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Abstract Pathogen detection is a critical point for the identi-
fication and the prevention of problems related to food safety.
Failures at detecting contaminations in food may cause out-
breaks with drastic consequences to public health. In spite of
the real need for obtaining analytical results in the shortest
time possible, conventional methods may take several days
to produce a diagnosis. Salmonella spp. is the major cause
of foodborne diseases worldwide and its absence is a require-
ment of the health authorities. Biosensors are bioelectronic
devices, comprising bioreceptor molecules and transducer el-
ements, able to detect analytes (chemical and/or biological
species) rapidly and quantitatively. Electrochemical
immunosensors use antibody molecules as bioreceptors and
an electrochemical transducer. These devices have been wide-
ly used for pathogen detection at low cost. There are four main
techniques for electrochemical immunosensors: amperomet-
ric, impedimetric, conductometric, and potentiometric.
Almost all types of immunosensors are applicable to
Salmonella detection. This article reviews the developments
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and the applications of electrochemical immunosensors for
Salmonella detection, particularly the advantages of each spe-
cific technique. Immunosensors serve as exciting alternatives
to conventional methods, allowing “real-time” and multiple
analyses that are essential characteristics for pathogen detec-
tion and much desired in health and safety control in the food
industry.
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Introduction

Salmonella is a major foodborne pathogen in the world and
can infect animals and humans resulting in morbidity and
mortality (Centers for Disease Control and Prevention 2012;
European Food Safety Agency 2014). Genus Salmonella is
composed of two species, Salmonella enterica and
Salmonella bongori, seven subspecies, and more than 2500
serovars (based on antigenic composition), all of which are
believed to be capable of causing human illnesses, such as
typhoid fever (serovar Typhi), paratyphoid fever (serovar
Paratyphi), and gastroenteritis (all other serovars) (Food and
Drug Administration 2012). Salmonella enterica serovars
Typhimurium and Enteritidis are the most commonly identi-
fied in foodborne diseases worldwide (Centers for Disease
Control and Prevention 2012; European Food Safety
Agency 2014). Conventional methods of detecting
Salmonella in food follow a complex sequence of steps.
Typically, it entails a nonselective pre-enrichment step,
followed by selective enrichment, isolation on selective agar
media, bacterial identification by biochemical testing, and
serotyping—the entire process taking at least 5 days to reach
a diagnosis (Andrews et al. 2015).
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Official food safety agencies, such as US Food and Drug
Administration (FDA), US Department of Agriculture
(USDA), Association of Official Analytical Chemist
International (AOACI), and International Organization of
Standardization (ISO), recommend conventional culture
methods as the most reliable and accurate techniques for
foodborne pathogen detection. Nevertheless, advances in
technology and innovations have given microbiological labo-
ratories a variety of kits and instruments based on different
mechanisms of detection such as polymerase chain reaction
(PCR) and enzyme-linked immuno sorbent assay (ELISA),
which take less time than the conventional methods. Many
of these tests have emerged as alternatives to conventional
methods to reduce the analysis time (Velusamy et al. 2010).
Although easy to perform, most of these alternative tests need
24 h for pre-enrichment in order to increase target bacteria
population and reach the detection limits of the tests (Lee et
al. 2015). In this context, there is an increased interest in
having rapid new methodologies with the advantages of rapid
response (without pre-enrichment step), high sensitivity, and
ease of multiplexing (readings of many samples simultaneous-
ly) in order to address the current challenges in food hygiene
inspection.

Biosensors are analytical devices, consisting of three asso-
ciated elements: a bioreceptor or biological recognition ele-
ment; a transducer (an electronic part which converts a bio-
chemical signal from the interaction between analyte and
bioreceptor into an electronic signal); and a processor, which
amplifies and displays the analytical response signal. These
innovative bioelectronic devices have a wide range of appli-
cations, such as diseases diagnosis, biomedicine, food pro-
cessing, food safety, environmental monitoring, national de-
fense, and security (Velusamy et al. 2010; Su et al. 2011;
Holford et al. 2012; Saleem 2013). Currently, the most wide-
spread application of this analytical tool is found in health care
for the quantification of some substances produced by the
human body, such as glucose, lactate, and cholesterol.

Most portable commercial biosensors have electrochemical
transducers, which are easier to use in automatic devices
(Skladal et al. 2013). Many companies have fabricated this
type of biosensors especially for glucose detection.
Electrochemical techniques are very sensitive and when asso-
ciated with biomolecules it is possible to enhance the speci-
ficity of analysis. In general, electrochemical signal involved
in analytical response depends on electronic movements
resulting from oxidation-reduction reactions captured by the
transducer. Clark and Lyons (1962) reported the first electro-
chemical biosensor by immobilizing glucose oxidase on the
surface of an oxygen electrode. Since then, numerous types of
biosensors have been developed for various substances in dif-
ferent areas. At present, there are biosensors capable of deter-
mining molecules involved in food quality control (Arora et
al. 2011; Niraj 2012; Mortari and Lorenzelli 2014),
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biomedical and drug sensing (Vilarino et al. 2009; Vidal et
al. 2013) and toxicity analysis in the environment (Gil and
Mello 2010; Qureshi et al. 2012; Singh et al. 2014; Burcu
and Kemal 2015). Biosensors have improved as a result of
improved molecular and biochemical understanding of ana-
lytical response and supporting technologies. For these rea-
sons, it is possible to find today biosensors that are very small,
cheap, and interface-friendly. Currently, different types of bio-
sensors are classified by the type of biological molecules
immobilized (genosensors, immunosensors), by interaction
with analyte (catalytic or enzymatic), by analytical response
(direct or indirect), or by transducer (electrochemical, optical,
or acoustic wave).

Antibodies represent one group of biomolecules, which
interact readily with different types of analytes, especially bi-
ological contaminants such as bacteria and viruses, via specif-
ic recognition of their antigens (Holford et al. 2012). An
immunosensor is a biosensor having an antibody on the sur-
face as a bioreceptor, and it functions similarly as ELISA,
except that it is faster, cheaper, and easier to handle as detailed
in the next sections. The ELISA has been applied as a “gold-
standard” for the validation of all recently developed immu-
noassays and immunosensors. One of the first papers on the
use of immunosensors was written by Vo-Dihn et al. (1987);
they demonstrated that antibodies could be engaged in situ for
chemical carcinogen detection.

Analytical methods must overcome different challenges to
detect bacteria efficiently. First, these detection methods have
to be rapid to permit adoption as an emergency measure when
necessary. Secondly, a high sensitivity is required, since the
presence of even a single strain of pathogenic bacterium is
able to develop an infection depending on the health status
of the infected body and the virulence of the microorganism.
Thirdly, detection must be extremely selective, especially in
food, because a low number of pathogenic bacteria are often
present in a complex matrix with proteins, fat, carbohydrates,
hormones, and other nutrients. These kinds of molecules can
hide the presence of bacteria. All the above challenges can be
met by an electrochemical immunosensor, which proves to be
a powerful tool in bacteria detection and prevention of bacte-
rial outbreaks. The purpose of this paper is to review the de-
velopments and the applications of electrochemical
immunosensors for Salmonella detection in food and to doc-
ument the procedures for evaluation and characterization of
the performance of immunosensors.

Alternative methods for Salmonella detection

A wide variety of alternative methods for Salmonella detec-
tion has been developed, and they can be grouped into several
categories. Based on their operational principles, we can dis-
tinguish three main groups of techniques, immunology-based
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assays, nucleic acid-based assays, and biosensors. Among
these methods, ELISA and PCR procedures have the specific-
ity and the sensitivity that are almost similar to conventional
methods. ELISA assays are able to detect Salmonella concen-
tration at the level of 10° UFC mL ™" while PCR-based assays
provide a level of sensitivity at 10* UFC mL™" after pre-
enrichment step (Lee et al. 2015). The sensitivity and speci-
ficity of these methods can be strongly altered by the intrinsic
characteristics of the food involved, such as background mi-
crobiota, sample matrix, presence of non-culturable cells, and
inhibitory substances (e.g., fats, proteins, carbohydrates,
heavy metals, antibiotics, and organic compounds) (Mortari
and Lorenzelli 2014). Thus, comparative studies are necessary
to ensure that a particular assay is effective in analyzing a
specific type of food. Some alternative tests have distinctive
performance characteristics and are applicable to a restricted
array of food.

Several papers reported comparisons between alternative
and conventional methods. For example, Margot et al.
(2013) compared methods for the detection of Salmonella
species using pure cultures of Salmonella and others bacterial
species commonly found in food products and concluded that
rapid methods were as sensitive and specific as the conven-
tional methods. Sometimes difficult matrices such as black tea
can pose a problem with false negative results due to atypical
colony colors. Therefore, rapid methods have some limita-
tions in its application as will be shown in the following dis-
cussions on the three major categories.

Immunology-based assays

Immunology-based assays have been often used for the detec-
tion of Salmonella spp.; they generally employ specific anti-
bodies that bind with antigens. This type of assays includes
ELISA tests, latex agglutination tests, immunodiffusion, and
immunochromatography. As in other rapid tests, these
methods have some potential drawbacks for Salmonella de-
tection such as the need of a prior pre-enrichment step to
recover stressed cells, cross-reactions with closely related an-
tigens, antigen variation, limits in sensitivity for some sample
matrices, and high cost for automation and application to in-
dustrial scale.

Among immunology-based assays, ELISA has been the
most commonly used for Salmonella detection with several
commercial kits available on the market. ELISA method is a
biochemical technique used to detect the presence of an anti-
body or an antigen in a sample. Briefly, it involves immobili-
zation of a biomolecule (an antibody or antigen) onto a solid
surface—with enzymes being used as markers for the pres-
ence of a specific antibody-antigen coupling. As examples,
the most used commercial kits for Salmonella detection are
Assurance GDS™ for Salmonella (BioControl Systems, Inc.,
Bellevue, WA), TECRA Salmonella (Tecra International Pty

Ltd., French Forest, New South Wales, Australia), Salmonella
ELISA Test SELECTA/OPTIMA (Bioline APS, Denmark),
and Vitek Immuno Diagnostic Assay System (VIDAS)
(BioMerieus, Hazelwood, MO) (Lee et al. 2015).

Nucleic acid-based assays

Also known as molecular methods, the nucleic acid-based
assays are tests that utilize a specific nucleic acid target se-
quence within the organism’s genome (in this specific case,
bacterial genome). The most widespread technique in this cat-
egory of tests is the PCR method, a procedure based on the
specific amplification of a short target DNA sequence. In re-
cent years, molecular methods have attracted attention by pro-
viding enough specificity and sensitivity for detecting only
one molecule of the target DNA in a defined sample.
Because of the capability to detect a low concentration of
Salmonella, enrichment times are considerably shorter to
reach the Salmonella concentration needed for reliable detec-
tion by PCR when compared to other assays. However, tests
based on nucleic acids (DNA and RNA) have some limita-
tions, because they are specific in identifying genes and can-
not pick out viable bacteria or detect the presence of toxins
(Feng 2010). Examples of commercial rapid tests based on
PCR for Salmonella detection include ABI Prism 7500
(Applied Biosystems, Warrington, UK), Probelia (Sanofi-
Diagnostics Pasteur, Marnes-la-Coquette, France), BAX sys-
tem (DuPont Qualicon, Wilmington, DE), TagMan (PE-
Applied Biosystems, Foster City, CA), Gene-Trak (Neogen
Corporation, Lansing, MI), iQ-Check™ PCR (BioRad
Laboratories, Hercules, CA), LightCycler (Roche
Diagnostics, Manheim, Germany), and SmartCycler
(Cepheid Inc., Sunnyvale, CA) (Lee et al. 2015).

Biosensors

Microbial biosensor represents a rapidly developing research
area, and there are numerous publications in this area.
Biosensors have the potential to shorten the time between
sampling and results, but they need improved selectivity and
sensitivities and reduced cost, when compared to other
methods. The use of biosensors permits both miniaturization
and automation. It is possible to work with sample volumes in
the range of nanoliters or less, which implies a lower cost of
reagents. Also, multi-analyte analysis can be done in the same
device, which shortens the analysis time. Biological recogni-
tion elements used in the biosensor application include en-
zymes, antibodies, nucleic acids, whole cells, tissue/whole
organisms, and biomimetic materials. The signal recognition
of biosensors is achieved through different types of transduc-
ers: electrochemical, optical, thermometric, and piezoelectric.
There are many papers related to the development of biosen-
sors for Salmonella detection (e.g., Afonso et al. 2013; Dong
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etal. 2013; Chumyim et al. 2014; Freitas et al. 2014; Hu et al.
2014; Ma et al. 2014). Table 1 lists some immunosensors
including their detection limits and detection times.

Assembly and evaluation of electrochemical
immunosensors

The basic composition of an immunosensor consists of anti-
bodies immobilized on an electrode surface. The surface must
have appropriate electrochemical characteristics, in addition to
being compatible with the immobilization method. A wide
variety of materials can be used for the surface; among them
gold has been applied most frequently (Ricci et al. 2012),
because it is an inert metal and compatible with cell structures
and biomolecules. However, gold and other metals normally
do not allow adhesion of biomolecules; therefore, they require
some form of surface modification. Self-assembled mono-
layers (SAMs) are highly ordered molecular assemblies
formed spontaneously by chemisorption and self-
organization of molecules on the surface (Prashar 2012).
This technique has been recently applied to modify the elec-
trode surface and found to be useful in immunosensor assem-
bly because it allows a high degree of control of the compo-
sition and thickness of the transducer surface. Surface func-
tional groups (—CN, -NH2, or —SH) on SAMs form covalent
bond with biomolecules and metal surface and serve as brid-
ges among them. Short-chain molecules such as cysteamine
can be self-assembled on the electrode and confer a lower
degree of blockage for electron transfer than long-chain mol-
ecules (Anandan et al. 2009). Thus, the biomolecule which is
used in SAM formation must be chosen carefully to match the
type of transducers used.

Antibody immobilization on sensor surface is considered a
critical point to the sensitivity and specificity determination of
immunosensor. There is no perfect immobilization method
that provides high sensitivity and superior stability for these
devices. Optimization studies for each kind of device must be
carried out to produce the best responses. In the literature,
some methods have been reported that orient the antibodies,
leaving the antigen-recognizing region (paratope region) free
while the fragment crystallizable (Fc) region of the antibody is
surface-bound. Oriented immobilization of antibodies through
protein A and protein G has been successfully achieved in the
process of immunosensor development (Liu et al. 2012;
Ferreira and Sales 2014; Derkus et al. 2014; Cao et al. 2015).

The basic structure of an immunosensor with antibody im-
mobilization oriented by a protein is illustrated in Fig. 1. In
this figure, we schematically show the immunosensor (work
electrode) enclosing an electrochemical cell containing the
counter and the reference electrodes, thus forming an electro-
chemical system. In the next scheme, the immunosensor struc-
ture is shown sequentially. First, a self-assembled monolayer
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(SAM) was formed on the electrode surface, and it acted as a
bridge between the metal (electrode surface) and protein A
linked by a covalent bond. This arrangement provides for
protein A to bind to the primary antibody in order to recognize
the antigen. A secondary antibody labeled with enzymes is
used to generate an analytical response as a sandwich system.
The enzymes function as markers because when conjugated to
the secondary antibody they catalyze the reaction with their
substrates. As products of this reaction, electroactive species
emit analytical response signal for the immunosensor (Fig. 1).
In indirect immunosensors, different kinds of markers can be
utilized beyond the enzymes (Zhao et al. 2016), like biotin
(Martin-Yerga et al. 2013), avidin (Kim and Choi 2014), and
nanoparticles (Ozel et al. 2014).

Mediators are commonly used in this type of biosensors
even in commercial ones. They are called biosensors of sec-
ond generation (Murugaiyan et al. 2014). Mediators are low
molecular weight molecules that participate in redox process-
es with a high rate of electron transfer. During the catalytic
reaction, the mediator reacts with the prosthetic group of en-
zyme and diffuses to the electrode surface in order to receive
or transfer electrons (Dominguez-Benetton et al. 2013).
Additionally, the work potential is determined by the
oxidation/reduction potential. This application is important
because in the presence of a mediator, the electrochemical
reaction becomes less dependent on the oxygen concentration
in the solution. The use of mediators in redox processes is
advantageous also because they reduce the operating potential
of'the device, thus avoiding interference from unwanted redox
species.

During immunosensor development, two factors need to be
considered. The first factor is characterization, and it is neces-
sary after each stage of assembly to confirm the efficiency of
the immobilization set-up. The second factor is the evaluation
of the device performance in real food samples, since this is
the main goal of device development. These two factors are
described below.

Characterization of immunosensors

The immunosensors may be characterized by using the same
techniques employed for the analytical response of the device.
In this case, each immunosensor is characterized by morphol-
ogy, topography, electrochemical behavior, or by the presence
of functional groups on the surface as determined by attenu-
ated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR). In amperometric immunosensors, it is common
for the electrochemical characterization to be done by cyclic
voltammetry in potassium ferricyanide K3;[Fe(CN)¢] solution.
In this case, it is possible to observe the decrease in current
electric amplitude of the cathode and anodic peaks due to
isolation in the electron flow after each layer is formed on
the electrode surface. K3[Fe(CN)g] is a redox couple used in
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Table 1 List of eletrochemical

immunosensors for Salmonella Method Limit of detection Detection Reference
detection time

Impedimetric 10 CFU mL™" 3h Pournaras et al. (2008)
5 % 10> CFU mL™' 6 min Nandakumar et al. (2011)
10° CFU mL™' 2h Mantzila et al. (2008)
5% 10> CFU mL™" 1h Dong et al. (2013)
10> CFU mL™' 40 min Yang et al. (2009)
3 cells mL™' Not reported Ma et al. (2014)

Amperometric 6 CFU mL™" Not reported Zhu et al. (2014)
10® CFU mL™ 3h Delibato et al. (2006)
143 cells mL ™! 15h Afonso et al. (2013)
20 cells mL™ Not reported Salam and Tothill (2009)
5 x 10° CFU mL™’ 50 min Liébana et al. (2009)
1.95 x 10 UFC mL™ Not reported Hu et al. (2014)
13 cells mL™" lh Freitas et al. (2014)
5 x 10* CFU mL™" in BHI; lh Brandio et al. (2013)

10* CFU mL™" with
nanoparticles
Condutimetric 7.9 x 10 UFC mL™"' 10 min Muhammad-Tahir and
Alocilja (2003)
Potentiometric 119 UFC mL™" Not reported Dill et al. (1999)

the studies of electrochemical characterization (Mantzila
et al. 2008). Pimenta-Martins et al. (2012) characterized
the changes on the surface during the immunosensor as-
sembly using the redox probe K;[Fe(CN)g/K4[Fe(CN)g].
After pretreatment, the gold electrode was covered with
cysteamine and the penetration of the redox probe close
to the surface electrode was found to be slightly reduced.
Subsequently, the immobilization of protein A on the
modified gold electrode left the penetration of the redox
probe further reduced. This fact was also validated from
the binding of the (antibody-antigen-antibody) sandwich
assembly.

Microscopy is often used for morphological and topo-
graphic studies (Kaur et al. 2004). This is important because
each assembly step for an immunosensor causes changes on
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the surface that can be monitored. Canbaz and Sezgintiirk
(2014) characterized the surface morphologies of the pro-
posed biosensor layer. The modified surface with anti-HER-
3 had an almost uniform granular morphology attributed to the
dispersion of protein onto the surface. After application of
bovine serum albumin (BSA) used for blocking active ends
of the surface, the granular morphology of anti-HER-3
changed into an even more granular form due to the three-
dimensional structure of BSA. Topographic characterization
using atomic force microscopy (AFM) in the contact mode did
not rupture the protein surface; thus, images of the protein-
coated surfaces could be obtained (Hayes et al. 1998; Coen
et al. 2001). Lee et al. (2003) verified that the surface topog-
raphy was increased by depositing modified protein A, and
there were antibodies immobilized onto the self-assembled
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Fig. 1 Schematic diagram of the electrochemical immunosensor and the analytic response
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protein A layers as an aggregate. Moreover, FTIR spectra
show spectral features corresponding to the amide II bands
of IgGs (3-sheet, main secondary structure element of IgG)
indicating the presence of IgGs immobilized onto the film.

FTIR is a non-destructive spectroscopic technique recom-
mended for the characterization of immunosensors in order to
obtain information concerning the interfaces and the nature of
the bonds in the material and at the interface. Many papers
have reported the use of this technique to characterize
immunosensor assembly. Sibai et al. (1996) verified that the
FTIR spectrum of the antibody obtained was characteristic of
a protein, for amide I was present around 1660 cm ™', amide II
around 1550 cm ', as well as the N-H band around 3300 cm !
that was overlapped with O-H band at 3430 cm .

Quartz crystal microbalance (QCM) technique can be very
useful for characterizing the assembly of immunosensors and
providing relevant information about interfaces and surfaces
involved in the electrochemical response. This technique con-
sists of mass sensitive detectors which operate on oscillating
crystals resonating at the fundamental frequency of the quartz
crystal (Babacan et al. 2000). Each change in the surface
causes perturbations in the frequency of the crystal, which is
associated with binding or desorption of molecules. QCM
technique has been used to compare different immobilization
methods and determine the best conditions for the biosensor
response. Many papers have reported QCM characterization
of immunosensors for Salmonella detection based on the
layer-by-layer or the self-assembly technique for immobiliza-
tion of the biomolecules (Pathirana et al. 2000; Si et al. 2001;
Wong et al. 2002; Olsen et al. 2003). The results provided new
perspectives on the development of amperometric sensors
using a similar assembly system. Furthermore, the QCM tech-
nique has been used to confirm the specificity and applicabil-
ity of immunosensors during repetitive use after the regener-
ation step (Prusak-Sochaczewski et al. 1990; Park et al. 2000).

Evaluation of immunosensors in real samples

After it is assembled, the immunosensor should be studied in
order to optimize the analytical responses and to improve sen-
sitivity and other operational parameters. Operational param-
eters include linearity, quantification limit, detection limit, ac-
curacy, precision (reproducibility and repeatability), and spec-
ificity. These parameters can also be influenced by tempera-
ture, pH, and other environmental conditions. Parallel to these
studies, the conditions that can reduce interfering substances
present in solution should be verified. Sample preparation
should be studied in order to understand the best form to
submit to the biosensor. Undoubtedly, the preferred mode is
to analyze the sample in nature, i.e., without any type of pre-
treatment, but for the most part, the sample needs to go
through some pretreatments. Like other rapid tests such as
immunological tests, the sample can preferably be centrifuged

@ Springer

with a solvent in order to remove interfering elements such as
fats in foods. For Salmonella detection, rapid testing kits usu-
ally also require a pre-enrichment step. Biosensors are advan-
tageous in comparison to other methods because in general
they do not need any sample treatment. Yet, in the specific
case of immunosensors with a marker (i.e., not label-free), the
final measurement depends on the addition of a substrate to
the marker in a standard solution after the incubation step with
the sample. For label-free immunosensors, the response is
direct and depends exclusively on the nature of sample (not
on fat or pH), if a response is obtained after contact with
sample. In both cases, it is necessary to wash the sample after
incubation time to eliminate all free substances that are not
bound to the antibody.

Electrochemical immunosensors for Salmonella
detection

Electrochemical immunosensors can be based on potentio-
metric, amperometric, impedimetric, or conductometric trans-
duction principles. A working electrode, a counter electrode,
and a reference electrode usually compose the electrochemical
sensor (Fig. 1). In the specific case of immunosensors, anti-
bodies are immobilized on the working electrode and the sig-
nal is generated as a function of electronic transfer which
occurs between working electrode and counter electrode.
This signal is proportional to analyte concentration present
in the sample.

Bacteria present in food can promote reactions, and they
can be detected by applying appropriate electrochemical
methods. For example, when microorganisms metabolize un-
charged substrates to a charged product, such as the conver-
sion of carbohydrates to lactic acid, a change in the conduc-
tivity of the medium occurs. Microbial growth can be shown
in the same way by an increase in both conductance and ca-
pacitance, causing a decrease in impedance. Another evidence
of microbial metabolism can be verified by the hydrolysis of
specific substances due to enzymatic activity at the microbial
layer, and it can be accompanied by the production of protons
near the pH electrode. The response comes from the change of
electric potential difference between working electrode and
reference electrode, which are separated by a selective mem-
brane. Furthermore, the specific interaction between biomol-
ecules, like an enzyme and its substrate or an antibody and its
antigen, can produce an electronic transfer capable of gener-
ating an electric current in an applied potential, which is relat-
ed to the concentration of the species in solution. These char-
acteristics can be observed during bacterial presence in food
and may be used for the development of different electro-
chemical immunosensors for Salmonella detection. In the fol-
lowing section, we explore each of these features. Some
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examples of the techniques for immunosensor are summarized
in Table 1.

Amperometric immunosensors

Amperometric measurements are based on electrical current
between working and counter electrodes as a function of an-
alyte concentration after applying a constant potential. This
technique is preferred in the development of many biosensors.
Most of the current commercial biosensors utilize this tech-
nique. In the literature, there are many papers with different
modes of immobilization and detection using amperometric
technique. It is necessary because each biological molecule
has a preferred immobilization method and specific steps for
analyte detection for any given application. In amperometric
immunosensors, the direct sandwich ELISA format is very
common in the device assembly, whereas it is possible to find
a variety of immobilization methods for the primary antibody
and labeling of the secondary antibody (Fig. 1).

Amperometric immunosensors represent a modern version
of ELISA, which often incurs false negative results due to
extremely low amounts of contaminants in sample.
Conventional ELISA for Salmonella spp. detection provides
a limit of detection (LOD) of 10*-10° CFU mL ™" (Lee et al.
2015). Some immunosensors reported have a detection limit
much lower than the ELISA methods (Salam and Tothill
2009; Freitas et al. 2014; Zhu et al. 2014). As we can see in
Table 1, there are amperometric immunosensors with LOD as
low as 6 CFU mL™' (Zhu et al. 2014). Another aspect ob-
served is the detection time that varies from 50 min to 3 h in
amperometric devices. Moreover, the main advantage of
immunosensors using a sandwich system in a solution is the
response that is free of interferences, thereby reducing the
risks of false positives. This happens because bacteria bind
to the primary antibody immobilized on the surface, and the
response occurs as a function of the labeled secondary anti-
body that links to bacteria and remains in immunosensor sur-
face after successive washes of surface. The washes are im-
portant in order to remove nonbonding molecules, and an
electric current is produced by electron transfer from the sub-
strate reaction (Fig. 1). In this kind of immunosensor, it is very
common to use mediators, which generally reduce the electri-
cal potential of immunosensors. The decrease in electrical
potential is important in reducing the chances of biomolecular
denaturation and the interference with other substances in the
sample. The main mediator used in biosensors is ferrocene
(Morales et al. 2007), but there are other mediators such as
ferricyanide and osmium that can be used (Bally and Voros
2009; Alonso-Lomillo et al. 2010; Vashist et al. 2011; Kirsch
etal. 2013).

In our laboratory, we have worked with thiol and protein A
in order to orientate the primary anti-Salmonella antibody and
have achieved an excellent detection limit of 10 CFU mL™".

Salam and Tothill (2009) immobilized monoclonal antibody
against Sa/monella Typhimurium using physical and covalent
immobilization via amine coupling of carboxymethyldextran
on gold surface. A sandwich ELISA format was developed
using a polyclonal anti-Salmonella antibody conjugated to
horseradish peroxidase (HRP) as an enzyme label. An electron
transfer mediator, 3,3,5,5-tetramethylbenzidine
dihydrochloride (TMB) with H,O, as substrate system, was
utilized. Detection levels of 5 x 10° cells mL ™' and
20 cells mL ™" were achieved respectively for physical and
covalent immobilization. Delibato et al. (2006) developed a
multichannel electrochemical immunosensor for the detection
of Salmonella. 1t consisted of a disposable screen-printed ar-
ray, coupled with a multichannel pulse monitor, which was
assembled in a sandwich system. Croci et al. (2001) preferred
to seed the contaminated samples in pre-enrichment broth
(buffer peptone water), and samples were taken at different
times and analyzed by immunosensor to determine the mini-
mum incubation time needed to detect Sa/monella. The results
showed that this method was efficient and sensitive only after
5 h of incubation in pre-enrichment broth. It was possible to
detect Salmonella in meat artificially contaminated with low
concentrations of Salmonella (1-10 cells 25 g").

In addition to the adoption of enzyme labels in this tech-
nique, magnetic particles are also widely used.
Superparamagnetic particles are highly attractive for use in
biosensors for their capability to magnetize under an applied
magnetic field. Analytes can be labeled with magnetic beads
as an immobilization platform and as a tool to separate mea-
surable molecules found in immunosensors (Wang 2005). The
particles can be separated easily from a liquid phase with a
small magnet but can be redispersed immediately once this
magnet is removed. When coated with recognition molecules,
magnetic spheres are ideal for efficient capture and separation
oftarget. Unwanted sample constituents may be washed away,
following a simple magnetic separation step. Several proce-
dures other than amperometric technique may be used for
subsequent final measurements, such as conventional
impendance and wave accoustic assays (Liu et al. 2001;
Kim et al. 2003). More recently, magnetic beads have been
used not only for labeling and separation of an analyte but also
for direct quantification of antibodies with this particular label
(Brzeska et al. 2004; Meyer et al. 2007). Gehring et al. (1996)
used antibody-coated superparamagnet beads in a format
termed enzyme-linked immunomagnetic electrochemistry.
Salmonella Typhimurium was sandwiched between
antibody-coated magnetic beads and an enzyme-conjugated
antibody. With the aid of a magnet, beads (with or without
bound bacteria) were localized onto the surface of dispos-
able graphite ink electrodes in a multi-well plate format.
With this technique, a minimum detectable level of
8 x 10° cells mL ™" of Salmonella Typhimurium in a buff-
er was achieved in about 80 min.
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Other nanoparticles such as carbon nanotubes and gold
nanotubes have been used on the surface of electrodes in
order to increase the active surface area for immobilization of
biomolecules and consequently the sensitivity for the biosensor.
Chumyim et al. (2014) developed an immunosensor with a
detection limit of 10> CFU mL™" Salmonella based on
tyrosinase-amplified labeling platform and the recycling system
of catechol/o-quinone redox couple with multiwall carbon
nanotubes as an amplified labeling electrochemical sensor.

Impedimetric immunosensors for Salmonella

Impedimetric biosensors are less frequently compared to poten-
tiometric and amperometric biosensors; nevertheless, there
have been some interesting publications on these
immunosensors. Impedimetric immunosensors function by
antigen-antibody interaction causing a change in capacitance
and electron transfer resistance across a working electrode
(Pohanka and Skladal 2008). For these cases, electrochemical
impedance spectroscopy (EIS) is often engaged to characterize
the surfaces after the immobilization of biomolecules and bind-
ing of antigen. The most popular format for evaluating EIS data
are the Nyquist and Bode plots (Wang et al. 2012). In the
Nyquist plot, the imaginary impedance component (z") is plot-
ted against real impedance component (z'). In the Bode plot,
both the logarithm of the absolute impedance (Z ) and the
phase shift (¢) are plotted against the logarithm of the excita-
tion frequency. Impedance immunosensors can be classified
into two main categories according to Prodromidis (2010): (a)
capacitive—where the surface of the electrode is completely
covered by a dieletric layer and the whole electrode assembly
behaves as an insulator. In this type of sensor, no redox probe is
present in the measuring solution and the capacitive current is
measured under a small-amplitude sinusoidal voltage signal at
low excitation frequencies (typically 10—1000 Hz). The
antibody-antigen interactions are expected to cause a decrease
in the measured capacitance; and (b) faradic or faradaic
impedimetric—where the surface of the electrode, which is
covered by an insulating layer, is able to catalyze a redox probe
placed in the measuring solution. In this case, the measured
parameter is the charge transfer resistance (the real component
of impedance at low frequency values, typically 0.1-1.0 Hz)
and antibody-antigen interactions are expected to cause an in-
crease in its value as the faradic reaction becomes increasingly
hindered. In general, faradic impedimetric immunosensors ex-
hibit a higher sensitivity due to antibody-antigen interaction.
However, the redox probes may have an effect on both the
stability and the activity of the electrode.

Various types of impedimetric immunosensors for
Salmonella based on the different types of formation of sen-
sitive layer such as electropolymerization and self-assembly
have been proposed. Pournaras et al. (2008) employed func-
tional impedimetric immunosensors based on polytyramine
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electropolymerized films for the detection of Salmonella
Typhimurium in real samples. Interestingly, since the detec-
tion was performed directly on cultures, it eliminated various
centrifugation and washing steps, which were used for the
isolation of bacteria cells from culture, thus making the pro-
posed immunosensors promising candidates for on-site appli-
cations. Yang et al. (2009) described a capacitive
immunosensor for Sa/monella spp. detection based on grafted
ethylene diamine and self-assembled gold nanoparticle on
glassy carbon electrode. The antibodies were immobilized
on gold nanoparticle and the limit of detection was found to
be 1.0 x 10> CFU mL™". Dev Das et al. (2009) studied self-
assembled array for trapping channels on oxidized
macroporous silicon substrate for detection of Salmonella
Typhimurium. It was found that oxidized macroporous silicon
substrate with its regular network of pores at 1-2 pm diameter
is capable of detecting concentrations from 10° CFU mL ' to
10" CFU mL ™" in pure culture of the bacteria.

The development of faradic impedimetric immunosensors
for the detection of Salmonella Typhimurium in milk also were
reported (Rickert et al. 1996; Mantzila et al. 2008). The alter-
ation of the interfacial features of the electrodes due to different
modification or recognition steps was measured in the presence
of hexacyanoferrate (II)/(II) redox couple. A substantial ampli-
fication of the measured signal was achieved by performing the
immunoreaction directly in culture samples. The efficiency of
the immunosensors was evaluated in a series of standard culture
samples over the final concentration range of 10°—
10° CFU mL™" for Salmonella Typhimurium (Mantzila et al.
2008). However, the hexacyanoferrate (II)/(IIl) system was
found to damage SAMs or to reduce the activity of the
immobilized protein according to Rickert et al. (1996) who de-
veloped a mixed self-assembled monolayer of a synthetic pep-
tide and 11-hydroxyundecanethiol. Faradic impedance spectros-
copy is usually considered more sensitive as compared to ca-
pacitance measurements at electrically blocked electrodes.

Although promising results have been achieved with
impedimetric immunosensors for Sa/monella detection, some
papers reported in the literature have highlighted the complex-
ity of the analytical procedures (Nandakumar et al. 2008;
Nguyen et al. 2014).

Conductometric immunosensors

This kind of immunosensor is based on the consumption or
production of charged species, thus leading to conductance
changes resulting from the antibody-antigen interaction. This
immunosensor can be labeled free or not free. In the former
case, the use of enzymes is often adopted because a large
number of enzymes are known to produce changes in the
conductivity of the sensor surface (Table 2). Some enzymes
produce ionic products that increase the conductivity, but
there are also those, for example, glucose oxidase, whose
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Table2 Relation of enzymes-label for immunosensors that cause con-
ductivity changes

Enzymes Source of changes in conductivity

Amidases Generation of ion group

Dehydrogenases and Separation of different charge

decarboxylases
Esterases Ion migration
Kinases Change in level of ion particles

association

Phosphatases and sulfatases Change in size of charged groups

Source: Lawrence and Moores (1972); Jaffrezic-Renault and Dzyadevych
(2008)

products induce a decrease in conductivity (Soto et al. 2001).
Immunosensors based on conductometric principle present some
advantages: they do not require any reference electrode; driving
voltage can be sufficiently low to decrease significantly the pow-
er consumption; and transducers are not light sensitive (Jaffrezic-
Renault and Dzyadevych 2008). Nevertheless, in the literature,
there are relatively few papers on this subject, especially involv-
ing Salmonella detection. Muhammad-Tahir and Alocilja (2003)
proposed an immunosensor for Escherichia coli O157:H7 and
Salmonella spp. based on sandwich assay and using polyaniline
as the antibody label. The signal (change in conductance) was
due to the presence of polyaniline, a conductive polymer, which
increased its signal intensity when Salmonella was present. This
immunosensor provided a specific, sensitive, low-volume, and
near real-time detection mechanism for the lower limit of detec-
tion of 7.9 x 10" UFC mL ™" within a 10-min process. However,
it was limited for use at high concentrations of Salmonella be-
cause binding sites may be over-occupied with the antigen, thus
obstructing the charge transfer within the conductive polymer
structure. In general, the wide application of conductometric
immunosensors has been hindered by specific difficulties, such
as low specificity of the technique and the need to employ certain
experimental conditions (e.g., buffer concentrations and dissolu-
tion of ingredients in solution). The latter conditions are
prompted by the need to avoid reduction in signal/noise ratio
(which should be greater than 2 %).

Potentiometric immunosensors

Potentiometric transducers measure the potential difference
between working and reference electrodes. Potential changes
may be caused by electrochemical, chemical, or biological
interactions. Thus, changes in pH, ionic, or redox at the sur-
face influence the response of potentiometric sensors.
Examples of potentiometric sensors are the solid state ion
selective field effect transistors (ISFETs) and pH electrode-
based ion selective electrodes (ISEs). These are used for pH,
ion, chemical, or gas sensing and are marketed by iStat Corp
and others. There are few examples of potentiometric

biosensors that are generally applicable to enzymes or
immunosensing system. An example is light-addressable po-
tentiometric sensor (LAPS) used in the Molecular Diagnostics
cytosensor and Threshold System (Dill et al. 1999; Purvis
et al., 2003). On the other hand, potentiometric transducers
for Salmonella detection in food are rarely cited in the litera-
ture. A notable report is a LAPS used in the threshold system
for Salmonella detection in chicken carcass capable of detect-
ing levels as low as 119 CFU mL-1 (Dill et al. 1999).

Conclusion

Immunosensors offer an exciting alternative to the more tra-
ditional assay methods, allowing rapid “real-time” and multi-
ple analyses that are essential for the detection of Salmonella
and other microorganisms in food, especially in perishable or
semi-perishable foods. Although conventional methods in the
detection of Salmonella and other microbial contaminants can
be very sensitive and inexpensive, they require several days to
yield results. Thus, immunosensors represent a promising and
faster alternative tool to ensure food safety. It is worth noting
that the device performance and the commercial prospect for
future sensor systems may vary depending on transducer’s
properties, improvements in optimization responses, and op-
erational parameters. Future immunosensors with increased
sensitivity, lower costs, and easier handling are highly desir-
able. Such immunosensors will be very useful for the rapid
and routine detection of Sa/monella in foods both in the field
and in laboratories.
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