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Determination of Toxic Substances Based on
Enzyme Inhibition. Part ll. Electrochemical
Biosensors for the Determination of
Pesticides Using Flow Systems

Silvia Sole, Arben Merkoci, and Salvador Alegret *

Grup de Sensors and Biosensors, Universitat Autonoma de Barcelona, 08193 Bellaterra,

Catalonia, Spain

* Corresponding author; E-mail: salegret@gsb.uab.es

ABSTRACT: Enzyme inhibition coupled to flow injection systems set-ups are a powerful tool
for the monitoring of environmental toxics. The present review examines the latest contributions
to this field where electrochemical detection is used. The advantages and limitations of the FIA
technique in the context of enzyme inhibition analytical procedures are discussed. The present
review is organized in accordance to the enzyme (cholinesterases, tyrosinases, or alkaline

phosphatase) used in the measurement.

KEY WORDS: pesticides, cholinesterase, tyrosinase, alkaline phosphatase, flow injection analysis,

electrochemical detection.
. INTRODUCTION

The development of biosensors to mea-
sure pesticides in discrete or batch systems
using enzyme inhibition presents a number
of advantages compared with classic manual
procedures and in some cases to conven-
tional instrumental methods (gas chroma-
tography, liquid chromatography, etc.). These
aspects have been reviewed thoroughly in
the first part of this review.!

The practical application of discrete or
batch systems based on inhibition biosensors
is limited by the high number of steps needed
for the measurement procedure. The
biosensors used in these systems have short-
comings for the continuous batch measure-
ment of pesticides and other inhibitors. They
show stability problems that call for a spe-
cial treatment of the sample and of the bio-
sensor surface. It is advisable to automate
the inhibition procedure if systems capable

1040-8347/03/$.50
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of monitoring inhibitors on-line are needed.
These automated systems should comprise
the treatment of the sample and of the bio-
sensor surface.

Among automated systems, flow injec-
tion analysis (F1a) has become a very versa-
tile and efficient technique for quantitative
automated analyses since its introduction 20
years ago.? This responds to the straightfor-
ward integration of the operations involved,
including sample injection, reagent transport
at preset flow rates, easy handling of the
flow system, and its ability to accommodate
different detection systems. The combina-
tion of biosensors with flow injection (Fr)
techniques permits the automation and inte-
gration of the steps involved in inhibition
analysis. Additionally, this technique allows
for the control of the reagent addition steps,
the measurement of enzyme activity, and
also simplifies the optimization of the condi-
tions of the reaction.
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There are two different strategies for the
integration of the biological material in a
flow system. The biological material is im-
mobilized onto a transducer (forming a bio-
sensor) or it is immobilized inside a reactor
placed upstream from the transducer form-
ing a bioreactor (see Figure 1). Both strate-
gies show distinct advantages (Table 1) and
the use of either one will depend on the
analytical problem at hand.

An automated biosystem is produced
when the biological material is integrated to
a flow system. The automated analytical
biosystems can be used for on line monitor-
ing of toxic substances based on enzyme
inhibition. They can be used also for sample
screening prior to the use of sophisticated
measurement systems.

In a continuous flow system not only the
analytical process has to be automated, but
also the regeneration of the biological mate-
rial that has been inhibited®* or at least the
substitution of the inhibited enzyme.’ In prin-
ciple, the application of changeable parts (in
biosensors or bioreactors) simplifies the
operation of the flow system, enabling the
continuous use of the system after it contacts
an irreversible inhibitor.® However, the re-
covery of the activity of the inhibited mate-
rial is one of the main obstacles for the au-
tomation of analyses using flow systems.

Although the application of FiA systems to
inhibition measurements contains a number of
operations (mixing of working solutions, incu-
bation step, biosensor surface cleaning between
measurements, etc.), the measuring time is re-
duced three to four times when compared with
inhibition-based batch methods. These facts
have provoked the rise in the number of reports
on inhibition detection based on flow systems.

Just as in discrete systems,' the biosen-
sor detection in flow systems can be electro-
chemical, optical, mass, etc. The present
review focuses on the latest advances in the
electrochemical detection of pesticides us-
ing enzyme inhibition detection in flow in-
jection systems.
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Il. CHOLINESTERASES INHIBITION

Several systems combining cholinest-
erases and flow systems have been described.
These systems use the enzyme either immo-
bilized or in the solution. The reaction mecha-
nisms are described in Part I of this review.!
Systems reviewed here include mono-en-
zyme set ups with potentiometric and
amperometric detection and bi-enzyme sys-
tems with amperometric sensing (che and
cho) both in the biosensor or bioreactor con-
figuration (see Table 2).

Flow systems based on electrochemical
detection using cholinesterase inhibition for
the measurement of organophosphorus and
carbamate pesticides reported during the last
decade are presented below.

A. Potentiometric Detection

As stated in the first part of this review,!
both the substrate and the number of enzymes
to be used define the choice of the transducer
type. If one enzyme is used (chg) and the
substrate 1s R-choline, the detection will be
based on the potentiometric measurement of
the pH change. The most representative sys-
tems using potentiometric detection are pre-
sented below. More information about the
response characteristics and other experimen-
tal details are displayed in the Table 3.

Until recently, one of the more widely
used supports in the construction of
microreactors was cPG> (controlled-pore
glass). Although it is an adequate support for
the immobilization of the biological mate-
rial, the hydrolysis at basic media may lead
to the loss of the enzyme. Additionally, its
commercial presentation does not have a
uniform size and shape. This lack of unifor-
mity obstructs the packing of the enzyme in
the reactor, creating frequent problems for
the adequate transport inside the flow sys-
tem in the form of overpressures and
bubbles.” Kumaran and Tran-Minh® (1992)
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TABLE 1
Some Advantages of Both Biosensor
System

and Bioreactor Configurations in Fia

BIOSENSOR

BIOREACTOR

More sensibility (as the detection and the reaction
occur on the same transducer)

Faster response time

Less dispersion of the sample

Shorter analysis time

Robust

Simple

Compact

Easy manipulation

Less adsorption (as less contact surface)

More quantity of biological material is permitted

A conversion till 100% is possible

The recirculation and as result the
preconcentration is permitted.

Interferences can be avoided using a posterior
treatment that follows enzyme reaction.

Measurement in equilibrium conditions.

Less influence of pH variation, ionic strength,
temperature, presence of activated species or
inhibitors in the sample matrix.

Better stability and shelf life time

substituted cpGs with sBsR (single bead string
reactor). This system (configuration B, Table 2)
offers a better micromixture of the reagent
and the sample, a lower dispersion of the
sample, a low resistance to flow, and it is
easy to build and inexpensive. It also facili-
tates the regeneration process. The reactiva-
tion was conducted in the presence of the
reactivator alone (2-pyridine aldoxime
methiodide (pam)).

As shown in Section II.A of the first
part of this review,! the small size, and the
easy availability of solid-state potentiomet-
ric electrodes added to the easy measure-
ment technique and its high selectivity ren-
der sensors highly desirable for field or
on-line pesticide analysis. All of the solid-
state Achk sensors mentioned previously (en-
zyme membranes on the surface of ISFET or
hydrogen-ion-selective coated-wire elec-
trodes) showed great promise, but some
problems need to be overcome. The most
problematic area in these sensors is the in-
terface between the enzyme membrane and
the solid sensitive phase of the electrode.®1°
These sensors are not ideal; they are un-
stable and highly sensitive to interferences.
In real systems, solid-state enzyme elec-
trodes exhibit low signal drift but marked
sensitivity to changes in ionic strength and
buffer capacity.
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Several methods have been developed to
overcome these problems.!" One approach
involves amperometric detection, which is
discussed in the next section.!?

It is in this context that Ivnitskii and
Rishpon'® developed a new solid-state Achg
sensor based on the achg-acetylthiocholine-
hexacyanoferrate (III) reaction (see Figure 2).
The response of the sensor was induced by
two phenomena: the Donnan effect'* due to
the enzyme layer and the redox potential.
Unlike pH-sensitive sensors, this type of
sensor was operated at high ionic strength
and a high buffer capacity, raising the sensi-
tivity of the biosensor.

B. Amperometric Detection

Although the use of amperometric de-
tectors in flow systems pose a complication
because of the passivation of the surface of
the electrode, the devices reported show a
higher sensitivity to pesticides (see Table 4).
Amperometric detection is associated with a
single enzyme (chg) and an electroactive
substrate such as R-thiocholine or
4-aminophenyl acetate (pApA). When the sub-
strate is a R-choline, two enzymes (che and
cho) are needed for the measurement be-
cause this substrate is not electroactive.!
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H,0+ATCh

AChE

TCh+AH

(TCh),

FIGURE 2. Mechanism of the reaction that occurs at the surface of the ache biosensor.

Kindervater (1990)° used a bi-enzyme
system featuring acetylcholinesterase (Achg)
and choline oxidase (cho) (configuration C,
Table 2). The substrate is hydrolyzed to cho-
line in the first reactor with Ache immobi-
lized on magnetic particles. Choline is then
oxidised to betaine in a second reactor where
che is immobilised on cpGs. The hydrogen
peroxide produced by the second reaction is
detected amperometrically on the surface of
a working electrode polarized at 700 mV.
The flow system is designed in the manner
that the sample is wasted out at the exit of
the first reactor where it inhibits the Ache. In
this fashion the pesticide is prevented from
contacting the enzyme cho. The residual en-
zyme activity of Achk is detected by inject-
ing substrate. The main advantage of this
system is that the magnetic field is turned off
and the magnetic particles with the inhibited
Achg are released once the analysis is done
and the system is then ready to receive a new
injection of magnetic particles with fresh
Ache immobilized on it. Additionally, the
magnetic bioreactor offers low resistance to
the flow.

Using a chromatography column with
hydroxyethylmethacrylate gel and a mobile
phase containing acetylcholine, Salamoun

and Remien' separated different inhibitors
[tetramethylammonium (TMA), galantamine
(Gal) and physostigmine (Phy)]. The achg/
cho enzyme system is immobilized in a sec-
ond microcolumn placed after the chroma-
tography column. A fixed potential of 450
mV (Ag/AgCl) applied to a platinum elec-
trode detects the presence of hydrogen per-
oxide. This system raises the selectivity since
only Achg-inhibiting compounds are previ-
ously separated in the chromatography sys-
tem. The miniaturization of the system re-
duces costs and requires less enzyme.

A new report by Botre et al.'® aims at
reducing the cost of the system. They use
two enzymes, Ache bioreactor and the
amperometric detection based on a cho bio-
sensor (configuration D, Table 2). The nov-
elty is the use of immobilized tissue from a
plant rich in Achk (grapefruit shell, Albedum
pomi citreum). The design of the system
with separate enzymes permits the recircula-
tion of the sample through the bioreactor,
raising the contact time between the inhibi-
tor and the enzyme. This compensates for
the lower enzyme activity that results from
using whole tissue instead of purified en-
zyme. Also, the quitine used to immobilize
the Achk is inexpensive and biocompatible.
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This permits the future application of this
system to the detection of ach, and Achg
inhibitors (micotoxins, for example) in bio-
logical samples.

La Rosa et al. (1995)!7 used a flow sys-
tem to automate their analyses based on en-
zyme inhibition. The automation, presented
previously in 1994,!% permits the analysis of
real samples of lake water and vegetable
samples such as kiwis, apples, and grapes.
The sensitivity achieved was comparable
with standard methods such as Lc. These
authors used an amperometric flow cell that
contained a Nylon membrane with immobi-
lized ache (configuration A, Table 2). The
main advantage of the described method, as
stated in the first part of this review,! is the
use of the substrate 4-aminophenyl acetate
(papa) that allows for lower working poten-
tials (250 mV vs. Ag/AgCl) without a me-
diator. In this fashion the time of analysis is
reduced (as lower preincubation times pro-
duced the same sensitivity) and interferences
are reduced.

Giinther and Bilitewski'® (1995) simpli-
fied the work of Kindervater® following now
configuration B, Table 2 using a single en-
zyme (Achg) immobilised to magnetic par-
ticles activated with amino groups. The re-
sults obtained facilitated the application of
the flow system to the screening of tap and
residual waters. The correlation was good
without false negatives. The same tests were
applied to colourimetric detection and a good
correlation was noticed between the two
detection methods.

Pariente et al.?’ included gold-coated
nylon meshes with the enzyme Achg immo-
bilized in a flow system and using pApA as
the substrate. The modified meshes did not
limit transport, so lower flow rates were used
raising the sensitivity without prolonging the
recovery time of the baseline and thus rais-
ing the frequency of analysis.

In addition to systems with bioreactors,
the literature shows reports of the direct use
of chk biosensors (configuration A, Table 2)

with substrates that produce electroactive
products (rtch) that had been used previ-
ously in discrete systems.! These reports are
reviewed highlighting important aspects of
their application to flow systems.

Rippeth et al.?! used their Acht biosensor
based on a screen printed electrode modified
with cobalt phtalocyanine (copc) as the trans-
ducing system. When compared with results
from discrete set ups,?? the conclusion is that
flow systems yield a higher sensitivity as the
dilution is lower.

Khayyami et al.?* also carried out stud-
ies of the behavior in flow conditions of a
biosensor featuring Ache immobilized in re-
ticulated graphite (Rvc). The optimization of
the system produced good detection limits,
especially for the electrode modified with
agarose gel because it immobilizes more
enzyme. However, this modification entails
longer times for the analysis of the samples
because the polymer increases the sample
dispersion and consequently widens the Fia
peaks.

Jeanty and Marty (1998)* applied a bio-
sensor described in 1995% to pesticide analy-
sis using flow injection. aAche was immobi-
lized to a photocurable polymer on the surface
of a platinum electrode. The inhibition test
lasts 1 h and includes a regeneration step
with 2-paMm (2-pyridinealdoxime methiodide).
This is a lower time than that reported for
discrete systems. The stability of the immo-
bilization was demonstrated as the biosensors
were used for 3 weeks and six daily cycles.

Recently, Evtugyn® applied his cholinest-
erase biosensors to flow systems to detect
reversible and irreversible inhibitors
(diazinon). He compared the three mem-
branes (white tracing paper, Nylon, and cel-
lulose nitrate) used as the support for BchE.
These results were compared to those pro-
duced with Bche free in the solution. The
detection limits for Nylon and cellulose ni-
trate were similar to those of the free en-
zyme. Results with tracing paper were not
reproducible, contrary to what was observed
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in discrete systems.?®?’ This inconsistency is
due to the resistance posed by paper to the
mass transport of the reagents and its lack of
permeability.

A novel detection strategy has been pro-
duced by Makower et al.?® who built an enzyme
affinity system to detect organophosphorus com-
pounds. The strategy is based on a preincubation
of the analyte with an excess of a bienzyme
conjugate consisting of Bche as the receptor and
HRP used to generate and amplify the analytical
signal. The solution containing Bche-HRrP-analyte
passes through an affinity column containing
immobilized paraoxon. The excess conjugate
bonds irreversibly to the paraoxon. The peroxi-
dase produces the analytical signal of the eluent
and is proportional to the organophosphorus com-
pound in the sample. The application of the FIa
system facilitates the procedure and lower detec-
tion limits of 1 pM diisopropylfluorophosphate
are achieved.

Neufeld et al.?® presented a disposable
screen-printed electrode, covered by an enzy-
matic membrane and located in a micro flow
injection system for the identification and
quantification of highly toxic organophospho-
rus compounds. The use of Fe(CN)* in the
working solution permits the detection at 300
mV, due to the fact that the Tch product of the
enzyme reaction reduces the Fe(CN)~ to
Fe(CN)* and the consecutive reoxidation by
the electrode generates a measurable electric
signal.

The main limitation of the previously
described systems is the regeneration of the
biological material because it lengthens the
time needed to complete one analysis. To
improve the regeneration step, a biosensor
with a renewable surface based on magnetic
particles integrated to a flow system is de-
signed in our laboratory.*® The main advan-
tage of this system is that once an analysis
has been done, the biological phase is liber-
ated as the magnetic field is released. After
a brief washing step, the system is ready to
receive a new injection of magnetic par-
ticles. Although Giinther!® had described a
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similar system previously, our main innova-
tion was that the magnetic particles are im-
mobilized on the transducer, constituting a
new biosensor at each injection step of mag-
netic particles. This brings the biological
material and the transducer closer together,
potentially raising the sensitivity and reduc-
ing the response time because the preincuba-
tion and the detection take place in the same
flow cell. Additionally, our system?’ is more
compact and robust than other systems re-
ported previously and featuring magnetic
bioreactors.>!?

C. Conductimetric Detection

Rodrigues et al. (1997)3! described a con-
ductimetric flow injection system to mea-
sure paraoxon. It is based on the measure-
ment of acetate produced by an enzyme
reaction of acetylcholine and acetylcholinest-
erase. The enzyme is immobilized on con-
trolled pore particles (cpGs) that fill a polyeth-
ylene tub forming a reactor (configuration B,
Table 2).

Acetate is mixed in a second channel
where sulfuric acid transforms it to acetic
acid. The acetic acid passes through a gas-
diffusing membrane and picked up in an-
other channel that takes it to the measuring
cell where a conductivity change is sensed.

This system has the advantages inherent
to flow biosystems. Additionally, it does not
require long incubation periods, the reacti-
vation of the enzyme with TvB-4 [1,1’-trim-
ethylene-bis(4-formylpyridinium bromide)]
is fast and complete. The gas-diffusing mem-
brane raises the selectivity because there are
few volatile substances at room temperature
that may pass through it.

lll. INHIBITION OF OTHER ENZYMES

Several studies that feature the design of
electrodes with tyrosinase to measure pesti-
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cides in batch systems have been reported.!
However, there are few reports of these in-
hibition systems that use FIA.

Atrazine inhibits the Hill reaction of
photosynthesis by hydrogen bonding to elec-
tron transport enzymes within the chloro-
plast. Tyrosinase is plentiful in the chloro-
plast and McArdle and Persaud® took
advantage of this fact and designed one of
the few F1a systems based on tyrosinase in-
hibition. They built a biosensor immobiliz-
ing the tyrosinase by crosslinking on a
poly(pyrrole)-coated gold surface. The modi-
fied gold disk was placed in a flow cell. The
resulting system analyses atrazines by de-
tecting their inhibiting effect on tyrosinases
(see Table 5).

Yamamoto et al.’* developed a flow sys-
tem to measure organophosphorus pesticides
using a bioreactor and a biosensor consecu-
tively. The bioreactor has alkaline phos-
phatase (alp) and the biosensor has alcohol
oxidase (aop). The detector is an oxygen
electrode. The response to ppVvP is linear and
one analysis cycle takes 10 min (Table 5).

Recently, Sacks et al.’* designed an
amperometric sensor for parathion by using
parathion hydrolase. The enzyme parathion
hydrolase catalyzes the hydrolysis of par-
athion to p-nitrophenol (pnP) that is detected
amperometrically using a microflow injec-
tion system based on a screen-printed elec-
trode.

IV. FINAL REMARKS

The use of biosensor-based automated
analytical systems was linked originally to
the on-line monitoring of biotechnological
processes.>> At present, the development of
on line monitoring techniques is a priority
for government agencies dealing with envi-
ronmental monitoring, evaluation, and
remediation. In this context, work has been
done to integrate flow injection analysis
(FIA) with biological material (see Table 6)

to analyze organophosphorus and carbamate
pesticides continuously.

The most widely used Fia systems for this
monitoring are monoenzyme systems with
amperometric detection following a biosensor
configuration. The use of a single enzyme sim-
plifies the automation, reduces the cost, and
eliminates problems associated to parallel re-
actions posed by different set of optimal work-
ing conditions when several enzymes are in-
volved. However, single enzyme systems show
limitations in regard to interferences. On the
other hand, both amperometric detection and
the biosensor configuration aim at raising the
sensitivity to paraoxon in the order of 10-!! M.

However, bioreactor configuration also
produce good detection limits by lengthen-
ing the time of analysis as their design, sepa-
rated from the transducer, permits the recir-
culation of the sample.

Despite the advantages of inhibition-
based F1a systems to detect pesticides, there
are a number of limitations that obstruct their
application. One problem is the low stability
of the biological components. A second ob-
stacle is the difficulties posed by the regen-
eration step as most regeneration solutions
have a limited action.

The use of renewable screen-printed
biosensors as detectors in flow systems is a
step forward. However, the automated sub-
stitution of the device is still a limitation. A
second alternative, based on the biological
modified surface, is the use of magnetic
particles that act as the support for the bio-
logical material. These particles facilitate the
disposal and the renovation of the biological
material and appear to be the most simple,
robust, and reproducible solution to produce
inhibition analysis using flow systems.

The described ache systems are very
sensitive, with model solutions containing
one single toxic. However, when there are
other pollutants in the sample, they interact
with the active center of the enzyme unpre-
dictably, masking or augmenting the response
to the toxic of interest.
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TABLE 6

Characteristics of Flow Analytical Systems

Characteristics

Manipulation

Maintenance

Sterility

Flexibility

Reliability

Continuous information in the signal
Dynamic range

Recalibration

Multicomponent analysis

Reproducibility

Biosensors in FIA
The knowledge of FIA technique is required

Simple compared to sophisticated analytical
instrumentation
By using a sterile membrane

High; construction based on different modules
Demonstrated for on-line applications

High; the determination of peaks form permits
various diagnostics
5-6 orders using gradient technique

Easy and possible automation including a
standard sample control.

Easy due to the gradient technique and the
possibility to integrate multisensors.

Elevated, due to the reproducible injection and
immobilisation of reagents onto the biosensor
surface.

Another alternative reported recently for
pesticides determination is based on the di-
rect measurement of organophosphorus com-
pounds using its hydrolysis with organophos-
phorus hydrolase (opH), as described in the
previous review.! E. I. Rainina*® immobi-
lized E. coli with high opH content in a reac-
tor or in a microcolumn in the same fashion
as previoulsy reported in a batch system.?’
He obtained detection limits in the ppm level
using a pH electrode as the detector of the
hydrogen ions liberated by the following
reaction:

X X
H OPH

R —P— Z —p R —P—OH+ZH
| o |
R R

where X is oxygen or sulfur, R is an alkoxy
group, R’ is an alkoxy or a phenyl group and
Z is the group phenoxy, thiol, cyanide, or
fluoride.

The use of cells instead of enzymes is
advantageous. It brings higher stability for a
wider range of pH and ionic strength, but the
sensitivity of this biosensor is limited by the
sensitivity of the potentiometric measuring
method.

The same authors*® combined the orga-
nophosphorus hydrolase (opH) with Achk bio-
sensor to discriminate neurotoxins from a
real sample and therefore measure the con-
centration of each of the two toxic families.
They designed a flow system where the
sample can be incubated previously with the
reactor containing immobilized opH. This
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enzyme completely hydrolyzes organophos-
phorus compounds and eliminates their in-
hibiting effect on Ache. Only carbamates
inhibit the Ache in the reactor. The residual
activity of achg is measured by injecting
substrate that will be hydrolyzed to choline
that goes to a third reactor with immobilized
choline oxidase that consumes O, that can
be measured with a commercial Clark elec-
trode.
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