinase was found: catechol (100%)resol (30%)

To understand the compatibility of oxidoreductases with and phenol (15%). From these resultsitis clear thatin general

ChEs in the array, Fhe effects of ace_:tylth|ochol_|r_1e on perfor- ATChCI decreases the response of HRP and the tyrosinase-

mance of the tyrosinase and peroxidase-modified electrodes_ ... .
. S ; modified electrodes. The degree of signal decrease depends

have been studied. The calibration curves for tyrosmase-On the tvbe of phenol

modified electrodes in the absence of acetylthiocholine ob- yp P !

. . Finally, the effects of HHO, concentration in the range
tained for catechol and phenol are shownFiig. 4. The o{ 5-200uM on tyrosinase-modified electrodes were inves-

responses of these electrodes decreased in the presence 8gated Below 10QM, no effects on response to catechol

ATChCI. The decrease depended on design of the tyrosinase- : . o
modified electrode and on concentration of ATChCl. At Were observed at the tyrosinase-modified electrodes. Above

0.5mM ATChCI, the signal of the tyrosinase-modified elec- 100uM, the presence of peroxide decreased the response of

trodes for 5QuM of catechol or phenol decreased by 5-8%. the electrodg. In comparison with the .previous.ly pgblished

At higher acetylcholine concentration (1 mM), the response ][esul_ts[48]f, I segms th_al}th k02 C?n acgv&tl)tle gr |nh|2|t the h

for phenol decreased by up to 25% and for catechol by up to unction of tyrosinase. The result probably depends on the

50%. The limits of detection with tyrosinase-modified car-

bopack or platinum electrodes were 0.35 and 0.38 for cate-aple 4

chol or 1.5 and 1.aM for phenol, respectively, in general Limits of detection of phenolic compounds (p-cresol, catechol and phenol)

slightly better in the absence than in the presence of acetylth-received with the tyrosinase- and peroxidase-modified electrodes in biosen-

iocholine. 0.5 mM concentration of ATChCl was chosen for sor array in the steady state system either for phenols only or in combination
. . . o ith 100pM H20, and 0.5mM ATChCI

the future measurements since cholinesterases exhibited suf~ p o2 an m

3.2. Tyrosinase- and peroxidase-modified electrodes in
biosensor arrays

ficiently good response already at this concentration and at”enolic compounds Limit of detection {.M)

the same time the influence of ATChCI on the responses of Peroxidase Tyrosinase

tyrosinase-modified electrodes was relatively low. p-cresol _ 53
Similarly, the signal decreasing effect of ATChCl has been phenol - 7.0

found at the HRP-modified electrodes. The calibration curves catechol - 17

for p-cresol, catechol and phenol in the presence of, 0 :28252;10(;?2?' 62'38 ég

H2>0 are shownirrig. 5. The sensitivity of peroxidase was as Hzozlcatechol 13 074

follows: p-cresol (100%), catechol (45%) and phenol (30%). ATChCI/H,0,/p-cresol 9.1 10

With the additional presence of 0.5 mM ATChCI, the signals ATChCI/H,O./phenol 77 6.1

were lower:p-cresol (90%), catechol (70% from the current ATChCI/H,0z/catechol 19 4.2

for catecholin the absence of ATChCI) and phenol (50% from Peroxidase and tyrosinase were immobilised on the carbopack-layer.
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Table 5 idase for detection of pesticides and phenols in real samples,
The results of the enzyme-based sensor for spiked samples of the tap wateghe initial test was made with tap water after fortification with
Real concentration Concentration in sample either carbaryl and heptenophos, or catechol and phenol as
in spiked sample determined by biosensor model compounds representing pesticides and phenols, re-
AChE BChE spectively. The absolute contents of pesticides and phenols
7pgl~t carbaryl 4+1 5.3+0.6 were estimated using calibration curves. The responses from
15 19+1 6x1 the enzyme-modified electrodes are summarisalle 5.
125 137+ 26 150+ 22 The calculated concentration values agreed more precisely
7ug I~ heptenophos 6.6+0.2 5+1 on the tyrosinase and HRP-modified electrodes compared to
15 18+3 x4 the ChEs electrodes. However, especially at the lower spiked
125 14540 162+ 21 concentrations, they distinguished nearly 20% of originated
Tyrosinase HRP concentrations. The found values for pesticides were lower
5 M catechol at1 39105 for concentration below or glose to LODs_.
20 1743 1943 The second part of experiments was directed towards test-
50 48+ 10 5045 ing real wastewater samples. The effect of dilution was stud-
5uM phenol 614 441 ied using yvastewater samples S02 and S06 originating from
20 2548 1742 the pesticide and pulp and paper industries. It was found that
50 554+ 4 4545 the samples provided response at ChEs, HRP and tyrosinase-

AChE, BChE, tyrosinase and HRP stand for the corresponding enzyme- based electrodes if diluted up to 16-times with buffer. The
modified electrode in array. The concentrations are means from two mea- puffer solution contained 0.5 mM ATChCI and 1AM hy-

surements. drogen peroxide as substrates. The equivalent concentrations
chemical design (immobilisation matrix, mechanism of reg- of heptenophos determined with ChE-modified electrodes
istration of signal, etc) of the electrode. and the corresponding catechol concentrations present in
these wastewaters determined by tyrosinase- and peroxidase-
3.3. Precision of measurements and stability of modified electrodes in array are shownTiable 6. Several
biosensor arrays conclusions can be made by analysing the obtained results.

First, presence of some phenolic compounds were found
The R.S.D. values characterising the measurements of catin samples: S03-S05, S09 and S10, i.e., wastewaters from
echol with tyrosinase- and peroxidase-based sensors werg@harmaceutical and pulp and paper industry, respectively.
less than 10% in the flow system and twice higher in the Secondly, the HRP-modified electrodes responded to all of
steady state system, based on 10 measurements carried otliese samples from both industries, however, tyrosinase only
using five different similarly prepared sensors. The responsesto water from the pharmaceutical industry. The explanation
of the sensors have decreased with the number of measureeould be, that the samples from pulp and paper industry con-
ments. Specifically, after 150 measurements conducted durtain compounds for which HRP is active, but not tyrosinase,
ing 5 days, ChEs typically lost about 40-60% of the initial e.g., lignin degradation products such as vanillin, guaiacol
activity, peroxidase about 80%, and tyrosinase 50-60%. [52]. These results prove that peroxidase and tyrosinase-
based biosensors in array provide complementary informa-
3.4. Sample analysis tion about the chemical composition of wastewater. Almost
all samples (except S01, SO7 and S02 with S08 for BChE)
For evaluation and testing of the suitability of the biosen- have inhibiting influences on the ChE-modified electrodes;
sor array based on two cholinesterases, tyrosinase and peroxnhibition was especially pronounced for the S10 sample. The

Table 6
The equivalent concentrations of heptenophosu@ii—1; measured by AChE and BChE-modified electrodes) and catech@Mirmeasured by Tyrosinase
and HRP-modified electrodes) in real wastewater samples

Enzyme-modified electrode Origin of wastewater

Pesticide industry Pharmaceutical industry Pulp and paper industry

So1 S02 S03 S04 S05 S06 So7 S08 S09 S10
AChE <LOD 120 57 13 280 13 <LOD 26 76 2300
BChE <LOD <LOD 410 14 34 210 <LOD <LOD 34 >10000
tyrosinase <LOD <LOD 10 10 6 <LOD <LOD <LOD <LOD <LOD
HRP <LOD <LOD 29 55 26 <LOD <LOD <LOD 48 70

The equivalent heptenophos concentrations were determined from percentual inhibition of AChE or BChE on the electrodes by wastewater using calibration
curves presented ifig. 3. Similarly, the equivalent concentrations of catechol were determined relating the response from wastewater observed with tyrosinase
or HRP-modified electrodes and calibration plots (Fig. 5). The detection limits for heptenophos and catechol wegte'3& AChE-modified electrode),

4.7ug171 (BChE), 4.2uM (tyrosinase) and 1gM (HRP).
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