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Abstract: Several approaches can be used for the electrochemical detection of bacterial contamination. Their
performance can be assessed by the ability to detect bacteria at very low concentrations within a short-time
response. We have already demonstrated that a conductometric biosensor based on interdigitated thin-film
electrodes is adapted to detect bacteria in clinical samples like serum and compatible with microfluidic
fabrication. The type of interdigitated microelectrodes influences the performance of the biosensor. This was
shown by the results obtained in this work. A magnetic-nanoparticles based immunosensor was designed using
gold screen-printed electrodes. The immunosensor was able to specifically detect E. coli in the range of
1-103 CFU mL−1. The new transducer offered a larger active sensing surface with a lower cost and a robust
material. Accuracy of the conductance value was enhanced by differential measurements. The immunosensor is
compatible with a microfluidic system. Copyright © 2014 IFSA Publishing, S. L.
Keywords: Bacteria, Interdigitated electrodes, Immunosensor, Conductometry.

1. Introduction
Unvoluntary
or
voluntary
(bioterrorism)
development of pathogenic bacteria threat is a global
concern. Different types of matrices may be
contaminated: environmental, biomedical, food, etc.

Article number P_SI_495

The complexity of these matrices and experimental
difficulties results in limitation of sensitivity and time
of analysis of common analytical methods such as
microscopy, flow cytometry, culturing techniques,
etc. Enzyme- and immunosensors emerged as
promising alternatives for detection of pathogenic

165

Sensors & Transducers, Vol. 27, Special Issue, May 2014, pp. 165-169
bacteria in a variety of fields. Miniaturized platforms
are highly suitable especially in the medical
field [1, 2].
Over the past few years, electrochemical
detection accompanied by progress in the nanoscale
and microfluidics fabrication has been reported as an
interesting alternative to conventional detection
methods of microorganisms in food and
environmental samples [3-5]. A great interest has
arisen for the electrochemical detection in the clinic
[6] and environmental analysis [7]. The importance
of biosensors and related recent development has
been reviewed by Ivnitski and collaborators [8].
Interdigitated design has attracted great attention
since it brings enhancement of the sensor’s
performance compared to conventional electrodes.
The advantages of interdigitated structures have been
reported in previous works [9]. Reproducible shapes
and sizes of electrodes can be obtained using
photolithography. Electrochemical characteristics and
possible applications of interdigitated electrodes have
been described in literature [10-12]. The material
used for fabrication and the dimensions of patterned
microelectrodes and their geometries influence the
diffusion process and the sensitivity [13]. The
robustness and the active sensor area are among the
differentiating criteria of the interdigitated
microelectrodes [14]. It is interesting to use low price
and disposable electrodes. In this case, a great
reproducibility is needed to avoid fluctuations in
electrochemical measurements. This demand was
solved by differential conductivity measurement.
Conductometric
measurements being not
selective, the selectivity is ensured by the ability of
an antibody to recognize only the target antigen in the
presence of other interfering components or
microorganisms in the sample solution. There are
several coupling strategies to conjugate antibodies to
the electrode surface. Among interesting supports for
biomolecules, nanoparticles offer many advantages
such as a suitable size, different functionalization
methods and many possible applications (drug
delivery, biosensing, bioimaging, etc.) [15].
Antibody-coated paramagnetic beads were used for
amperometric detection of E. coli. The method
allowed a detection limit of 20 CFU mL−1 within
7 h [7].
In a previous work, we demonstrated the
performance of a new conductometric biosensor
based on antibody-coupled nanoparticles attached to
gold interdigitated electrodes via a magnetic field
[16, 17]. This system allowed detection of bacteria at
low concentrations (1 to 103 CFU mL−1). In this
work, screen-printed electrodes replaced the previous
ones in the design of the conductometric
immunosensor. Their performance is evaluated with
regards to sensitivity and detection limit. The new
system integrates two interdigitated structures. The
first one measures the background phenomena. The
second one measures the presence of microorganisms
and differential measurements are performed.
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2. Experimental Part
2.1. Microorganism, Biomaterials
and Chemicals
All bacteria strains, Escherichia coli (CIP 76.24),
Serratia marcescens (CIP 103235), originated from
the bacterial collection of the Pasteur Institute (Paris,
France). Trypticase Soy Broth medium (TSB) and
Mueller Hinton agar plates were purchased from
Biomérieux
(Craponne,
France).
Purified
lipopolysaccharide (LPS) was purchased from
Sigma-Aldrich (Saint Quentin Fallavier, France).
A mouse monoclonal anti-LPS antibody (IgG2b,
0.5 mg mL−1) and a goat polyclonal anti-LPS
antibody (IgG, 3.5 mg mL−1) were obtained from
Abcam Company (Cambridge, UK). Carboxylated
super-paramagnetic particles of 200 nm diameter,
1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide
(EDC), activation buffer and storage buffer were
purchased from Ademtech (Pessac, France).
Bovine serum albumin (BSA), glutaraldehyde
(GA) (grade II, 25 % aqueous solution), MES
(low moisture content, ≥ 99 %), NaOH, KH2PO4
(> 99 %), K2HPO4.12H2O (> 99 %), N-hydroxy
succinimide (NHS), ethanolamine and ethanol were
purchased from Sigma-Aldrich (Saint Quentin
Fallavier, France). Loading Sample Buffer (LDS)
was purchased from Invitrogen (Saint Aubin,
France). Phosphate buffer solution (5 mM pH 7) was
prepared and stored at 4 °C. All aqueous solutions
were prepared using ultrapure water from Millipore
system (Molsheim, France).

2.2. Bacteria Culturing
All bacteria used in this work belong to the
microorganism biosafety level 2 group and all safety
considerations concerning this group were observed
in the manipulation of these bacteria. All bacteria
strains were cultured following the manufacturer’s
culturing guideline. Following overnight culture on
Mueller Hinton agar plates, liquid culture was
performed in Trypticase Soy Broth (TSB) at 37 °C
with aeration by shaking, which allowed the growing
mid-log-phase to be reached. The culture turbidity
was adjusted to match a 0.5 McFarland standard and
dilutions (108-102 CFU mL−1) were performed in
phosphate-buffered saline (PBS 1X), pH 7.4.
Quantitative bacterial counts were performed in
duplicate by placing 100 µL of the limited dilutions
(103-102 CFU mL−1) onto Mueller Hinton agar plates
to confirm the bacterial concentrations. At the same
time, the pure bacterial suspension was aliquoted in
100 µL and stored at -80 °C. Samples were rapidly
thawed to 37 °C just before conductometric
measurements.
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2.3. The Screen Sensor Preparation
The differential conductometric sensor structure
was prepared by screen printing [18]. The conductor
from silver and the active gold layer were printed on
the alumina ceramics. The structure was fired at
850 °C. Then the final dielectric protective layer was
printed. The sensors contain the common electrode
which is connected to the middle contact and two
independent electrodes connected to the left and right
contact. The dielectric layer defines the size of the
active surface and the cell constant. The batch of
printed sensors was measured and the parameters and
their standard deviation were analyzed. The structure
of the sensor and designed dimensions are in Fig. 1.

(1 %) were rinsed with cold 25 mM MES-NaOH
buffer pH 5. EDC/sulfo-NHS (30 mM/30 mM in
25 mM MES-NaOH buffer pH 5) was used for the
activation reaction during 2 h. Then, they were rinsed
and resuspended into 5 mM phosphate buffer pH 7.
Two volumes of activated magnetic particles (5 µL)
were reacted separately with anti-LPS (50 µg mg−1
of activated beads) and with BSA (1 mg mL−1)
during 2 h under stirring. The magnetic beads were
reacted with 0.1 % ethanolamine during 20 min for
the blocking of unspecific binding sites. 0.4 µL
of functionalized nanoparticles with antibodies and
BSA, resuspended in 5 mM phosphate buffer pH 7.4,
were dropped respectively on the working and the
reference sensors. Magnets (5×5×2mm, adherence
strength: 650 g, Ademtech) were used to fix the
functionalized beads on the surface of the electrodes
by a magnetic field. The modified sensors were
stored in 5 mM phosphate buffer pH 7 at 4 °C
until use.

2.5. Differential Conductometry
Measurements

Fig. 1. The structure of the differential
microconductometric sensor.

The measured real dimensions are reported
in Table 1. The basic dimensions of the sensors can
be prepared with sufficient reproducibility.
This is the basic condition which enables to produce
robust sensors.
Table 1. Actual dimensions of the sensor and standard
deviations.
Dimension
Left window size
Right window size
Window area
Electrode width
Electrode length
Left active
electrodes surface
Left active
electrodes surface
Right active
electrodes surface
Right common
electrodes surface

2.63 × 2.62 mm
2.67 × 2.62 mm
6.95 mm2
0.300 mm
2.62 mm

Standard
deviation
(SD)
0.04 mm
0.025 mm
0.12 mm2
0.015 mm
0.04 mm

2.33 mm2

0.12 mm2

5.3 %

1.66 mm2

0.14 mm2

9.0 %

2.44 mm2

0.09 mm2

3.5 %

1.63 mm2

0.08 mm2

5.0 %

Value

SD [%]
1.5 %
1.0 %
2%
5%
1.5 %

2.4. Preparation of the Biosensor
Magnetic beads (200 nm, Ademtech France) were
coupled via EDC/NHS activation method with the
selected anti-LPS antibodies. The magnetic beads

The modified sensor was emerged in a glass
vessel containing 3 mL of 5 mM phosphate buffer
pH 7.4. The buffer was inoculated, under continuous
stirring, with bacterial strains at final concentrations
ranging from 1 to 103 CFU mL−1. A low-frequency
wave-form generator (SR830 Lock-in amplifier from
Stanford Research Systems) was used. An alternating
voltage (10 mV amplitude, 100 kHz frequency) as
applied. The conductometric measurements were
performed in a differential mode.
The response was recorded after reaching baseline
behaviour of the sensor which is required for accurate
measurements [19].
Measurements were performed at room
temperature (20 ± 3 °C). Bacterial cultures stored
at -80 °C were thawed quickly by immersion in water
at 37 °C. Serial dilution in 5 mM phosphate buffer
pH 7.4 of bacterial cultures (105 to 102 CFU mL−1)
was freshly prepared from a single-use aliquot
to avoid freeze-thaw cell disruption.

3. Results and Discussion
3.1. Characterization of the MicroConductometric Sensor
Frequency scans were performed over the range
100 Hz–100 kHz with signal amplitude of 10 mV.
The conductometric response (real part of
impedance) of the bare screen-printed electrodes was
monitored in presence of increasing KCl
concentrations, as presented in Fig. 2.
The optimal operating frequency was higher than
10 kHz, 100 kHz was chosen for further experiments.
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Fig. 2. Variation of real part of impedance of the microconductometric sensor versus frequency
for different molar concentrations of KCl .

3.2. Analytical Performances of the
Microconductometric Immunosensor
E. coli was used as gram-negative bacteria
to evaluate the performance of the conductometric
immunosensor. The biosensor was equilibrated
in 25 mM phosphate buffer pH 7 until reaching signal
stability then considered as a baseline. In order to
demonstrate the selectivity of the biosensor,
S. epidermidis, as a control strain, was injected at a
final concentration of 103 CFU mL−1 prior to spiking
E.
coli
into
the
electrochemical
cell.
The immunosensor responded only to E. coli
injections.

increasing E. coli concentrations resulted in
decreasing conductance. Values of these variations
were determined by subtracting the baseline
reference. Calibration curve was obtained by plotting
the variation of the absolute value of conductance
|∆σ| against the logarithm of the bacterial
concentration, as presented in Fig. 4.

Fig. 4. Calibration curve of the microconductometric
immunosensor: Variation of the absolute value
of conductance |∆σ| against the logarithm of the bacterial
concentration.

Fig. 3. Electrochemical response of the
microconductometric immunosensor in presence of E. coli
concentrations from 1 to 103 CFU mL−1, control:
103 CFU mL−1 S. epidermidis.

Fig. 3 shows a typical electrochemical response of
the conductometric immunosensor in presence of
increasing concentrations of E. coli. In presence of
bacteria, the electrochemical response was rapid
reaching signal stability within 2 min in average. The
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The dynamic range of 1-103 CFU mL−1 is linear
with an estimated sensitivity of 11.16 mS CFU−1 mL.
The measured detection limit was as low as
1 CFU mL−1. This value is similar to the one reported
in a previous work [17].

4. Conclusion
Our first results have shown that screen-printed
interdigitated electrodes are reliable tools for a
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sensitive and rapid conductometric detection of
bacterial contamination. The active surface of the
sensor was increased by using antibody-coated
magnetic nanoparticles. The use of magnets
simplified the attachment of nanoparticles on the
electrode
surface
and
prevented
antibody
denaturation. The immunosensor allowed real-time
and specific detection of E. coli cultures from 1 to
103 CFU mL−1. Among the advantages of using this
low-cost single-use biosensor, the active surface area
is bigger than similar devices, no need for cleaning
steps and enhanced accuracy by using one reference
electrode. Furthermore, the designed biosensor is
compatible with microfluidic systems which have
among their advantages the reduction of the sample
volume. The immunosensor will be evaluated with
different bacteria and its efficiency in real samples
will be investigated.
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