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Abstract

Foods contaminated by pathogens are responsible for foodborne diseases which have socioeconomic impacts. Many
approaches have been extensively investigated to obtain specific and sensitive methods to detect pathogens in food, but they
are often not easy to perform and require trained personnel. This work aims to propose a textile organic electrochemical tran-
sistor-based (OECT) biosensor to detect L. monocytogenes in food samples. The analyses were performed with culture-based
methods, Listeria Precis™ method, PCR, and our textile OECT biosensor which used poly(3,4-ethylenedioxythiophene)
(PEDOT):polystyrene sulfonate (PSS) (PEDOT:PSS) for doping the organic channel. Atomic force microscopy (AFM) was
used to obtain topographic maps of the gold gate. The electrochemical activity on gate electrodes was measured and related
to the concentration of DNA extracted from samples and hybridized to the specific capture probe immobilized onto the gold
surface of the gate. This assay reached a limit of detection of 1.05 ng/pL, corresponding to 0.56 pM of L. monocytogenes

ATCC 7644, and allowed the specific and rapid detection of L. monocytogenes in the analyzed samples.

Keypoints

o Textile organic electrochemical transistors functionalized with a specific DNA probe
o AFM topographic and surface potential maps of a functionalized gold gate surface
o Comparison between the Listeria monocytogenes Precis™ method and an OECT biosensor

Keywords OECT biosensor - Listeria monocytogenes - AFM - Ready-to-eat food - DNA probe

Introduction

Listeria monocytogenes is a pathogen responsible for listeri-
osis, a disease which causes fatal cases due to ingestion of
contaminated food, especially ready-to-eat (RTE) products
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(smoked salmon, dry-cured ham), dairy products, meat, fish,
and vegetables (EFSA 2015a, b; EFSA 2016; Katzav et al.
2006). The current ISO 11290 detection method requires
long analysis time related to the enrichment step, the isola-
tion on differential media, and the biochemical tests. The
rapid detection of L. monocytogenes is an important chal-
lenge for food industry to reduce economic losses or recalls
of products (Jemmi and Stephan 2006). Molecular methods
like PCR and qPCR reduce the analysis time: nevertheless,
new approaches involving the construction of biosensors
are required to shorten the assay time and to improve rou-
tine food analysis. In particular, the DNA-based biosensors
have the advantage of being highly specific when compared
to immunosensors and harmless in comparison with viable
pathogens cells, which represent a great risk for the operator
and require the implementation of procedures for hazardous
waste handling and disposal (Manzano et al. 2015; Vizzini
et al. 2019; Wu et al. 2019).
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Organic electrochemical transistors (OECTs) are a com-
bination of a sensor and an amplifier consisting of a channel
made of an organic p-type semiconductor with source and
drain contacts and a gate electrode immersed into an elec-
trolytic solution (Battista et al. 2017; Coppede et al. 2014a;
He et al. 2012; Peng et al. 2018; Tao et al. 2017). OECTs
are sensitive, potentially low cost, and biocompatible as
operating at low voltage and can be easily miniaturized or
fabricated on flexible substrates (Coppede et al. 2014b; Lin
et al. 2011).

OECTs are electrochemical transistors, with a three-
electrode architecture, realized with source and drain elec-
trodes placed at opposite sides of an organic layer forming
the channel and the third electrode (gate) connected with
the channel by an electrolyte solution (Paudel et al. 2021).
OECTs are used as biosensors in liquid environment due
to the de-doping properties of their organic channel, usu-
ally based on poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) p-type doped conductive polymer,
as material of election. In fact, in correspondence with the
application of a potential to the gate, the ions in the elec-
trolyte are forced to enter the channel, causing a de-doping
in the organic material and a variation in its conductivity
that is proportional to the concentration of ions injected
from the electrolyte (Rivnay et al. 2018). In such a way, the
electrochemical transistor can be used to measure the ion
concentration in the electrolyte. To improve the selectivity
properties of OECT, specific functionalization needs to be
added to the device geometry.

He et al. (2012) built an OECT biosensor using antibod-
ies against Escherichia coli (attached to the surface of the
PEDOT:PSS layer) for its detection, while Hai et al. (2018)
built an OECT to detect human influenza A virus by the
utilization of 2,6-sialyllactose protein to functionalize the
channel. As reported by Sophocleous et al. (2021), OECT
can be considered a biosensing platform useful for various
applications, including specific microbial detection.

Lin et al. (2011) described an OECT biosensor function-
alized with single-stranded (ss) DNA probes immobilized on
the surface of Au gate electrodes to detect complementary

Fig. 1 Workflow of the experi-

DNA targets reaching a sensitivity of 1 nM. Liang et al.
(2019) described an OECT aptasensor for ATP evaluation
which reached a sensitivity of 10 pM, while Peruzzi et al.
(2021) developed an OECT with a graphene gate electrode
and the addition of nanoparticles to detect thrombin reaching
a limit of detection (LOD) of 5 pM.

He et al. (2012) utilized an organic electrochemical tran-
sistor to detect Escherichia coli in KCI electrolyte, while
here a ssDNA probe designed for the specific detection of
L. monocytogenes in food samples was used. Our OECT is
a label-free genosensor which can be easily functionalized
with other DNA probes, specific for different food patho-
gens, and used for routine detection in food industries.

The aim of this work was to evaluate a textile OECT as
a simple DNA-based sensor to rapidly detect L. monocy-
togenes in ready-to-eat foods (smoked salmon, fresh ham,
and cured ham): in detail, the results derived from our bio-
sensor were compared with Listeria Precis™ method and
gqPCR. The textile OECT biosensor was built with a specific
bioreceptor DNA probe and a PEDOT:PSS p-type doped
polymer for the textile-based channel and could represent a
good alternative for rapid and low-cost diagnostics in vari-
ous applications (Fig. 1).

Materials and methods
Materials and reagents

Phosphate buffer saline (PBS) 1X (pH 7.4) and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich (Milan,
Italy). DNA primers and probe were synthesized by MWG-
Biotech (Ebersberg, Germany). Reagents for PCR were pur-
chased from Applied Biosystems (Milan, Italy). The nylon
membrane (Zeta-Probe GT; Bio-Rad, Milan, Italy) and Dig
Easy Hyb buffer (Roche Diagnostics, Monza, Italy) were
used in the dot blot tests. For the biosensor construction,
PEDOT:PSS (Clevios™ PHS500, Starck GmbH, Cologne,
Germany), ethylene glycol (Sigma-Aldrich, Milan, Italy),
dodecyl benzene sulfonic acid (DBSA) (Sigma-Aldrich,
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Milan, Italy), and PBS 1X were used. All media used for
the microbiological analysis were purchased from Oxoid
(Milan, Italy). BioNano gold-coated borosilicate coverslips
of 15 mm X 13 mm with gold thickness of 50 nm on a glass
substrate of 15 mm X 15 mm X 0.15 mm (PHASIS, Geneva,
Switzerland) were used to build the textile OECT biosensor.

Microorganisms and food samples

The reference microorganisms listed in Table 1 were used to
test the specificity of primers and probe, thus optimizing the
biosensor working protocol. A total of eight samples were
tested, four sliced smoked samples (ready-to-eat) purchased
from local supermarkets (packages of 100 g) and four hams
from ham factories in Friuli Venezia Giulia Region (Italy).
Two samples of smoked salmon were analyzed at pur-
chasing (SS1,, SS2)) and two after four weeks at+4 °C
(SS144, SS2,,,). Two samples of fresh ham (RH1, RH2)
(before seasoning) and two of dry-cured ham (CH1, CH2)
(at 24 months seasoning) were used for the analyses too.

Food sample analysis: plate count and Listeria
Precis™ methods

Samples were subjected to (i) traditional plate count method
for the determination of the total viable count, Enterobacte-
riaceae, lactic acid bacteria, yeasts, and molds; (ii) the Listeria
Precis™ method (NF Validation EN ISO 2003) for the pres-
ence of L. monocytogenes; and (iii) OECT analysis (Fig. 1).

Plate count method

10 g of each sliced salmon sample (SS) was transferred into a
sterile Stomacher bag, added with 40 mL of buffered-peptone

water (BPW), mixed for 30 s in a Stomacher (PBI, Milan,
Italy), and used for plate count bacterial enumeration and
DNA extraction. An area of (10 cmx 10 cm) 100 cm? for
each ham sample was sampled using sterile gauzes of
(3.5 cmx7 cm) 24.5 cm? hydrated with 3 mL of BPW (1 g/L
peptone and 8 g/L NaCl) to recover the microbial content
of the surfaces. The hydrated gauzes used for the surface
sampling were suspended in 10 mL of BPW, shaken with a
vortex for 10 s, and used for plate count bacterial enumera-
tion and DNA extraction. Total viable count on Tryptone
Soya Agar (TSA) (30 °C for 48 h), lactic acid bacteria on de
Man Rogosa Sharpe (MRS) (30 °C for 48 h) in AnaeroJar
2.5 L (Oxoid) with a candle for microaerophilic conditions,
Enterobacteriaceae on a double layer of Violet Red Bile Glu-
cose (VRBG) agar (37 °C for 24 h), yeasts and molds on malt
extract agar added with 10 pg/mL of tetracycline (Sigma-
Aldrich, Milan, Italy) (30 °C for 48 h) were evaluated.

Listeria Precis ™ method

25 g of smoked salmon from each sample was transferred
into a sterile Stomacher bag, added with 225 mL of ONE
Broth-Listeria, and incubated for 24 h at 30 °C, whereas for
fresh ham and cured ham, 3 mL from the BPW dilutions
used for microbial enumeration was transferred into 27 mL
of ONE Broth-Listeria and incubated for 24 h at 30 °C. The
selective isolation of L. monocytogenes was performed by
streaking 10 pL from the enriched broths on Brilliance Lis-
teria agar and incubating at 37 °C for 24 h. Presumptive L.
monocytogenes blue/green colonies with haloes were con-
firmed using the O.B.1.S. Mono test (Oxoid). The enrichment
broths were used for DNA extractions at 24 h incubation.

Table 1 List of the

microorganisms used ; Positive controls

3

4

5 Negative controls
6

7

8

9

10

11

12

13

14

Listeria monocytogenes 1/2¢ “ATCC 7644
Listeria monocytogenes 1/2a DSM 112143
Listeria monocytogenes 1/2b #DSM 19094
Listeria monocytogenes 4b DSM 15675
Listeria innocua "DSM 20649
Listeria ivanovii subsp. iondoniensis DSM 12491
Salmonella enterica DSM 9145
Escherichia coli DSM 1103
Bacillus cereus DSM 2301
Campylobacter jejuni DSM 49943
Lactiplantibacillus plantarum “ATCC BAA-793
Lacticaseibacillus rhamnosus “ATCC 53103
Lacticaseibacillus paracasei DSM 5622
Levilactobacillus brevis DSM 20054

"ATCC American Type Culture Collection (Manassas, VA, USA)
#DSM Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany)
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Primers and DNA probe

Listeria spp. iap gene sequences were retrieved from Gen-
Bank and aligned using the “multiple sequence alignment
with hierarchical clustering” (Corpet 1988) to design a spe-
cific reverse primer (Mar B, 5'-TCA GCT GCT GGA GCT
TC-3', 17 bp, 58% GC, Tm 53 °C) to be coupled to the Marl
forward primer (19 bp, 36.8% GC, Tm 46.9 °C) (Manzano
et al. 1997) for the specific detection of L. monocytogenes in
food samples using the end point PCR technique.

The primer set, expected to produce an amplicon of
160 bp, was tested with IDT OligoAnalyzer 3.1 (http://eu.
idtdna.com/calc/analyzer) and AmplifX 1.7.0 (Jullien 2013)
before their utilization in PCR assays (MWG-Biotech,
Ebersberg, Germany). Moreover, a DNA probe specific for
L. monocytogenes (List Capt) 5'-TAA AAA TAC CAA TAC
TAA TAC AAA CTC CAA TAC G-3' (Fontanot 2014) was
tested in silico using BLASTn (Altschul et al. 1990) and
IDT OligoAnalyzer 3.1 (http://eu.idtdna.com/calc/analy
zer). The probe synthetized by MWG-Biotech (Ebersberg,
Germany) with digoxigenin at 5’ end (List Capt-Dig) was
tested in vitro by dot blot technique. A sequence (MWG-
Biotech, Ebersberg, Germany) complementary to the
selected DNA probe was used as a positive control for the
hybridization protocols. Both Marl-MarB primers and the
List Capt probe were tested on the DNAs extracted from the
bacteria listed in Table 1. After dot blot test, the List Capt
probe was labelled with a thiol-C6 (List Capt-SH) at 5" end
to allow the immobilization on the gold gate used for the
textile OECT biosensor construction.

DNA extraction

The DNA of the reference strains reported in Table 1 was
extracted according to Manzano et al. (2003). DNA from sam-
ples was extracted as follows: 2 mL. homogenates were col-
lected from the Stomacher bag of each sample (from buffered
peptone water (BPW) and ONE Broth-Listeria) and centri-
fuged for 10 min at 13,000 rpm. After discarding the super-
natant, the pellet was suspended in 300 pL of breaking buffer
(2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-HCl,
1 mM EDTA pH 8, Sigma-Aldrich) and subjected to the pro-
tocol described previously (Manzano et al. 2003). Extracted
DNAs were quantified with a spectrophotometer (NanoDrop
2000C, Thermo Fisher, Milan, Italy), standardized at 100 ng/
pL, and stored at —20 °C until analysis by PCR and dot blot.

PCR protocol
PCR was carried out using a mixture containing 5 pL. Ampli-
Taq® buffer 10x (Applied Biosystems), 1 pL. MgCl, 25 mM

(Applied Biosystems), 1 pL PCR Nucleotide Mix 10 mM
each (Applied Biosystems), 1 pL of each primer (Marl and
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MarB at 10 mM), and 0.25 pLL AmpliTag® DNA Polymerase
5 units/pL (Applied Biosystems) in a final volume of 50 pL.
The conditions applied were as follows: 95 °C denaturation
for 5 min, followed by 30 cycles 95 °C for 1 min, annealing
at 48 °C for 45 s, extension at 72 °C for 30 s, and final exten-
sion at 72 °C for 7 min.

Dot blot test

The List Capt-Dig probe was used in the dot blot tests for
specificity at 100 ng/pL. 1 pL of each DNA extracted from
the reference strains listed in Table 1 (at 100 ng/pL) was
spotted onto a positively charged nylon membrane (Zeta-
Probe GT) after 10 min denaturation at 95 °C and cross-
linked by exposure to UV light (254 nm) for 10 min. The
membrane hybridization was carried out overnight at 40 °C
in Dig Easy Hyb buffer (Roche Diagnostics, Monza, Italy)
according to Cecchini et al. (2012) protocol.

Textile organic electrochemical transistor (OECT)
biosensor construction

The textile organic electrochemical transistor (OECT) work-
ing principle is based on the de-doping effect on the poly-
meric channel performed upon the application of a positive
potential at the gate electrode that is applied through the
ionic species in the fluid sample. The OECT response, cal-
culated as the variation of /; current upon the application of
gate potential, depends on the potential drops occurring at
the gate/electrolyte and electrolyte/polymer interfaces. The
application of gate potential forces cations to move toward
the polymer surface at the channel and de-dope poly(3,4-eth-
ylenedioxythiophene) (PEDOT):polystyrene sulfonate (PSS)
(PEDOT:PSS). The sensing mechanism induces a reduction
of the holes along the PEDOT:PSS channel, due to de-dop-
ing of cations, generating a reduction in the drain—source
current (/) module proportional to the concentration of the
analyte. The DNA sample, interacting at the gate interface,
will modify the capacitance of the interface, varying the
applied potential on the channel. Hence, a variation due to
the presence of a DNA sample can be detected by OECT by
measuring the related variation of the /,, response.

The textile OECT biosensor used was built with a channel
constituted by a polypropylene textile fiber functionalized
with a conductive polymer, the aqueous PEDOT doped with
PSS (PEDOT:PSS, Clevios PH500, Starck GmbH, Munich,
Germany) (Tarabella et al. 2012). The polymer was added
with ethylene glycol (10% v/v) and dodecyl-benzene-sul-
fonic acid (2% v/v) to increase conductivity and the adhesion
to the fiber. The final solution obtained was used for the
functionalization of the textile fiber by the drop casting tech-
nique, and the fibers were then baked at 130 °C for 90 min.
Before functionalization, each thread was cleaned by means
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of plasma oxygen cleaner treatment (Femto, Diener elec-
tronic, Ebhausen/Germany) to increase its wettability and
facilitate the adhesion of the aqueous conductive polymer
solution. The channel was 14 mm long and 2 mm width. The
channel surface has been estimated to be 0.28 cm?. The gate
area corresponds to the surface of the metal gate electrode in
direct contact with the electrolyte. The surface of the metal
electrode is 2.4 cm?.

The channel area corresponds to the fiber surface covered
with the organic semiconductor in direct contact with the
electrolyte. All the fiber immersed in the electrolyte solution
is working as a channel. The contact at the fiber edges at the
external of the cell is made by metal wires and isolated with
an insulating polymer.

The transistor device was completed with the immobili-
zation of the capture probe (List Capt-SH) on the gold gate
after activation by de-protecting the thiol group following
the manufacturer’s protocol (Fig. 2).

The List Capt-SH probe was used at 10 ng/pL in PBS 1X
and kept for 1 h at room temperature (RT) before washing to
remove the not bound probe. Then, the surface was blocked
with MCH 1 mM in PBS for 1 h at RT and washed. 10 pL

Fig.2 Textile organic electrochemical transistor (OECT) biosen-
sor used for the analyses of the ready-to-eat food samples. The metal
electrode of 2.4 cm? is covered with 3 mL solution of the organic
semiconductor in contact with the electrolyte; the channel is 14 mm
long and 2 mm wide with a surface of about 0.28 cm?. The gold gate
is functionalized with 10 ng/pL List Capt-SH probe

of each DNA dilution (in PBS 1X) from pure cultures of
L. monocytogenes ATCC 7644 (0.1, 1, and 10 ng/pL), L.
innocua DSM 20,649 (100 ng/pL), and from food samples
was spotted onto the functionalized gold gate after 10 min
denaturation at 95 °C and incubated 1 h at 40 °C. The gold
gate electrodes were rinsed twice with 500 pL sterile dis-
tilled water (S-ddwater), to remove the excess DNA, air-dried
under a sterile laminar flow cabinet and kept in a dryer jar
until the measurements conducted at room temperature (RT).

AFM images of Au electrode
before and after functionalization

An atomic force microscope (AFM) was employed in this
work for the acquisition of topographic maps of the gold sub-
strates employed for the construction of the biosensors before
(bare gold) and after functionalization with the DNA probe.
The AFM employed in this work is equipped with the scan-
ning Kelvin probe force microscopy technique (SKPFM),
which enables the acquisition of surface potential maps of
the same regions of the substrates where topographic images
were recorded. The measurements were carried out using a
Nanoscope III multimode atomic force microscope (AFM)
equipped with an Extender TM electronic module enabling
the simultaneous acquisition of topographic and surface
potential maps. The topographic maps were recorded in tap-
ping mode while the surface potential maps were obtained in
lift mode by means of the SKPFM technique. All measure-
ments were performed using n* silicon tips coated with Ptlrs
at room temperature with a relative humidity of 40-65%.

The scan frequency was 0.1 Hz (256 X 256 lines), and
the scan height in lift mode was 100 nm. Modifications of
topography and surface potential were evaluated for the fol-
lowing samples: bare gold substrate, gold substrate function-
alized with the List Capt-SH probe, and functionalized gold
substrate after hybridization with the DNA of L. monocy-
togenes. The images were processed by the software Nano-
scope III—Digital Instruments—version 5.30r3.sr3.

Electrochemical measurement

Between the physical quantities that an OECT device measures
the most important are the drain-source current and the gate-
source current, respectively, passing through the channel and
the liquid of the system. These currents are originated by two
applied voltages, the drain-source voltage (V) applied on the
channel and the gate-source voltage (V,,) applied on the gate,
which lead to the generation of two interfaces in the OECT
device: the gate/electrolyte and the channel (PEDOT:PSS)/elec-
trolyte interfaces. The electrolyte is a PBS solution. The OECT
measurements have been performed with a high-precision two-
channel electrometer Agilent B2902A.
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Each interface is characterized by an electric double layer
(EDL) to generate the gate and channel capacitance (C, and
C., respectively) that are connected in series: the gate voltage
(V) is distributed at the two interfaces (Bernards et al. 2008;
Cicoira et al. 2010). In this system, the p-type doped nature
of the semiconductor PEDOT (oxidized from the electro-
chemistry point of view) leads to mobile hole that drift along
the polymer generating a hole current (/;,) which flows in
the channel when a drain voltage (V4= —0.05 V) is applied.
These holes are balanced by the negative charge of the PSS
sulfonate group (Elschner et al. 2018) until the application of
a positive gate bias (gate voltage from 0.2 V to 1 V, with 0.2
step voltage) which leads to the injection of the cations (M™)
from the electrolyte (PBS) into the PEDOT:PSS channel caus-
ing its de-doping, according to equation (Nilsson et al. 2005).

PEDOT* : PSS™ + M* + e~ — PEDOT’ + M* : Pss—(l)

Moreover, the “de-doping process” (Bernards et al.
2008), according to the reduction of the oxidized PEDOT™
to PEDOT? and the decrease of the number of holes in the
channel, leads to drop in the drain current (). At least, the
whole process is reversible, so when gate-source voltage is
switched off (Vgs =0 V), cations diffuse from the channel to
the electrolyte, increasing the number of conducting holes,
and consequently, reduced PEDOT? returns to the oxidized
state and drain-source current to the initial value (/).

The behavior of the resulting drain-source current from
these processes was monitored over time and the sensor
response parameter R was expressed by

R = |Iys — Lyso| /1aso ()

Results

Plate count bacterial enumeration and Listeria
Precis™ method

The microbiological data related to the sliced salmon
samples and fresh and cured ham samples are reported in
Table 2, together with positive and negative results from the
Listeria Precis™ method, PCR, and OECT.

The data of the total viable count of sliced smoked
samples (Table 2 (part a)) ranged from 2.5x 10* to
1.8x 108 CFU/g, the lactic acid bacteria ranged from
values below the limit of detection of the method to
5.3%x107 CFU/g, and the Enterobacteriaceae were detected
only in sample SS2,,,, with a value of 5.2 x 10! CFU/g. The
yeasts ranged from 3.7 10 to 1.5 10°> CFU/g, and sample
SSlp was below the limit of detection, while molds were
always below the limit of detection. L. monocytogenes was
only detected in the SS2,,, sample.

The data related to the fresh ham (RH samples) and dry-
cured ham (CH samples) are reported in Table 2 (part b).
Total bacterial count ranged from 9.1x 10° to 7.2 x 10* CFU/
cm?. Lactic acid bacteria values were between 1.9 x 10° and
7.9 % 10° CFU/cm? in RH samples and below the limit of
detection of the method utilized in CH samples. Entero-
bacteriaceae were detected in RH samples with a value
of 9.9 x 10?> CFU/cm? while they were not detected in CH
samples. Yeasts were found in all samples with counts
ranging from 6.6 x 102 to 1.7 x 10>. Molds were below
1.3 x 10> CFU/cm?. Only sample RH2 resulted positive for
L. monocytogenes.

Table 2 Results of the plate count data of samples expressed as colony-forming unit (CFU)/g for sliced smoked salmon and CFU/cm? for fresh

ham and dry-cured ham

Samples  Total viable count Lactic acid bacteria  Enterobacteriaceae  Yeasts Molds  Listeria Precis™ PCR OECT delta
method response (AR)

a. Sliced smoked salmon

SS1, 1.7x10° 8.7x10* <5" <25 <25"  Negative Negative  0.0038

SS2, 2.5%10* <2.5x10% <5 37x10  <25"  Negative Negative  0.0025

SSly,, 1.8x 108 5.3x10’ <5 15%x10° <25"  Negative Negative  0.0046

SS24, 1.7x10° <2.5%x10% 5.2x10! 2.6x10*>  <25"  Positive Positive  0.1540

b. Raw ham and dry-cured ham

RH1 9.1x10° 1.9x103 9.9x10? 6.6x10> <130 Negative Negative  0.0039

RH2 2.5x10* 7.9%103 3.3x10 74x10> <130 Positive Positive  0.0287

CHI1 1.1x10* <130 <33 1.7x10° <130  Negative Negative 0.0019

CH2 7.2x10* <130 <33 15x10° <130  Negative Negative  0.0043

SS, samples analyzed at purchasing, SS,,, samples analyzed after 4 weeks, RH raw ham at 10, CH dry-cured ham at 10

“Limit of detection of the method
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Molecular methods

The couple of primers Mar1-MarB tested in silico and used
for an end point PCR on the DNA of the bacteria listed in
Table 1 produced the expected amplicons of 160 bp only
for the L. monocytogenes serotypes 1/2a, 1/2b, and 1/2c
(Fig. S1a) and serotype 4b (data not shown).

The absence of the amplification products was observed
for L. innocua DSM 20649 and L. ivanovii DSM 12491
(Fig. S1b) species with a genome with high homology to
L. monocytogenes genome and used as negative controls,
confirming Mar1-MarB primer specificity.

After 24 h incubation in ONE Broth-Listeria, only SS2,,,
and RH2 samples were found positive by PCR using the
specific L. monocytogenes primers Marl-MarB (Fig. S1)
producing an amplicon of 160 bp; these data were con-
firmed by the Listeria Precis™ method results. The List Capt
probe tested by dot blot was specific as demonstrated by the
presence of blue spots only for L. monocytogenes DNAs
(Fig. S2) and not for other bacteria reported in Table 1.

AFM topographic and surface potential maps
The gold substrates employed for the construction of the
biosensors before (bare gold) and after functionalization

with the DNA probe were investigated by AFM to obtain
topographic maps of the sample surface. The SKPFM
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Fig.3 3D topographic maps obtained by AFM of the bare gold sub-
strate (a); gold substrate functionalized with List Capt-SH (b) and
functionalized gold substrate after hybridization with the DNA of
L. monocytogenes ATCC 7644 (c). Surface potential maps obtained
by SKPFM technique of bare gold substrate (d); gold substrate func-

technique was used to record surface potential maps of the
same regions on which the topographic maps were acquired.

Figure 3 displays a 3D topographic map (3 pm X3 pm)
of the gold substrate employed for the construction of the
biosensor.

The substrate (bare gold) presents a very uniform and flat
surface, with the roughness parameter (R,) at 0.5 nm indicat-
ing a very low roughness (Fig. 3a). Figure 3d (surface poten-
tial map of the same region displayed in Fig. 3a) shows very
small (1.2 mV) potential differences measured on the surface
confirming the uniformity of the substrate also from an elec-
trochemical viewpoint. Figure 3b shows a 3D topographic
map (30 pm X 30 pm) of the gold substrate after functionali-
zation with the List Capt-SH probe. The surface retains its
uniformity; moreover, the R, parameter of 2.4 nm indicates
that the roughness remains very low. The surface potential
map of the functionalized substrate (Fig. 3e) appears less
uniform than the bare gold substrate. Banded regions with
different potential contrast can be recognized together with
smaller darker spots. These features in the potential map are
most likely associated with the 10 pL deposition of 100 ng/
pL List Capt-SH probe suspended in PBS 1X solution. The
potential difference is only 16.8 mV between one dark spot
indicated on the potential map and the surrounding region.
Potential differences across the banded structure visible in
the map are even lower (about 5 mV). Figure 3c, f shows
topographic and Volta potential maps (30 pm X 30 pm) of

S00nm 300 nm

150

01V 30 um - 01V

0.05

30 pm 0 10 20 30 um

tionalized with List Capt-SH (e); functionalized gold substrate after
hybridization with the DNA of L. monocytogenes ATCC 7644 (f). On
the potential maps, the surface potential differences across the regions
are indicated by the arrows
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the functionalized gold substrate after hybridization with the
DNA of L. monocytogenes. The topographic map (Fig. 3c)
displays several protruding features on the surface of the
gold substrate which appears significantly rougher than the
bare gold substrate (Fig. 3a) and the functionalized gold sub-
strate (Fig. 3b). The R, increases to 15.4 nm after the hybrid-
ization with L. monocytogenes DNA. The surface potential

Table 3 Sensor response (R) at 1 V gate voltage after deposition of
different concentrations of DNA of L. monocytogenes ATCC 7644
(positive sample), L. innocua DSM 20649 (negative sample), and food
samples SSIP, SSZP, SS1,,, SS2,,, RH1, RH2, CHI, and CH2 on
the gold gate functionalized with List Capt-SH probe. Delta response
(AR) was calculated R-blank, the blank corresponds to the Au+ probe,
and standard deviation (SD) was reported for each measurement

map in Fig. 3f reflects the heterogeneity of the topographic ~ Sample Sensor Delta Standard
map. Several bright regions with high potential contrast are response  response  deviation
R . . : (R) (AR) (SD)
visible in the potential map. These bright regions appear
significantly larger than the topographic features visible in ~ Bare gold 0.0132 - 0.041
Fig. 3a, clearly indicating that the potential contrast is not ~ Au+ probe 100 ng/pL 0.0176 - 0.003
only generated by topographic features. This indicates that L. monocyrogenes ATCC 7644  0.1101 0.0925 0.005
the hybridization process between the List Capt-SH probe ~ DNA 0.1 ng/uL
and the DNA of L. monocytogenes leads to a marked modi- L. monocytogenes ATCC 7644 0.1323 0.1147 0.001
fication of the surface potential. The potential difference is D | n&/kl
65.8 mV between one of the bright features and the sur- LDI\’I":?%‘I{ g;ﬁi"es ATCC 7644 0.3982 0.3806 0.008
rounding region (Fig. 31). L. innocua DSM 20649 01186 0.101 0.004
. DNA 100 ng/pL
Textile OECT results Experiment on food samples
SS1, 0.1228 0.1052 0.002
To characterize the textile OECT biosensor, the channel SS2 0.1215 0.1039 0.001
. . . P ) ' :
current as a function of time at different gate voltages fora g1, 0.1236 0.106 0.002
different amount of DNA of L. monocytogenes hybridized g5, 0.2244 0.2068 0.002
to the functionalized gold gate electrode was analyzed. Iy,  Rryyg 0.1229 0.1053 0.003
versus time are reported in Fig. 4a. RH2* 0.1470 0.1294 0.004
Data obtained at 1 V for different concentrations of DNA of g 0.1209 0.1033 0.001
L. monocytogenes and eight samples are reported in Table 3. o 0.1233 0.1057 0.002
The response does not change significantly for the bare gold - . — '
gate electrode values and the gold gate electrode functionalized After 24 h incubation in enrichment broth
gold
-0,4 old + DNA probe
-;o'd +DNA{0,1ng L monocytogenes a 0.40 4 b
-0,5- gold + DNA(1ng L monocytogenes [ S GEEma 2]
——old + DNA(100g 1. monocytogenes 0,35 4 \\\
06 1 \\
k @ 0,30 L
0,7 + I3 \
oo | 3% S
- -1 ‘: § ] 0\ \\\\
: § 0101 > o
11 1 - A
£ 0,05 =
1,2 + \/
4 0001 b
e e = 0051 . . . .
a4t - . i 02 04 06 08 10
0 500 1000 1500 Vas (V)

time (s)

Fig.4 Modulations and characteristics of the textile OECT. a Chan-
nel current [ versus time for different gate voltage, ranging from 0.2
to 1 V with steps of 0.2 V alternate with 0 V, for different gate types
in buffer solution (PBS 1X). b Transconductance, defined as the vari-
ation of channel current with respect to the variation of gate voltage
(g=AI4/AV,) values indicating great amplification. Bare gold sub-
strate (blue line); gold substrate after functionalization with the List
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Capt-SH probe (red line); functionalized gold substrate after hybridi-
zation with 0.1 ng/pL DNA of L. monocytogenes ATCC 7644 (grey
line); functionalized gold substrate after hybridization with 1 ng/pL
DNA of L. monocytogenes ATCC 7644 (yellow line); functionalized
gold substrate after hybridization with 10 ng/pL. DNA of L. monocy-
togenes ATCC 7644 (green line)
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with the List Capt-SH probe, whereas a significant modulation
increase was observed after the hybridization of DNA of L.
monocytogenes (from 0.1 ng to 10 ng) to the List Capt-SH probe
immobilized onto the gate electrode. Furthermore, the gate cur-
rent and transfer curve analysis confirmed this finding (Fig. S3).

As explained by Tao et al. (2017), the sensing mecha-
nism is based on the changes in surface potential due to
the amount of DNA molecules on the gold gate electrode
surface: since C, and C, are connected in series and C,
decreases following the DNA increasing on the gate, the
potential drop at the gate/electrolyte interface. Therefore,
the synergetic effect of gate capacitance with the surface
potential of the gold gate electrode enlarges the increase in
Ve resulting in a modulation of the channel current ()
and then a sensor response increasing. The channel current
(I4,) of the OECT is described by the equations (Bernards
and Malliaras 2007; Bernards et al. 2008; Tao et al. 2017):

1 : PEDOT" : PSS™ + Mt + ¢~ — PEDOT? + M* : PSS~

2 R= |Ids _Id30|
‘ IdsO
w vV,
30, = q”f“;; (vp — Vg §>when(|vds| <[v,-ve)
. qpot
4 : Vp = T}
¢ C,C.
(6, +C)S

. ff
61 VT =V, + Vire

where ¢ is the electronic charge, u is the hole mobility, p,
is the initial hole density in the PEDOT:PSS before the V
application, W is the channel width, L is the channel length,
t is the thickness of the PEDOT:PSS film, V is the pinch-
off voltage, V‘*ffg is the applied effective gate voltage, S is
the sensitivity (S), and Vg, is the offset voltage related to
the potential drop at the two interfaces: gate/electrolyte and
electrolyte/channel (Bernards et al. 2008; Cicoira et al. 2010;
Tao et al. 2017).

Because both the immobilization of the DNA probe
and DNA hybridization occurred on the gate electrode, the
potential change (A¥) at the gate electrode surface is the

only effect factor (Tao et al. 2017). Therefore,

7 AV =AY

of fset

The surface dipole effected the surface potential change (A'¥)
as result of the intrinsic charge of the DNA (Tao et al. 2017):

where 7 is the density of DNA molecules on the surface,
Opna 1s the pure charge for one DNA molecule, ¢, is the
relative dielectric constant of the DNA layer, & is the dielec-
tric permittivity of the free space, and )y, is the thickness
of the DNA layer.

Table 3 shows the response of the textile OECT as func-
tion of the amount of DNA hybridized at the gold gate (I
current modulation (R)). To show the linearity of the system,
data of sensor response reported in Table 3 were obtained
with the same gate voltage (V,=1 V) for each gate type, to
show the linearity of the system. High quantities of DNA
on the gate resulted in high transconductance (g,,) values
which would indicate a greater amplification with a peak
at V,=0.6 V (Fig. 4b); vice versa in complete absence of
hybridized DNA or in the presence of the ssDNA probe
alone, the amplification of the signal was lower.

The delta response (AR) was calculated for each sample
and represents the difference between the substrate after and
before hybridization (R-blank). The blank corresponds to the
Au+probe. The increase of the AR response with increasing
of the DNA quantity was characterized by the linear equa-
tion Y = 0.14414X + 0.1959 (R*=0.8074).

The limit of detection (LOD) was determined based on
the sensitivity and the average of the deviation standard (SD)
according to the following equation:

LOD = (k x SD)/m

where k is the confidence level (k=3), SD is the average
SD of blank (Table 3), and m is the calibration sensitivity
(the slope of the linear plot) (Harpaz et al. 2019) (Fig. 5).
Therefore, the LOD of the system is 1.05 ng/pL, which
correspond to 0.56 pM of L. monocytogenes ATCC 7644.
This value is in agreement with LODs presented by other
authors: Lin et al. (2011), Liang et al. (2019), and Peruzzi
et al. (2021) reported a sensitivity of 1 nM, 10 pM, and
5 pM, respectively.

Food sample analysis with OECT

The textile OECT biosensor was used on eight food sam-
ples analyzed by the Listeria Precis™ method and PCR. The
response obtained using DNA of L. monocytogenes ATCC
7644 at known concentrations shows increasing R values
with the increase of the DNA concentration (Table 3).

To evaluate positive and negative samples, the delta
response (AR = R-blank) was considered. SS1,, SS2,, SS1,,,,
RH1, CHI1, and CH2 samples showed the same values
obtained from the negative sample L. innocua DSM 20649
(AR=0.101), while SS2,,, and RH2 samples (AR values of
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Fig.5 Response data in function of the Log DNA (ng/pL) of L.
monocytogenes ATCC 7644 (x-axis) plotted towards the AR (y-axis)

0.2068 and 0.1294, respectively) were considered positive
for L. monocytogenes.

The values of the sensor response (R) of the probe alone
and L. innocua DSM 20649 confirmed the probe selectiv-
ity which was already demonstrated by dot blot consider-
ing various microorganisms, including L. innocua DSM
20649 characterized by higher genomic similarity with L.
monocytogenes.

The values of the delta response (AR) of the food samples
considered positive for L. monocytogenes ATCC 7644 are
reported in Table 3.

Discussion

The AFM 3D topographic maps obtained for the gold sur-
faces analyzed before and after the immobilization of the
ssDNA probe confirmed that the functionalization of the
surface was successful, indicating the good protocol used
for the construction of the biosensor. In fact, the data related
to the topographic and surface potential maps indicated a
uniform functionalization process (Fig. 3), which produced a
uniformly distributed DNA monolayer. This is a very impor-
tant result considering that one critical step for the construc-
tion of an electrochemical genosensor is the immobilization
of the ssDNA probe on the gold surface of the electrode (Xu
et al. 2014).

The changes of the I, current absolute value (of the
OECT biosensor) increased with the increase of the amount
of L. monocytogenes DNA hybridized on the gate indicat-
ing the hybridization between the probe and the DNA target
occurred as expected. As reported by Lin et al. (2011), the
sensing mechanism is based on the changes in the surface
potential due to the amount of DNA molecules on the gold
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gate electrode surface. According to Tao et al. (2017), since
C, and C_ are connected in series and C, decreases follow-
ing the DNA increasing on the gate, the potential drop at
the gate/electrolyte interface and the channel/electrolyte
interface, respectively, increases and decreases. Therefore,
the synergetic effect of gate capacitance with the surface
potential of the gold gate electrode enlarges the increase in
V,, resulting in increased sensor response. Our textile OECT
DNA sensor was able to detect specifically different amounts
of DNA complementary to the DNA probe used through
the sensing mechanism described. In detail, the increasing
amount of target DNA hybridized on the gold gate electrode
generated a potential variation at the interface of gate elec-
trode/electrolyte solution, leading to the change of 1, with
a relative increase in R.

The textile structure in the channel presents different
advantages (Gualandi et al. 2016), such as a high surface/
volume ratio due to the microstructure of the textile with
respect to a planar film of similar dimensions. Further-
more, the textile can absorb the fluid sample due to capil-
lary forces, simplifying the sample uptake and increasing
the possible application of the device in real environments
(Coppede et al. 2020).

Data from the Listeria Precis™ method and PCR corre-
sponded to results from our textile OECT biosensor: SS2,,,
and RH2 samples were positive to L. monocytogenes, indi-
cating the usefulness of the biosensor also for pathogen
detection in a food complex matrix. This protocol allowed
the detection of L. monocytogenes in a short time compared
to the 5-6 days required by AFNOR or ISO methods and
was not subjected to PCR inhibition by chemicals potentially
present in the sample matrix (Schrader et al. 2012).

Moreover, data reported in Table 2 indicate the capability
of the specific L. monocytogenes DNA probe to detect DNA
target also in the presence of other contaminating bacteria.
This is an important result in consideration of the reached
limit of detection 1.05 ng/puL (corresponding to 0.56 pM
of L. monocytogenes ATCC 7644), which can be further
improved by optimizing the capture probe concentration on
the gold gate. Considering our encouraging results, more
samples will be tested to obtain validation of the proposed
protocol specific for L. monocytogenes detection. Further-
more, new DNA probes specific for other relevant food
pathogens will be designed and tested.

The proposed textile OECT biosensor is a very promising
device for routine analyses of food samples considering its
specificity towards L. monocytogenes, also in the presence
of contaminating microorganisms as reported in Table 2.
Data were also supported by the results obtained using L.
innocua DSM 20649, bacteria characterized by a very high
genome similarity. Due to its sensitivity, selectivity, and
self-absorbing properties, the textile OECT shows different
advantages with respect to other techniques.
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It is useful for various applications, from neural inter-
faces (Khodagholy et al. 2015), printed circuits (Lee et al.
2017), clinical biomedical researches (Someya et al. 2016),
and biological sensors (Nakatsuka et al. 2018); moreover,
OECT biosensors can work on complex matrices (milk,
blood) and can be coupled with various fabrication tech-
niques (EIMahmoudy et al. 2017); it is simple to use, effi-
cient, flexible, and integrable. It can be read with simple
electrical measurements, and the signal is stable and reliable.

This system can be used for all food matrices that must
guarantee the absence of the pathogen in 25 g of sample
and instead of analysis methods with an enrichment step
required for foods with zero tolerance towards L. monocy-
togenes. A rapid pathogen detection can help in reducing
economic losses due to both food recalls and hospitaliza-
tion. Nevertheless, the developed method can be improved
increasing the sensitivity to match the EU microbiological
criterion for L. monocytogenes which is set as <100 CFU/g
for food products on the market.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-023-12543-y.

Acknowledgements E.T. acknowledges support from EPSRC project
EP/N031962/1 and Royal Academy of Engineering Chair in Emerging
Technologies for her present position at Newcastle University, UK.

Author contribution PV: formal analysis, investigation, methodology,
writing—original draft; EB: investigation; CN and MM: conceptualiza-
tion, writing—review and editing; FV: data curation, writing—review
and editing; FA: investigation, writing—review and editing; ET: writ-
ing—review and editing. All authors read and approved the manuscript.
All authors were informed and agree with the submission.

Funding Open access funding provided by Universita degli Studi di
Udine within the CRUI-CARE Agreement.

Data availability All data generated or analyzed during this study are
included in this published article (and its supplementary information
files).

Declarations

Ethical approval The research does not involve human participants
and/or animals.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic
local alignment search tool. J Mol Biol 215(3):403—410. http://
blast.ncbi.nlm.gov/Blast.cgi.

Battista E, Lettera V, Villani M, Calestani D, Gentile F, Netti PA,
Tannotta S, Zappettini A, Coppede N (2017) Enzymatic sensing
with laccase-functionalize textile organic biosensors. Org Electr
40:51-57. https://doi.org/10.1016/j.0rgel.2016.10.037

Bernards DA, Malliaras GG (2007) Steady-state and transient behavior
of organic electrochemical transistors. Advan Funct Mat 17:3538—
3544. https://doi.org/10.1002/adfm.200601239

Bernards DA, Macaya DJ, Nikolou M, DeFranco JA, Takamatsu S,
Malliaras GG (2008) Enzymatic sensing with organic electro-
chemical transistors. J] Mat Chem 18:116—120. https://doi.org/10.
1039/B713122D

Cecchini F, Manzano M, YohaiMandabi Y, Perelman E, Marks RS
(2012) Chemiluminescent DNA optical fibre sensor for Brettano-
myces bruxellensis detection. J Biotech 157:25-30. https://doi.org/
10.1016/j.biotech2011.10.004ISSN:0168-1656

Cicoira F, Sessolo M, Yaghmazadeh O, DeFranco JA, Yang SY, Mal-
liaras GG (2010) Influence of device geometry on sensor charac-
teristics of planar organic electrochemical transistors. Advan Mat
22:1012-1016. https://doi.org/10.1002/adma.200902329

Coppede N, Villani M, Gentile F (2014) Diffusion driven selectivity in
organic electrochemical transistors. Sci Rep 4:4297. https://doi.
org/10.1038/srep04297

Coppede N, Tarabella G, Villani M, Calestani D, Iannotta S, Zappettini
A (2014) Human stress monitoring through an organic cotton-fiber
biosensor. ] Mat Chem B 2:5620-5626. https://doi.org/10.1039/
C4TB00317A

Coppede N, Giannetto M, Villani M, Lucchini V, Battista E, Careri M,
Zappettini A (2020) Ion selective textile organic electrochemical
transistor for wearable sweat monitoring. Org Electr 78:105579.
https://doi.org/10.1016/j.0rgel.2019.105579

Corpet F (1988) Multiple sequence alignment with hierarchical clus-
tering. Nucl Acid Res 16(22):10881-10890. http://multalin.toulo
use.inra.fr/multalin/.

EFSA Scientific report of EFSA and ECDC (2015) The European Union
Summary Report on trends and sources of zoonosis, zoonotic agents
and food-borne outbreaks in 2013. EFSA J 13(1):3991

EFSA Scientific report of EFSA and ECDC (2015) The European
Union Summary Report on trends and sources of zoonosis,
zoonotic agents and food-borne outbreaks in 2014. EFSA J
13(12):4329

EFSA Scientific report of EFSA and ECDC (2016) The European
Union Summary Report on trends and sources of zoonosis,
zoonotic agents and food-borne outbreaks in 2015. EFSA J
14(12):4634

ElMahmoudy M, Charrier A, Uguz I, Malliaras GG, Sanaur S (2017)
Tailoring the electrochemical and mechanical properties of
PEDOT:PSS films for bioelectronics. Macromol Mater Eng
302:1600497. https://doi.org/10.1002/mame.201600497

Elschner A, Kirchmeyer S, Lovenich S, Merker W, Reuter K (2018)
PEDOT: principles and applications of an intrinsically conductive
polymer. CRC Press, USA

Fontanot M (2014) Traditional and molecular methods vs biosensors
for the detection of pathogens in poultry meat. Doctoral disser-
tation, Food Science (Cycle XXVI), University of Udine, Italy.

Gualandi M, Marzocchi A, Achilli D, Cavedale A, Bonfiglio A, Fraboni
B (2016) Textile organic electrochemical transistors as a platform
for wearable biosensors. Sci Rep 6:33637. https://doi.org/10.1038/
srep33637

Hai W, Goda T, Takeuchi H, Yamaoka S, Horiguchi Y, Matsumoto
A, Miyahara Y (2018) Human influenza virus detection using

@ Springer


https://doi.org/10.1007/s00253-023-12543-y
http://creativecommons.org/licenses/by/4.0/
http://blast.ncbi.nlm.gov/Blast.cgi
http://blast.ncbi.nlm.gov/Blast.cgi
https://doi.org/10.1016/j.orgel.2016.10.037
https://doi.org/10.1002/adfm.200601239
https://doi.org/10.1039/B713122D
https://doi.org/10.1039/B713122D
https://doi.org/10.1016/j.biotech2011.10.004ISSN:0168-1656
https://doi.org/10.1016/j.biotech2011.10.004ISSN:0168-1656
https://doi.org/10.1002/adma.200902329
https://doi.org/10.1038/srep04297
https://doi.org/10.1038/srep04297
https://doi.org/10.1039/C4TB00317A
https://doi.org/10.1039/C4TB00317A
https://doi.org/10.1016/j.orgel.2019.105579
http://multalin.toulouse.inra.fr/multalin/
http://multalin.toulouse.inra.fr/multalin/
https://doi.org/10.1002/mame.201600497
https://doi.org/10.1038/srep33637
https://doi.org/10.1038/srep33637

3800

Applied Microbiology and Biotechnology (2023) 107:3789-3800

sialyllactose-functionalized organic electrochemical transistors.
Sens and Act B: Chem 260:635-641

Harpaz D, Koh B, Marks RS, Seet RC, Abdulhalim I, Alfred Tok I'Y
(2019) Point-of-care surface plasmon resonance biosensor for
stroke biomarkers NT-proBNP and S100p using a functionalized
gold chip with specific antibody. Sensors (Basel, Switzerland) 19.
https://doi.org/10.3390/s19112533.

He RX, Zhang M, Tan F, Leung PHM, Zhao XZ, Chan HLW, Yang M,
Yan F (2012) Detection of bacteria with organic electrochemical
transistors. J Mat Chem 22:22072-22076. https://doi.org/10.1039/
c2jm33667g

IDT OligoAnalyzer 3.1 (n.d) (http://eu.idtdna.com/calc/analyzer).

Jemmi T, Stephan R (2006) Listeria monocytogenes: food-borne patho-
gen and hygiene indicator. Rev Sci Et Tech off Int Epizooties
25(2):571-580

Jullien N (2013) AmplifX 1.7. CNRS, Aix-Marseille Université (http://
crn2m.univ-mrs.fr/pub/amplifx-dist).

Katzav M, Hyvonen P, Muje P, Rantala L, von Wright A (2006) Pulsed-
field gel electrophoresis typing of Listeria monocytogenes isolated
in two Finnish fish farms. J Food Prot 69(6):1443—-1447. https://
doi.org/10.4315/0362-028X-69.6.1443

Khodagholy D, Gelinas JN, Thesen T, Doyle W, Devinsky O, Malliaras
GG, Buzsaki G (2015) NeuroGrid: recording action potentials
from the surface of the brain. Nat Neurosci 18:310-315. https://
doi.org/10.1038/nn.3905

Lee W, Kim D, Matsuhisa N, Nagase M, Sekino M, Malliaras GG,
Yokota T, Someya T (2017) Transparent, conformable, active mul-
tielectrode array using organic electrochemical transistors. PNAS
114:10554-10559. https://doi.org/10.1073/pnas.1703886114

Liang Y, Wu C, Figueroa-Miranda G, Offenhéusser A, Mayer D (2019)
Amplification of aptamer sensor signals by four orders of magni-
tude via interdigitated organic electrochemical transistors. Bios
Bioel 144:111688

Lin P, Yan F, Chan HLW (2010) Ion-sensitive properties of organic
electrochemical transistors. Appl Mat Interf 2(6):1637-1641.
https://doi.org/10.1021/am100154e

Lin P, Luo X, Hsing IM, Yan F (2011) Organic electrochemical tran-
sistors integrated in flexible microfluidic systems and used for
label-free DNA sensing. Adv Mat 23:4035-4040. https://doi.org/
10.1002/adma.201102017

Manzano M, Cocolin L, Cantoni C, Comi G (1997) Detection and
identification of Listeria monocytogenes from milk and cheese
by a single step PCR. Mol Biotech 7:85-88. https://doi.org/10.
1007/BF02821546

Manzano M, Giusto C, Medrala D, Cantoni C, Comi G (2003) Opti-
mization of DNA extraction to detect Bacillus cereus from food
using a PCR technique. Polish J Food Nut Sci 12(53):69-71

Manzano M, Cecchini F, Fontanot M, lacumin L, Comi G, Melpig-
nano P (2015) OLED-based DNA biochip for Campylobacter spp.
detection in poultry meat samples. Bios Bioel 66:271-276. https:/
doi.org/10.1016/j.bios.2014.11.042

Nakatsuka N, Yang KA, Abendroth JM, Cheung KM, Xu X, Yang
H, Zhao C, Zhu B, Rim YS, Yang Y, Weiss PS, Stojanovic MN,
Andrews AM (2018) Aptamer—field-effect transistors overcome
Debye length limitations for small-molecule sensing. Science
362:319-324. https://doi.org/10.1126/science.aa06750

@ Springer

NF Validation EN ISO 16140 (2003) validation certificate of the Listeria
Precis™ method for Listeria monocytogenes detection. Certificate No.
UNI 03/04-04/05. 2013, France: AFNOR Certification.

Nilsson D, Robinson N, Berggren M, Forchheimer R (2005) Electro-
chemical Logic Circuits. Advan Mat 17(3):353-358. https://doi.
org/10.1002/adma.200401273

Paudel PR, Tropp J, Kaphle V, AzoulaybBLussem JDB (2021) Organic
electrochemical transistors — from device models to a targeted
design of materials. J] Mater Chem C 9:9761. https://doi.org/10.
1039/D1TCO1601F

Peng J,He T, Sun Y, Liu Y, Cao Q, Wang Q, Tang T (2018) An organic
electrochemical transistor for determination of microRNA21 using
gold nanoparticles and a capture DNA probe. Microchim Acta
185:408. https://doi.org/10.1007/s00604-018-2944-x

Peruzzi C, Battistoni S, Montesarchio D, Cocuzza M, Marasso SL,
Verna A, Pasquardini L, Verucchi R, Aversa L, Erokhin V,
D’Angelo P, Iannotta S (2021) Interfacing aptamers, nanoparti-
cles and graphene in a hierarchical structure for highly selective
detection of biomolecules in OECT devices. Sci Rep 11:9380.
https://doi.org/10.1038/s41598-021-88546-4

Rivnay J, Inal S, Salleo A, Owens RM, Berggren M, Malliaras GG
(2018) Organic Electrochemical Transistors. Nat Rev Mat
3:17086. https://doi.org/10.1038/natrevmats.2017.86

Schrader C, Schielke A, Ellerbroek L, Johne R (2012) PCR inhibitors
— occurrence, properties and removal. J Appl Microb 113:1014—
1026. https://doi.org/10.1111/j.1365-2672.2012.05384.x

Someya T, Bao Z, Malliaras GG (2016) The rise of plastic bioel-
ectronics. Nature 540:379-385. https://doi.org/10.1038/natur
e21004

Sophocleous M, Contat-Rodrigo L, Garcia-Breijo E, Georgiou J (2021)
Organic electrochemical transistors as an emerging platform for
bio-sensing applications: a review. EEE Sensors J 21(4):3977—
4006. https://doi.org/10.1109/JSEN.2020.3033283

Tao W, Lin P, Hu J, Ke S, Song J, Zeng X (2017) A sensitive
DNA sensor based on an organic electrochemical transistor
using a peptide nucleic acid-modified nanoporous gold gate
electrode. RSC Advance 7:52118. https://doi.org/10.1039/
C7RA09832D

Tarabella G, Villani M, Calestani D, Mosca R, Iannotta S, Zappettini
A, Coppede N (2012) A single cotton fiber organic electrochemi-
cal transistor for liquid electrolyte saline sensing. J Mat Chem
22:23830. https://doi.org/10.1039/C2IM34898E

Vizzini P, Braidot M, Vidic J, Manzano M (2019) Electrochemical
and optical biosensors for the detection of Campylobacter and
Listeria: an update look. Micromachines 10:500. https://doi.org/
10.3390/mi10080500

Wu Q, Zhang Y, Yang Q, Yuan N, Zha W (2019) Review of electro-
chemical DNA biosensors for detecting food borne pathogens.
Sensors 19(22):4916

Xu HB, Ye RF, Yang SY, Li R, Yang X (2014) Electrochemical DNA
nano-biosensor for the detection of genotoxins in water samples.
Chin Chem Lett 25:29-34

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3390/s19112533
https://doi.org/10.1039/c2jm33667g
https://doi.org/10.1039/c2jm33667g
http://eu.idtdna.com/calc/analyzer
http://crn2m.univ-mrs.fr/pub/amplifx-dist
http://crn2m.univ-mrs.fr/pub/amplifx-dist
https://doi.org/10.4315/0362-028X-69.6.1443
https://doi.org/10.4315/0362-028X-69.6.1443
https://doi.org/10.1038/nn.3905
https://doi.org/10.1038/nn.3905
https://doi.org/10.1073/pnas.1703886114
https://doi.org/10.1021/am100154e
https://doi.org/10.1002/adma.201102017
https://doi.org/10.1002/adma.201102017
https://doi.org/10.1007/BF02821546
https://doi.org/10.1007/BF02821546
https://doi.org/10.1016/j.bios.2014.11.042
https://doi.org/10.1016/j.bios.2014.11.042
https://doi.org/10.1126/science.aao6750
https://doi.org/10.1002/adma.200401273
https://doi.org/10.1002/adma.200401273
https://doi.org/10.1039/D1TC01601F
https://doi.org/10.1039/D1TC01601F
https://doi.org/10.1007/s00604-018-2944-x
https://doi.org/10.1038/s41598-021-88546-4
https://doi.org/10.1038/natrevmats.2017.86
https://doi.org/10.1111/j.1365-2672.2012.05384.x
https://doi.org/10.1038/nature21004
https://doi.org/10.1038/nature21004
https://doi.org/10.1109/JSEN.2020.3033283
https://doi.org/10.1039/C7RA09832D
https://doi.org/10.1039/C7RA09832D
https://doi.org/10.1039/C2JM34898E
https://doi.org/10.3390/mi10080500
https://doi.org/10.3390/mi10080500

	Detection of Listeria monocytogenes in foods with a textile organic electrochemical transistor biosensor
	Abstract 
	Keypoints 
	Introduction
	Materials and methods
	Materials and reagents
	Microorganisms and food samples
	Food sample analysis: plate count and Listeria Precis™ methods
	Plate count method


	Listeria Precis ™ method
	Primers and DNA probe
	DNA extraction
	PCR protocol
	Dot blot test
	Textile organic electrochemical transistor (OECT) biosensor construction
	AFM images of Au electrode before and after functionalization
	Electrochemical measurement

	Results
	Plate count bacterial enumeration and Listeria Precis™ method
	Molecular methods
	AFM topographic and surface potential maps
	Textile OECT results
	Food sample analysis with OECT

	Discussion
	Anchor 25
	Acknowledgements 
	References


