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1. Introduction

The dynamic worldwide agri-food market has produced increased biological, chemical and
physical threats to food products, and a bigger consumer demand on process control,
quality and safety of these products. As a result, farmers and processors are using
technological tools to allow for the quick, effective and efficient determination of hazards
inherent to safety and quality of products.

Biosensors are an important option in the agricultural and food sectors to control production
processes and ensure food quality and safety by reliable, fast and cost effective procedures.
Biosensors are promising alternatives to conventional analytical tools since they offer
advantages in size, cost, specificity, rapid response, precision and sensitivity.

The agricultural and food industry integrates the production, processing and
commercialization of agricultural materials for specific markets and consumer demands.
Each step in the agricultural and food production chain is susceptible to several threats since
agricultural materials and food products are transported to different parts of the world,
favoring the loss of quality and the transmission of diseases.

The biological, chemical and/or physical threats may be the result of environmental
contamination or failures during food handling, processing, packing and distribution.
Detect, correct and prevent these failures are the basis for the development of quality
management systems to ensure food safety.

According to the World Health Organization (WHO), each year millions of people around
the world are affected by foodborne diseases. Biological risks produced by bacteria, viruses
and biotoxins, chemical substances (e.g., additives), food nutrients used to add product
value, pesticides, veterinary drugs residues, and processing operations and technologies
that may generate polycyclic aromatic hydrocarbons (PAHs) derived from proteins
decomposition, or mutagenic agents (e.g., tryptophan) in cooked foods, constitute risks to
consumers health.

On the other hand, consumer demands have contributed to dramatic changes in the
production and commercialization of foods, leading producers to search for innovative
products and technologies. Furthermore, recent food crises have caused concerns regarding
the safety of food products, resulting in increased sanitary standards. Today, food safety
and food quality are key elements that influence consumers purchasing behavior. However,
consumer perception varies with ethnicity, purchasing power, education level and
awareness. Consequently, there are consumer groups that make purchasing decisions based
on product price, regardless of food handling practices and potential public health risks;
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while other consumer groups, aware of the importance of quality, safety and traceability,
demand foods with high quality and safety standards, such as healthy, fresh, organic and
additives-free products and are willing to pay the added value.

Food-related conflicts, higher demands for novel and safe foods, and better consumer eating
habits, have imposed challenges on food producers to minimize potential health risks and
build consumer-producer relationships that offer confidence and security to customers. This
requires the development of effective traceability technologies throughout the food chain.
Within this frame, biosensor technologies surge as effective and efficient alternatives to
control production processes and ensure food quality and safety.

Although the initial development in biosensor technologies was done in the biomedical
field, the ability to detect, analyze and quantify molecules of different biological origins and
the diversity of measuring principles, resulted in the creation of personalized biosensor
designs to cover a wide range of technical needs. The various operating principles have
allowed the creation of biosensors to analyze external substances in food products such as
pesticides, fertilizers and dioxins residues, water and soil residues (accidentally incorporated
to the food chain), genetically modified organisms, pathogenic microorganisms and their
toxins, and food components such as antinutrients, allergens, drugs, additives, and
hydrocarbons.

Regarding food quality, biosensors have been useful for the evaluation of food composition,
particularly in food products from plant and animal origin that are transformed during
postharvest and processing. The sensory properties and chemical composition will depend
on factors such as storage temperature conditions, exposure to sunlight, oxygen level and
best handling practices. However, if these factors are not well managed, catalytic and
enzymatic processes can lead to the generation of substances that cause undesirable changes
in texture, color, taste, smell and aroma. Also, biosensors can be used in products enriched
with components such as vitamins, minerals, and antioxidants. They quantify the different
food components to evaluate rancidity, maturity, decline and shelf life and detect substances
used as indicators of food freshness.

Another agro-industrial application for biosensor is in controlling the various steps involved
in the farm to consumer chain, which is vital in the development of modern industrial and
manufacturing processes. Biosensors allow the manipulation and real time monitoring of
variables such as pH, temperature, pressure, oxygen, flow and volatile substances, affecting
productivity, profitability and safety of food processing operations. Biosensors can also
quantify compounds found in low or high concentrations (e.g., sugars, amino acids, alcohols,
and acids), as they may become the limiting factors in a production process.

The detection of genetically modified organisms (GMO) is another useful application for
biosensors, since several countries have laws regulating the commercialization of GMO
products and their derivatives. Biosensors can also be useful in the implementation of
hazard analysis and critical control points (HACCP) plans by verifying process developments
and correcting errors in due time.

Biosensor technologies and nanotechnologies are being used together in many food and
agricultural applications such as the development of nano-scale tools for biosafety, nano-
scale compounds for food packaging, and nano-sensors for pathogen detection in animals
and plants, among others. These are helpful tools in the detection and control of potential
food contaminants by the agricultural and food industries.

In the first section of this chapter, we describe current biosensor applications for food
security in two main areas: detection of foodborne pathogens and detection of chemical
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contaminants. Pathogens detection is important in the prevention of microbiological hazards
acquired during the production, processing, storage, transportation and distribution of food
products. We will highlight the use of biosensors for the detection of microorganisms
responsible of large economic losses in the food industry due to productivity loss, medical
costs and food product recalls, including Salmonella, Listeria monocytogenes, Campylobacter,
and Escherichia coli. We give a comprehensive view on the role of biosensors in pathogens
detection and discuss constraints such as pre-treatment requirements and analysis time. The
detection of chemical contaminants outlines biosensor applications in the determination of
contaminant residues including pesticides, fertilizers, heavy metals, food additives and
antibiotics. Antibiotics are of great concern for consumer health since they create resistance
to microorganisms. The importance of the appropriate HACCP plan implementation is
discussed together with its impact in the meat, milk and honey processing industries.
Examples of enzyme biosensors are presented, especially those with greater sensitivity and
faster response time.

The second section covers biosensors as low-cost, easy to use analytical tools for the fresh
product industry, with emphasis on food quality, as defined by food nutritional value,
safety, and acceptability. Food quality is evaluated through organoleptic parameters
(freshness, appearance, taste and texture), where food composition allows the verification of
the type of elements present in a given food. In this case, biosensors are used for the
quantification of starch, glucose, lactose, lecithin, and ethanol as indicators of quality and
consumer acceptability. We also describe the use of biosensors for the evaluation of
freshness and shelf life. The detection of polyphenols in olive oils, short-chain fatty acids in
milk and dairy foods, amines formation in fish; rancidity evaluation; quantification of
glucose and fructose as indicators of fruit ripening and firmness, are among the various
applications described in the second section.

The last section describes the use of biosensors in controlling processing operations,
including HACCP plans. The importance in productivity, performance and efficiency in
biotechnological processes is discussed and the online identification and quantification of
various compounds (e.g., amino acids, sugars and alcohols) is highlighted. These
determinations allow the monitoring of high or low concentrations of components that
significantly affect the processing of foods. In the case of sugars, we will describe
amperometric biosensors used to determine glucose using glucose oxidase in fruit juices,
lactose using f3-galactosidase and glucose oxidase, and lactulose using 3-galactosidase and
fructose dehydrogenase (an enzyme used as indicator of excessive thermal processing of
milk). We will also describe the use of amperometric biosensors for the determination of
alcohol using the enzyme dehydrogenase from Gluconobacter oxydans. Emphasis will be
given to the monitoring of fermentation processes, including the description of interfering
compounds (e.g., ascorbic acid and tyrosine), procedures to remove such compounds, and
correction methods that reduce the duration of the analysis, including filtration, evaporation
and acid or alkaline hydrolysis. Biosensors characteristic such as specificity, analysis time,
automation, and sensitivity will be discussed. Finally, the challenges facing the food
industry and the new trends in biosensors technology are presented.

2. Biosensors in food security

Food Security refers to the availability and continuous, timely and permanent access to
foods that meet quality and safety standards by the entire world population (FAO, 1996).
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Food agro-industrialization is a strategy that allows guaranteeing the continuous availability
of foods. However, physical, biological, and chemical hazards from preharvest to storage
and final product marketing, may affect food quality and safety.

Physical pollutants affect the quality of food components, mainly influencing product
appearance and causing rejection by consumers. To prevent physical damage, it is necessary
to maintain control over every stage of the process, and manage logistics, including the
compliance with personnel safety standards and the assurance of good infrastructure
conditions in the food industry.

Biological hazards are primarily caused by microorganisms and their toxins, which may or
may not affect the organoleptic properties of foods but nevertheless affect consumer health.
Food poisoning and infections have a strong economic and social impact, causing loss of
productivity due to morbidity and mortality (Vasquez de Plata, 2003).

Microorganisms involved in biological hazards that require specific processing interventions
include bacteria belonging to the genus Salmonella, Shigella, Escherichia coli, Listeria
monocytogenes and Clostridium botulinum. Microbiological analyses during processing and on
final products have been traditionally used to assure the control of these pathogens. These
methods are based on the detection of potential pathogenic microorganisms through their
isolation in differential and selective growth media, requiring long response times (ranging
from 48 hours to 5 days), and also involving high identification costs (Meng & Doyle, 2002).
Another traditional method for the detection of pathogens in food and human and animal
biological tissues is through enzyme-linked immunosorbent assays (ELISA) (Arbault et al.,
2000; Nowak et al., 2007; Deng et al., 2008; Cabrera et al., 2009). The ELISA test is based on
qualitative or quantitative color changes, using an enzyme as a reaction biomarker between
an antigen and an antibody. If the substrate of the enzyme is cromogenic, a strong color
change will indicate a greater concentration of the analyte (Sismani et al., 2008). However,
the reuse of antibody receptors linked to enzymes increases the cost of detection, as well as
the limited sensitivity of antibodies increases the possibility of unreliable results in a rapid
test (Turner et al., 2009).

Biosensors offer rapid and effective detection options to control biological hazards. Biosensor
technologies are advantageous due to the potential for miniaturized, rapid, specific, and
sensitive detection of biological hazards (Pathirana et al., 2000; Ropkins & Beck, 2000).

2.1 Biosensors used for the detection of bacteria

2.1.1 Salmonella

Salmonella are Gram-negative bacteria naturally found in the gastrointestinal tract of warm-
blooded animals and humans (Nowak et al., 2007; Lu et al., 2009). When out of their natural
habitat, these bacteria are able to survive in water and food products. The consumption of
contaminated food products causes diseases such as enteric fever and salmonellosis.

The majority of food processing plants are not equipped with water purification systems,
and Salmonella becomes the principal biological contamination hazard (White et al., 2002).
For the rapid detection of Salmonella, piezoelectric antigen-antibody biosensors are used.
These sensors may apply the Langmuir-Blodgett (LB) monolayer method, which is based on
the immobilization of amphiphilic antibodies. The antibodies are captured and distributed
uniformly in a liquid having affinity to the antibody. Antibodies can be monoclonal or
polyclonal; however, the use of monoclonal antibodies is ideal because it offers greater
specificity. As shown in Figure 1, when submerging a support probe with a polar and a non-
polar surface, little interaction with the antibody occurs. However, binding between the
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antibody and the polar surface (antibody film) will occur when the support emerges from
the liquid. The support will have transduction resonance properties, i.e., when affinity with
antigen takes place, the resonance frequency will be affected due to increased mass in the
crystal support (Guntupalli et al., 2007).
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water or buffer

Fig. 1. Antibodies film formation in the support following the Langmuir-Blodgett technique
when emerging from the solution.

The sensor platform used by Guntupalli et al. (2007) is made of magnetostrictive
Fe4NizsMo4B1s and immobilized polyclonal rabbit antibodies using the LB method to detect
Salmonella typhimurium by measuring changes in surface pressure by the Wilhelmy method.
The system reaches equilibrium in the surface in order to reduce vibrations generated by
external factors, in such a way that frequency and amplitude changes are only caused by
mass variations in the crystal. This method was studied using different biosensor sizes and
it was concluded that better changes in resonance frequency were achieved with small
sensors. In these sensors, the resonance frequency decreases with an increase in the number
of pathogen microorganisms bound to the antibody. As a consequence, to detect Salmonella
it is convenient to use bigger biosensors since smaller ones would not allow enough contact
area with the antigen, and low pathogen concentrations would not be detected. Figure 2
shows the common detection method for pathogens or bacterial cells by using a resonance
magnetoelastic biosensensor.

Many Salmonella detection studies focus on this type of biosensors. The advantage of using
these biosensors with antibodies as the recognition element is their high specificity,
sensitivity, chemical stability and rapid response; however, as mentioned earlier, the low
specificity achieved by polyclonal antibodies may be a drawback in some sensors. These
biosensors are used in water sanitation control, which is required in all food transformation
processes. They are also used in milk production and in the control of milk products,
including milking equipment, pollution system, pumps, farms or livestock stables, processing
industry and finished products.

2.1.2 Listeria monocytogenes
Listeria monocytogenes, a Gram positive, flagellate microaerophilic coccobacillus, can cause
listeriosis associated to the consumption of fresh and processed foods such as meats,
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Fig. 2. Detection of pathogens or bacterial cells using a magnetoelastic resonant biosensor by
the change in amplitude of the resonant wave, due to frequency variation when the analyte
binds to the receptor (Guntupalli et al., 2007).

shellfish, unpasteurized milk and vegetables (Sanchez et al., 2009). The disease produces
little morbidity but important mortality in humans and animals, with symptoms such as
muscle pain, nausea, diarrhea and chills. Complications are serious since it affects the
central nervous system, causing seizures, headaches and even comatose state. Similarly to
the bacteria genus Salmonella, L. monocytogenes has had negative repercussions at productive,
economic and social levels (FAO/WHO, 2004).

Unlike E. coli and Salmonella, Listeria monocytogenes can grow at refrigeration temperatures,
being only inactivated by high temperature and pasteurization treatments (FAO/WHO,
2004). Due to its ability to adapt to a wide range of pH and temperatures, it is associated
with silage or poorly fermented foods. Organic acids, such as lactic acid produced during
fermentation, inhibits the growth of Listeria monocytogenes at pH <5.2 being more effective
than inorganic acids such as hydrochloric acid (HCI), where the bacteria can growth at pH
4.8 (Pellicer et al., 2009).

A rapid detection of this pathogen is essential. Biosensors offer advantages over traditional
methods that need longer test time and specific growth media before the pathogen is
detected (Geng et al.,, 2004). The use of optical biosensors allows the reaction between
receptor and analyte, providing confidence, specificity and less time for detection. The
excitation of atoms related to the receptor-analyte reaction, results in mass, energy, and
physical changes that are captured by the biosensor. In this way, real time data is used to
identify bacteria, viruses or toxins. Moreover, these biosensors allow the identification of
pathogens at low concentrations (Geng et al., 2004).

A fiber-optic biosensor can be used for the detection of Listeria monocytogenes (Geng et al.,
2004). It is based on the measurement of fluorescent light generated by a wave when there is
a change in resonance. The biosensor uses monoclonal fluorescent antibodies that generate
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excitation of atoms and wave production when bound to the pathogen. The biosensor is
made of a polystyrene support that immobilizes the antibodies. The antibodies are obtained
by inducing the immune response of rabbits after inoculating with Listeria monocytogenes for
three months (Leonard et al, 2004). The quick response from this biosensor and the
specificity against L. monocytogenes were verified in the presence of bacterial pollutants
common in foods such as E. coli, Enterococcus faecalis, and S. enteric. Its response in cold
(4 °C) and salty conditions showed lower reaction rates due to "stress" of the monoclonal
antibodies at low temperatures. The biosensor also showed a reduction in sensitivity at low
L. monocytogenes concentrations when the medium contained other microbiota able to affect
the antigen-antibody reaction (Geng et al., 2004). The fiber-optic biosensor detects
concentrations from 107 to 108 CFU/ml (Geng et al., 2004). In situations where the product is
suspected to contain L. monocytogenes counts below 107 CFU/ml, an enrichment step prior to
the biosensor detection is required.

Although optical biosensors have been widely implemented for the detection of L.
monocytogenes, biosensors using surface plasmon resonance (SPR) had shown better
response. Although SPR sensors are more expensive than fiber optic sensors, they are the
best alternative for a rapid - 5 to 15 minutes - detection (Van der Merwe, 2011). In addition,
low concentrations of bacteria (105 L. monocytogenes CFU/ml) can be identified (Leonard et
al., 2004), thus sample enrichment prior to analysis is not required.

SPR biosensors have disadvantages that are important to consider too, such as wear of the
miniaturized and thin plate or support where the light wave contacts the sensor. The use of
these biosensors for high-performance detection tests is not recommended. The efficiency,
speed and sensitivity of the biosensor increases when the analytes are large molecules such
as cells (Van der Merwe, 2011), since mass change on the surface is the basis for detection
(Van der Merwe, 2011).

Fiber optic and SPR biosensors help preventing the spread of foodborne illnesses and ensure
food safety in processed and minimally processed foods. In addition, their nano-scale
dimensions offer advantages for handling, transporting, storing, processing, and distributing
foods.

2.1.3 Campylobacter

The genus Campylobacter, are Gram negative bacteria, characterized for being microaerophiles
(oxygen concentrations between 3-5%), comma-shaped or "S" flagellates, with motility (Ryan
& Ray, 2010).

Infections caused by these bacteria are the main cause of gastroenteritis, being very frequent
in children. Campylobacteriosis causes symptoms such as fever, abdominal pain, diarrhea,
vomiting, and nausea. The disease has side effects including reactive arthritis and muscle
pain due to alterations in the immune system (WHO, 2000). Campylobacter can be found in
poultry and other birds, cattle, and even seafood (WHO, 2000). Poor cooking practices in
processed meats and dairy products further favor the spread of this thermophilic bacterium.
An efficient and opportune detection prevents the spread infections among animals and
humans. Traditional microbiological methods for the identification of Campylobacter require
3 to 4 days (Wei et al., 2007). The difficult phenotypic characterization further complicates
the proper identification of the bacteria (On, 2001). In this case, biosensors are also reliable
for a rapid detection of the microorganism.

A SPR optical biosensor has great sensitivity for Campylobacter, being capable of rapidly
detecting concentrations of Listeria monocytogenes having the specific antibody for

www.intechopen.com



50 Environmental Biosensors

Campylobacter populations of at least 10° CFU/ml (Wei et al., 2007). To obtain these results,
four antibodies from different manufacturers were used and reactivity, specificity and
sensitivity tests were done, showing a maximum detection dilution of 1/200 for the chosen
antibody. Reactivity tests were verified with an ELISA test, using inhibitors and denaturing
agents to check whether the bacteria could be detected by antibodies even after inactivation.
High temperature pretreatments did not result in changes in the detection capabilities of the
biosensor. The specificity of the biosensor was also tested by the binding between the
antibody and Campylobacter in the presence of other bacteria. Other bacteria exhibited
temporary union with the antibody due to a weak association promoted by precipitation
with glycine buffer. The sensitivity of the SPR biosensor was tested in pure bacterial
populations ranging from 10! to 108 CFU/ml, with adequate detection starting at
populations of 103 CFU/ml (Wei et al., 2007).

Campylobacteriosis illness is mainly spread by eating contaminated food, being a major
problem in poultry production. Optical SPR biosensors are not the only detection methods,
but other types of recognition elements such as DNA, RNA, enzymes, and tissues could be
implemented; since interactions with other types of cells and/or macromolecules may
probably occur.

2.1.4 Escherichia coli

Escherichia coli is a Gram negative bacilli normally inhabiting the intestine of humans and
warm blooded animals (Darnton et al., 2007). An E. coli strain, known as 0157:H7, may cause
inflammation in the small intestine, causing severe diarrhea (including bleeding) and kidney
damage (Lin et al., 2010). These bacteria are also responsible for the hemolytic uremic
syndrome (Waswa et al., 2007), which is an infectious and contagious disease characterized
by kidney failure, microangiopathic hemolytic anemia, thrombocytopenia, coagulation
defects and other neurologic disorders.

The infection caused by E. coli results from ingesting food, mainly fresh fruits and
vegetables, and/or contaminated water. Infections may also be caused by eating poorly
cooked animal foods or foods that were washed with contaminated water (WHO, 2005).
Animal derived foods such as raw milk can have a high E. coli count, either due to
inadequate feeding of animals or diseases such as bovine mastitis, resulting from poor
cleaning of processing equipment and/or inadequate sanitation practices.

E. coli grows at temperature ranging from 7 to 50 °C, and has the ability to grow in acid
foods with pH down to 4.4 and with low water activity. Therefore, a minimum of 70 °C in
the food is required to inactivate the bacteria (WHO, 2005).

When considering the effects that infections may produce in human and animals through
food and water, traditional detection methods for E. coli that require 24 to 48 hours are
considered time consuming and costly. Therefore, fast, simple, efficient and cost-effective
methods are needed, and the development of biosensors may play a key role in detecting
small E. coli concentrations (Gfeller et al., 2005).

There are different methods for a rapid detection using biosensors with detection limits
down to 103 E. coli CFU/ml in less than 10 hours and confirmation using PCR (Tims & Lim,
2003). Other techniques use biosensors for detecting bacteria by flow cytometry followed by
inmunomagnetic separation. This technique can detect down to 4 cells/g of E. coli in beef, in
a 7 hours time frame (Seo et al., 1998).

E. coli detection in shorter time has been done using amperometric biosensors, through the
detection of hydroxyl radicals produced by E. coli oxygen reduction during aerobic
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metabolism (Tang et al., 2006). This technique uses the covalent immobilization of enzymes
lactase and peroxidase on indium and tin oxides, and the oxidation of salicylic acid to
polyphenolic compounds by hydroxyl radicals. Enzymes can act on polyphenolic
compounds, where the enzyme lactase in presence of oxygen produces quinones and
peroxide residues that serve as electron donors and the enzyme peroxidase catalyzes the
reaction on other polyphenolic compounds. The latter reaction also generates quinones,
producing a reversible reaction measured by the amperometric biosensor. The amount of
polyphenolic compounds generated through the microbial metabolic cycle depends on the
concentration of E. coli cells.

2.2 Biosensors used for the detection of contaminant residues and pesticides
Pesticides (herbicides, fungicides, and insecticides) are used worldwide due to their wide
range of activity. The presence of pesticide residues and metabolites in food, water and soil
currently represents one of the major issues in environmental chemistry research (Mostafa,
2010). Due to their increasing use in agriculture, pesticides are among the most important
environmental pollutants. However, the existing analytical methods for the determination of
organophosphate pesticides and N-methyl carbamates are complex or not existent for some
compounds. High Performance Liquid Chromatography (HPLC) is an appropriate
technique for the determination of these compounds since it preserves pesticide stability.
However, to set the adequate sensitivity for the method, several pretreatment steps are
required, adding time and cost (Hiemstra & De Kok, 1994). Due to the restrictions in
conventional methodologies, the development of biosensors for direct and indirect pesticide
detection is of particular interest. Serna et al. (2009) discussed the use of most common
enzymatic biosensors for the detection of pesticides, fertilizers, and heavy metals. Table 1
shows the biosensors that have been reported in the literature since 2004 for direct detection
of pesticides.

Enzymes like cholinesterase (AChE, BChE), organophosphorus-hydrolase (OPH), and urease
are used in the design of electrochemical biosensors for pesticides detection. Analytical
devices, based on OPH and cholinesterase inhibition, have been widely used for the
detection of carbamates (Zhang et al., 2005) and organophosphate compounds (OP) (Pavlov
et al., 2005). OPH, an organophosphotriester hydrolyzing enzyme, has broad substrate
specificity and is able to hydrolyze a number of OP pesticides such as paraoxon, parathion,
coumaphos, diazinon, and dursban. Organophosphorus acid anhydrolase catalyzed
hydrolysis of OP compounds generates two protons as a result of the cleavage of the P-O, P-
F, substitution or P-CN bonds and an alcohol, which in many cases is chromophoric and/or
Electroactive (Mostafa, 2010). The resulting reaction ions are detected through
potentiometric biosensors. Another way to detect the action of the enzyme OPH is by
monitoring, through amperometric biosensors, oxidation and reduction reactions occurred
by the hydrolysis of the substrate.

OPH was used in a biosensor for the detection of paraoxon and parathion. The transducer
structure of the sensor chip consists of a pH sensitive electrolyte-insulator- semiconductor
(EIS) structure that reacts to pH changes caused by the OPH catalyzed hydrolysis of the
organophosphate compounds (Schoning et al., 2003). Conductimetric AChE biosensors have
been used to evaluate the toxicity of methyl parathion and its photodegradation products in
water (Dzyadevych et al., 2002). Similarly, biosensors using immobilized enzymes for the
detection of OP parathion hydrolase immobilized in a coal electrode have been developed.
The organophosphorus parathion hydrolase hydrolyzes parathion on p-nitrophenol and it is
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detected by its anodic oxidation (Schoning et al., 2003). Immobilized cells of Flavobacterium
sp have been used for the detection of methyl parathion. Whole cells of Flavobacterium sp. were
immobilized by trapping in glass fiber filter and were used as biocomponents along with
optic fiber system. Flavobacterium sp. has the enzyme organophosphorus hydrolase, which
hydrolyzes the methyl parathion into detectable product p-nitrophenol (Kumar et al., 2006).
Biosensors based on BChE are very sensitive in the detection of OP pesticide mixtures such
as clorfenvinfos and diazinon. Immunochemical techniques, including the piezoelectric
immunosensors, are gaining acceptance as alternative or complementary methods for the
analysis of pesticides. Immunosensors have great potential for monitoring herbicides in
drinking water (Yokoyama et al., 1995; Székacs et al., 2003), dioxins concentration in real
environmental samples (Park et al., 2006), and the detection of polychlorinated terphenyls
(biphenyls) (Pribyl et al., 2006) and atrazine (Pribyl et al., 2003) among others.

Piezoelectric immunosensors “can be considered as alternatives comparable to other well-
established immunochemical methods such as ELISA. In contrast to the ELISA techniques
that require labeling of reactants and about two hours per assay, this technique can be
automated, does not use markers and analysis results are available in a few minutes”
(Ocampo et al., 2007).

An inmunosensor is a biosensor using antigen-antibody reactions as the basis for detection.
Usually, the analyte contains the antigen or hapten and the antibody is attached to the
receptor. It is important to note that pesticides are generally small molecules that do not
produce immune response, and then it is necessary to unite these compounds to
inmunogenic molecules like proteins (haptens), keeping intact the chemical composition of
the compound to be analyzed. The design of the specific hapten is decisive in the
development of immunoassays, since it is responsible for determining the recognition
characteristics of the antibody (Haasnoot et al., 2000).

The piezoelectric inmunosensor uses a crystal quartz micro scale, in which the antigen, a
conjugate or an antibody, is immobilized to the glass surface. The antigen-antibody reaction
is detected by the oscillating piezoelectric crystal quartz that resonates at a fundamental
frequency and has a linear behavior with respect to its surface mass density. The operation
of piezoelectric resonators in liquid phases includes changes in the mass induced frequency
and effects induced by the change in viscosity or density of the surrounding liquid layers
(Kim et al., 2007; Fohlerova et al., 2007).

There are also other potentially toxic substances for humans, such as contaminated residues
present in water and soil, with a major impact on the environment accidentally reaching the
food chain (Serna et al.,, 2009). Some of these residues are by-products from diverse
industrial processes (dioxins) used as dielectric or hydraulic fluid agents (polychlorinated
biphenyls or PCBs) or generated from fossil fuels or wood burning (polycyclic aromatic
hydrocarbons or PAHs), benzene, toluene and xylene (named BETX) and derived phenolics.
Immuno-, enzymatic, and bio- sensors with complete cells are used for the detection of these
organic compounds (Patel, 2002).

2.3 Biosensors used for the detection of heavy metals

Heavy metals are toxic substances that accumulate in the organism and cause metabolic
alterations since there is no way of metabolizing or excreting them. We may accumulate
heavy metals when eating foods of animal origin, since animals have greater contact with
poorly treated water, can graze close to industries, and even eat foods treated with water
contaminated with heavy metals.
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Diseases caused by the ingestion if heavy metals include cardiovascular and respiratory
problems, infertility, irritations, inhibition of some hormonal activities, malfunction of the
principal organs, and death.

Devices have been designed to determine the concentration of heavy metals such as arsenic,
cadmium, mercury, and lead, in water and soil samples. These devices incorporate genetically
modified microorganisms and enzymes such as urease, cholinesterase, glucose oxidase,
alkaline phosphatase, ascorbate oxidase and peroxidase (Tsai et al., 2003), incorporated to
electrochemical and optical transduction systems.

Bi-enzymatic biosensors are used to detect enzymes inhibition in water. Enzymes like
alkaline phosphatase and acetyl cholinesterase are inhibited by the presence of heavy
metals, carbamates and organophosphates. Conductometric biosensors use immobilized
Chlorella vulgaris microalgae as bioreceptors. Chouteau et al. (2005) immobilized algae inside
bovine serum albumin membranes reticulated with glutaraldehyde vapors deposited on
interdigitated conductometric electrodes. Local conductivity variations caused by algae
alkaline phosphatase and acetylcholinesterase activities could be detected.

In addition, it is possible to detect the presence of cadmium through transduction systems
based on fiber optics. The biosensor detects the inhibition of the enzyme urease, can sense
down to 0.1 g/l of cadmium in milk. The device can be constructed from whole cells of
Bacillus badius with phenol red as an indicator co-immobilized onto circular plastic discs
with sol-gel approach and fiber optic transducer system. Urea is added to the plastic disc to
detect the inhibition of enzymatic reactions (Verma et al., 2010).

Other methodologies used in the detection of heavy metals are shown in Table 1.

Analyte Type of Recognition Transduction References
interaction |biocatalyzer system

Pesticides

Methyl Parathion Biocatalytic | Sphingomonassp. Fiber optic Kumar &
Flavobacteriumsp D’Souza, 2010
Methyl parathion | Amperometric. Kumar et al., 2006
hydrolase. (square wave Chen et al., 2010

voltammetric).

Acetyl Electrochemical
Cholinesterase Gong et al., 2009

Organophosphorus Biocatalytic | Organophosphorus | Amperometric Deo et al., 2005
hydrolase

Triazophos Biocatalytic | Acetyl Amperometric Du et al., 2007;
Cholinesterase Du et al, 2010

Monocrothopos, Biocatalytic | Acetyl Electrochemical Dutta et al, 2008

Malathion, Metasystox Cholinesterase

and Lannate

Chlorpyrifos- Biocatalytic | Acethyl Amperometric Hildebrandt

Oxon, Cholinesterase et al., 2008

Chlorfenvinphos,

Pirimiphos-methyl,

Malathion,Carbofuran,

Methomyl and

Carbendazim
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Analyte Type of Recognition Transduction References
interaction |biocatalyzer system
Acetylcholine Biocatalytic | Choline oxidase Amperometric Shimomura
and Acethyl et al., 2009
Cholinesterase
Fertilizers
Nitrate Biocatalytic | Nitrate reductase | Potentiometric Sohail & Adeloju,
2008
Nitrite Biocatalytic | Nitrite reductase Voltammetric Almeida et al., 2007
Amperometric Silveira et al., 2010
Phosphate Biocatalytic | pyruvate oxidase | Amperometric Rahman et al, 2006
Maltose Conductometric Zhang et al., 2008
phosphorylase.
pyruvate oxidase | Voltammetric and | Akar et al., 2010
Amperometric
Urea Biocatalytic | Urease Amperometric Kuralay et al., 2006
Potentiometric Trivedi et al., 2009
Heavy metals
Hg, Ag, Pb and Cd Biocatalytic | Invertase and ultramicroelectrode | Bagal-Kestwal
glucose oxidase et al., 2008
Cadmium, copper, Biocatalytic | Ureasa Optical Verma et al., 2010
chrome, nickel, zinc
Lead bovine serum piezoelectric Yin et al., 2007
albumin quartz crystal
impedance
Lead Direct Monoclonal Gold nanoparticle- | Lin & Chung, 2008
structure- | antibody modified optical
competitive fiber
detection
mode
Mercury Envanescent wave | Fiber optic sensor Long et al., 2011
DNA-based
biosensor
Copper and mercury | Biocatalytic | Glucose oxidase Amperometric Ghica & Brett, 2008;
Jian-Xiao et al., 2009

Table 1. Most important biosensors used in the detection of pesticides, fertilizers and other
pollutants.

2.4 Biosensors as indicators of product acceptability

Food quality involves nutritional and organoleptic characteristics important for consumers
such as freshness, appearance, taste and texture. The food sensory basis is essential for the
industry (Perez et al., 2007; Vadivambal & Jayas, 2007).

A method to determine food freshness is by assessing food composition of products such as
meats, fish, fruits and vegetables. During storage, compounds that provide aroma and
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abnormal flavors or may be harmful to consumer may be synthesized, indicating in most
cases microbial growth and insufficient food safety (Serna et al., 2009).

Food freshness is negatively affected by storage time, incorrect packaging design,
inadequate temperature and oxygen management during the handling of fruits and
vegetables in modified atmosphere storage conditions.

Ethanol and methanol have been used as indicators of food freshness and quality of alcoholic
beverages. Their determination is done by colorimetric, refractometric, chromatographic
and spectrophotometric methods. Some of these techniques require expensive equipments
and all require considerable time. These drawbacks can be overcome with the use of
biosensors.

Biosensors that use whole cells or enzymes have been used for the detection of alcohol
(Valach at al., 2009). Alcohol enzymatic biosensors described in the literature are mainly
based on alcohol dehydrogenase and alcohol oxidase, and less commonly on catalase.
Ethanol biosensors using alcohol oxidase as biorecognition element are the most abundant.
Alcohol oxidase is an oligomeric enzyme responsible for the oxidation of low molecular
weight primary alcohols, using molecular oxygen as the electron acceptor and producing
acetaldehyde and hydrogen peroxide. Due to the strong oxidizing character of oxygen, the
oxidation of alcohols by alcohol oxidase is irreversible. The reaction may be followed by
measuring either O, decline or H>O» increase using optical or electrochemical detections.
Smyth et al. (1999) used a biosensor with immobilized enzymes alcohol oxidase and alcohol
peroxidase and a chromogen, to detect injuries caused by low O; in lettuce, cauliflower,
broccoli and cabbage lightly processed and packed in a modified atmosphere. By measuring
the ethanol accumulation in the free space, results obtained with this biosensor are similar to
those obtained using gas chromatography. This biosensor could also be used to monitor
ethanol during the storage of apples in a controlled atmosphere, the decay in potato tubers
(Castillo et al., 2003), or in any other application where ethanol accumulation can be
associated with quality loss. Similar research has been done to detect organic acids and
sugars as indicators of fruit and vegetables maturity (Cafias & Macias, 2004).

Hnaien et al. (2010) pioneered the construction of a conductimetric biosensor for the
detection of ethanol in foods. The biosensor uses the enzymes ethanol oxidase and catalase
co-immobilized on the surface of interdigitated thin-film electrodes. The transduction mode
has the following advantages: (a) thin-film electrodes are suitable for miniaturization and
large scale production using inexpensive technology, (b) it does not require any reference
electrode and the differential mode measurements allow cancellation of many interferences,
(c) it is not sensitive to light, (d) the driving voltage can be sufficiently low to significantly
reduce power consumption, and (e) large spectrum of compounds of different nature can be
determined on the basis of various reactions and mechanisms (Jaffrezic & Dzyadevych,
2008).

Similarly, Asav & Akyilmaz (2010) developed an amperometric biosensor for the
determination of glucose and ethanol. The biosensor is based on the co-immobilization of
alcohol oxidase and glucose oxidase on the same electrode by formation of self-assembled
monolayers on a gold disc electrode. Measurements are based on monitoring decrease in
current on reduction potential of tetrathiafulvalene (at 0.1V vs. Ag/AgCl) by using a cyclic
voltammetry method. Cyclic voltammograms were taken at a potential range between —0.1
and 0.4V vs. Ag/AgCl and correlations between decreases in biosensor responses and
glucose oxidase or alcohol oxidase activity were monitored.
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Multiple compounds giving unpleasant flavors and aromas in foods can be potentially
detected by biosensors. This is the case of the 2,4,6-trichloroanisole, a compound (Varelas et
al., 2011) related to corks in wine bottles causing considerable losses to the wine industry.
Varelas et al. (2011) developed a rapid novel biosensor system based on a bioelectric
recognition assay. The sensor measured the electric response of cultured membrane-
engineered fibroblast cells suspended in an alginate gel matrix due to the change of their
membrane potential in the presence of the analyte.

Fish freshness has been identified by the quantification of total percent inosine and
hypoxanthine generated during fish postmortem changes (Hamada-Sato et al, 2005). Other
process indicator compounds can be detected through biosensors, such as lactulose, a
disaccharide formed during the thermal processing of milk that allows differentiating
between UHT vs. sterilized in container milks.

The amount of starch, glucose, lactose, lecithin, and ethanol present in food, are indicators of
quality and consumer acceptability. These compounds also serve as indicators of processing
steps completion in manufactured food products. Biosensors technology for substance
detection significantly reduces analysis time, and improves specificity, reliability and test
sensitivity. These properties allow for real time decision making during food processing. A
listing of biosensors used to evaluate food composition is presented by Serna et al. (2009).
Product quality standards are also determined by sensory analysis. During sensory
evaluation, a set of techniques to measure properties such appearance, smell, taste and
texture when chewing or eating food are used to determine human sensations. However,
standardization and accreditation methods for sensory quality analysis are still needed for
the certification of food products.

Using expert panels, Pérez et al. (2007) proposed a set of accredited methods for the sensory
evaluation of the “Idiazabal” cheese that could be generalized to any type of food and drink
as a reference for sensory accreditation. The use of biosensors instead of expert panels in
sensory analysis seems to be a good alternative. Electronic and bioelectronic tongues, which
could be known as taste sensors, are the advanced and emerging analytical technologies
simulating the taste detection modality of the human tongue by means of electrochemical
sensors or biosensor arrays.

Pioggia et al. (2007) characterized five compounds with different chemical characteristics
and determined taste perceptions, using an electrical impedance biosensor. Five sensors of
three different types based on carbon nanotubes or carbon black dispersed in polymeric
matrices and doped polythiophenes composed the array. Fifty different solutions eliciting
the five basic tastes (sodium chloride, citric acid, glucose, glutamic acid and sodium
dehydrocholate for salty, sour, sweet, umami and bitter, respectively) at 10 concentration
levels comprising the human perceptive range were analyzed. The impedentiometric
composite sensor array was shown to be sensitive, selective and stable for using it in an
electronic tongue.

Taste substances are getting through the biological membrane of gustatory cells in the taste
buds of tongue. Taste is perceived when the information on taste substances is transduced
into an electrical signal, which is transmitted along the nerve fiber to the brain. Electronic
and probably bioelectronic tongues are known as two promising tools for the taste
assessment of the foodstuffs. In a review article, Ghasemi-Varnamkhasti et al. (2011)
concluded that bioelectronic tongues would be a useful tool for process control and
although, application of electronic tongue has been reported for alcoholic beers, up to now,
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no research has been published on the flavor evaluation of non alcoholic beer by means of
bioelectronics tongue.

3. Potential use of biosensors in hazard analysis and critical control points
(HACCP)

A quality management system should include quality control, quality assurance and a
continuous improvement system. In quality management of agri-food processes, hazard
analysis and critical control points (HACCP) is considered as the most effective system to
ensure food safety. HACCP can also be used as a food quality control system (Ropkins &
Beck, 2000).

Well implemented HACCP systems can be used to improve processing efficiency and the
quality of food products in order to meet the client needs, and even as defense arguments in
litigations. Although HACCP systems are great tools, microbiological contamination of
products from biological origin will continue to be the greatest threat in food production. As
mentioned before, bacteria counts can be detected by microbial cultures, which are very
effective, but require expensive and time consuming techniques to yield reliable results.
Many other methods have been proposed for the rapid detection, isolation, identification
and enumeration of bacteria, including among others, impedimetric detection, automated
cells counting, and immunoassays.

Biosensors have been adapted to detect or quantify analytes in systems in-line (Rasooly,
2001). The HACCP system can be used to verify that a given process is under control, since
high biosensor sensitivity allows the detection of pathogenic microorganisms, pesticides,
herbicides and other contaminants in hours or minutes (Luo et al., 2009; Mostafa, 2010).

In a HACCP system setup, the ATP bioluminescence method is very suitable for monitoring
bacteria in-line, since it does not need prior bacteria growth. The ATP bioluminescence
assay is based on the detection of ATP present in living organisms through the luciferin-
luciferase enzymatic system.

Luo et al. (2009) developed a low-cost biosensor to detect bacterial counts, with easy
operation and rapid response, based on adenosine 50-triphosphate (ATP). The biosensor is
composed of a key sensitive element and a photomultiplier tube as a detector element. The
disposable sensitive element consists of a sampler, a cartridge where intracellular ATP is
chemically extracted from bacteria, and a microtube where the extracted ATP reacts with the
luciferin-luciferase reagent to produce bioluminescence. The bioluminescence signal is
transformed into relevant electrical signal by the detector and further measured with a
homemade luminometer.

In HACCP systems implemented for fisheries, histamine can be used as a quality indicator
for the evaluation of fresh fish. Hamada-Sato et al. (2005) considered that raw fish freshness
could be estimated by the “K” freshness value. The K value is the total percent of inosine
and hypoxanthine to that of ATP-related compounds, and it has shown a good relationship
with fish muscle changes. Postmortem adenine phosphate nucleotides (ATP, ADP, and
AMP) contents decline rapidly and inosine monophosphate (IMP) contents increase sharply
at 0°C within about 24 h after death. Furthermore, inosine and hypoxanthine contents
increase when IMP contents decline. Hamada-Sato et al. (2005) simplified the K value to KI
since it represents “the ratio (%) of total amount of inosine and hypoxanthine to that of IMP,
inosine and hypoxantine”.
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A biosensor to determine the KI value has already been developed and it is commercially
available (Tokaseiki Ltd.). The biosensor consists of two enzyme reactors, two oxygen
electrodes, a peristaltic pump, an A/D converter, a microcomputer and a data logger.
Inosine in fish muscle is converted into hypoxanthine by nucleoside phosphorylase in
enzyme reactor A, followed by the oxidation of hypoxanthine by xanthine oxidase (XOD) in
the same reactor. The total amount of inosine and hypoxanthine was determined from the
output of the electrode corresponding to the amount of oxygen consumed by hypoxanthine
oxidation. IMP is converted into inosine by nucleotidase (NT) in enzyme reactor B, followed
by the same reaction in enzyme reactor A.

The total amount of IMP, inosine and hypoxanthine was determined from the output of the
electrode corresponding to the amount of oxygen consumed by hypoxanthine oxidation.
Fifty microliters of the sample solution were injected through the injection port, and after
about 3 min, the obtained results were displayed on the screen (Okuma et al., 1992).
Similarly, the concentration of amino acids (e.g., lysine) obtained by fermentation and used
as supplements in animal feed have been controlled with the enzyme lysine oxidase.
Amperometric biosensors have been used to measure lactic acid used to control the acidity
and crust formation in cheese, assessed using the enzyme lactate oxidase. These biosensors
can be integrated into a HACCP system to monitor process acceptability.

4. Conclusions

The use of biosensors technology for food safety will facilitate complying with international
quality and safety standards, allowing for the efficient, safe and reliable detection and
quantification of pathogenic microorganisms involved in food borne illnesses and inorganic
contaminants that threaten consumer health. However, the detection of small concentrations
of chemical and biological polluting substances in products for human and animal
consumption is still needed.

The selectivity, specificity, and rapid response depend on the biosensor’s reception and
transduction systems, since they are based on recording reactions that generate physical,
chemical and/or immunological changes. This form of reading that allows for a rapid
response is ideal in the agri-food process control.

Although biosensors technology is approximately 50 years old, there are several fields that
are still under study. A continue search for new recognition elements which comply with
minimum wear characteristics and are absent of inhibitory substances that block analyte
detection must be done. In the same way, receptors with greater stability for the analyte are
also needed.

The detection of pathogenic microorganisms with the use of biosensors shows advantages
when compared to traditional methods. In addition to easy handling, biosensors provide
timely detection and on line process control. The complex metabolism of pathogenic
bacteria and the defense reactions produced by the guest organisms are also used to build
biosensors. Furthermore, antigen-antibody interactions are efficient and selective, and the
detection speed will depend on the sensitivity of the transduction system and on the method
used for signal amplification.

Pesticides, fertilizers, and heavy metals can be quickly detected in small quantities with
biosensors, facilitating in situ implementation in pre- and post-harvest processes.
Transduction, electrochemical and optical methods provide better detection sensitivity in
these cases.
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In the agri-food industry, biosensors have been useful to assess the freshness of raw
materials such as meat, fish, fruits and vegetables. In these cases, biosensors detect
compounds that provide abnormal flavors and aromas, indicating microbial growth and
food safety problems. However, although biosensors developed in recent years are efficient
and some of them successfully used in the industry, their use is limited by the need for
receiver renovation and calibration and the adequate control of system variables.
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