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Abstract

Electrochemical impedance spectroscopy (EIS) is a common technique used to probe
bioaffinity interactions on electrically conducting polymer surfaces. EIS methods can
be employed to investigate ‘labeless’ detection of analytes via impedimetric
transduction. This paper describes the development of a direct immunosensor for the
detection of a cell-surface protein on Listeria monocytogenes, an extremely important
food-borne pathogen. Listeria monocytogenes are facultative anaerobic, non-sporing,
Gram-positive, motile rods that employ the surface bound protein, Internalin B (InlB),
to promote invasion into host cells. A recombinant form of InlB was previously
cloned and expressed in E. coli. and a panel of antibodies and antibody fragments
directed against the protein were also produced. Here, we describe how a portion of
the recombinant InIB protein, the F3 fragment, and an anti-InlB polyclonal antibody,

were used to develop a platform for the labeless immunosensing of InlB.

Sensors were fabricated by electropolymerisation of planar screen-printed carbon
electrodes with polyaniline (PANI), to produce a conductive substrate. Polyclonal
anti-InlB antibody was subsequently incorporated onto the PANI layer using a biotin-

avidin system for site-specific immobilisation. The sensors were then probed with



varying concentrations of InlB antigen and the impedimetric response at each
concentration was recorded. An anti-IgG antibody was immobilised at the electrode
surface, as a control and subsequently exposed to the same concentrations of InlB.
Impedimetric data for the control sensors were also recorded. Upon exposure to a
range of concentrations of antigen, complex plane impedance analyses were used to
relate the differing redox states of the polymer layer, to the possible charge transfer at
the surface, with respect to the related mechanisms between the antibody and the
polymer. These effects were subsequently monitored to assess the impedance of the
polymer thereby determining the amount of bound antigen at the sensor surface.
Calibration profiles for both sample (InlB) and control (IgG) sensors were constructed

A limit of detection of 1ng/ml were achieved for Internalin B.



1. Introduction
Immunosensing devices transduce antigen-antibody interactions into directly
measurable signals and allow simple, rapid and sensitive quantification of analytes in
biologically complex samples [1]. There are two main types of immunosensors, direct
and indirect. Indirect immunosensors employ labels (fluorescent tags, enzymes, radio-
isotopes, etc.), whereas direct methods are ‘label-free’. The use of labels can often
mean longer analysis times, with extra steps required, thus increasing the complexity
of the procedure. The direct detection of bioaffinity reactions can be performed with

piezoelectric, optical, and electrochemical transduction methods [2-6].

Electrochemical immunosensors are used extensively for the direct detection of
antibody-antigen interactions. Their main advantages are that they are non-invasive,
require little sample pre-treatment and are often reversible [7]. Electrochemical
immunosensors are concerned with the formation of a recognition complex between
the sensing biomaterial and the analyte under investigation in a monolayer or thin-
film configuration, on an electronic transducer [8]. The formation of a complex on a
conductive or semiconductive surface may alter the capacitance and the resistance at
the surface-electrolyte interface [9], and this can be exploited to determine the

concentration of the required analyte.

Impedance spectroscopy is a powerful tool for the analysis of interfacial property
changes of modified electrodes, upon the occurrence of a biorecognition event such as
antibody-antigen binding, at the modified surfaces [10]. Kinetics and mechanisms of
electron-transfer processes that correspond to the biocatalytic reaction occurring at
modified electrodes can also be derived from Faradaic impedance spectroscopy (FIS).
Therefore, impedance spectroscopy is a useful electrochemical tool for the
characterisation of biological thin-films involved in the transduction of biomolecular

interactions at electrode surfaces [11 & 12].

Conductive polymers are excellent platforms for the immobilisation of biomolecules
at electrodes. Sergeant et al. [12] have investigated the binding mechanisms of
antibody-antigen interactions on conducting polypyrrole films using impedance
spectroscopy. Concentration-dependent impedance measurements were calculated

based on the theory of charge generation and transportation at the polymer interface.



This was based on the fact that proteins in solution act as polyelectrolytes and hence,
as an antibody is a protein, its electrical charge will be affected on binding an antigen
[13]. As antigen concentrations are increased, the impedance of the system increases,
especially at low frequencies. The impedimetric response of an antibody-loaded film
may be represented as either a Bode or Nyquist plot. A Bode plot shows the total
impedance of the system vs. frequency and is indicative of the overall result. A
Nyquist plot illustrates the faradaic (real) impedance of the system vs. the capacitive
(imaginary) components [14]. Nyquist plots show detailed effects of antigen
concentration on the real (Z’’) and imaginary (Z’) components of antibody-loaded

polymer films [15].

Prior to the addition of specific antigen, the real and imaginary components of the
Nyquist plots follow the traditional shape. However, once antigen is introduced to the
system and binding occurs at the polymer interface the plots become more difficult to
interpret. Both the faradaic and capacitive components tend to increase as antigen
concentration increases, however, the increases in the real component dominates the
total increase in impedance, i.e. the faradaic component of the impedance increases
more dramatically and is frequency independent [11]. This principle forms the basis

of the ‘labeless’-immunosensor described here.

The chosen target for this ‘labeless’ reversible immunosensor was Internalin B, which
is a cell surface protein of Listeria monocytogenes, an important food borne pathogen
with an extremely high mortality rate of approximately 30%. Listeria monocytogenes
can be readily isolated from food, water, soil and silage and grows between 1 - 45°C
[16]. It is responsible for most food-borne outbreaks of listeriosis and belongs to the
bacterial genus Listeria. Listeriosis is most prevalent in immunocompromised
patients, with the risk of infection up 1000 times more likely than that of the general
public [17]. In most cases of infection, symptoms present as those commonly
associated with food poisoning and include fever, vomiting, diarrhoea and headache.
However, in more severe cases meningitis, septicaemia and spontaneous abortion can
occur. Therefore a rapid method for detection is vital. Labeless affinity sensors are a
new generation of biosensors and address a number of problems associated with the
rapid diagnosis of food borne pathogens by allowing cost-effective, specific and

sensitive detection of bacterial pathogens for use at point of care.



A range of novel antibodies and antibody fragments directed against important cell
surface proteins on L. monocytogenes were previously developed and characterised
[18-20]. An anti-InIB polyclonal antibody was specifically immobilised at the
electrode via a series of surface modification steps. The sensors were then probed
with varying concentrations of InlB antigen (F3 fragment) and the impedimetric
responses recorded. An anti-IgG antibody was also immobilised, as a control and
subsequently exposed to the same concentrations of InlB antigen. The concepts
described by Grant et al. [7], were applied to obtain affinity binding and signal
transduction processing for the electrode platform assemblies. The planar electrodes
and impedimetric detection methods were subjected to reproducibility and control

analysis studies and tested in buffered samples.

2. Experimental

2.1 Reagents

Sodium di-hydrogen orthophosphate, di-sodium hydrogen orthophosphate, sodium
chloride, (all ‘AnalaR’ grade), were purchased from BDH lab supplies (Poole, Dorset,
UK.) Aniline hydrochloride, albumin bovine (BSA), biotinamidohexanoic acid-3-
sulfo NHS and immunopure biotinylation kit (BK101) were purchased from Sigma-
Aldrich Co, Ltd (Gillingham, Dorset, UK.) Potassium hydrogen phosphate was
purchased from Fisher Chemicals (Loughborough, Leicester, UK). Neutravidin and
biotin-sulfo-NHS were purchased from Pierce Biotech (Rockford, IL, USA)

2.2 Buffers and solutions

Phosphate buffered saline (PBS), comprising of 0.13 mM NaH,POs 0.528 mM
Na,HPO, and 0.51 mM NaCl, pH 7.4 was prepared using distilled deionised water.
0.2M aniline hydrochloride monomer solution was prepared in aniline buffer (0.5 M
KCI and 0.3 M HCI at pH 1.0) using distilled deionised water. Antibodies against
InIB were purified from polyclonal serum, reconstituted in PBS, pH 7.4 (as above)
and frozen in 125ul working aliquots at 1mg/ml. Internalin B antigen test solutions
were prepared in PBS, pH 7.4 (as above) at a range of concentrations from 1ng-

100ng for impedimetric exposure analysis.



2.3  Materials
Carbon screen-printed electrodes assemblies (Microarray Ltd. Manchester, UK) were

used as the biosensing platforms in this research and are shown in Figure 1.
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Fig. 1 Single screen-printed planar carbon electrode.



2.4 Instrumentation

A Sycopel PCI-100 MK3 Potentiostat computer interface was used in conjunction
with a ‘Ministat Potentiostat’ for all electrochemical studies. All current/charge
transients were recorded using a compatible PC and Sycopel software. AC Impedance
measurements were performed using an ACM Auto AC DSP frequency response
analyser. The test frequency varied from 10000Hz to 1Hz a.c. and a SmV amplitude
perturbation was used. The potentiostat was linked to compatible PC utilising ACM

software for data acquisition.

2.5  Carbon Electrode fabrication

2.5.1 Electrochemical insulation of carbon working electrode.

The monomer solution used was thoroughly purged with N, for 20 minutes in a sealed
cell to provide an oxygen free atmosphere. The cycle number and potentiodynamic
sweep rates were determined for each set of electrodes prior to deposition (data not
shown). The insulation of planar carbon electrodes was achieved by sequentially
scanning the working electrode potential from -200mV to 800mV (vs. Ag/AgCl) and

back to the starting potential, at a scan rate of 50mV/s.

2.5.2 Electrodeposition of polyaniline (PANI) onto the planar carbon working
electrode

The potentiodynamic electrodeposition of PANI onto the planar carbon working
electrodes was achieved electrochemically by sequentially cycling the working
electrode potential from —200mV through to 800mV (vs. Ag/ AgCl) and back to the
starting potential at a scan rate of 50 mV/s. A 0.2M aniline hydrochloride solution
was prepared in a 0.5 M KCI, pH 1.0. The conducting films increased in thickness, as
more charge was passed with each potential sweep. The optimisation of cycle number
and the polymerisation time was dependent on the quality of the monomer solution
and previous studies have shown that 15 cycles was sufficient for optimal

electrodeposition of the polymer thin-films [7].

2.6 Sensor modification
Potentiodynamic cyclic voltammetry was employed for the electrodeposition of PANI
as a planar thin-film over the working electrode of the carbon sensor. After 15 cycles

the sensor was subjected to a single linear sweep to 800mV, removed from the set-up,



rinsed in aniline buffer, pH1.0, and left to air-dry overnight. Water-soluble biotin-
sulfo-NHS (30pl), at a concentration of 10 mg/ml was placed on the polymer-coated
working electrode surface for 24 hours. The sensors were then rinsed with deionised
water. Neutravidin (30ul), at a concentration of 10ug/ml was then placed on the
working electrode for 1 hour. Finally, the sensor surface was thoroughly rinsed with

de-ionised water.

2.7 Site-specific coupling of antibody within PANI films

2.7.1 Biotinylation of antibodies

Antibodies were biotinylated to facilitate immobilisation onto the neutravidin-
modified polymer films with biotinamidohexanoicacid-3-sulfo-N-hydroxysuccinimide
(BAC-sulfo-NHS), using the procedure outlined in the Sigma Immunoprobe
biotinylation kit (BK101). The strong affinity between avidin and biotin (affinity
constant K, = 10 ° M) allows direct coupling of the biotinylated antibodies to the
modified electrode. The extended spacer arm from the hexanoic acid improved the
interaction between avidin and the biotinylated antibody by overcoming steric
hindrances present at the biotin binding sites. A molar ratio of 10:1 biotin to antibody
was used to ensure efficient labelling and the antibody was subjected to fast gel
filtration post-biotinylation to remove any unreacted biotin. An avidin-HABA (4-
Hydroxyazobenzene-2-carboxylic acid) assay was then performed to determine the
degree of biotinylation; dye/protein ratio and biotin-antibody conjugate concentration
[21]. Biotinylated antibodies were diluted in PBS, pH 7.4, and stored at -20° C at a

concentration of 1 mg/ml.

2.7.2 Immobilisation of biotinylated antibodies on modified sensor surfaces

Biotinylated antibody (100ul of a 1mg/ml solution) was added to the sensor surface.
This solution was left to incorporate at the working electrode for 1 hour at room
temperature and any unbound material rinsed off with deionised water. Finally, any
non-specific interactions were blocked by adding 10°® M bovine serum albumin
(BSA) in PBS, pH 7.4 (as before) to the sensors for 1 hour at room temperature. The
modified sensors were washed with deionised water and left in PBS, pH 7.4 overnight

at 4° C.



2.8  Electrochemical Impedance Spectroscopy (EIS).

A Gill AC DSP Frequency Response Analyser was used to perform electrochemical
impedance spectroscopy (EIS). Data processing and interpretation of the
electrochemical impedance measurements were analysed, over a frequency range
from 10,000Hz to 1Hz, (SmV amplitude perturbation). Following the immobilisation
of antibody molecules at the sensor surfaces, EIS was performed to interrogate the
electrodes. A baseline trace was recorded initially in PBS, pH 7.4, alone. Antibody-
loaded sensors (electropolymerised carbon thin-film), were then exposed for 30
minute time periods to increasing concentrations of antigen by serial addition. After
30 minutes exposure to a single concentration, the working electrode was flushed with
PBS, pH 7.4 and the impedance trace was then recorded in PBS, pH 7.4 alone
between 10,000Hz to 1Hz. This process was then repeated for the full range of

antigen concentrations from Ing/ml-100ng/ml.

Complex plane impedance analyses were used to relate the changes in sensor output
to the antibody/antigen binding events at the electrode-polymer interface. These
changes included the differing redox states of the polymer, the faradaic charge
transfers and also the capacitive transduction events. Results were plotted in
representative Nyquist and Bode forms as well as a percentage change in impedance

from the baseline response.



3. Results & Discussion
Impedimetric studies focusing on the detection and quantification of InIB antigen-F3
were performed on planar carbon electrodes whereby the antibody
was immobilised within a conductive thin-film of electrodeposited polyaniline
(PANI) via avidin-biotin interactions. Results are shown for both sample and control
sensors, incorporating anti-InlB antibodies and anti-IgG antibodies respectively.
Calibration profiles are given, representing both the impedimetric and non-faradaic
response of the anti-InlB-doped polyaniline-coated carbon electrodes against varying

concentrations of InlB.

3.1 Evaluation of polyaniline deposition at sensor surface

The electrochemical formation of polymer layers of controlled thickness at electrode
surfaces via potentiometric deposition gives rise to a reproducible method for
biosensor fabrication. A number of polymers, such as polyacetylene, polythiophene,
polyaniline, polyindole and polypyrrole are suitable for this application due to their
ease in electropolymerisation and conductive nature [22 & 23]. In this case,
polyaniline (PANI) was used, as it can be easily electropolymerised from an aqueous
solution of aniline monomer. Potentiodynamic cyclic voltammetry was employed and
PANI was laid down as a planar thin-film over the working electrode of a carbon
sensor. A typical cyclic voltammogram for the electrodeposition of polyaniline

(PANI) as a thin-film on a planar carbon electrode is shown in figure 2.
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Fig. 2 Cyclic voltammogram for the potentiodynamic electrodepostion of polyaniline

(PANI) as a thin film on planar carbon screen-printed electrodes.

The working electrode potential was scanned from -200mV to +800mV
(vs. Ag/AgCl) at a sweep rate of 50 mV/s. The cycle number and polymerisation time
(~10 mins) were investigated to determine the most efficient and reproducible
polymerisation of the PANI films. There were no further peak increases in both
anodic and cathodic current transients after 15 cycles, indicating that optimum

conductive deposition had occurred.

The controlled potential electrolysis of an aqueous solution containing monomers
produces a suitable surface for biomolecule immobilisation. The main advantage of
electrochemical polymerisation is that films can be prepared easily in a rapid one-step
procedure. Furthermore, this method enables exact control of the thickness of the
polymer layer based on the measurement of the electrical charge passed, during the

electrochemical polymerisation.

11



3.2 Evaluation of impedimetric sensor activity

Following electropolymerisation of the sensor surfaces with PANI, sample and
control antibodies were site-specifically coupled to the sensors. Subsequent probing
of the modified sensors with antigen (InlB F3 fragment), demonstrated the principle
of a labeless and reversible detection method for L. monocytogenes cell surface
protein InlB. Initial examination of the total impedance of each of the films at various
concentrations of InlB, allowed construction of a calibration curve for InlB. Total
impedances were recorded across an InlB concentration range of 1-100ng/ml for the
anti-InlB loaded PANI-coated electrode at 1 Hz. Three replicate measurements were
recorded on separate electrodes for each concentration and CVs of less than 10% were

determined (Fig. 3).
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Fig. 3 Calibration curve of InlB concentration at 1Hz. Calibration curve generated
as a result of exposure to of an anti-InlB loaded PANI film to increasing
concentrations of InlB. The curve displays total impedance (Z) against InlB

concentration.
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3.2.1 Electrochemical impedance interrogation of InlB-doped PANI thin-film
electrodes exposed to increasing InlB concentrations.

Impedimetric data was collected for the InIB-doped sensor between 10,000Hz -1Hz in
PBS, pH 7.4, i.e. buffer containing no antigen, as a baseline trace. Three sensors were
used for each experiment and each sensor was interrogated in triplicate for
reproducibility, (nine replicates in total). After 30 minutes exposure to buffer alone
(baseline trace), the sensor was flushed thoroughly with 50ml of PBS, pH 7.4 before
the impedance spectra was recorded in PBS. This sensor was then exposed to an
increasing antigen concentration, (Ing/ml-100ng/ml) and the process was repeated for
the full range of antigen concentrations. 9-matched sensor pairings (sample & control)

were evaluated at each concentration and the corrected response plotted.

Figure 4 shows the impedimetric data collected, presented in the form of a Nyquist
plot depicting the faradic (Z’) and capacitive (Z’’) components of the ac impedance
analysis of the anti-InIB-doped PANI films following exposure to InlB antigen
(Ing/ml — 100ng/ml).
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Fig. 4 Nyquist plot showing faradaic component (Z’) against capacitive component
(Z’) for anti-IniB-doped PANI films on carbon following exposure to various

concentrations of InlB.
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From Figure 4 it is apparent that the Z’ component and the Z’° component of
impedance both increase with decreasing frequency from the baseline trace. It can be
seen from Figure 4 that there was a measurable signal response for the faradic
component (Z’) and the capacitive component (Z’*) of the Nyquist Plot for increasing
concentrations of InlB exposed to anti-InlB -doped PANI film carbon sensors. It can
also be deduced that a charge-transfer mechanism between the antibody/antigen has
occurred, since a slight increase in the resistive (Z’) component of the total impedance
is observed. The capacitive resistance (Z’’) increases to a larger extent at greater
antigen concentrations (towards 100ng). However, it is worth noting that there is
better evidence of signal differentiation observed at the lower frequencies (towards 1

Hz).

The total impedance (Z’ & Z’’) can be represented in the form of a Bode plot (vs. log
frequency) as shown in Figure 5. The data shown here is plotted for the low frequency
region (10Hz to 1Hz) where the differences in the spectra obtained are greatest. The
normalised impedimetric response (Z/Z,) was obtained by dividing the impedimetric
response at each InlB concentration (Z) by the impedimetric response at zero InlB
concentration (Zo), i.e. the baseline signal, to give a normalised response that can be

plotted against frequency in the form of a Bode plot.
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Fig. 5 Bode plot showing faradaic and non-faradaic changes in total impedance for
anti-InlB-doped PANI films on carbon electrodes following exposure to various

concentrations of InlB, normalised from baseline trace (Z/Zy).
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3.2.2 Calibration curves showing faradaic and non-faradaic responses of anti-
InlB-doped PANI-coated electrodes against increasing concentrations of InlB.

The total impedance of the system increases with exposure to increasing InlB antigen
concentration from the baseline trace up to 100ng/ml as shown in figure 3. It is
apparent from the data shown in figure 3, that the greatest difference from the
baseline trace is observed at the lowest frequency of 1Hz. The percentage impedance
change from the baseline at 1Hz can be used to form the basis of a calibration profile
for differentiation of various concentrations of InlB applied to anti-InlB antibody-
doped PANI films on carbon planar electrodes. Figure 6 shows the faradaic
calibration profile obtained at 1Hz where the greatest impedance increases, at each

concentration are noted and normalised against zero antigen (Z/Z).
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Fig.6 Calibration curve of InlB concentration at 1Hz. The curve generated as a
result of exposure of anti-InlB-loaded PANI-film to increasing concentrations of InlB
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The calibration curve indicates that this technique can be used for the labeless

impedimetric detection and subsequent quantification of InlB antigen F3.

An alternative method of representing the response of the anti-InlB doped polyaniline
coated electrodes to increasing concentrations of InlB, is by observing the non-
faradaic or capacitive response. The capacitive response can by calculated from the

7’ value at the characteristic frequency by using the following equation;

Equation 1 C=1/2nfZ”’)

The characteristic frequency (f) is determined as the frequency (Hz) where the phase
angle is closest to 90°, indicating that the system exhibits near ideal capacitor
behaviour [24]. For this set of impedimetric data, the characteristic frequency was
calculated to be 28Hz and therefore the non-faradaic response of the immunosensor
was determined and a calibration curve constructed based on that value. Figure 7
shows the calibration curve for the non-faradaic capacitive response against InlB
concentration for the anti-InlB-doped PANI electrodes at the characteristic frequency

of 28Hz.
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Fig.7 Calibration curve of non-faradaic capacitive response against InlB
concentration (ng/ml) for anti-InlB-doped PANI-coated carbon electrodes at the

characteristic frequency of 28Hz where the phase angle is closest to zero.
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3.2.3 IgG-doped polyaniline thin-film electrode exposed to increasing InlB
concentrations — control plots

Control experiments using anti-IgG-doped electrodes were used to validate the
specificity of the observed impedance responses for the anti-InlB-doped electrodes.
Alfonta et al. [25] employed this method of using a non-specific antibody for control
sensors. Control sensors were fabricated in exactly the same way as the anti-InIB
antibody-doped sensors and were exposed to increasing concentrations of InlB under
the same experimental conditions. The impedimetric responses were then compared
and specific impedance changes reported. Figure 8 shows the spectra obtained from
the control sensors, represented in the form of a Nyquist plot. This graph depicts the
faradic and capacitive components of the ac impedance of the control anti-IgG-doped
PANI-films following exposure to the same concentration range of InlB antigen (1ng-

100ng/ml).
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Fig .8 Nyquist plot (Z’ vs. Z”’) for anti-IgG-doped (control) PANI thin-film following

exposure to increasing InlB concentrations.

It can been seen from Figure 8 that there is a measurable increase in signal response

for the faradic component of the Nyquist Plot (Z’) for increasing concentrations of
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InIB exposed to the control sensors. However, the signal responses are much lower

than that of the specific response of Internalin B in the sample plots

Figure 9 shows the normalised impedance changes from the baseline trace for the
lower frequencies (1Hz to 10Hz) for the control sensors. This figure for IgG

recognition can be directly compared to Figure 5 for InlB recognition.
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Fig. 9 Bode plot showing faradaic and non-faradaic changes in total impedance for
anti-1gG-doped PANI films on carbon electrodes following exposure to various

concentrations of InlB, normalised from baseline trace (Z/Zy).
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Comparing the Bode and Nyquist responses for both the sample (InlB) and the control

(IgG) experiments, we can see that although there is a definite impedimetric response

observed for the control (IgG-doped) spectra, they are significantly lower that the

specific sample responses (InlB-doped).

Figure 10 shows that although anti-IgG

doped PANI thin-films show a degree of interaction with InlB antigen, it is

sufficiently lower to allow deduction of sample signal and construction of a

calibration curve for the detection of InlB
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4. Conclusions

An electrochemical immunosensor for direct detection of the 23kDa protein InlB F3
at nanogram level was developed. Polyaniline was successfully laid down as a
conductive thin-film layer on planar carbon electrode surfaces. This facilitated the
immobilisation of antibody within the conducting thin film at the electrode surface.
Sensor modification with neutravidin and biotin allowed site specific coupling of the
antibody to the polyaniline matrix. Impedimetric interrogation of the thin-film carbon
sensors yielded positive results with more rigorous, reproducible data collected at the
lower end of the frequency range (1-10Hz). The specific interactions and resultant
complexes formed gave rise to an overall increase in terms of impedance change from
the baseline response at the electrode / solution interface. Plots of the real (Z') and
imaginary (Z") components of the impedance versus frequency provided information
for construction of calibration curves, recorded by multiple interrogations of both
sample and control sensors (9 replicates), with InIB-F3 antigen. A dynamic range O-
100 ng/ml was derived. The proposed immunosensor provides a promising tool for

the labeless detection of InlB a cell surface protein of Listeria monocytogenes.
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