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Campylobacter spp. are responsible for acute bacterial diseases in human worldwide. Nowadays campi-
lobacteriosis is considered the most common foodborne illness in the European Union. In this paper the
first electrochemical genosensor based on thin-film gold electrodes deposited onto Cyclo Olefin Polymer
(COP) substrates was fabricated for the detection of Campylobacter spp in food matrices. The sensing
element is characterized by several surface techniques and the sensitivity of the biosensor have been
studied. A good linear relationship was obtained for the concentrations of PCR amplicon of Campylobacter
spp. between 1 and 25 nM with a limit of detection (LOD) of 90 pM. Real samples have been validated
with poultry meat samples and results were comparable with the PCR product samples. This is the last
step for the fabrication of a Lab on a Chip (LOC), a biodevice integrating DNA sensor technology into
microfluidic system, believed to perform an automated and complete assay, including sample prepara-
tion, PCR amplification, and electrochemical detection of Campylobacter spp. in raw poultry meat

Raw meat sample
samples.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Food is a relevant aspect of global public health because it plays
a vital role in maintaining proper health but also causes important
illness in human being. In 2010, the European Food Safety Au-
thority (EFSA) estimated that a total of 212,064 Campylobacter
cases in humans were reported in Europe. This represents an in-
crease for the fifth consecutive year with 7% more cases compared
to 2009 with a cost to public health systems of 2.4 billion of EUR.
Several strategies have been applied for their identification and
diagnosis. Mainly, classical culture media and molecular biology
techniques are the traditional methods for diagnostics in food-
stuffs. Campylobacter, which can cause diarrhea and fever, was
mostly found in raw poultry meat. In the developing countries it is
estimated that 40-60% of children under the age of 5 will develop
at least one symptomatic infection, usually occurring during the
first year of life and probably caused by Campylobacter jejuni in-
fection (Coker et al., 2002). Isolation of Campylobacter spp. is dif-
ficult because the bacteria are usually present in very few num-
bers. For this reason, there are no commercial biosensors available
to detect Campylobacter spp in food matrices and very few reports
can be found in the literature (Yang et al., 2013).
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Diagnostics are of huge importance in the healthcare system
and have a critical impact on decision-making process. Currently
biosensors are starting to play an interesting role in diagnostics. In
particular, DNA electrochemical biosensors are faster, simpler and
cheaper than traditional diagnostic methods. Thiolated DNA can
be well ordered onto a gold surface by using spacer molecules
between the DNA and the thiol moiety (Palecek and Bartosik,
2012). Microscale electrodes are a powerful tool for analytical
chemistry and are ideally suited for their integration in miniatur-
ized systems. They allow high current density ratios, small vo-
lumes, and the absence of supporting electrolyte, fast mass
transport rates and steady-state response. They let us to measure
in high resistance media such as biological fluids and food.

The advantages of these miniaturized (bio)systems include the
reduction of sample and reagents volume, detection ease, minimal
handling of hazardous materials and parallel multiple sample
detection (Medina-Sanchez et al., 2012). To date, many reports on
fabricating biomedical microdevices on solid substrates (glass, si-
licon and quartz) employing standard microelectronic processes
have been published (Gardeniers and van den Berg, 2005). In
many cases the electrodes are made of carbon or silver and are
patterned on the substrate using automated screen printers (Li
et al., 2012). Despite thick films are cheaper, it is well known that
thin films allow the fabrication of a much more uniform and
controlled resistive element giving better performance for a pre-
mium cost. Recently, Samitier et al. have reported a robust and


www.sciencedirect.com/science/journal/09565663
www.elsevier.com/locate/bios
http://dx.doi.org/10.1016/j.bios.2015.03.063
http://dx.doi.org/10.1016/j.bios.2015.03.063
http://dx.doi.org/10.1016/j.bios.2015.03.063
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2015.03.063&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2015.03.063&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2015.03.063&domain=pdf
mailto:mmorant@cicmicrogune.es
http://dx.doi.org/10.1016/j.bios.2015.03.063

492 M.C. Morant-Mifiana, J. Elizalde / Biosensors and Bioelectronics 70 (2015) 491-497

functional polymer-based sensor platform on polyethylene naph-
thalate (PEN) (Kuphal et al., 2012). In spite of the great results
obtained in the paper, some adhesion problems were reported and
a passivation layer was needed. There are other examples of
analytical applications of polymer based microfluidic device
(Schoning et al., 2005). Most of them are based on simple geo-
metries that do not contain functional elements, have two elec-
trode systems or were not tested for analytical measurements
(Corgier and Juncker, 2011). In most cases polymethyl methacry-
late (PMMA) is used as a prototype model. However, for market
considerations PMMA presents a very fragile quality, it is easily
dissolved in organic solvents and the operating temperature is
limited to only 50 °C. For biological purposes other technical
polymers such as COP and cyclo olefin copolymer (COC) (Niles and
Coassin, 2008) can act as better polymeric platforms owing to
their favorable optical properties, low impurity levels, high glass
transition temperature (Tg), moldability and low water uptake (Lee
et al., 2008). However, there are few reports of complete devices
made of COP. Illa et al. (2010) have demonstrated the feasibility of
doing aqueous and non-aqueous electrochemistry on this sub-
strate. Using rapid prototyping techniques Abad et al. 2012 were
able to successfully detect a cardiac biomarker using electro-
chemical measurements but the COP devices were not tested in
real samples. Recently, a new COP-device involving disposable
components with multiple chamber and complex microfluidic
control elements was reported (Verdoy et al., 2012). The device is a
complete Real-Time Polymerase Chain Reaction assay (RT-PCR)
with improved sensitivity in just over 30 min. The microfluidic
operation process of the device consists of the next steps:
(i) clinical sample preparation, (ii) thermal cell lysis and magnetic
particle target concentration and (iii) DNA amplification by real
time PCR. In order to use this device as a conventional diagnosis
method, the development of a new chamber for chemical or
physical sensing is required.

In this paper, the biosensing component of a complete sensing
microdevice applied to the detection of Campylobacter spp. in meat
is described. The analytical method relies on the deposition of
microscale thin-film based gold electrodes on COP substrates and
subsequent modification of the surface with a DNA thiolated
probe. The feasibility of running an electrochemical detection on
PCR amplification product and meat samples is discussed based on
the results obtained from atomic force microscopy (AFM), X-Ray
diffraction, Fourier Transform Infrared spectroscopy (FTIR), Cyclic
Voltammetry (CV) and Square Wave Voltammetry (SWV). Char-
acterization of these electrochemical biosensors with a limit of
detection (LOD) in the range of pM and in real samples is pre-
sented in detail.

2. Materials and methods
2.1. Chemicals and reagents

Tris(hydroxymethyl)aminomethane (Tris-base), ethylenedia-
minetetraacetic acid (EDTA), sodium hydrogen orto-phosphate,
sodium dihydrogen orto-phosphate, Sodium hydroxide, acetic acid
glacial, bromofenol, xylene cyanol FF, sucrose, agarose, Nancy-520,
Sulphuric acid (H,SO,4), pyrogen free water, potassium ferricyanide
[K3Fe(CN)g] and Mercaptohexanol were purchased from Sigma-
Aldrich. Acetone 99.5% and ethanol 99.5% were supplied by Pan-
reac. Ultra-pure water of resistivity 18.2 MQ was obtained from a
Milli-Q Water System (Millipore Corp).

2.2. Instrumentation

The CV and SWV experiments were monitored with the CH

Instruments 1040B potentiostat using the EC software version at
room temperature. FT-IR spectra were measured on a Perkin-El-
mer Spectrum 100 spectrometer. UV/Vis spectroscopy was mea-
sured on a Biotek Eon spectrophotometer using Take3 micro-vo-
lume plate for 2 pL samples.

An Eppendorf Mastercycler personal with heated lid was used
for PCR amplification. The crystallographic structure of the Au
films deposited on the plastic platform was analyzed by X-ray
diffraction (XRD) by means of a Philips XPERT MRD diffractometer
in a glancing angle configuration (Cu Ko; A=1.54059 A). A JPK
NanoWizard atomic force microscope in the intermittent contact
mode using a Silicon tip with a force constant of 40 N m~! and
resonant frequency of approximately 300 kHz was employed to
study the topography of the tested materials.

2.3. PCR primers

To detect Campylobacter spp. a sequence based on the flagellin
gene (flaA) sequence (bp: 1269232-1270950) was downloaded
with accession number: NC_002163.1 from Genbank in the. FASTA
format. The restriction and digestion sites were simulated using
the UGENE software. A fragment of 300 bp was selected and sev-
eral sets of primers of ca. 25 base long were calculated using Pri-
mer-Blast (NCBI) software according to the general rules of primer
design (G/C content between 50-60% and T, of about 60 °C). Be-
fore determining the primers an alignment with BLAST program
(NCBI) was performed in order to discard the primer sequence
aligned with other bacteria. The primers were synthesized by
Sigma-Aldrich and named as forward AAGGCGCTATGGCTGT-
GATGGA and reverse TGCACTCTCGGCTGCAAAGTCT.

3. Results and discussion
3.1. PCR amplification

Motility is the major factor of acute intestinal infection by
Campylobacter, since non-motile variants appear unable to colo-
nize the intestine. Campylobacter moves through the use of fla-
gella. For this reason flagellin gens (flaA) have been selected as an
effective way to discriminate between Campylobacter spp. with
reduced swimming motility and therefore virulence. PCR amplifi-
cation of Genomic DNA of Campylobacter spp. leads an amplicon of
ca. 181 bp in approximately 1 h (see Supporting information). The
fragment was moved apart by electrophoresis on a 2% agarose gel
stained by Nancy-520 and visualized by UV-transilluminator. The
specificity of the reaction was proven with testing different Cam-
pylobacters primers. The primers described in the literature (Ritz
et al., 2009) yielded negative result and non DNA product was
demonstrated showing that the primer designed are specific for
campylobacter identification. The PCR was performed in different
days with different concentrations of DNA. The reaction occurs in a
selective way when concentrations ranging between 10 ng and
250 ng of DNA were tested. Amplifications of higher concentra-
tions of DNA lead to unspecific product formation. PCR products
were used for the hybridization with thiolated probe (ss-DNA/Au).

3.2. Sensor characterization

The election of the thermoplastic polymer COP was related to
the chemical compatibility with organic solvents, low water ab-
sorption, good optical properties, excellent biocompatibility and
highly resistance to acids and bases. Thin gold films of 100 nm
thickness deposited on the plastic surface have a special interest
for self-assembled monolayer (SAM) formation (Fig. 1). Nowadays
is well-known that this formation occurs when the gold
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Fig. 1. Image of the electrochemical sensor with three-electrode configuration
sputtered onto the COP layer.

crystallites are oriented in the (111) plane direction. Based on the
fact that the substrate is crucial for the metal surface crystal-
lization the films were studied by X-Ray diffraction to observe the
orientation of the crystallites. The XRD analysis measured over
squared areas of 40 mm? is presented in Supporting information.
The position and intensity of the four diffraction peaks located at a
20=38.18°, 44.39°, 64.57° and 77.54° match well with (111), (200),
(220), (311) crystal faces of cubic Au (00-004-0784) with
a=4.0786A. The patterns show that the crystallites with the (111)
direction are favored. The use of glancing angle configuration
(w=2°) explains the absence of Ti reflexion (around 34.40). From
the (111) diffraction peak a crystallite size of 23 nm was estimated
by the Scherrer equation.

Before the measurements, the chips have been cleaned using
acetone and ethanol taking into account the properties of the
device. Also activation of the surface has been addressed (Carval-
hal et al., 2005). The gold electrodes were electrochemically acti-
vated in sulphuric acid (0.05 M) to clean and prepare the sensor
for the thiolated probe immobilization. While cleaning removes
organic, inorganic and ionic species not original from the surface,
activation produces a uniform metallic surface and a thin uniform
oxide on the metal. A reproducible fingerprint was obtained for
both independent of the type of the counter electrode. As can be
observed in the Fig. 2a, both Au/Ag/Pt and Au/Ag/Au systems
display a reduction peak assigned to the monolayer of oxide at ca.
0.6 V. The shape of the profile is specific to Au (111) confirming the
results from XRD presented before (Hamelin, 1996).

The electrochemical surface area (ESA) calculated from the re-
duction peak was higher (0.047 cm? vs. 0.028 cm?) in the case of
the Au/Ag/Au system and can provide a better detection system.
This can be attributed to the higher roughness surface calculated
from several AFM images (see Supporting information). In the case
of Au a higher roughness factor (2.1 nm) than Pt (1.2 nm), implies
higher active surface and seems that provide a better detection.
Moreover, using two electrodes made of the same metal has the
advantage of diminishing the number of the steps to obtain much
more cost effective chips and to increase their range of application
(Zuzuarregui et al., 2015).

The stability of the system has also been evaluated to test the
measurement system. The oxidation reduction peak potentials and
currents were evaluated over a period of 6 weeks. After each
measurement the electrodes were rinsed with water, dried under
nitrogen gun and kept in at 4 °C until were measured again. The
peaks remained constant during this period of time with an
E,=0.645+0.017 V and i,=(—1.972 + 0.249) x 10> A.

Repeatability gives us the concordance between different re-
sults measured under the same measurements conditions. The

coefficient variation (%CV) was calculated as from six repeatedly
prepared samples using the following equation:

%CV =5s/x100

where s is the standard deviation and x is the mean of the
measurements. A value of 3.7% was obtained. Reproducibility gives
us the concordance between different operators. A value of 3.5%
was obtained with reproducibility conditions. For these values it
can be concluded that the system is stable over a long period of
time and repeatability and reproducibility requirements are ac-
ceptable with very low coefficient variations.

3.3. Detection of Campylobacter spp.

The biofunctionalization procedure of the working electrode is
detailed in Supporting information. Cyclic voltammetry using
ferricyanide obtained on the electrodes is showed in the Fig. 2b.
Each voltammogram presents a perfect sigmoidal shape and a
well-defined oxidation and reduction peaks currents correspond-
ing to the ferro/ferricyanide redox couple. The electrochemical
behavior of the electroactive Fe(CN)g> /4~ redox couple is used to
reflect the electron transfer characteristics of the gold surface at
each modification. The anodic and cathodic peak potentials and
the intensities of bare gold vs. Ag pseudo-reference electrode
calculated using a mean of 8 electrodes and their standard de-
viation are listed in the Table 1. Using a scan rate of 0.1 V/s a
formal potential (E°) of 0.159 V was obtained. For the bare gold
voltammogram the ip,/ipc ratio obtained was ca. 1 and a peak
potential difference AE, of 0.276 V was calculated. It is interesting
to note the higher AE value obtained compared to the one ex-
pected for a reversible process (0.059 V). This value agrees well
with other values reported in the literature (Zuzuarregui et al.,
2012) that integrates in a three microelectrodes system the
pseudo-reference electrode and low electrolyte concentrations
(Oldham, 1988). Moreover these values are obtained in the ab-
sence of supporting electrolyte which makes the system suitable
for being used in low permittivity systems such as organic sol-
vents, food or plasma (Oldham, 1992).

In electrochemical DNA hybridization sensors, a target probe of
DNA is immobilized at the electrode surface. Immobilization pro-
tocols of the single strand DNA (ss-DNA) probe have been per-
formed and tested in different sets of chips. The gold modification
with a 5’ end thiolated probe of ss-DNA (via gold-thiol bond) can
be detected by electrochemical measurements. The voltammo-
grams of charged redox pairs are highly influenced by the re-
pulsive attractive interactions with the layer that the ions must
penetrate to reach the surface (Steel et al., 1998). When the elec-
trode is modified by the thiolated probe, the penetration of the
redox probe is blocked and the electron-transfer kinetics between
the gold surface and the bulk solution is obstructed. As a result, a
decrease of the response current and an increase in the AE,
(625 mV) can be observed in the voltammogram (Fig. 2b). To
maintain this effect, a blocking of the electrode with 1 mM of
6-mercaptohexanol (MCH) is necessary. MCH was selected as the
spacer thiol because the ss-DNA/MCH system exhibits stability,
reversibility and selectivity for surface hybridization reactions
(Herne and Tarlov, 1997). In absence of MCH the blocking effect is
similar to that of bare gold electrode (see Supporting information).
Comparison of the mixed ss-DNA probe/MCH and MCH system
show that the mixed system have a higher irreversible effect (see
Supporting information) as evidenced by the increased peak
splitting (Ap=0.626 V and 0.412 V, respectively). The increase of
AE, is due to repulsive electrostatic interactions impeding the
ability of the ferricyanide anions to reach the electrode surface.
These results suggest that the architecture of the monolayer con-
sists in a densely packed layer formed by MCH and a much more
dispersed layer of oligonucleotide solely immobilized though the
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Fig. 2. Cyclic voltammograms of (a) bare gold electrodes with CE of Pt (dark gray) or Au (clear gray). (b) Bare gold electrode (clear gray), ss-DNA and MCH (dark gray) and ds-
DNA (black). (c) Evolution of the current intensity with scan rate in bare gold electrode (clear gray), ss-DNA and MCH (dark gray) and ds-DNA (black). (d) Square-wave
voltammograms of bare gold electrode (clear gray), ss-DNA and MCH (dark gray) and ds-DNA (black).

thiol group (Steel et al., 1998). Moreover, the MCH also acts as a
blocking agent avoiding non-specific binding on the chip.

Different CV experiments have been performed after hybrida-
tion. The use of PCR product as target DNA allows for highly sen-
sitive detection of genomic Campylobacter spp. The increase of
oxidation peak current of ds-DNA/Au electrode (i,=130 pA) as
compared to that of the ss-DNA/Au (i,=75 pA) can be observed
clearly in Fig. 2b. The hybridization of the DNA occurs when two
single stranded oligonucleotides bind via a combination of hy-
drogen bonding and base pair stacking. This effect favors the
overlapping of the atomic orbitals with each other along the axis
of DNA (Fink and Schonenberger, 1999). Since the charge transfer
occurs through the DNA, it can be concluded that the increasing of
the peak current is related with the hybridization of the PCR
product with the ss-DNA.

Table 1
Electrochemical parameters measured by cyclic voltammetry.

The effect of the sweep rate in the peak current is observed by
using the same solution and recording the CV with different scan
rates from 0.02 V/s to 0.5 V/s in a potential range of —0.6 to 0.6 V.
As described in the Randles-Sevcik equation, the plot of this
equation yields a straight line for the oxidation and reduction
peaks. The results are plotted in Fig. 2c. Both, peak intensities and
separation of the peak potential AE, increase with the scan rate
(see Supporting information). This suggests a quasi-reversible
surface electrode process of the system. The Diffusion coefficient
(D) of the system can be evaluated from the slope using the value
of the electroactive area (A) calculated from the oxygen reduction
peak obtained in sulfuric acid aqueous solution. The magnitude of
D reflects the mass transport characteristic of electroactive species
diffusing to or from the electrode surface. The magnitude was
calculated from either the anodic or the cathodic peak. The bare

Entry Name Epa® Epc” AEC Ipa© Ipe Ipallpe D*

1 BG 302+3 16+2 286 106 +2 —122+2 0.87 (2.71 +2.79) x 10~6
2 BI 361+4 —264+1 625 75+1 -57+1 131 (4.07 +1.45)x 10-©
3 HY 179 +5 —-1+3 180 130+2 —120+3 1.08 (6.63+0.98)x 107

¢ Anodic peak potential (mV).

b Epe Cathodic peak potential.

€ AE (mV)=(Epa—Epc).

d EOZ(Epa+Epc)/2-

¢ Ina=Anodic peak Intensity (pA).
f I,c=Cathodic peak Intensity (pA).
& Do=diffusion coefficient (cm?/s).
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gold electrode give rise to D of 2.71 x 10~% cm? s~ !, which is close
to the values reported in the literature (McEwen et al., 2009). After
ss-DNA immobilization, D decreases to 4.07 x 10~ cm?s~! be-
cause the ss-DNA/MCH layer acts as a barrier to block the diffusion
of electroactive [Fe(CN);]>~/4~ ions at the ss-DNA modified gold

a
35

30 -
25 +
20

i)

10

L) \J L] > L i~ L} 34 L] L) L

40 60 80 100
DNA concentration (nM)

(@)

100

80

60

40 <

Current Intensity (nA)

0.0
Potential (V)

0.1

495

surface. When ds-DNA is achieved the obtained diffusion value is
6.63 x 107 cm? s~ ! which is close of the double that the value of
ss-DNA/MCH layer. This fact confirms that both ss-DNA/MCH are
forming a compact or uniform layer on the working electrode and
also the ds-DNA is acting as a wire.

The different modifications on the electrodes can be followed
by FT-IR in Fig. 3. The spectrum 3a shows the transmittance of the
bare gold electrode. Non-specific groups can be observed in these
spectra because the surface is completely made of bare gold. After
modification of the surface with the thiolated probes (Fig. 3¢) in
the region between 3800 and 2400 cm ! the bands corresponding
to —-OH, -NH and -CH vibrations can be observed. Also the ab-
sorption peaks of the functional groups of the DNA can be dis-
tinguished. The peaks between 959 cm~! and 1246 cm~! corre-
spond to the asymmetric and symmetric PO,>~ groups of the
phosphodiester deoxyribose backbone. The peaks at 1525 cm ™!
and 1630 cm~! corresponds to -NH bending and C=N stretching
vibration of DNA bases of purine and pyrimidine ring (Patel et al.,
2010). The peaks at 1459-1394 cm~! corresponds to in plane
imidazole ring vibration in adenine and guanine. The peak at
1394-1297 cm™~! corresponds at pyrimidine ring vibration in
thymine and cytosine (Ramulu et al., 2013).

As expected, the addition of MCH results in a decrease of the
characteristics functional groups of the DNA. This can be easily
explained because of the lower concentration of thiolated probe
(5 pM) in comparison to MCH (1 mM). Therefore, in Fig. 3d the
intensities of the stretching asymmetric OH bonds are greater than
those for -NH stretching and the signal corresponding to -C-OH is

b
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Fig. 4. (a) Hyperbolic curve between relative current intensity and increasing concentrations of PCR product of Campylobacter spp. (b) Lineal dependence at low PCR product
concentration between 1 and 25 nM. (c) SWV hybridization response using increasing concentrations of PCR Campylobacter product. (d) Average current intensity of real
sample negative control (NC) real sample 3 (S3), real sample 4 (S4), negative control from PCR product (0 nM) and 50 nM PCR product (50 nM).
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also visible at 1456 cm~ . After the hybridization with the PCR
product (Fig. 3e) the vibration of the functional groups is restored.
The complex spectral bands in the 3500-3100 cm~! region cor-
respond to the mixture of -OH and -NH vibrations. Moreover the
region between 1550 and 1570 cm ™! is indicative of the presence
of ss-DNA or ds-DNA on the gold surface. The distinction is result
of the hydrogen bonds formed during base-pair formation in ds-
DNA relative to ss-DNA. This hydrogen-bonding spectral region
shows the ds-DNA vibration at 1557 cm~! relative to the ss-DNA
spectrum which is correlated with the hydrogen bond formation
by the hybridization in ds-DNA that are absent in ss-DNA. This
increasing in the intensity of the -NH, bending vibration are in
agreement with previous reports on gold surfaces (Moses et al.,
2012).

3.4. Sensitivity of the system

Square wave polarography is one of the most sensitive and
direct electroanalytical techniques (Chen and Shah, 2013). The
current potential waveforms obtained, being related to the first
derivative of a dc polarogram, offer excellent resolution of suc-
cessive electroactive species in multi-component analyses. On the
basis of the results explained before the SWV obtained before and
after hybridation using the three electrode system are shown in
Fig. 2d. As it can be seen, hybridation of the probe with its com-
plementary chain resulted in a dramatic enhancement of the SWV
response demonstrating the high potential of this system as bio-
sensor platform of Campylobacter spp. The response of the elec-
trochemical hybridization was evaluated in the range of con-
centrations between 1 and 100 nM. The results are shown in
Fig. 4a. The electrode monitorized with negative control does not
show any change in current with a good correlation coefficient as
compared to ss-DNA probe, indicating that no hybridization
occurs.

To avoid variations between electrodes the normalized in-
tensity response I. (I.=I—Iy/lp) vs. the concentration of the PCR
product was plotted. The current values, the standard deviations
and the coefficient of variation obtained for each measurement are
listed in Table 2. The current response of the system increases in a
hyperbolic relationship with the amount of DNA from PCR product
added. Three representative experiments were conducted for each
concentration target. The error bars show the standard deviation
ranging from 4% to 9% indicating good reproducibility of the
response. A good linear relationship was obtained between 1
and 25nM following the linear equation I, (HA)=0.627 (HA)+
4.033[PCR-DNA] (nM), r=0.977. The sensitivity was calculated
using s=m/A were m is the slope of the linear equation and A is
the area of the WE. The value obtained was 115.23 pA/cm? nM.
The LOD was 90 pM calculated from 3(¢s/m) where ¢ is the stan-
dard deviation of the blank. Quantification limit calculated as 10
(o/m) of the blank samples was established as 0.3 nM. Recent

Table 2
Current intensities, relative current intensities, standard deviations and coefficient
of variation values obtained at increasing concentrations of PCR product.

Entry Concentration I (uA) (I-1p)/10 (uA) CV (%)
1 100 95.17 + 4.64 29.83 +145 4.87
2 75 89.06 +8.38 2792 +2.63 9.41
3 50 80.04 +5.44 25.09 +1.71 6.80
4 25 67.85+6.10 21.27 £191 8.99
5 20 49.88 + 4.84 15.64 + 1.52 9.69
6 15 4031 +3.84 12.64 + 1.21 9.54
7 10 2817 +2.6 8.83£0.82 9.25
8 5 26.82+1.8 8.41 + 0.56 6.70
9 1 17.06 + 1.6 535+ 0.50 9.42

10 0 3.19+0.01 - -

examples of electrochemical biosensors based on SWV for differ-
ent purposes have been reviewed (Chen and Shah, 2013). In food
analysis applications no examples of DNA biosensors using this
technique are reported. Moreover to our knowledge there are no
examples of biosensors using electrochemical methods for Cam-
pylobacter spp. detection. Darbha et al. (2008) have developed a
miniaturized gold NP-based on a Forster Resonance Energy
Transfer probe for screening Campylobacter DNA with a range of
detection between 0.8 and 70000 nM. No values of LOD were re-
ported. Using diffractive optics the presence of hip0 gene in C. je-
juni allowed for specific detection of this pathogen with a LOD of
2.5nM for SPR and 5 nM for the commercial kit dotLab®™ (Gna-
naprakasa et al., 2011). Despite the high sensitivity of the optical
methods in comparison to electrochemical methods similar values
have been obtained in our case using electrochemical sensors.

The biosensor has been tested in real samples by inoculating
Campylobacter cell in a piece of chicken. After 48 h of enrichment
two samples were taken. One of the portions was scratched from
the surface (S3) and the other portion was grinded in a mortar
(S4). After addition of 10 ml of PBS, 0.57 g of sodium acetate, 1 ml
of toluene, 5 ml of EDTA and 1 ml of SDS 10% the resulting mixture
was centrifuged during 40 min at maximum speed (4400 rpm).
The DNA (S3 and S4) was extracted from the supernatant using
proteinase K. A portion of food was incubated without con-
tamination as negative control (NC). The amplification yielded a
band at 180 bp (see Supporting information). The amplified pro-
duct was denaturalized and hybridized with the immobilization
probe. After amplification the amount of Campylobacter was
quantified using an extraction test. The values obtained were
52nM and 54 nM for S3 and S4, respectively. The results are
shown in Fig. 4d. Campylobacter spp. was detected in 6 of the
9 chicken samples analyzed by the biosensor. The NC samples do
not have Campylobacter DNA but other compounds in the sample
present a significant increase in current when the values are
compared with 0 nM PCR product. For S3 and S4, the results were
consistent with the sensitivity curve, although the current values
obtained are lower than expected for the amount of DNA calcu-
lated. Using this genosensor the values obtained for S3 and S4 can
be perfectly distinguished from the NC, confirming the positivity
of the samples. The comparison of the result indicates that the
DNA from real sample is being detected but the 10 times less that
the DNA from PCR samples. However the working principle of the
biosensor implies that the step prior of the detection is the PCR
process and the whole amplification mixture is going to be
transferred to the detection sample. Therefore a minimum amount
of 50 nM will be introduced in all the cases in the detection
chamber. Therefore the samples with current values lower that
30 pA can be considered as negative. The sensitivity of this device
is similar than the reported for Manzano et al. (2015) using a
fluorophore-conjugated DNA probe for meat samples diagnosis.
The differences can be explained because the biosensor uses a
fluorescence detection for quantitative analysis which is a more
sensitive method. However higher precision, accuracy, cost effec-
tiveness and the possibility of measure turbid samples are the
main reasons for using the genosensor for Campylobacter spp.
detection in raw meat samples.

4. Conclusions

A process to fabricate an electrochemical biosensor on poly-
meric substrates for selective Campylobacter spp detection in real
food sample is described. The device is based on the deposition of
thin-film gold microelectrodes which fabrication procedure is
transferred directly from standard Microsystems technology. A
hybrid polymer-metal system without passivation layer was easily
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fabricated and characterized. The electrode surface requires elec-
trochemical activation, which points the good performance of the
device towards acids. From the biological point of view, the am-
plification of the bacterial genomic DNA in a short time and in a
highly specific way has been done. The experimental CVs and
SWVs obtained before and after hybridization suggest that the
device presents a high potential to integrate electrochemistry and
microfluidics for analysis of microorganism in food and therefore
the samples with current values lower that 30 pA can be con-
sidered as negative.

The development of this polymer-based device is the last step
for the fabrication of a microfluidic device intended to be a diag-
nostic tool for routine use in the food sector. To our knowledge,
there no examples of this kind of devices designed for increasing
the integration of functions on the chips instead of performing a
single step on each device. This system complexity is required for
POC diagnostics with high sensitivity and low process time com-
pared with routine methods.
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