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Chapter 10

Immunosensors: Concepts and Structures for
Fast and Accurate Sensing

A. Rodriguez and E. Valera

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55969

1. Introduction

Biosensors based in interdigitated transducers have demonstrated tl

e capability to fulfi] the
requirements of the market in a broad range of applications: their combination with biomole-
cules such as antibodies allows the developm

ent of high selectivity sensors. Their electrical
excitation and readout makes easy to develop electronic equipment that perform autom,
the operations required for the measurement and the fluidics
sensitivity levels required for man
electrodes with finger sizes of s

atically
manipulation involved in it, The
y applications can be reached using low cost interdigitated
everal microns, thus eliminating the need for expensive
submicron technologies. In another hand the use of plastic substrates helps further reducing
the costs of the sensors. All this together makes these

sensors excellent candidates tq satisfy
the demands of potentials users in terms of quality, cost, suitability of apparatus that can be
developed, automatization, etc.

One of the important issues that arise when potential users are consulted is the time required
to perform a test. The total time since the sample is introduced in the sensor until the meas-
urement is ready, thus involving fluidic manipulation, functionalization, and the measure-
mentitself often is desirable to be in the order of several (few) minutes or lower. While different
schemes can be applied to optimize the duration of the fluidic manipulation to adapt it to the
time per test required in each case, the time in which the electrical measurement is done m ay
be important: A very common detection method is the imp
wide frequency range. This is a powerful, but cumbersome
ance providing trustworthy results. Performing impedance measurements in a broad range of

frequencies is time consuming, especially if a high number of tests are to be done and when
these tests involve low frequencies.

edance spectroscopy SwWeeping a
tool to study the sensor perform-
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Markets demands faster alternatives capable of providing measurements in shorter times
without compromising the requirements of sensitivity of the measurements,

In this chapter three strategies for the fast quantification are e%plained:
¢ Single Frequency measurements

* DC measurements

* Multi-sine burst signal

These techniques are analyzed and their advantages in comparison with the classical wide
range impedance spectroscopy method are commented.

The technique has been applied to the detection of atrazine in foodstuff products. Though in
this contribution atrazine has been chosen as the analytical target, this immunosensor tech-
nology canbeused fora wide variety of compounds using the appropriate selective antibodjes,

Many types of sensors have been developed for the detection and quantification of pesticides
and traces of them, The MRL of a given pesticide, which often lies in the order of few tens of
ppbs, determines the minimum sensitivity of these sensors. Also the quantification, or the
detection, of one substance in the complex chemical matrix of some foods as wine, milk or
juices also poses important requirements to their selectivity.

Currently, in the literature, good examples of impedimetric immunosensors devoted to food
safety can be found [1]. Although these devices have demonstrated to be efficient, typically
the impedance analysis in a wide frequency range is not fast, requires expensive equipments
and qualified personnel. These features imply a great difficulty to obtain a commercial product,
Therefore, if commercial devices are desired from this technology, some variations should be
including in order accomplishing the market requirements,

In this chapter two cases of immunosensors are analysed. Firstly, an impedimetric immuno-
sensor based on the analysis of only one frequency, instead of the broad frequency spectrum
is studied. By means of this technique, the data treatment related to the analysis of the broad
frequency spectrum is avoided. Alternatively, another measurement technique based on the
application of a multi-sine burst signal is also explored, as a method to hardly reduce the cost
related to the expensive equipments, Then, the advantages of a second device, the conduch-
metric immunosensor are also exanimate. In this device a secondary antibody labelled with
gold nanoparticles is included in order to produce a conductive label on the electrodes that
opens the possibility of applied simple and inexpensive DC measurements, In addition, but
within the same device, an interesting change of substrate is studied.

2. Description of the immunosensors

In this section, structure, functionalization, working mechanisms, as well as the contribution
of the immunosensors treated to obtain a commercial product are described.
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Interdi
sented

counteJ
contrib
electroJ

|
ThmA(‘
gap) W
just to
t}dnneq
Before J
The me
p—elecH
process
alcm?

Before |
and Mi
in Milli
order f
ethanol

v Im;

The im
frequer
the use
on the f
surface

An imn
immobj
the elec
amoun
on the
analysi

As the
amoun|
sensor

import:
are mu
is mudl
impedi




' shorter timeg

$sica] Wide

Though ¢,
NSOr tech.
ntibodjeg,

esticideg
W tens of
1, Or the

milk op

to food
Pically
mentg
Oduct,
1d be

uno-
I'um
Oad

ost
Cti-
ith
at
1t

lmmunosensors: Concepts and Structyres for Fast and Accurate Sensmg
htrp:/f‘dx.doi.orgﬂ0‘57?2/55969

2.1. Interdigitated H-electrodeg (IDuE’s)

Thin Au/Cy (~150nm thickness) interdigitated H-electrodes (IDuE’s, ~ 5 Hm thick ang electrode
gap) were Patterned op 4 Pyrex 7740 8lass substrage. The objectiye of the chromijum layer jg
just to Improve the adhesion of the gold tq the Pyrex Substrate, thus, the ¢, layer is much
thinner thap the Ay layer (aprox. 1:1p ratio),

Before mety] deposition, , Wwashing step of the Substrate, using absolyte ethano], js required,
The meta] deposition Was performed by means of Sputtering deposition ang the Interdigitateq
p-electrodes were then patterneq on the Pyrex Substrate by a photo}ithographic metal etch
process. For the Immunosengoy Measurements, arrays consisting on gjy IDuE’s Organized on
alcm?area were constructed.

Before functionalization, the samples were first cleaneq n a solutiop of ethang] absolute 709,
and Milli-Q watey 30%. Then, the samples were Plunged for 15 hina solution of NaOH 3 59,
in Milli-Q Water, Afterwards, the 12 | the samples were rinsed in 100mL of Milli-Q water in

n
the yse IDuE’s arrays, bioreagents Specifically developed against the desired Compound ang
on the iMpedimetyip change that Occurs when the l'mmu.noassay IS performed on the electrodes
Surface,

As the immunosensor does not Measure ap amount of Pesticide, because jt Measures ap

is much higher. Thjs feature Tepresents ap Important advantage in Comparison i, other
impedimem’c immtumsensors reported Previously [2-4]. As 4 Consequence, authors of thege

199
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works must reduce the electrode size to na

nometer scale [2], or otherwise their limig of
detection can only achieve tens of ppbs [3, 4).

Immunosensor functionalization consists on two main steps: 1)

the coating antigen (CA)
immobilization; and ii) the specitic antibody capture.

antibody evacuation
related to the amount

=L
o ‘ ‘ *‘

antibody bound on the coated

antigen layer ’

6 coated antigen

antibody
pesticide residue

- A i

Figure 1. Immunosensor reaction, An amount of the specific antibody is bound on the coated antigen layer, Other
quantity is evacuated of the IDuE's; this amount isrelated to the pesticide concentration.

As it has been demonstrated in the literature [1],
Mmeasurement in a wide frequency range, works correctly and accurate results can be obtained
from it. Nevertheless, this method can be tedious and time consuming because computer
processing is required to extract the values of all parameters involved. For this reason, an
alternative method for the detection of pesticide
was raised.

the detection method based on impedance

based on measurements at single frequencies

By this method, single frequencies are applied, instead of the wide frequency range, for the

atrazine detection. In the case the computer processing related to the fitting of the Nyquist
plots of impedance spectra to the equivalent circuit is completely avoided because this
detection method is based on the measurement of just the module (17| ). the real part (Zre) or
the imaginary part (Zim) of the impedance at a single frequency.

As it is well known, the inclusion of antibody on the immunosensor (
implies a variation in the immunosensor impedance (
dance). This variation can be represented for the values of the equivalent circuit elements,
Therefore, the changes of the values of the elements of the equivalent circuit are due to
variations of immunosensor impedance. Then, the changes of the elements of the equivalent
circuit are strongly related to the variation of |1ZI, Zre and Zim,

antibody capture step)
teal and imaginary part of the impe-

This detection method consists on the measurements of the module, the real part or the
imaginary part of the impedance of the Immunose
For this reason, both |7 [, Zre and Zim have been

nsor at a single frequency for the analysis.
studied in order to analyze which of them
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mined by comparing the limit of detection (LOD) for their response curves. The variation of
the |Z1, Zre or Zim of the IDUE’s, between the antigen incubation and the competition step is
plotted against atrazine concentration to obtain the response curve. In order to find the best
immunosensor response and improvements in the LOD, two kind of variation of the impe-
dance have been taking into account: '

1. Absolute difference:

A Zabs =| Z( Ab) - Z(AT)|, (1)
and
ii. Relative difference:

A Zrel o ZLAB) - Z(AT) -
Z(AT)

where Z(Ab) is the impedance (module, real part or imaginary part) of the antibody captured

and Z(AT) is the impedance (module, real part or imaginary part) of the antigen previously
immobilized.

in diluted PBS solution (1.6 uS em™). Likewise, all impedance measurements were done in a
Faraday cage.

This method has been demonstrated using several, representing the ranges of the middle (30
kHz to 150 kHz) and high (150 kHz to 1 MHz) frequencies. The bandwidth was chosen in order

to taking into account all regions of the impedance spectrum between the middle and high
frequencies.

2.3. Conductimetric immunosensor based on DC measurements

Again, an immunochemical competitive reaction is used for reach the pesticide detection.
However in this case, a secondary antibody (Ab,) is included (Figure 2). These secondary

antibodies,
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secondary antibody
capture

secondaryAb
labelled with gold

nanoparticles

Figure 2. Schematic diagram of the complete assay system performed on the ID,
sensor.

The functionalization of this immunosensor consists in three main steps: i) the coating antigen
(CA) immobilization; ii) the specific antibody capture (Ab,); and iii) the capture of a non-

specific antibody (Ab,) labelled with gold nanoparticles.

The competition reaction is performed during step i and ii. During step iii, Ab, is linked to
Ab,, and then the Ab, concentration is related to the Ab, concentration included. Therefore,
the concentration of the free pesticide tested is related to the amount of
which is measured by DC measurements. In this new structure,
fingers, reducing the gap of the interdigitated p-electrodes [5].

gold nanoparticles,
gold particles act as new small

Using this conductimetric immunosensor has been demonstrated that pesticides residues can
be detected by means of simple and inexpensive DC measurements, when gold nanoparticles
are included as labels in the immunosensor [6, 7]. When a DC voltage is applied to an inter-
digitated p-electrode with gold particles attached to it, the DC current which passed through
the electrodes grows clearly in relation to the concentration of pesticide included.

As well as the impedimetric case, the conductive measurements were also carried out at room
temperature, in a Faraday cage and without the use of any redox mediator. The two interdi-
gitated electrodes were covered by a diluted PBS solution with a conductivity of 1.6 pS cm’?

and connected to the input of an Agilent 4156C Semiconductor Parameter Analyzer by means
of standard probe tips.

In comparison with the impedimetric measurements performed for the typical impedimetric
immunosensors, the conductive measurements are easier to execute, because impedance
spectroscopy is not required and the fitting procedure to the equivalent circuit model is also

completely avoided.

3. Functionalization of the immunosensors
For the immunosensors development, the biofunctionalization (immobilization) of the
biological element onto the transducer surface is required

Over the coated layer of antigen, the free specific antibody is captured by affinity. In the case
of the conductimetric immunosensor, a secondary antibody labelled with a gold nanoparticle
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is attached to the primary specific antibody in order to amplify the affinity event and obtain a
good conductive response.

As the dielectric properties of the biological systems are very remarkable, the developed
devices can exhibit a good impedimetric response.

3.1. Functionalization of the impedimetric immunosensor

In the case of the impedimetric immunosensor, the passive adsorption technique was used.
By means of this method the chemical changes on the impedimetric immunosensor surface
follow basically two steps:

i Step 1, antigen immobilization on the IDUE;
il. Step 1L, specific antibody capture in the competition step.

The chemical recognition layer was deposited on top of the interdigitated pi-electrodes area
(fingersand inter-digits space). These chemical procedures are schematically shown in Figure3,

=

antigen
immobilization

Interdigitated p-electrode (IDuB

antibody
capture

* antibody

Figure 3. Schematic diagram of the complete assay system performed on the IDpE's for the impedimetricimmunosensor.

3.2. Functionalization of the conductimetric immunosensor

In this case, a covalent immobilization technique was applied. Then, the chemical changes on
the conductimetric immunosensor surface follow five steps, two previous steps for the
immunosensor surface functionalization and other three steps for the immunosensor reaction:

i. Step I, protection of interdigitated pi-electrodes with N-acetylcysteamine;
ii. Step II, immunosensor surface functionalization with GPTS;

iii, Step III, covalent immobilization of the antigen on the IDUE;

iv, Step 1V, specific primary antibody (Ab,) capture in the competition step;

v, Step V, secondary labelled with gold antibody (Ab,) capture.

Immunosensors: Concepts and Structures for Fast and Accurate Sensing 203
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Due to the covalent immobilization, the chemical recognition layer was deposited only on the
gap of the interdigitated p-electrodes. The complete functionalization procedures of the

o

AT o IO [ o= o MR — e | !

conductimetric immunosensor are schematically shown in Figure 4.

O

[@ coated antigen
primary specific antibody
fseoondary antibody labelled with gold nanoparticles

Figure 4. Schematic diagram of the complete assay system performed on the IDUE's for the conductimetric immune-
sensor.

4, Pesticide residues detection

Both types of immunosensors described in previous sections (impedimetric and conductimet-
ric) have been tested for the detection of free pesticide samples. For that, atrazine, a widely used
pesticide in the wine industry, as well as for the test of novel biosensors [8-12], has been used
as pesticide of test.

Atrazine, a widely used selective herbicide for the control of annual grasses and broadleaved
weeds, has often been found in drinking water, and therefore, they are a potential threat for
the public health [13-16]. The European Community has established maximum residue level
for residues of this herbicide in wine grapes in 50 pg L.

v o IO I - VI v T, = o~ T I = T P - T e o 0 = 0 = A LU — (N i~y

The competitive reaction carried out on the interdigitated p-electrodes has been performed in
buffer solution (impedimetric and conductimetric immunosensor) and in wine samples
(conductimetric immunosensor). The performance details of both types of devices as atrazine
detectors are detailed below.

Sl i A S
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41 Impedimetric immunosensor based on singly frequency impedance measurements

In this case, experiments were carried out with different atrazine concentrations (1.6 = 1000
g L") during the competition step in order to qualitatively show how the impedimetric
jmmunosensor is sensitive to the atrazine concentration using the detection method of single
frequencies. These experiments were performed using different ID’s samples for every
concentration.

geveral frequencies of work between 35 kHz to 1 MHz were chosen in order to take into account
all regions of the impedance spectrum between the middle and high frequencies. Frequencies
below 30 kHz were excluded from the sensor characterization because their unstable response.
Asitis well known, these frequencies are related to the Warburg impedance and to the double-
layer capacitance. Typically, in the impedimetric immunosensors, some scattering was found
in the impedance variations at these frequencies due to the influence of these parameters.
Therefore, these frequencies were found inadequate to obtain confident results.

Measurements were also differential in order to suppress the non-ideal effects related to the
geometry or technology of the IDLE's. Due to that, the change in the impedance (AZabs and
AZrel) was calculated between the Step I and the Step II of the impedimetric immunosensor
functionalization. The impedance variations, in relation with different atrazine concentrations
and with the frequency of work, were analyzed and the results are shown below. Several
detection curves at different frequencies of work have been executed using the variation of the
module of impedance (IZ1), the variation of the real part of the impedance (Zre) and the
variation of the imaginary part of the impedance (Zim). These changes have been obtained
taking into account the absolute and relative differences described above. In order to analyze
the impedimetricimmunosensor response, detection curves obtained at these frequencies were
compared and studied separately for each frequency range, as it can be seen in Figures 5, 6
and 7.

These figures only show some examples of the detection curves obtained by means of the
relative difference of impedance. Detection curves usin g the absolute difference of impedance
are not included in this manuscript because their shape is very similar to the detection curves
using the relative difference of impedance and because, as it will be noticed, important
improvements in the features of the atrazine assay (LOD) have been found, at middle fre-
quencies (35.37 kHz to 131.95 kHz), when the relative difference is used, in comparison to the
absolute difference in all cases.

Figure 5 shows the response of a typical Impedimetric immunosensor using the relative
difference of |Z| at three different frequency ranges: from 35.37 kHz to 131.95 kHz (curves
5a); from 401.96 kHz to 602.70 kHz (curves 5b); from 738.01 kHz to 1 MHz (curves 5c). As
additional examples, Figure 6 and 7 show the response of a typical impedimetric immuno-
sensor using the relative difference of Zre and Zim respectively, for the frequency range from
738.01 kHz to 1 MHz. As it can be seen in the figures, the inclusion of the antibody in the Step
Il implies a higher increase in the absolute value of the impedance when low atrazine concen-
trations are included in the competition step at all the frequency ranges under study.
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Figure 5. Impedimetric immunosensor responses using the relative difference of Zre at high frequencies from 738.01
kHz to T MHz.Impedimetric immunosensor responses using the relative difference of 12| at: a) middle frequencies from
3537 kHz to 131.95 kHz; b) high frequencies from 401.96 kHz to 602.70 kHz; ¢) high frequencies from 738.01 kHz to
1 MHz. Reprinted from Sensors and Actuators B, 129/2, Angel Rodriguez, Enrique Valera, Javier Ramén-Azcén, F-).

staner, Single frequency impedimetric immunosensor for atrazine detection, 921-928,
Copyright (2008), with permission from Elsevier.
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Figure 6. Impedimetric immunosensor responses using the relative difference of Zre at high frequencies fro

kHz to 1 MHz.Reprinted from Sensors and Actuators B, 129/2, Angel Rodriguez, Enrique Valera, Javier Ramén-Azcén
F-J. Sanchez, M.-P. Marco, Luis M. Castafier, Single frequency impedimetric immunosensor for atrazine detecti

921-928, Copyright (2008), with permission from Elsevier.
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Figure 7. Impedimetric immunosens espon ing the relative differ of Zim at high frequencies fro

kHz to 1 MHz. Reprinted from Sen dA rs B, 129!2 A ngel Ro d g z, Enrique Valera, Javier Ramén-Azcdn
F-J. Sanchez, M.-P. Marco, Lui M C S gI frequency impedimetric immunosensor for atrazine detection
921-928, Copyright (2008), with permissionf rom Elsevier,

A characteristic of the behaviour of the impedimefric immunosensor and the detection method
to single frequencies is that the difference between the response curves

tuning of the s

very small, almost
imper ptbl This can be appreciated in Figures 5a and 6. This could be used for the auto-
and to reduce the effect of the dispersion of the initial capacitance of the
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devices in the measurement, by using two or more frequencies in the measurement insteaq of
only one,

The main influence of choosing the absolute or the rela tive difference is observed in the valyeg

In Table 1 an important improvement in the LOD at middle frequencies (35.37 kH; to 131,95

Features frequency of work (kHz)
of the
) Az
atrazine 35.37 64.95 131.95 401.86 738.01 1000
assays
11z [(ab)- 1z [(aT)| 13772016 13.3410.16 11952018 11032007 979:019 9574017

' 12 [(Ab)= 12 |(aT) 12.06+0,1
L2 < vid) 1002:0.21  832:022 6874023  9g7s020 85620.23
121747 7

LoD |Zre(Ab)-Zre(aT)| 14.30+0.13 13631016 15962017 11.03:039 9832023 8412022
gL' Jzﬂ*}%(’gj'@)’ 8.95+0.22 7624023 5.7640.25 19.161037  8.25+0.30 8.01+025

fom(Ab)ﬁZim(ATH 28.61+0.29  19.60+0.25 9.55+0.36 7.43+0.28

'Zﬂ(%;%f;‘ﬁ@l 12525021 11954017 7.51x0.29 910£0.23 8612022 9462021

7.19+0.23  7.81+023

* Parameters extracted from the four-parameter equation used to fit the standard curve,

Table 1. Features of the atrazine assays * Reprinted from Sensars and Actuators B, 129/2, Angel Rodriguez, Enrigue
Valera, Javier Ramén-Azcén, F-). Sanchez, M.-P. Marco, Luis M. Castarier, Single frequency impedimetric
immunosensor for atrazine detection, 921-92g, Copyright (2008), with permission from Elsevier.

Comparing directly the three cases, it is clear that the best response is obtained using the Zre
variation by means of relative difference at middle frequencies (5.76 — 8,95 g L), and that the
worst response is obtained using the Zim variation by means of absolute difference also at
middle frequencies (19.60- 28.61 tg L), although in all cases the limits of detection obtained
are still lower than the MRL (50 pg L) established by European Union,

These results can be seen more clearly in Figure 8, This figure shows the evolution of the LOD
in the frequency ranges analyzed, for the variation of | Z| (curve 8a), Zre (curve 8b) and Zim
(curve 8c). In Figure 8b is clear the improvement in the limit of detection at middle frequencies,
when the relative difference of the Zre is used instead of the other impedance variation, as it
was observed above,

Although the best responses were obtained using the real part of the impedance, when the
module of the impedance is used to find the features of the assay, measurements show lower
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eans a better compensation of the effects of

geometry or technology of the IDUE’s. As consequence the immunosensor resolution (LOD)
is almost constant in the whole range of frequencies under study, both in the case of the

absolute difference or relative difference, as it

can be comprehended in Figure 8a. This is

important because, the frequency of work can be chosen independently of the immunosensor
resolution, therefore providing a degree of freedom to the design of the circuitry of control.
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Figure 8. Evolution of the limit of detection by means of absol
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4.1.1. Multi-sine burst signal

l-“;]ﬂfifi.’ffiiﬂlff.'ﬂ;?ﬁ .'IEE;TSIII.’:?LT!![;Iifiﬁﬁ!ﬂﬁﬁiﬁfﬁfﬂﬂiﬁi;ﬂh?ﬁ[lﬁi:w{ﬂ
} ]il"!fiiil! .

i

f!,

i
5
'fi'ff!.’}'
il

E | o }{Tﬁ”ﬂ{ﬂ:;

i

M

il rufl'li'mu'f;mm;@

i

- ]!. A e
| I(I'UH/U" L
WL
"l”ﬁhfmrlﬁiifi

il
Sy
!, L

u.,jﬁm‘uu |

|

I

I

i
iy
P Al

I }
| ;H-’;eu.immfn’l
| u.'r,?uur
i -

L
Ui

T

Wil
i HHI!I‘]IH f}i”l”i"'!’J

1

Lg,.
i

il

l!
I

L

il

ute and relative variation of: a) module of impedance;
b) real part of impedance; c) imaginary part of impedance Repri

nted from Sensors and Actuators B, 129/2, Angel Ro-
P. Marco, Luis M. Castarer, Single frequency impedi-

The characterization technique previously shown is based on the monitoring of the electrical

response of the device under test after application o

f only one AC signal in a single frequency.




210  Herbicides - Advances in Research

By the burst technique, a multi-sine signal is used in order to perform simultaneousg Measyre
ments at different frequencies at the same time. These signals are useful for fast meﬂsuﬁn‘
biological objects which electrical properties changes quickly with time, in order to obtain the
frequency transfer function free of modulation,

Mathematically, amulti-sine signal is formed by the sum of N tones, each one withits own
Tobe precise, in bio-impedance measurement scenario is just necessary a signal burst an,
continuous time signal. An example of a multi-sine burst signal can be seen in Figure9,

Phase,
dnota

Fig
Figure 9. Five multi-sine burst signal with 1ms of period.
Signal generation and acquisition is a crucial part in the hardware implementation since they
are the connector between the analog world and the discrete world of digital signal processing fr
as

algorithms. Multi-sine signal is based on Bilateral Quasi-Logarithmic (BQL) [17] frequency
distribution and is implemented on a custom arbitrary signal waveform generator based on g B
Field Programmable Gate Array (FPGA). Acquisition is done with a specific front-end

connected to a fast A/D board which transfers the data to the Digital Signal Processor (DSP)

silicon for real time processing. Thus, it is possible to make simultaneous measurements in a

wide spectrum in a short time. The main idea is to use broadband signals because the energy

is spread over the desired frequency range. A photo of the waveform generator can be seen in

Figure 10, whereas Figure 11 shows a schematic of the signal generation and acquisition

configuration.

Figure 10. Multi-sine generator board.
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stand nota
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5
| Figure 11. Signal generation and acquisition configuration.
1
In this case the data acquisition system was designed to only interpret the region semicircle
] ' and not the area of diffusion (Nyquist plot). Likewise, the number of points (fundamental
n since they

! frequencies) was chosen in 21 because some hardware limitations related to the memory, such
as capacity and velocity (reading and writing) and to avoid difficulties in the design and
benefits worsen. An example of the plots obtained by this method is shown in Figure 12.

\l processing
7] frequency ,
r based on a

ic front-end

cessor (DSP)
rements in a

e the energy

an be seen in

I acquisition

Figure 12. Immunosensor response obtained from a multi-sine burst signal.

In this figure we can see how the system is able to represent different curves that are related
to the antibody concentration. Although in these curves the bandwidth is smaller in compar-
ison with the previous case, the curves obtained are enough to appreciate differences in the
impedance contribution. Then, these differences could be also related to differences in
parameters of the equivalent circuit, and thus, this system could be used as detection system.
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The work related to the multi-sine burst signal was performed in collaboration with Dy
Bragos and co-workers, members of the Divisio Intrumentaci i Bivenginyeria (UPC),

4.2. Conductimetric immunosensor

In the case of the conductimetric immunosensor, impedimetric measurements were discardeq
as detection method, because the inclusion of the gold particles (conductive elements) subtygels
the contribution of the secondary antibody (resistive element). Therefore, only DC measyre.
ments were applied in this case.

4.2.1, Atrazine detection in buffer samples

Atrazine concentrations between 0.32 to 2000 pg L during the competition step (Step IV) were
included. The electrodes were covered by a diluted PBS solution and the measurements were
executed to +25 and +100 mVdc bias. The results obtained by this method are represented in
Figure 13.

The limits of detection obtained for the atrazine residues detection using the conductimetric
immunosensors, when the competitive assay was performed in buffer solution, were 0,444 g
L (100 mVdc bias) and 1.217 pg L' (25 mVdc bias), both far below the MRI..

Conductimetric

-o-- 25 mvdc kﬁ
L

7, 2

Figure 13, Response curve of the conductimetric immunosensor, using the covalent immobilization technique, for the
atrazine detection in relation with the presence of gold particles (40 nm). Buffer solution was used for the competitive
reaction. Measures were taken in diluted PBS solution. See Table 2 for the features of the atrazine assay.
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Features of the atrazine assays ® Conductimetric immunosensor (buffer)
25mv 100 mv
[Cso WO L 84710.19 5.29+0.14

# The parameters are extracted from the four-parameter equation used to fit the standard curve.

Table 2. Features of the atrazine assays *

4.2.2. Atrazine detection in red wine samples

After the demonstration of both types of immunosensors for the detection of free pesticide in
buffer samples, the conductimetric immunosensor was also studied using a complex matrix

of test.

Red wine samples were obtained from a local retail store and used, on a first instance, to
evaluate the extension of the potential non-specific interferences, Prior measurements with the
immunosensors, the wine samples were purified by solid-phase extraction (SPE) using
LiChrolut RPP-18 (500 mg, 6 mL) sorbent (Merck, Darmstadt, Germany) pre-conditioned with
MeOH (3 mL), and MeOH:Mili-Q water (15:85, v/v, 3 mL) at a flow rate of 3 mL min”, The
wine samples (3 mL) were loaded at 5ml. min”, and the SPE cartridges washed with of
MeOH:Mili-Q water (70:30, v/v, 1 mL), dried, and finally eluted with of MeOH:Mili-Q water
(80:20, v/v, 1 mL). The fractions collected were diluted 1:50 in PBST and used for the impedi-
metric measurements [1].

Again, the experiments carried out in this section included atrazine concentrations (0.32 - 2000
Hg L) during the competition step (Step 1V), the electrodes were covered by a diluted PBS
solution, and the measurements were performed to +25 and +100 mVdc bias.

The results obtained by this way are shown in Figure 14. The limits of detection obtained for
the detection of residues of atrazine, when the compefitive assay was performed in red wine
samples, were 0.489 tig L (100 mVdc bias) and 0.034 (g L' (25 mVdc bias). As in the previous
cases, the MRL required by EC was largely reduced.

4.2.3. New approach: A flexible device

As it was proven in the previous sections, both types of Immunosensors described in this
chapter have been able to detect residues of atrazine when buffer samples were used for the
competitive assay. In both cases, the transducer was supported by a PYREX substrate. Tn this
section a new approach, flexible plastic substrates, is introduced, in order to hardly reduce the
cost of the device.
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__Conductimetrid
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Figure 14. Response curve of the conductimetric immunosensor, using the covalent immobilization technique, for
atrazine detection in relation with the presence of gold particles (40 nm). Red wine samples were used for the com-
petitive assay. Measures were taken in diluted PBS solution. See Table 3 for the features of the atrazine assay.

Features of the atrazine assays * Conductimetric immunosensor (red wine)

25mV 100 mV
Gy, g LY 19.05+0.10 20.54+0.07
LOD, pg L 0.034 0.489
R? 0.96 0.98

2 The parameters are extracted from the four-parameter equation used to fit the standard curve.

Table 3. Features of the atrazine assays®

4.2.3.1. Flexible interdigitated p-electrode (FIDUE)

Although Pyrex properly complies with the conditions of isolation and compatibility neces-
sary, the possibility of a flexible sensor was also explored. Therefore, flexible interdigitated
p-electrodes (FIDWE) for biosensor applications were fabricated. A sample of the FIDpE's
developed can be seen in Figure 15.

The flexibility of the FIDUE's was reached using a plastic substrate. The plastic chosen as new
substrate was polyethylene naphthalate (PEN), 0.075 mm, purchased from Goodfellow
Cambridge Limited.

The fabrication procedure of the FIDUE's is as follows: Thin Au (150 - 200 nm thickness)
interdigitated pi-electrodes (IDpE's) with, 30 um thick with electrode gap of 30 pm were
patterned on a PEN substrate. As a good adhesion between gold and the PEN substrate exist,
the chromium layer was avoided. Before metal deposition (performed by sputtering), the PEN
substrate was cleaned using absolute ethanol. Then, the interdigitated p-electrodes were then
patterned by a photolithographic metal etch process.
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Figure 15. Flexible interdigitated p-electrodes fabricated: a) top view; b) demonstration of flexibility. Reprinted from
Microelectronic Engineering, 87/2, Enrique Valera, David Mufiz, Angel Rodriguez,, Fabrication of flexible interdigitat-
ed p-electrodes (FIDUEs) for the development of a conductimetric i immunosensor for atrazine detection based on anti-
bodies labelled with gold nanoparticles, 167173, Copyright (2010), with permission from Elsevier

In order to apply FIDUE's as biosensor, the electrodes surface must be activated. For this
reason, 5i0, was deposited by sputtering on the electrodes surface, because silicon oxide

surface contains reactive SiOH groups, which can be used for covalent attachment of organic
molecules and polymers [18].

4.2.3.2. Conductimetric immunosensor using FIDuE's

The functionalization performed in this case followed the covalent immobilization technique
previously explained. Atrazine concentrations between 0.32 — 2000 ug L' were included. The
electrodes were covered by a diluted PBS solution and the measurements were performed with
a bias of +100 mVdec. The response curve obtained can be seen in Figure 16. In this case, the
curve is based on the current through the electrodes, related to amount of gold particles,
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Figure 16. Response curve of the conductimetric | immunosensor, using the covalent
atrazine detection in relation with the presence of gold particles (40 nm). Buffer solution was used for
reaction. Measures were taken in diluted PBS solution. See Table 4 for the features of the atrazine assa
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In this case, the LOD 15 2.975 ug L7 and the R? was 0,992, Nevertheless, another imp()rtam
conclusion is that in this case, a very small gap is notneeded to achieve the atrazine dEfECtion
in low concentrations,

0.99
*The parameters are extracted from the four-parameter equation used to fit the standard curve,
Table 4. Features of the atrazine assays s

5. Conclusiong

In this chapter, two Immunosensors based on interdigitated H-electrodes together with three
strategies for the excitation and readout of thejr Tesponse are described, The goal of the readoyt
methods was to reduce the time of measurement. They have been Implemented ang charac-

The third method, based in burst signals, allows for the fast measurement of the impedance
of the devices, also in a few seconds, in the broad band from Joy to high frequencies used in
the conventional impedance Spectroscapy, Its advantage comeg from the fact that it uses a
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