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Abstract

This work describes the development of an electrochemical immunosensor for the analysis of atrazine using recombinant
single-chain antibody (scAb) fragments. The sensors are based on carbon paste screen-printed electrodes incorporating the
conducting polymer polyaniline (PANI)/poly(vinylsulphonic acid) (PVSA), which enables direct mediatorless coupling to
take place between the redox centres of antigen-labelled horseradish peroxidase (HRP) and the electrode surface. Competi-
tive immunoassays can be performed in real-time using this separation-free system. Analytical measurements based on the
pseudo-linear relationship between the slope of a real-time amperometric signal and the concentration of analyte, yield a
novel immunosensor set-up capable of regenerationless amperometric analysis. Multiple, sequential measurements of stan-
dards and samples can be performed on a single scAb-modified surface in a matter of minutes. No separation of bound
and unbound species was necessary prior to detection. The system is capable of measuring atrazine to a detection limit of
0.1ppb (0.3ug ™). This system offers the potential for rapid, cost-effective immunosensing for the analysis of samples of
environmental, medical and pharmaceutical significance.
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1. Introduction the maximum permissible levels of pollutants such
as pesticides. Atrazine is a member of tiazine
Environmental monitoring has become an increas- family of herbicides and as such is one of the world’s
ingly demanding field in recent years, due to both most commonly used pesticides. The European Union
governments and consumers becoming more awareDrinking Water Directive set official regulations on
of the damage that can potentially be caused by in- the maximum admissible concentration of pesticides
dustrial and agricultural practices. Governments have such as atrazine in drinking water; namely @di|
responded to these concerns by setting guidelines on(0.1ppb) for an individual pesticide and @&/l
(0.5 ppb) for total pesticideld]. In the United States
the maximum level of any member of theetriazine
class of pesticides permitted in drinking water is
3ung/l [2]. Due to its widespread use, atrazine is
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considered an indicator compound for pesticide pol- data acquisition obtainable from biosensor processes
lution and therefore a rapid, reliable, convenient and [12]. Although several existing optical and piezoelec-
inexpensive method for its analysis is required. tric immunosensor systems are capable of achieving
Many established analytical techniques have been the required detection limits for atrazine, this is at the
employed for the determination of atrazine in soils and expense of experimental complexity and instrumen-
water. These include gas chromatography employing tal portability [13,14] Electrochemical immunosen-
nitrogen—phosphorous detect{@sor coupledtomass  sors, on the other hand, offer a means to miniaturise
spectrometry[4,5], high performance liquid chro- the analytical system through the use of disposable
matography with UV-Vis detectiof,7] or coupled screen-printed electrodes. Skladal and Kalab have
to mass spectrometi{], thin layer chromatography developed immunosensors based on screen-printed
[9] and capillary zone electrophore$if]. However, electrodes and amperometric transduction, for the pes-
these techniques remain laboratory based and oftenticide 2,4-dichlorophenoxyacetic acid (2,4-D) in sin-
require extensive sample pre-treatments before theygle electrodg15] and multichanne[16,17] formats.
are capable of achieving the required sensitivity. Tra- However, these systems required separate incubation
ditional solid-state immunoassay methods, such as theand washing steps before detection could be achieved.
enzyme-linked immunosorbent assay (ELISA), are The principal features of a selection of electrochemical
also capable of such sensitive measuremgrits but immunosensors for atrazine analysis that have recently
are often unsuitable for on-site analysis, as they can been published in the literature are outlinedable 1
take several hours to complete, they must be performed It has been suggested that the principal limitation of
by trained personnel and require numerous separationimmunosensor technology is related to antibodies and
and washing steps. These drawbacks, in combinationtheir propertied24]. The majority of environmental,
with the cumbersome handling procedures that accom- anti-hapten, competition assays are still performed us-
pany them, hinder their use as on-site detection sys-ing polyclonal antibodies, largely due to the expenses
tems. Immunosensors combine the sensitivity of the incurred with monoclonal antibody producti¢®5].
antibody—antigen interaction with the fast, often direct, Recombinant antibodies, which are produced using

Table 1

Electrochemical immunosensors for the analysis of atrazine

Detection method Analysis L.O.D. Immunoassay format Reference
time (min) (ppnf)

Amperometri€ SPE 15 0.012 Competitive with monoclonal antibodies (glucose [18]

oxidase label with HRP for enzyme channelling and
catalase for substrate scavenging)

Amperometri€ GCE? 6-20 4 Competitive with monoclonal antibodies (alkaline [19]
phosphatase label)
Amperometri€ SPE coated 20 0.4 Competitive with biotinylated monoclonal antibodies [20]
with biotin + streptavidin (HRP label)
Amperometric GCE 5-60 0.001 Competitive (HRP label) [21]
Amperometric SPE 20-30 1 Direct with monoclonal antibodies (signals amplified[22]

with atrazine-tagged liposomes)

Amperometric GCE 15 0.001 Competitive with polyclonal antibodies (HRP label) [23]
‘Molecularly-wired’ osmium polymer system

Amperometric SPE 30 0.001 Competitive with recombinant scAb fragments (HRP Current work
label) real-time ‘molecularly-wired’ PANI/PVS system

aparts per million ggl=1).
b Flow-based method.

¢ Screen-printed electrode.
d Glassy carbon electrode.
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recombinant DNA technology, offer the advantages of  This work describes the extension of the established
monoclonal antibodies but at ultimately lower costs competition-based immunoassay format for atrazine
[24]. This technology offers a means to produce an analysis to a flow-injection system. Screen-printed
infinite supply of antibody fragments, which can be electrodes, which were prepared and characterised
modified to improve the binding properties and sta- previously, were employed as the working electrodes
bility of the antibody[26]. Apart from reductions in [38]. A novel method for the multi-calibrant and
costs, recombinant fragments provide several other multi-competition analysis of analyte is also intro-
advantages for biosensing processes, including the re-duced here, enabling entire calibration experiments to
moval of animal sacrifices, decreases in non-specific be performed on a single electrode, thereby overcom-
binding and the advantage of monovalency. Several ing problems with inter-electrode variability that are
publications describe the production of such fragments commonly associated with screen-printed electrodes.
to environmental pollutants but only a few describe Several competition immunoassay experiments can
the production of fragments to low molecular weight also be performed on a single electrode, thereby

haptens such as the pesticides atrajiPfe27—-29] reducing significantly the time scale of on-site mea-
paraquaf25,28]mecoprofd25], diuron[25,30]2,4-D surements and removing the need to regenerate the
[31], chlorpyrifos[32] and chlorpyrifos-ethy]33]. In antibody-modified surface between analyses.

this work, recombinant single-chain antibody (scAb)
fragments to the pesticide atrazine, which have been
shown to be capable of as sensitive a detection as2. Experimental
their whole antibody counterparts, were employed
[28]. Although increasingly employed in traditional 2.1. Chemicals
immunoassay techniques, the use of recombinant
antibody fragments as the sensing material for im-  Unless otherwise stated, immunochemicals and
munosensors is relatively new. The first and to our chemicals were purchased from Sigma—Aldrich
knowledge only, electrochemical immunosensor re- (Poole, Dorset, UK). Anti-biotin antibody was a
ported to date to use recombinant antibodies has goat polyclonal (Sigma B3640) and horseradish
recently been developed by Benhar et[a#]. peroxidase-labelled biotin (biotin-HRP) was biotin-
An electrochemical immunosensor system based amidocaproyl-labelled peroxidase (Sigma P2907).
on screen-printed electrodes has been described bySingle-chain antibody 4D8 fragments to atrazine
Killard and co-workers and has been shown to be were prepared from the pIMS 147 vector as described
capable of the analysis of the vitamin biotin and previously [39]. Horseradish peroxidase (HRP)
atrazine[35-37] A unique advantage of this sys- was a gift from Inverness Medical Limited (Inver-
tem over existing electrochemical immunosensors is ness, Scotland). 3-Mercaptopropanoic acid was pur-
that it is capable of generating real-time data from chased from Lancaster (8478}:hydroxysuccinimide
concentration-dependent curves. Systems based or85% (w/v) (NHS, 13, 067-2) potassium hydrox-
real-time biomolecular interaction analysis enable ide pellets (P 6310), atrazine (45330), sodium
direct detection of antibody—antigen binding events, hydrogen carbonate (43,144-3), dicyclohexylcarbodi-
which can provide important information regarding imide (DCC, D8,000-2), dimethylformamide (DMF,
the affinity and kinetics of antibody—antigen inter- 15,481-4), poly(vinylsulphonic acid, sodium salt)
actions. This data was achieved through the use of (PVS, 27,842-4) and aniline (13,293-4), (vacuum
mediatorless redox coupling between the electrode distilled and stored frozen under nitrogen) were all
surface and the antibody—antigen complexes that areobtained from Sigma—Aldrich. Hydrogen peroxide
formed on the surface of the conducting polymer 30% (v/v) solution (108,597) and absolute ethanol
polyaniline (PANI). However, this system was not ca- (100,983) were purchased from Merck. Carbon paste
pable of achieving the required limit of detection for No. C10903D14 was obtained from Gwent Electronic
atrazine. This may have been due to the batch natureMaterials Ltd. (Gwent, UK). Silver conductive ink
of the experimental protocol and/or the nature of the (Electroda PF-410) and insulating polymer ink
immunochemicals employd@7]. (Electroda 452 SS BLUE) were purchased from
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Acheson (Plymouth, UK). Poly(ethylene) terephtha-
late substrates were Melinex films obtained from HiFi
Industrial Film Ltd. (Dublin, Ireland).

2.2. Buffers and solutions

PBS is 0.1 M phosphate buffer, 0.137 M NaCl and
2.7mM KCI, pH 6.8. This was prepared by mixing
solutions containing 0.1 M N&PQy, 0.137 M NaCl
and 2.7 mM KCI with a solution of 0.1 M KEPOy,
0.137M NaCl and 2.7 mM KCI to a pH of 6.8. Unless
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of antibody solution (0.5.g mI~1) were used in these
immobilisation cases.

2.5. Synthesis of atrazine-HRP conjugate

2.5.1. Derivatisation of atrazine

The synthesis of the carboxylic acid atrazine deriva-
tive, 3-{4-(ethylamino)-6-[(1-methylethyl)amino]-1,
3,5-triazin-2-y} propanoic acid, required for con-
jugation of atrazine to HRP, was carried out ac-
cording to Goodrow et al.[40]. A solution of

otherwise stated, all immunochemicals were prepared 5.4 mmol 3-mercaptopropanoic acid, 10.8 mmol 85%

in PBS.
2.3. Instrumentation

2.3.1. Screen-printed electrode fabrication

Screen-printing was performed with a semi-
automated DEK Albany 247 printing machine (Wey-
mouth, UK). A polycarbonate screen with a mesh
count of 77 filaments per cm and mounted at 4&
the print stroke was employed. Insulation inks were
cured using a UV curing system (UV Process Supply
Inc., Cortland, Chicago, IL, USA).

2.3.2. General electrochemical experiments

All electrochemical measurements were per-
formed using a BAS100/W electrochemical anal-
yser with BAS100/W software, operating in either
cyclic voltammetric, or time-based amperometric
modes. Bulk electrochemical experiments employed
an Ag/AgCl reference electrode and a platinum
mesh auxiliary electrode. A Gilson Minipuls 3
peristaltic pump was employed for flow-injection
analysis experiments. The flow cell and miniature

(w/v) KOH and 10ml absolute ethanol was added
to a stirred homogeneous mixture of 5.01 mmol
atrazine and 100ml absolute ethanol. The mix-
ture was refluxed under nitrogen for 5h until a
white solid remained, which was then taken up in
25ml of 5% (w/v) NaHCQ. This solution was
washed with 3x 10ml quantities of chloroform
and acidified to pH 2 with 6 M HCI. The white
solid was collected, washed with Milli-Q water
and dried. Additional product was obtained through
evaporation and crystallisation of the residue from
methanol.

2.5.2. Conjugation of atrazine derivative to HRP
Conjugation of the carboxylic acid derivative syn-
thesised irSection 2.5.was carried out according to
Goodrow et al[40]. The atrazine derivative was dis-
solved with equimolar NHS and a 10% (v/v) molar
excess of DCC in 1 ml DMF. The mixture was stirred
for 3.5 h at room temperature and the precipitated di-
cyclohexylurea removed by centrifugation. The DMF
supernatant was slowly added under vigorous stirring
to 200mg HRP in 5ml Milli-Q water. The mixtures

batch cell employed have been described previously were stirred at 4C for 22h until conjugation was

[35].

2.4. Sensor preparation

Screen-printed electrodes were designed and pro-

duced as previously describg8i8]. Electrodes were

complete and subsequently dialysed four times against
PBS at 4C.

2.6. Electroanalytical procedure

Electrodes that had been immobilised with anti-

cut from the printed sheet leaving excess substrate onbody or enzyme were subjected to the appropriate

either side to a width of 14 mm. Polymerisation of

aniline on screen-printed electrode surfaces was car-

ried out potentiostatically as described previoy35j.
Immobilisation of protein solutions were carried out
as previously describg87]. Two hundred microliters

immunochemical incubations as described subse-
quently Section 2.7.2 Amperometric experiments

were performed at-100 mV versus Ag/AgCl, with

a sample interval of 500ms and at a sensitivity of
1x 1074 AV
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2.7. Immunoassay procedures

2.7.1. Sngle electrode analysis
Electrodes were incorporated into a flow-cell set-up
as previously describef87]. Following the reaching

of a steady state, free atrazine at varying concentra-

tions from 10 to 0.000p.M, was passed over the
surface of the anti-atrazine scAb modified electrode
at a flow rate of 40Qmin~1 for 30s. Mixtures of
atrazine-HRP at a concentration of @@ml~! and
hydrogen peroxide at a concentration of 8 mM were

201

information on the fundamental characteristics of the
binding process to be elucidated. Such characteristics
might include the kinetics of the binding interaction
or the concentration of the analyte. In comparison to
existing immunosensor methods outlinedTeble 1,

the present system enables the real-time detection
of 0.1ppb (0.3ugl™1) atrazine, without the need
for lengthy incubation times. Since the system is
based on disposable screen-printed electrodes in a
flow-injection based system, it is also amenable to
miniaturisation and automation.

subsequently passed over the surface of the electrode Due to the small size of haptens, the most frequently

and the amperometric outputs monitored.

2.7.2. Regeneration-free multi-calibrant analysis

2.7.2.1. Multi-calibrant conjugate standard curves.
Electrodes were incorporated into a flow-cell set-
up. Mixtures of biotin-HRP or atrazine-HRP at
varying concentrations and hydrogen peroxide at a
concentration of 8 mM, were passed for intervals
of 20s, over the surface of the antibody-modified
electrode at an optimised flow rate of 4f0min~—1.
Calibration plots were prepared by plotting the initial
linear rate curves against concentration of biotin-HRP
or atrazine-HRP.

2.7.2.2. Multi-calibrant competition assays. Elec-
trodes were incorporated into a flow-cell set-up. Mix-
tures of atrazine-HRP (0;5gmi~1), hydrogen
peroxide (8 mM) and varying concentrations of
atrazine (0.1-1.fgml~1) were passed for 20s in-
tervals, over the surface of the antibody-modified
electrode at a flow rate 4Qay ml~1. Calibration plots
were prepared by plotting the initial linear rate curves
against concentration of atrazine.

3. Results and discussion

The electrochemical format employed in these de-
terminations relies on modifications in the activity of
the HRP enzyme label. Traditional electrochemical

immunosensors achieve this by measuring changes in

the binding event after the reaction has gone to com-
pletion. Real-time biomolecular interaction analysis

employed immunoassay technique for their analysis is
the competition immunoassgg1]. A schematic rep-
resentation of the binding events that take place on the
electrode surface during electrochemical immunosens-
ing is shown inFig. 1L HRP-labelled analyte—in this
case atrazine—competes with free antigen for bind-
ing to immobilised immunoreagents—in this case the
anti-atrazine scAb. In the presence of its substrate,
hydrogen peroxide, HRP reacts to induce a flow of
electrons from the electrode surface, which is trans-
ported through the antibody—antigen complex through
the molecular wires of the PANI/PVS copolymer. Un-
like traditional immunoassay formats, there is no need
to separate bound and unbound antigen, since only re-
dox reactions that are coupled to the electrode surface
via the antibody—antigen interaction bond are capa-
ble of generating detectable changes in catalytic cur-
rent. In contrast, uncoupled reactions that take place
in solution remove electrons from the bulk electrolyte
rather than the electrode surface. The basis of this phe-
nomenon has recently been further eluciddt].

Using an optimised selection procedure, scAb frag-
ments were isolated from a sheep antibody phage dis-
play library and subsequently expressed at low cost
and in quantity irEscherichia coli (E. coli) [39]. They
have been shown to be capable of the detection of
1-2 ppt (1-2 ngtl) of atrazine and demonstrated ex-
cellent stability under non-physiological conditions.

3.1. Atrazine analysis using an inhibition
immunoassay format

The single electrode analysis format described
in Section 2.7.1was employed to determine the

on the other hand, enables direct and rapid visualisa- ability of this system to measure atrazine in real

tion of the binding interaction and in so doing, allows

time. Free atrazine was introduced into the flow
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._ HRP ‘— HRP €<—— Atrazine-HRP
Buffer flow .

. .— HRP . <—— Atrazine

Hzag H20+’/i’02
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Anti-atrazine scAb —>»
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Fig. 1. Schematic diagram of the electrochemical real-time sensing process for atrazine detection. Free and HRP-labelled atrazine compete
for binding to immobilised scAb fragments. The interaction ofGd4 substrate with HRP produces a catalytic current, which flows from

the electrode surface through the molecular wires of the PANI/PVS complex. This response is indirectly proportional to the concentration
of bound atrazine.

system for a period of 30s, followed by mixtures interactions typical of competition immunoassay for-
of atrazine-HRP and hydrogen peroxide substrate. mats. Coefficients of variation (CV) for these mea-
This contrasts to the hour long incubations necessary surements ranged from 0.05 to 9%, averaging at 3.4%.
with the quasi-equilibrium format of this systdi]. These results were comparable to CV values previ-
Fig. 2illustrates the application of atrazine-HRP, free ously reported for atrazine analysis using a real-time
atrazine and hydrogen peroxide to an anti-atrazine batch systen{37]. The limit of detection achieved
modified electrode in the flow cell. A series of rate with this system was 0.1 ppb (0.00@M), which is
curves obtained for varying concentrations of atrazine in compliance with current EU and world legislations.
analyte are given. These are typical of those gener- This system was more sensitive than that previously
ated with other real-time formats, in that the rate of achieved using the same principle in a batch set-up
response was concentration-dependent, under mas&mploying whole monoclonal antibodies to atrazine,
transport limitation conditions. The detection limit which had a detection limit of 28 ppb (28 171)
of the assay could be controlled by adjusting the pe- [37]. This poorer detection limit may have been
riod of time the electrode surface was pre-saturated due to the larger cell volume of 2Q0 in the batch
with free atrazine. A period of 30s at a flow rate set-up, which may have introduced mass transport
of 400pImin~! was adequate to reach the required limitations into the system, consequently adversely
detection limit of 0.1 ppb (0.ikg 171). affecting the sensitivity. The use of a thin layer cell
Using maximum current response data taken at and flow injection process significantly improves
120s, the amperometric outputs were inversely pro- mass transport characteristics, thereby increasing the
portional to the concentration of free atrazine. When sensitivity of the assay. In addition, the use of mono-
plotted semi-logarithmically, these generated the titra- valent scAb fragments in the place of bivalent anti-
tion curve shown inFig. 3 (n = 3), which displays bodies may increase the number of binding sites per
the characteristic sigmoidal plot of antibody—antigen unit area.



K. Grennan et al./Analytica Chimica Acta 500 (2003) 287-298 293

<« 0.001 pM L1 pM
9] . = 0.01pM
; 0.1 uM
. 24 uM

Current (nA)

50 100 150 200 250 300

Time (secs)

Fig. 2. Typical rate curve responses for a competition immunoassay between atrazine and atrazine-HRP for binding to an electrode modified
with scAb to atrazine. The slopes of the amperometric responses decreased with increasing atrazine concentration. The main graph shows
atrazine concentrations between 1.1 andqullD Inset shows atrazine concentrations from 0.001 t@N¥O(—100mV vs. Ag/AgCl).

3.2. Regeneration-free multi-calibrant analysis sulting in different surface morphologies of the work-
ing electrodeg43]. Due to the nature of the printing
One of the most regularly cited problems with process, no two screen-printed electrode surfaces can
screen-printed electrodes is their lack of reproducibil- be considered identical, even if printed in the same
ity. This can result from the lack of control on the batch. Although electrochemical pre-treatment us-
character of the electrode’s microscopic structure, re- ing a single cyclic voltammetric sweep in sulphuric

Current (uA)
[e¢]

6
4
2 ]

-
o T T T T 1
0.0001 0.001 0.01 0.1 1 10

Atrazine concentration (uM)

Fig. 3. Inhibition immunosensor assay for atrazine. Current responses were derived from maximum current responses at 120s. An analytical
range of atrazine between 0.12 anglM was established, with a limit of detection of 0.1 ppb (0.0p08) (» = 3) and CV’s ranging
between 0.05 and 9%.
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acid solution has been shown to have the effect of preparation times, as well as analysis times and costs
minimising these inter-electrode variabilities, struc- by several factors.
tural and hence electrochemical differences between As a biomolecular interaction occurs at a transducer
screen-printed electrode surfaces inevitably prevail surface, it proceeds to saturation at a rat®of /2,
[38]. Such inter-electrode variabilities can theoret- whereR is the response andrefers to time. This is
ically influence all electrochemical measurements a non-linear response. However, in the initial portion
irrespective of the electrode material, with the possi- of a signal, whert is small, the relationship between
ble exception of mercury electrodes, which generate R andt is pseudo-linear and can be approximated as
renewable electrode surfaces for each successive measuch. Thus, at sub-saturation of the transducer surface,
surement. An alternative approach to the experimental a linear relationship holds between concentration and
methodology was sought in order to overcome rather slope. In this region, multiple sample applications and
than minimise inter-electrode variabilities. measurements can be made, as long as they remain
Rather than measure the maximum current re- within the pseudo-linear region. Several standards and
sponse obtained after an immunosensing assay, quansamples can be analysed on a single surface in this
titative measurements can also be made by observingway and calibration curves established from which
the change in signal after a specific period of time to calculate unknowns. These can be performed very
has elapsed. Alternatively, the rate at which interac- quickly (second time scales) and in quick succession,
tion occurs can be determined from the slope of the resulting in rapid, multi-calibrant analysis.
increase in signal, where slope is related to concen- By employing flow-injection to pass a series of
tration. When measurements are performed based onbiotin-HRP standards over one electrode surface and
maximum current responses, normally a single mea- extracting kinetic rate datdr{g. 4(a)), a single stan-
surement has to be made on the surface before thedard curve could be obtaineli§. 4(b)). Rate data was
surface must be renewed by removing one or both extracted from the first 15-20 s of the response, which
of the interacting species in a regeneration process. corresponded to between thirty and forty data points.
This is because the surface becomes saturated after &hese generated rate curves which bear the same
period of interaction (in this case, less than a minute) concentration/rate relationships as previous real-time
and the linear relationship between concentration and responses obtained on sequential electrodes, with cor-
signal breaks down. Normally, several standards needrelation coefficientsr€) of greater than 0.99 for each
to be prepared for a standard curve and also severalslope. This self-calibration of each electrode over-
samples often need to be measured. There are manycomes irreproducibility and inter-electrode variability
reasons why regeneration of the antibody-coated sur- by subjecting all samples to the same system. Use of
face may not be desirable. Due to the strength of the single electrode assay provides a regenerationless
the antibody—antigen interaction, harsh conditions system, with the possibility of analysing samples and
are required to break them. Such conditions include standards on a single antibody-modified surface.
the use of solutions of high or low pH, chaotropic This system was further extended to the analysis of
agents, proteases and high salt concentratjc8% atrazine-HRP standards and a similar series of kinetic
These procedures may not only cleave the bondsresponses was obtained as showrfFig. 5 Signifi-
between the immunocomplex, but can also denature cantly lower sample concentrations of 0 0§mli~1
the immobilised antibody and/or damage the sensor analyte were capable of being analysed in this case,
surfaces irreparably. Consequently a trade-off exists compared to 1Q.gml~1 with the whole 1gG biotin
between sensitivity and repeatability. In addition, the system. This was attributed to the greater binding
need for regeneration steps can add significantly to affinities of the scAb fragments and their decreased
the time taken to perform a measurement. Removal steric hindrance effects on the electrode surfaces. Re-
of regeneration through the performance of multiple sponses from repeated multi-calibrant measurements
measurements sequentially on a single surface basedvere normalised to the slope) of the first response,
on measurements on changes in slope could bringin this case the slope of the 0.0§ml~! response
many advantages. Several samples could be anal-(mgs). This method allows calibration curve results
ysed on a single electrode, thereby decreasing sensoiconstructed from different electrodes to be compared.
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Fig. 4. Multi-calibrant analysis of biotin-HRP on a single electrode surface. Biotin-HRP standards frompimfs were passed over
the electrode (a). Initial linear rates were plotted (dotted lines) yielding calibration curves of biotin-HRP concentration (b). Equation of
line: y = 0.0239% + 0.1783,72 = 0.9783.

The normalised plot for this calibration, obtained Section 2.7.1which had previously been employed
from measurements on three different electrodes, is with this flow systenm{34]. Responses typical of that
given inFig. 5c). CV’'s were below 1.5% for each da- shown inFig. 6 were obtained, with the expected in-
tum, illustrating that the multi-calibrant system holds verse relationship between free atrazine concentration
irrespective of inter-electrode or sensor variabilities. and the slope of the response. It also proved possible

A competition assay for atrazine was set up with to re-introduce lower concentrations of atrazine after
mixtures of atrazine, atrazine-HRP and hydrogen per- higher concentrations, proving that the system had not
oxide substrate introduced into the system in a single become saturated after a series of successive measure-
step. This contrasts to the sequential additions em- ments. A calibration range between 0.02 and Q.RR
ployed for the single electrode analysis described in could be achieved using this methodology.
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Fig. 5. Multi-calibrant analysis of atrazine-HRP on a single electrode surface. Atrazine-HRP standards from 0ya$eil-88vere passed

over the electrode (a). Initial linear rates were plotted (dotted lines) yielding calibration curves of atrazine-HRP concentration (b). Equation
of line: y = 0.023% +0.1783,72 = 0.9783. Normalised responses whereby each rate was ratioed relative to the slope of fhgrol05
response, yielded a similar calibration curve (c). Equation of line: 6.2443x + 0.3389, 12 = 0.9534.
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Fig. 6. Kinetic rate curve for a competition immunoassay for atrazine on a single anti-atrazine scAb coated screen-printed electrode (a).
The surface was not saturated after the 2 min experiment, as it was still possible to re-introduce samples with lower atrazine concentrations
(viz. 0.11pM in (a)) after the experiment had been completed. The slopes of the responses were used to construct the calibration curve
shown in (b). A calibration range between 0.02 angd\ was achieved. Equation of ling:= —93.456x + 20.833, r2 = 0.9638.

4. Conclusions gle electrode surface. In addition, all reagents can be
introduced into the system in a single step, thereby
The immunosensor described has been shown toremoving the need for time-consuming incubations.
be capable of the real-time analysis of atrazine us- Systems employing this format will ultimately lead
ing a competition immunoassay format. Through to reductions in analysis times, sample volumes
integration of an established PANI/PVS system with and inter-electrode variabilities. Since the system is
flow injection analysis and replacement of whole im- based on disposable screen-printed electrodes in a
munoglobulins with single-chain antibody fragments flow-injection based system, it is also amenable to
as the sensing element, detection limits for atrazine miniaturisation and automation.
have been lowered to 0.1ppb (@41-1), which In its present format this immunosensor is suitable
complies with current European Union and world as a disposable test for single use by both regula-
legislations. Single-electrode multi-calibrant analysis tory authorities and industries for routine testing and
has also been shown to be a promising new direction screening or for testing of areas suspected of being
for real-time analysis and reveals the potential of this polluted. The quantitative or semi-quantitative analy-
system for regeneration-free analysis of a series of sis obtainable from this system can enable remedial
samples and standards on a single electrode surfaceaction to be subsequently taken, whereupon suspect
In comparison to existing immunosensor systems for samples could then be sent to a central laboratory for
atrazine, this system has demonstrated the potentiala more extensive analysis by established analytical
for repeated measurements to be performed on a sin-techniques.
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