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Abstract

L

Microbiological safety assessment in food samples is often a cumbersome and time consuming task that has to
be done in a regular basis in most food manufacturing facilities. Standard microbiological techniques for evaluating
critical levels of bacteria take several days to yield results, thus the food products have to be withheld in the processing
factories until the safety inspection is concluded. The food industry requires faster and reliable tools for more efficient
microbiological testing that can reduce the safety inspection lag significantly. Biosensors that target specific molecules
associated with bacterial activity are amongst the most promising technologies for addressing this need. State-of-
the-art biosensors allow for instantaneous quantification of molecular biomarkers. This review focuses on describing
the operation mechanism and technological challenges and opportunities for developing high performance biosensors
capable of real-time monitoring of biomarkers from foodborne bacteria.
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Introduction

The rich nutrient content and high water activity of foods
(particularly in fresh and minimally processed products) offer a
propitious environment where bacteria can live and thrive. There
are at least 31 known pathogens that cause foodborne illnesses.
Nontyphoidal Salmonella, Escherichia coli, Listeria monocytogenes,
and Campylobacter spp. remain the most prevalent strains in the USA
that cause food poisoning resulting in hospitalizations and death [1].
In order to reduce the prevalence of foodborne infections, regulatory
agencies have been strengthening the safety standards by requiring
more exhaustive protocols of microbiological inspection in the food
processing plants [2]. Direct assessment of bacterial contamination
is typically performed based on microbiological counts. Usual
microbiological methods for detecting bacteria are laborious, requiring
sample preparation/dilution, selective enrichments and subsequent
culturing on a selective medium to obtain colonies; and usually
take several days to produce results. These microbiological tests are
often followed by biochemical and/or serological confirmation and
differentiation of species [3]. There are a number of modern detection
technologies that enable significantly faster analysis (in the order of
minutes to hours) [4]; some of these technologies are designed for
directly assessing bacteria via the detection of cell components such as
membrane proteins or DNA (e.g. PCR, aptasensors, and phagesensors),
whereas other devices aim to detect bacteria indirectly by measuring
molecular markers produced by specific strains (e.g. chromatographic
methods, and enzymatic biosensors). While direct monitoring of
pathogens is the preferred approach, biomarker monitoring is a more
rapid and less expensive technique that can provide early screening of
large volumes of food samples. Herein, we provide a concise overview
of state-of-the-art biosensors for indirect monitoring of foodborne
bacteria, and describe the operating mechanism and current limitations
of this fast-evolving technology.

Operating principle of biosensors

Recent technological advancements in the field of food safety
biosensors have focused on real-time monitoring-technologies such as
aptamer-based assays, fluorescent probes, and electrochemical sensors
(Figure 1). The working scheme for all sensors and biosensors involves
a three step process, including i) recognition, ii) transduction, and
iii) signal acquisition. In the recognition step (panel a), a molecular
interaction between the target (i.e., analyte) and a macromolecular

structure on the sensor surface results in highly specific binding. In the
transduction step (panel b), selective binding of the target produces
a change in mass, photon transport, and/or electron transport. In
the acquisition step (panel c), the change in energy state as a result of
specific molecular interactions is measured and an output is correlated
to analyte concentration.

Enzymatic biosensors for measuring bacterial biomarkers

Enzymatic biosensors are capable of real-time monitoring and
ultrasensitive detection. The working mechanism of this type of device
is based on the direct measurements of biochemical reactions at the
sensor-sample interphase. Amperometric biosensors are based on the
catalytic activity of immobilized enzymes that either produce hydrogen
peroxide during the course of an oxidative reaction (Equation 1), or
generate the reduced form of B-nicotinamide adenine dinucleotide
(NADH) when the target analyte undergoes reduction at the sensor
surface (Equation 2).

Enzyme
Analyte+ O, — Product+ H,0, 1)
Enzyme
Analyte + NAD® —> Product + NADH + H* )

Based on the principle described above, a number of portable
electrochemical biosensors have been developed for detecting
bacterial biomarkers like xanthine (a biomarker of meat spoilage) [5],
D-aminoacids (biomarkers of racemization in protein-rich foods) [6],
histamine and putrecine (biomarkers of shellfish decomposition) [7],
and botulinum neurotoxin (a biomarker of Clostridium botulinum
contamination in canned foods) [8] among others. Table 1 depicts
some other recent examples of biosensors capable of tracking bacterial
biomarkers for food quality and safety analyses.
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Figure 1: The general working scheme of sensors and biosensors involves a three step mechanism: a) recognition: specific molecular interaction
between target analyte and macromolecule on sensor surface, b) transduction: change in energy state due to molecular binding during recognition

Biosensor Platform Analyte/Sample
XO-CD/pAuNP/SWNT/GCE Xanthine/NT
CGi/SWNT/p-DNA t-DNA/NT
DAAO/c-MWCNT/CuNPs/ PANI/Au D-amino acid/fruit juices
MIP/Gr-AuNPs/GCE Glycoprotein/NT

GS-CS-PtPd/ChOx
NT: not tested in food samples. NR: not reported in the manuscript.

Cholesterol/meat, fish oil, margarine and eggs

Response Operating References
Time Range
5s 0.05-9.5 uM [91
NR 100 fM-1 uM [10]
2s 0.001-0.7 mM [11]
8 min 1x10"-1 x 105g/mL [12]
<7s 2.2-520 uM [13]

Table 1: Biosensors capable of monitoring markers of bacterial contamination in food.

Villalonga et al. demonstrated a biosensor enhanced with single
walled carbon nanotubes (SWNT) and gold nanoparticles (pAuNP)
for the direct determination of xanthine, which is a commonly found
marker of bacterial spoilage in meat. The operating mechanism of this
electrochemical device is based on an enzymatic reaction catalyzed by
xanthine oxidase (XO), immobilized on the surface of a pAuNP/SWNT
glassy carbon electrode (GCE) [9]. Ko et al. presented a biosensor
consisting of a chip functionalized with gold nano-islands (CGi),
single-walled carbon nanotubes (SWNT) and a 25 mer p-DNA for
selective detection of t-DNA. The sensing principle is based on changes
in the overall conductance occurring after hybridization of t-DNA with
p-DNA on the chip surface [10]. Lata et al. developed a D-amino acid
biosensor based on covalent immobilization of D-amino acid oxidase
(DAAO) onto a gold electrode (Au) modified with multi-walled
carbon nanotubes (c-MWCNT), copper nanoparticles (CuNPs) and
polyalinine (PANI). In this study, the authors only aimed to quantify
the level of amino acids in fruit juices as a measure of their nutritional
value; nonetheless, the device could also be used to estimate presence
and maybe even viability of bacteria based on the relative amounts of
D and L amino acids and the rate of racemization [11]. Wang et al.
created a biomimetic sensor based on graphene, gold nanoparticles
(Gr-AuNPs) and molecularly imprinted polymers (MIP) onto a glassy
carbon electrode (GCE) for detecting glycoproteins. In this case, a BSA
template was used as model protein for technology demonstration. This
amperometric device could be applied for detecting cell membrane
glycoproteins which are known to be important virulence factors in
pathogenic microorganisms such as E. coli and Streptococcus spp.
[12]. Cao et al. built an electrochemical biosensor functionalized with
graphene, platinum, palladium, chitosan (GS-CS-PtPd) and cholesterol
oxidase (ChOx). The probe was designed for cholesterol sensing in food
samples, and has a potential use for monitoring the transformation of
sterols by specific spoilage microorganisms [13].

Challenges and opportunities

Enzymatic biosensors for monitoring biomarkers are highly

accurate, but adoption of these technologies has been slow. In large
part, this is due to a lack of demonstration under field conditions, or
poor shelf life (primarily due to enzyme denaturation). Maintaining
enzyme activity in thin films is a major challenge in the field, particularly
when sensors are used in complex solutions during field applications.
Problems inherent to enzyme immobilization include loss of purity,
stability, activity, and/or specificity [14]. Bio-based nanomaterials
provide durability and stability in the thin protein film formed on the
electrode surface [15].

New biomaterials and nanomaterials that can enhance the
performance of biosensors in terms of sensitivity, response time, shelf
life, and biocompatibility are continuously under development. These
improvements provide new opportunities for creating ultra-sensitive,
smart sensors that are capable of real-time detection of foodborne
pathogens.

Nanomaterials that enhance transduction have recently shown to
significantly improve performance of biosensors. Most research has
focused on materials that improve electron or photon mobility (e.g.
carbon nanotubes, graphene sheets, nanometals, metal oxides and other
photocatalysts) [16-18]. A current trend in electrochemical sensing is
to create transducer-composites based on carbon nanomaterials and
noble nanometals. This approach takes advantage of the synergistic
effects on electrical properties that result from combining these types
of materials, to obtain devices with superb sensitivity, instantaneous
response time, and extremely low detection limit [19].

A number of bio-based hydrogels have recently been developed
that can enhance sensor longevity without creating toxic byproducts.
Hydrogels have high strength/stiffness, optical transparency,
biocompatibility, biodegradability, and highly porous structural
network [20-22]. For example, hydrogels composed of chitosan,
cellulose, or poly-N-isopropylacrylamide (PNIPAAM) can be used to
encapsulate macromolecules designed to specifically bind biomarkers
associated with pathogens. In addition to immobilization of recognition
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agents, hydrogels based on weakly ionizable polysaccharides show pH-
responsive phase transition [23]. This stimulus-response behavior can
be exploited in biosensors for controlled release of small molecules and
scaffolding of enzymes.

Conclusions

The long time required for testing the microbiological safety and
quality of food products using standard microbiological methods is a
concerning problem for the food industry and public health. Biosensor
technologies that target bacterial biomarkers are promising alternatives
for rapid screening of harmful bacteria in food samples. Incorporation
of nanomaterials with unique electrical and photonic properties, as
well as biomaterials with high biocompatibility are the most effective
strategies for developing biosensors with ultrafast response time and
high stability.
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