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Abstract Dairying is a major sector for the development of socioeconomic condi-
tions in India. The milk production in India mainly comes from millions of small
farmers, and 35% of milk produced in India is pasteurized predominantly by state
cooperatives, multinational companies, or government dairy plants. There are many
factors that may affect the quality and safety of milk including pathogen contami-
nation and growth, chemical contaminants, and nutrient degradation. FSSAI has
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established a regulatory standard for microbial and non-microbial contaminants in
milk and milk products. Therefore, dairy industries or food business operators
(FBOs) are needed to follow these standards during the manufacture, marketing,
retails, and distribution of various dairy products. Since consumption pattern of dairy
foods by the consumers and the demand for quality and safe food is increasing, the
industries are under tremendous pressure to meet the requirement in one working
day. Hence the need of the hour is to develop novel methods which are real-time,
accurate, cost-effective, selective, no interference with other contaminants, etc.
Many studies have revealed the various applications of biosensors, including envi-
ronmental and bioprocess control and quality and safety control of dairy products. At
present, the biosensors are applied to a large variety of samples including dairy
products, food, environmental samples, etc. Further, these biosensors are integrated
into nano-molecules for the development of nanobiosensor in order to improve the
performance of the system in both the existing and potential sensing applications.
We reviewed that the nanobiosensors are naturally sensors which are made up of
nanomaterials and interestingly these are not the specialized sensors which can
detect the nanoscale events and happenings. The nanobiosensors are developed by
using specific recognition molecules which are integrated on a surface of the
nanowire/nanotube for making a specifically sensitive to the target. The Wide
spectrum of recognition molecule like single-stranded DNA, an antibody, aptamer,
enzymes, protein which shows an affinity toward a target, or a protein that specif-
ically interact with another biological molecule. These nanobiosensors are having
wide application in the field of microbial quality and safety monitoring in dairy
industry including antibiotics, pesticides, heavy metals, aflatoxin, and adulterants,
microbial contamination including foodborne pathogens, and packaging material
integration with nanobiosensor as an indicator of quality and safety of the products.
Furthermore, the development of lab-on-a-chip technique by integration of analyte
onto a microfluidic chip to develop an electromechanical system would provide new
avenue field of nanobiosensor. However, there are still several challenges to over-
come, which limit the progress of technology transfer and commercialization,
mainly related to the difficulties in the integration of all the components into a single
portable platform. Yet, there is still a long road ahead for this emerging technology
to be fully adapted to a filed application.

Keywords Nanobiosensor · Food safety · Detection · Chemical and microbial

3.1 Introduction

Dairying is one of the finest instrumentals for the development of socioeconomic
condition in India. In India, there are 400 million milk-producing animals
(FAOSTAT, 2005) providing 146.3 million tons of milk per year as per economic
survey in 2014–2015. Among the total milk productions in India, around 54.5%
comes from Buffalo followed by 41% from cow and remaining 4.5% from goats
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(Hemme et al. 2003). The milk production in India mainly comes from millions of
small farmers, dispersed throughout the rural areas, and these farmers are holding
average herd size of one or two milch animals which comprises of cow and/or
buffaloes. About 35% of milk produced in India is pasteurized predominantly by
state cooperatives, multinational companies, or government dairy plants (India in
Business 2008). There are many factors that may affect the quality and safety of milk
including pathogen contamination and growth, chemical contaminants, and nutrient
degradation. Among them, biological hazards are of major concerned in dairy sector
due to the fact that milk is an ideal medium for the growth and activity of bacterial
pathogens including zoonotic pathogens such as Salmonella, Escherichia coli O157:
H7, Listeria monocytogenes, Staphylococcus aureus, Campylobacter jejuni,
Yersinia enterocolitica, Bacillus cereus, Clostridium botulinum, Mycobacterium
bovis, Brucella abortus, and Brucella melitensis.

Chemical hazards can be unintentionally introduced into milk and milk products,
making them unsafe and unsuitable for consumption. One possible way of getting
chemical contamination is by milking the animals which consume feed and/or water
that contain chemicals. Chemical contaminants in milk comprise chemical hazards
that may introduce during milk production, dairy processing, or packaging. Antibi-
otic residues, aflatoxins, pesticides, heavy metals, and radionuclides are some
chemical contaminants that can come into animal foodstuffs and secreted as residues
in milk. Among these, the most combative residues that occur in milk are antimi-
crobial drugs that may cause risks to the consumers (Khiniki 2006).

In the year 2008, the Government of India has established an authority known as
FSSAI (Food Safety and Standards Authority of India) for providing quality and safe
food to the consumer. Accordingly, FSSAI has developed a regulatory standard for
microbial and non-microbial contaminants in milk and milk products. Indian dairy
industries or food business operators (FBOs) are needed to follow these standards
during the manufacture, marketing, retails, and distribution of various dairy prod-
ucts. In recent years, consumer preferences and awareness’s regarding quality and
safety issues in dairy products are also increasing. Therefore, industries are under
tremendous pressure to provide these dairy products, within a period of 24 h. or one
working day with utmost care regarding quality and safety. Hence the need of the
hour is to develop novel methods which are real-time, accurate, cost-effective,
selective, no interference with other contaminants, etc. Many studies revealed the
various applications of biosensors, including environmental and bioprocess control
and quality and safety control of dairy products. At present, the biosensors are
applied to a large variety of samples including dairy products, food, environmental
samples, etc. Further, these biosensors are integrated into nano-molecules for the
development of nanobiosensor in order to improve the performance of the system in
both the existing and potential sensing applications. Therefore in this chapter, we
have been extensively discussing the applications of nanobiosensors in the dairy
industry for the monitoring of dairy processing, shelf-life extension, quality and
safety of dairy products, etc.
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3.2 Quality and Safety Issues

3.2.1 Chemical Contaminants

Milk is a perishable food commodity having rich source of readily available nutrient
including lactose, fat, proteins, mineral, vitamins, etc. If milk is not handled prop-
erly, it may lose its natural quality during production, processing, and distribution
(Awasthi et al. 2012). The major contaminants that come across in milk and milk
products during milk production, dairy processing, or packaging are veterinary
drugs/drug residues, heavy metals, radionuclides, mycotoxins, pesticides, etc.,
which may enter through water, animal feed, and other environmental sources.

Antibiotic Residues

The most combative residues that arise in milk are antibiotic residues that may have
both technological and public health importance. Many of the antibiotic residues
were used in the treatment of dairy cattle which involves intra-mammary infusion as
well as the parenteral route of administering drugs to control mastitis, metritis, etc. In
addition, some drugs are administered to control endo- and ectoparasites and several
illnesses and to boost milk production (Korsrud et al. 1998). In animal husbandry,
antibiotics are extensively used for therapeutics, prophylaxis, and metaphylaxis and
as a growth promoter (Woolhouse et al. 2015; Rushton et al. 2014). Antibiotics
which are commonly used as feed additives include tetracycline, nitrofurans, and
sulfonamides (DeVries 1997). Many biologically active metabolites of antimicrobial
in milk and dairy products could result in anaphylaxis and allergic shock in sensi-
tized individuals (Gustafson 1991). The most commonly used antimicrobials in dairy
cattle include β-lactams, tetracyclines, amino glycosides, macrolides, and sulfon-
amides (Mitchell et al. 1998). These drugs are also administered to animals through
different routes such as parenteral (intravenous, intramuscular, subcutaneous, intra-
mammary, intrauterine, etc.), oral (in the food/water), topical (on the skin), inhala-
tion, and rectal. Theoretically, in lactating cow administration of drugs through all of
the above routes may lead to an appearance of residues in milk and dairy products
(Mitchell et al. 1998). These measurable levels of the antibiotic are usually detect-
able in the milk for a few days after the last administration of the drug (EU/Codex
Alimentarius commission). Regulations have recommended the maximum residues
limits (MRLs) for some/many drugs in milk (European Commission 1997). Primary
concerns associated with antimicrobial residues in milk and dairy products are
expressed by the dairy processors who found that contaminated milk inhibits the
starter cultures used in the production of cheeses, yogurt, and other fermented dairy
products as well as it influences the results of the dye reduction tests used for milk
quality at the time of reception of raw milk (Jensen 1995). The main apprehension of
veterinary drug residues is the possible transmission of antibiotic resistance gene-
containing bacteria from milk and dairy products to human population (Hao et al.
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2014). On the other hand, plants and agricultural products serve as a reservoir for
many microbes which are nonpathogenic to plants whereas pathogenic to animals
and humans (Schikora et al. 2012; Gu et al. 2011). Antibiotics can cause some
disruptions like aplasia of the bone marrow (e.g., chloramphenicol) (Mitchell et al.
1998) and carcinogen (e.g., oxytetracycline and furazolidone). Therefore, the use of
antibiotics in livestock sector may accelerate the development of antibiotic-resistant
microbial pathogens, leading to potentially muddling treatment for both animals and
humans diseases.

Pesticides

Pesticides are widely used in agriculture to protect the crop from insects/pests, but,
through water, forages, and the environment, they become a part of the milk causing
contamination and thus confer a health risk (Bo et al. 2011). Chlorinated pesticides,
organophosphate, carbaryl, and related compounds such as DDT, endosulfan,
polychlorinated biphenyls (PCBs), and dioxins are some of the pesticides that can
enter milk and dairy products (Mukerjee 1998). On ingestion, around 20% of an
ingested chlorinated hydrocarbon is excreted in milk, adhering to milk fat and butter
(Hubbert et al. 1996). DDT is a lipophilic compound; hence it can accumulate in
fatty tissues and can transfer into milk and dairy products. Pesticides, such as
hexachlorocyclohexane (HCHs), can cause damage to central nervous system,
reproductive system, and endocrine system (Alvarado and Perez 1998). Universally,
all organochlorine pesticides are characterized by their high lipophilicity and long
elimination half-lives. Disruption of normal endocrine-regulated functions by these
chemicals represents an important consideration in risk assessment (Mukerjee 1998).
In view of the potential health hazards, there are around 13 pesticides which are
restricted for use in India since 1997 such as DDT, lindane, methyl parathion,
endosulfan, monocrotophos, aluminum phosphate, dieldrin, etc. Residues of such
compounds may persist in the environment and cause contamination through the
food chain (Wong and Lee 1997).

Aflatoxin M1

Aflatoxins are a group of highly toxic secondary metabolic products of molds such
as Aspergillus flavus and Aspergillus parasiticus, which infect the cereals and oil
seeds, the major constituents of dairy cattle feed, during their pre- and postharvest
management. Molds occur in these agro-products, during the growth of plants,
maturity, harvesting, and processing of grains. Their presence is influenced by
various factors like temperature, relative humidity, oxygen availability, and
damaged or broken grain kernels (Lanyasunya et al. 2005). Aflatoxin M1 (AFM1)
may be found in the milk of animals that are fed with aflatoxin B1
(AFB1)-contaminated feed (Kangethe and Langa 2009). The concentration of
AFM1 in milk is entirely dependent on the presence of the precursor AFB1 in the
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ration of dairy cattle, and it can numerically express as a feed to milk ratio. The
AFM1 in milk is a carcinogenic metabolite of aflatoxin B1. The generation of AFM1
by the metabolites of AFB1 occurs in the liver and its secrets into milk in the
mammary gland of dairy cows (Khiniki 2006) may lead to increase in the risk of
liver cancer. The International Agency for Research on Cancer (IARC) of WHO
included AFB1 as primary and AFM1 as secondary groups of carcinogenic com-
pounds. Heat treatments like pasteurization, boiling, and UHT treatment were not
effective in lowering the development of AFM1 (Khiniki 2006). These findings
indicated that AFM1 with altered levels could be available in dairy products made
from unclean milk. Consequently, this subject is a serious problem for the public
health for all the age groups, including infants and children who consume the milk-
containing products worldwide. For this reason, milk and dairy products have to be
evaluated uninterruptedly for AFM1 contamination at least twice a year. Beside this,
it is important to have low levels of AFM1 in the feeds of dairy animals, and in order
to achieve this purpose, feeds of dairy cows should be kept away from contamination
as much as possible (Bakirci 2001; Khiniki 2006). Due to the potent carcinogenicity
of aflatoxin, most countries regulate the presence of aflatoxin in both feed and milk.
The tolerance level for AFM1 in milk varies among countries from 0.05 μg kg�1 in
Europe to 0.5 μg kg�1 in the USA (Saitanu 1997; WHO 2002). In India, FSSAI has
also established a standard for aflatoxin M1 (0.5 ppb) in milk.

Heavy Metals

Heavy metals enter the human and animal body mainly through inhalation and
ingestion. Heavy metals produce toxic effects by replacing essential metal ions
existing in the chelates present in the body. The intake via ingestion depends upon
food habits (Aytenfsu et al. 2016). The metals, namely, copper (Cu) and zinc (Zn),
are essential micronutrients and have a variety of biochemical functions in all living
organisms (Licata et al. 2004). While Cu and Zn are essential, they can be toxic when
taken in excess; both toxicity and necessity vary from element to element. It is well
established that lead (Pb) and cadmium (Cd) are toxic for human especially children
who are more sensitive to these metals than adults. Milk is the fundamental food for
infants, and the daily intake of the heavy metals Pb, Cd, Cu, and Zn can be
determined by different age groups of infants through different milks and baby
foods. Heavy metals can enter to milk and dairy products and affect the health of
people who have consumed contaminate milk and dairy products. The health
implications from heavy metals lead to kidney damage, cardiovascular diseases,
and induction of hypertension, growth inhibition, and interference in hemoglobin
synthesis and irreversible changes in the brain and nerve cells, and also some of these
residues are known to be carcinogenic in nature. The pulmonary and nervous
systems and skins are the main target organs of arsenic contamination. Cadmium
is associated with kidney damage, and lead is considered to be associated with
learning deficits in children. Copper and zinc are essential micronutrients but in
higher amount may influence metallic taste to the product resulting unacceptability
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of the product (Raghunath et al. 1997). With increasing environmental pollution, a
heavy metal exposure assessment study is necessary (Ikeda et al. 1996, Raghunath
et al. 1997)

3.2.2 Microbiological Contaminants

The presence of foodborne pathogens in milk and milk products is due to direct
contact with contaminated sources in the dairy farm environment, infected animals,
and improper personnel hygiene (Zeinhom and Abdel-Latef 2014). The microbio-
logical quality of milk and dairy products is influenced by the initial flora of raw
milk, the processing conditions, and post-heat treatment contamination (Rajagopal
et al. 2005). Today’s context, food spoilage is a big economic problem worldwide.
Undesirable microbes in the milk can cause spoilage of dairy products which include
Gram-negative psychrotrophs, coliforms, lactic acid bacteria, yeasts, and molds. In
addition, various bacteria of public health concern such as Salmonella spp.,
L. monocytogenes, C. jejuni, Y. enterocolitica, pathogenic strains of E. coli, and
enterotoxigenic strains of S. aureusmay also be found in milk and dairy products. In
industrialized countries like India, the percentage of the population suffering from
foodborne diseases each year has been reported to be up to 30%. Though there are
various foodborne pathogens that have been identified for foodborne illness, Cam-
pylobacter, Salmonella, L. monocytogenes, and E. coli O157:H7 have been gener-
ally found to be responsible for the majority of foodborne outbreaks (Alocilja and
Stephen 2003; Chemburu et al. 2005). In the last two decades, other infectious
agents have been either newly defined or newly concomitant with foodborne trans-
mission. L. monocytogenes, E. coli O157:H7, C. jejuni, Staphylococcus intermedia,
Enterobacter sakazakii, and Salmonella enteritidis are examples of newly described
pathogens that often are foodborne. The most dangerous among them are
enterohemorrhagic E. coli strains, especially serotype O157:H7. E. coli O157:H7
has become a pathogen of major concern in dairy industries, and to the public,
because of its ability to cause severe illness, in particular hemorrhagic colitis,
hemolytic uremic syndrome, and thrombotic thrombocytopenic purpura (Picozzi
et al. 2005 and Reuben et al. 2013). Foodborne salmonellosis has been recognized
due to consumption of raw or improperly pasteurized milk and milk products
(Karshima et al. 2013). Recently CDC has reported an incidence of
L. monocytogenes in pasteurized milk, Mexican cheeses, and pasteurized cheeses
(FDA 2010; CDC 2012/2013/2014; CDC NORS 2012), Salmonella braenderup
(OHA 2010) and Salmonella java in pasteurized cheddar cheese, Salmonella Mon-
tevideo in pasteurized shredded cheeses, Salmonella newport in pasteurized milk,
Salmonella typhimurium in pasteurized milk, Campylobacter jejuni in pasteurized
milk and cheese curd, and Staphylococcus aureus in powdered milk and pasteurized
cheese (CDC NORS 2012).
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3.3 Detection

3.3.1 Chemical Contaminants

The accessibility of rapid and sensitive approaches to determine chemical contam-
inants in dairy products is critical in food safety control laboratories. In countries like
the USA, there is a practice to analyze individual farm milk supply for chemical
contaminants before allowing to pool with the bulk milk (Kumar et al. 2012). To
detect contaminants in milk, different methods have been developed which include
screening methods and chromatographic techniques to detect as many contaminants
as possible. The screening methods are based on the susceptibility of bacteria to
different contaminants including antibiotics (Mitchell et al. 2002). They are very
cost-effective, and in contrast to, for example, immunological or receptor-based
tests, they have the potential to cover the entire spectrum within one test. However,
these methods have their drawbacks as they do not enable specific identification that
limits their use. They are highly sensitive to specific groups of contaminants but
evidently less sensitive (Navratilova´ 2008). Quantitative confirmatory methods
such as high-performance liquid chromatography (HPLC) (Zhou et al. 2009), gas
chromatography–mass spectrometry (GC–MS) (Azzouz et al. 2010, 2011), thin-
layer chromatography (TLC) (Grzelak et al. 2009), and mass spectrometry
(MS) (Blascoa et al. 2009) have been commonly used for the detection of contam-
inants having safety concern. However, again each method has one or more limita-
tions in terms of precision, accuracy, sensitivity, infrastructural requirement, and
ease of method (Kumar et al. 2012).

3.3.2 Microbial Contaminants

Presently, the conventional testing methods that are considered as gold standard tests
are among the first choice of the quality control laboratory. These conventional
methods generally involve isolation and confirmation procedures for the detection of
the microbes and other platform tests that are carried to determine non-microbial
contaminants of the milk which are often time-consuming and laborious to perform.
The other associated problem with such tests is that the product needs to be hold till
the results come. This adds up to working capital of the industry because the holding
infrastructure has to be created. Moreover, the perish ability of the milk and milk
products further adds up to the problem of storage of these products. In such
circumstances the milk and milk products are often pushed into the market without
screening. The only thing the industry can do is banning the product and recalling the
product. To overcome this unmanageable situation, dairy industry is looking for
alternatives to conventional methods. The methods that are rapid, cost-effective, and
easy to perform and significantly validated with approved standard methods are the
need of the hour (Thakur et al. 2013).
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3.4 Biosensors

The biosensor can be defined as “a sensing device or a measurement system
designed specifically for the estimation of a material using the biological interactions
and then assessing these interactions into a readable form with the help of a
transduction and electro-mechanical interpretation” (Malik et al. 2013). In general,
three different assay formats are used in biosensors – the direct and the indirect
(competitive or noncompetitive) assay. In the case of the direct assay, the analyte is
bound by its biorecognition element, which is detected directly (Vasilescu et al.
2016). This can be an antigen binding to its antibody, a hormone binding to a
receptor, or a substrate reacting with its enzyme and producing a product
(Eijkelkamp et al. 2009). The detection of these binding events is limited to the
event itself and can be changed in mass, refractive index, impedance, pH, etc.
(Griffin et al. 2014). In contrast, in indirect format, an additional reaction has to
occur in order to detect the binding of analyte and biorecognition element. This
additional reaction can either be competitive or noncompetitive. In both cases, a
label is typically used for subsequent detection and quantification (Ramírez et al.
2009). The detection scheme is much less limited than in the case of the direct
approach and depends on the nature of the label. This label can be optical, electro-
chemical, or mass related and thus permits the use of any transduction principle with
indirect assay formats in contrast to the constraints given by the direct assay, which
is limited by the nature of the analyte itself (Baeumner 2003). Based on the
publication in reputed science journals, different methods which are applied in
detection of many foodborne bacterial pathogens were compared by Lazcka et al.
(2007) as shown in Fig. 3.1. The most popular methods are, by far, those based on
culture and colony counting methods (Leoni and Legnani 2001) and the polymerase
chain reaction, PCR (Bej et al. 1991). This can be explained on the grounds of
selectivity and reliability of both techniques. Culture and colony counting methods
are much more time-consuming than PCR methods, but both provide conclusive and
unambiguous results. On the other hand, recent advances in PCR technology,
namely, real-time PCR (Levi et al. 2003), now enable obtaining results in a few
hours.

Biosensor technology comes with promises of equally reliable results in much
smaller times, which is perhaps why they are currently drawing a lot of interest.
However, there is still much work to do before biosensors become a real alternative.
Figure 3.1 suggests that biosensor technology may soon move ahead of traditional
ELISA-based methods and their potential market (Alocilja and Stephen 2003) is
very encouraging too. Many biosensors rely on either specific antibodies or DNA as
biomolecules to provide specificity.
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3.5 Nanobiosensors

Nanotechnology is a new branch of science that deals with the generation and
alteration of materials to nanosize (10�9 m) (Sagadevan and Periasamy 2014).
Nanobiosensor is basically the sensors which are made up of nanomaterials, and
interestingly these are not the specialized sensors which can detect the nanoscale
events and happenings (Malik et al. 2013). A specific recognition group can be used
to coat the surface of the nanowire/nanotube, making the device specifically sensi-
tive only to a particular target. This recognition group could be a single-stranded
DNA (capable of recognizing its complementary strand), an antibody (that recog-
nizes a particular antigen), an aptamer that shows an affinity for a unique target, or a
protein that specifically interacts with another biological molecule. The presence of
this recognition group on the nanowire surface gives to the device high specificity
and exclusivity toward its target (Thompsons Research Groups) (Fig. 3.2).

Nanomaterials are intended to be used in making biosensors which are going to
drive a significant difference in the nanobiosensors technology. The physical prop-
erties of nan-materials used during the preparation of sensor will make them a very
special due to their constituent atoms located at or near their surface increases the
surface area for the interaction of biomolecule with the target material. These
nanomaterials having all the vital physicochemical properties (Gatoo et al. 2014)
such as size, surface area, surface chemistry, surface roughness, the dispersion
medium, and ability to agglomerate will play a vital role in nanobiosensor. Metallic
and inorganic nanomaterial having nanoscale in size may demonstrate new research
avenue for scientists and researchers working the field of biosensors. Nanomaterials

Fig. 3.1 Number of articles using different techniques to detect and identify pathogenic bacteria.
Time series of the number of works published on detection of pathogen bacteria over the last
20 years. (Source: ISI web of science, Adapted from Lazcka et al. 2007)
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or nanoparticles reveal unique properties in terms of particle aggregation; photo-
emission; electrical, magnetic, and luminescent activity, heat conductivity; and
catalytic activity (Rai et al. 2012). These properties have recently been applied in
different biological studies like foodborne pathogen detection, biomolecule detec-
tion, sample separation, purification and concentration, signal transduction, and
amplification (sensors) (Jain 2007). These nanoparticles further enhance the detec-
tion sensitivity of microbial monitoring, degradation, and recovery efficiency of
chemicals (Urban and Meas 2008).

3.5.1 Nanomaterials

A nanosized material having at least one external dimension in the size ranges from
1 to 100 nanometers. Nanoscale materials are defined as a set of substances where at
least one dimension is less than approximately 100 nanometers. Nanomaterials
(NMs) are of interest because at this scale unique optical, magnetic, electrical, and
other properties emerge (Alagarasi 2011). NMs include nanoparticles (NPs), nano-
structured materials and ultrafine particles, and their agglomerates and aggregates.
According to US EPA (USEPA 2007), there are four main types of nanomaterials
including carbon-based, metal-based, dendrimers and composites.

Carbon-based nanomaterials are composed mostly of carbon, most commonly
taking the form of hollow spheres, ellipsoids, or tubes. Spherical and ellipsoidal
carbon nanomaterials are referred to as fullerenes, while cylindrical ones are called
nanotubes (Roy and Jayanta 2015). These particles have many potential applica-
tions, including improved films and coatings, stronger and lighter materials, and
applications in electronics. Metal-based nanomaterials include quantum dots, nano-
gold, nanosilver, and metal oxides, such as titanium dioxide (Ranganathan 2015). A
quantum dot is a closely packed semiconductor crystal comprised of hundreds or
thousands of atoms and whose size is on the order of a few nanometers to a few

Fig. 3.2 Nanobiosensors
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hundred nanometers. Changing the size of quantum dots changes their optical
properties. Dendrimers are nanosized polymers built from branched units. The
surface of a dendrimer has numerous chain ends, which can be tailored to perform
specific chemical functions. This property could also be useful for catalysis. Also,
because three-dimensional dendrimers contain interior cavities into which other
molecules could be placed, they may be useful for drug delivery. Composites
combine the nanoparticles with other nanoparticles or with larger, bulk-type mate-
rials. Nanoparticles, such as nanosized clays, are already being added to products
ranging from auto parts to packaging materials, to enhance mechanical, thermal,
barrier, and flame-retardant properties.

Physicochemical Properties

The physicochemical properties of these nanomaterials are electrical, optical, cata-
lytic, magnetic, mechanical, thermal, or imaging features that are highly desirable for
applications in commercial, medical, food science, food safety, military, and envi-
ronmental sectors.

The main parameters of interest with respect to nanoparticle safety are:

1. Physical properties

(a) Size, shape, specific surface area, aspect ratio
(b) Agglomeration/aggregation state
(c) Size distribution
(d) Surface morphology/topography
(e) Structure, including crystallinity and defect structure
(f) Solubility

2. Chemical properties

(a) Structural formula/molecular structure
(b) Composition of nanomaterial (including degree of purity, known impurities

or additives)
(c) Phase identity
(d) Surface chemistry (composition, charge, tension, reactive sites, physical

structure, photocatalytic properties, zeta potential)
(e) Hydrophilicity/lipophilicity

The principal parameters of nanoparticles are their shape (including aspect ratios),
size, and the morphological substructure of the substance (Williams 2014).
Nanoparticles are presented as an aerosol (mostly solid or liquid phase in air), a
suspension (mostly solid in liquids) or an emulsion (two liquid phases) (Scientific
Committee on Emerging and Newly-Identified Health Risks (Sutariya and Pathak
2014; SCENIHR 2006). In the presence of chemical agents (surfactants), the surface
and interfacial properties may be modified. Indirectly such agents can stabilize
against coagulation or aggregation by conserving particle charge and by modifying

104 H. V. Raghu et al.



the outmost layer of the particle. Depending on the growth history and the lifetime of
a nanoparticle, very complex compositions, possibly with complex mixtures of
adsorbates, have to be expected. In the typical history of a combustion nanoparticle,
for example, many different agents are prone to condensation on the particle, while
they cool down and are exposed to different ambient atmospheres (Singh et al.
2011). Complex surface chemical processes are to be expected and have been
identified only for a small number of particulate model systems. At the nanoparticle–
liquid interface, polyelectrolytes have been utilized to modify surface properties and
the interactions between particles and their environment. They have been used in a
wide range of technologies, including adhesion, lubrication, stabilization, and con-
trolled flocculation of colloidal dispersions (Liufu et al. 2004).

3.6 Applications of Nanobiosensors

3.6.1 Antibiotic Residues

Nanobiosensors for the detection of antibiotic residues in milk by different bio-
molecules such as antibody, aptamer, enzymes, etc. are in conjugation with gold,
silver, or iron nanoparticles based on their change in SPR properties (LSPR,
localized surface plasmon resonance) reinforcing the signal by means of electronic
coupling of surface and the NP plasmons (Lyon et al. 1998). A gold nanoparticle
label is an ideal one in biotechnological systems due to its inherent advantages, such
as easy preparation, good biocompatibility, and so on (Sapsford et al. 2013). As far
back as the 1970s, colloidal gold particles were used as an immune-staining and
contrast agent for electron microscopy (Faulk and Taylor 1971). Nowadays, gold
nanoparticles have been extensively employed as the labels for different biological
receptors, e.g., enzyme, DNA, antigen/antibody, and other biomolecules (Ghosh
et al. 2008; Ambrosi et al. 2007). More significantly, gold nanoparticles can be also
used as catalysts in a number of chemical reactions. Yang and Tang (Tang et al.
2011) designed two types of ultrasensitive electrochemical immunoassay using
nanometer gold labels as catalysts. The catalytic properties mainly derived from
the catalytic reduction of 4-nitrophenol by gold nano-labels (Zhang et al. 2013).
Based on the characteristic of surface plasmon resonance absorption of gold
nanoparticles, Zhu et al. (2011) constructed an optical sensor for detection of
antibiotics by using UV–vis absorbance spectrometry.

Natan’s group was one of the first research teams demonstrating the potential of
nano-gold probes for signal enhancement. They employed secondary nano-gold
probes (anti-IgG coupled to AuNP) to detect human IgG in a sandwich format (Lyon
et al. 1998). Regarding low molecular weight analytes, few papers report signal
enhancement using 10–40 nm secondary nano-gold probes. The enhancement
allowed reducing the concentration of primary antibody (i.e., from 10 to 1 μg
mL�1) and improved the detectability (i.e., LOD from 0.1 to 0.007 μg L�1 for
benzaldehyde) (Yuan et al. 2007, 2008; Mitchell and Lowe 2009). Jiang et al.

3 Application of Nanobiosensors for Food Safety Monitoring 105



conjugated the primary antibody to AuNP allowing to improve the LOD of estriol
from 0.2 to 0.03 μg L�1, but no data is shown comparing the performance of this
strategy in respect to the use of secondary gold probes.

Frasconi et al. (2010) functionalized the Au nanoparticles (NPs) with thioaniline
electropolymerizable groups and (mercapto-phenyl) boronic acid wherein antibiotic
substrates neomycin (NE), kanamycin (KA), and streptomycin (ST) include vicinal
diol functionalities which were specifically bound to the boronic acid ligands leading
to electropolymerization of the functionalized Au NPs onto Au surfaces yields
bisaniline-cross-linked Au-NP composites that, after removal of the ligated antibi-
otics, provide molecularly imprinted matrixes which reveal high sensitivities toward
the sensing of the imprinted antibiotic analytes (detection limits for analyzing NE,
KA, and ST correspond to 2.00 � 0.21 pM, 1.00 � 0.10 pM, and 200 � 30 fM,
respectively).

Another researcher has discovered a selective kanamycin-binding single-strand
DNA (ssDNA) aptamer (TGGGGGTTGAGGCTAAGCCGA) through in vitro
selection using affinity chromatography with kanamycin-immobilized sepharose
beads (Song et al. 2011). The SS DNA Aptamer linked with gold nanoparticle for
the selective detection of kanamycin and its derivatives such as kanamycin B and
tobramycin with a detection limit of 25 nM by visual observation or by colorimetric
method. A colorimetric and fluorescence quenching aptasensors for detection of
streptomycin in milk based on double-stranded DNA and gold nanoparticles have
been attempted by Emrani et al. (2016). The aptamer/FAM-labeled complementary
dsDNA strand is stable, resulting in the aggregation of AuNPs by salt and an obvious
color change from red to blue and strong emission of fluorescence in the absence of
streptomycin (Emrani et al. 2016). In the presence of streptomycin, aptamer binds to
its target, and FAM-labeled complementary strand adsorbs on the surface of AuNPs.
Therefore, the well-dispersed AuNPs continue to be stable against salt-induced
aggregation with a wine-red color, and the fluorescence of FAM-labeled compli-
mentary strand is efficiently quenched by AuNPs. The colorimetric and fluorescence
quenching aptasensors showed excellent selectivity toward streptomycin with the
limit of detections as low as 73.1 and 47.6 nM, respectively.

Other efforts by Font et al. (2008) have developed two direct enzyme-linked
immunosorbent assays (ELISAs) which have been developed for detection of
sulfonamide antibiotic residues in milk samples using magnetic nanoparticles
(MNP) for target capture/enrichment (Ab-MNP-ELISA) and further assay
performed using microtiter plates. In this assay, selective polyclonal antibodies
were raised against 5-[6-(4-amino-benzenesulfonylamino)-pyridin-3-yl]-2-methyl-
pentanoic acid (SA1), used in combination with an enzyme tracer prepared with
the same hapten, so has to achieve a limit of detection (LOD) lower than 0.5 μg L�1

by both ELISA formats. Sulfapyridine, sulfamethoxypyridazine, sulfathiazole, and
sulfachloropyridazine are detected below the maximum residue limits established by
the European Union for these antibiotics in milk (100 μg L�1). Silver nanoparticle
that enhanced the fluorescence of europium (III) for detection of tetracycline in milk
has been investigated by Tan and Chen (2012) based on the coordination of Tc with
europium functionalized on the surface of AgNPs to become EuTc complex for the
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emission of strong fluorescence due to an intramolecular energy transfer from Tc to
Eu3+. The fluorescence intensity of this probe displayed a good linear response to Tc
concentrations in the range of 10 nM to 10 μM with a detection limit of 4 nM and
was applied successfully to determine the levels of Tc in milk with a high selectivity.

3.6.2 Aflatoxin M1

Aflatoxins are secondary metabolites when ingested by animals, and higher verte-
brates cause diverse health effects and disease called aflatoxicosis (Adegoke and
Puleng 2013). Aflatoxin-contaminated/aflatoxin-containing agricultural and dairy
products meet great economic losses (Cleveland et al. 2003). Studies by various
researchers have shown that in the storage processes or cultivation of grains showed
different levels of contamination, especially with aflatoxin B1 (AFB1) (Caldas et al.
2002). AFB1 is a powerful genotoxic carcinogen for humans and many animal
species, including rodents, nonhuman primates, and fish (EC 2012). The main target
of this carcinogen is the liver, although tumors may also develop in other organs,
such as the lungs, kidney, and colon (Gelderblom et al. 1996). The current maximum
residue levels for aflatoxins set by the European community (EC) are 20 μg/kg for
AFB1 and 40 μg/kg for total aflatoxins in groundnuts, nuts, dried fruits, and cereals
for direct human consumption (EC 2006). Aflatoxin M1 (AFM1), as the hydroxyl-
ated metabolite of aflatoxin B1 (AFB1), is usually present in the animal milk
contaminated by AFB1. Because of their stronger toxic effects than AFB1 on public
health, many governments have provided maximum acceptable limits for residual
AFM1 in foodstuffs, especially in milk products (Kadir and Tothill 2010). For
example, according to FSSAI standards, aflatoxin M1 content cannot exceed
0.5 μg/kg in milk, whereas the European–USA has higher regulations of 50 ng/kg.
Thus, the food administration agencies in almost all countries have dedicated much
effort to developing sensitive analytical methods for monitoring ultra-trace levels of
AFM1 (<0.05 μg/kg) in foods (Hansmann et al. 2009). Current strategies for
ultrasensitive detection of AFM1 are based mainly on thin-layer chromatography
(TLC), high-performance liquid chromatography (HPLC), or UV light spectroscopy
after extraction and clean-up procedures (Amine et al. 2003). These methods are
adequately sensitive and accurate; however, they often require sophisticated, expen-
sive, and heavy instruments that may not be available in laboratories with fewer
resources; these methods are especially not fit for mass screening (Gan et al. 2013).
The Zhang group developed a rapid method for detection of aflatoxin M1 by
coupling superparamagnetic beads with gold labels (Zhang et al. 2013). The recent
development of nanobiosensors has roused their application also to aflatoxin anal-
ysis. Many examples are reported, like DNA biosensor (Tombelli et al. 2009),
electrochemical immune sensor (Linting et al. 2012), an electrochemical sensor
(Liu et al. 2006), and the fluorometric biosensor (Carlson et al. 2000). Advantages
of nanobiosensors techniques are a reduction of extraction, clean-up analytical steps,
and global time of analysis (1 min or only a few seconds), the possibility of online
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automated analysis, low cost, and no requirement of skilled personnel. On the other
side, enhanced sensitivity and their improved stability allow long-term use. Because
of the ease of use of these devices, many commercial systems continue to develop
not only for aflatoxins but also for all mycotoxins (Eldin et al. 2014).

At the regional center for Food and Feed, ARC, Egypt, by Eldin and coworkers, a
dot-immunogold chromatography flow-through assay (DIGFA) was developed for
detection of AFB1 in food and feed samples using colloidal gold nanoparticles
(AuNPs). AuNPs are being extensively used in various applications due to its
stability and controlled geometrical, optical, and surface chemical properties.
AuNPs-Anti AFB1 conjugates were designed by physical conjugation wherein
AuNPs can be used as a probe for AFB1 detection with acceptable sensitivity and
specificity compared to HPLC technique. The FAB1 present in feed and food
samples is binding on AuNPs-Anti AFB1 conjugates DIGFA sensor (Fig. 3.3)
Constructed DIGFA sensor detects AFB1 with high sensitivity (5 ng/mL) which is
validated by HPLC. An assay is rapid (test completion time is 2 min) and reproduc-
ible and doesn’t require any equipment.

Dynamic light scattering (DLS) coupled with superparamagnetic beads for the
detection of AFM1 in milk using gold nanoparticle probe has been developed
(Zhang et al. 2013). The nanoprobes were synthesized by the conjugate of AFM
and bovine serum albumin (AFM-BSA), BSA, and gold nanoparticles. Magnetic
beads-based immunosorbent assay (MBISA) is used to measure the concentration of
AFM1 by through competition between AFM1 and nanoprobes. DLS was used to
determine the concentration of unattached nanoprobes that was positively propor-
tional to the concentration of AFM in the sample. Compared to conventional ELISA,
MBISA could effectively reduce the detection time to 15 min in buffer solution and

Fig. 3.3 DIGFA sensor for detection of AFB1 in feed
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completely eliminate the color development step, thus simplifying the analysis of
AFM. A linear relationship was observed between the inhibition values and the
concentrations of AFM in both buffer solution (0–1000 ng�L–1) and spiked milk
samples (0–400 ng�L–1). The limit of detection was found to be 37.7 ng�L–1 for AFM
in buffer solution and 27.5 ng�L–1 in milk samples.

An ultrasensitive electro-chemiluminescent immunoassay (ECLIA) for aflatoxins
M1 (AFM1) in milk using magnetic Fe3O4-graphene oxides (Fe-GO) as the absor-
bent and antibody-labeled cadmium telluride quantum dots (CdTe QDs) as the signal
tag (Gan et al. 2013). Firstly, Fe3O4 nanoparticles are immobilized on graphene
oxides to fabricate the magnetic nanocomposites, which are used as absorbent to
AFM1. Secondly, aflatoxin M1 antibody (primary antibody, AFM1 Ab1) is attached
to the surface of the CdTe QDs-carbon nanotubes nanocomposite to form the signal
tag (AFM1 Ab1/CdTe-CNT). Thirdly, Fe-GO was employed for extraction of
AFM1 in milk wherein it can adsorb AFM1 efficiently and selectively within a
large extent of pH from 3.0 to 8.0. Adsorption processes reached 95% of the
equilibrium within 10 min (Gan et al. 2016). Lastly, the AFM1 with a serial of
concentrations absorbed on Fe-GO was conjugated with AFM1 Ab1/CdTe-CNT
signal tag based on sandwich immunoassay. The immuno-complex can emit a strong
ECL signal whose intensity depended linearly on the logarithm of AFM1 concen-
tration from 1.0 to 1.0 � 105 pg/mL, with the detection limit (LOD) of 0.3 pg/mL
(S/N ¼ 3). The method was more sensitive for AFM1 detection compared to the
ELISA method.

Pal et al. (2015) have developed a multi-platform detection of AFM1 based on
hafnia nanoparticles based on immunochemistry. The fine-grained nanocrystal
ceramic powder samples of HfO2NP2 were prepared, and they are highly specific
to the monoclonal antibody immobilized onto HfO2 surface using chemical modifi-
cation and cross-linking chemistry. Further, nanobiosensors were evaluated based on
chemiluminescent sandwich enzyme-linked immunosorbent assay followed by pho-
tometric measurement of particles with a detection limit of 200–0.5 pg/ml. the multi-
platform detection having a good linearity with a limit of detection 6.25 pg/ml,
sensitivity, selectivity, and stability.

An electrochemical immune sensor for the detection of ultra-trace amounts of
aflatoxin M1 (AFM1) in food products has been developed by Paniel et al. (2010).
The sensor was based on a competitive immunoassay using horseradish peroxidase
(HRP) as a tag. Magnetic nanoparticles coated with antibody (anti-AFM1) were used
to separate the bound and unbound fractions. The samples containing AFM1 were
incubated with a fixed amount of antibody and tracer [AFM1 linked to HRP
(conjugate)] until the system reached equilibrium. Competition occurs between the
antigen (AFM1) and the conjugate for the antibody. Then, the mixture was deposited
on the surface of screen-printed carbon electrodes, and the mediator
[5-methylphenazinium methyl sulfate (MPMS)] was added. The enzymatic response
was measured amperometrically. A standard range (0, 0.005, 0.01, 0.025, 0.05, 0.1,
0.25, 0.3, 0.4 and 0.5 ppb) of AFM1-contaminated milk from the ELISA kit was
used to obtain a standard curve for AFM1. To test the detection sensitivity of the
sensor, samples of commercial milk were supplemented at 0.01, 0.025, 0.05, or
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0.1 ppb with AFM1. Results revealed that the immune sensor has a low detection
limit (0.01 ppb), which was under the recommended level of AFM1 [0.05 μg L–1

(ppb)], and has good reproducibility.
A new DNA-based biosensor for detection of aflatoxin M1 has been developed

by Dinckaya et al. (2011) based on an immobilization of thiol-modified single-
stranded DNA (ss-HSDNA) probe that specifically binds to aflatoxin M1, a self-
assembled monolayer (SAM) of cysteamine and gold nanoparticles on the SAM on
gold electrodes, layer-by-layer. The assembly processes of cysteamine, gold
nanoparticles, and ss-HSDNA were monitored with the help of electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) techniques using potas-
sium ferrocyanide as a redox probe for electrochemical measurements. The biosen-
sor provided a linear response to aflatoxin M1 over the concentration range of
1–14 ng/mL with a standard deviation of �0.36 ng/ml.

3.6.3 Heavy Metals

Heavy metal ions, such as lead, mercury, cadmium, chromium, and arsenic, are
hazardous, contributing to water and soil pollution. Through water and soil, these
metal residues reach daily foods. Heavy metals are known to cause irreversible
changes in protein structures, affecting cell functions. Excessive intake of such
substances can result in adverse health conditions including neurological disorders,
renal degradation, and bone lesions (Kim et al. 2012). The nanobiosensing methods
for the detection of heavy metal ions can be divided into several subcategories
according to biorecognition molecule. Chen has developed an AuNPs-based dual-
labeling colorimetric method for Hg2+ detection using a specific thymine–Hg2+–
thymine (T-Hg-T) (Tedsana et al. 2015) as a recognition system and dual-labeling
strategy for signal amplification; without using any instruments, they obtained a
LOD of 0.025 nM, competitive to other rapid detection methods (Dheng et al. 2015).
The target ions aid in assembling AuNPs modified with different Raman labels,
leading to different enhancements of Raman signal (Li et al. 2015). Saran and Liu
(2016) have used DNAzyme (recognition group and amplifier) for the development
of label-free catalytic biosensing platform for the detection of Pb2+ and Ag+ based on
stabilization of AgNCs (signal reporter) with DNA wherein these metals act as a
cofactor of DNAzyme activity (Gong et al. 2015). A study by Zhou et al. (2016) for
the specific detection of Cd2+ and Pb2+ by using amino acids because of the
functional side chain (like cysteine) wherein graphene oxide nanoparticles were
being used based on the change of the electrochemical signal. An approach by Fu
et al. (2015) for the detection of heavy metals (Cd2+) by the use of antibody based on
core–shell AuNPs/AgNPs enhanced Raman scattering.

Sener et al. (2013) have developed a colorimetric assay based on the aggregation
of gold nanoparticles (AuNPs) in the presence of Hg2+. The detection limit of this
colorimetric assay is 2.9 nM, which is below the limit value (10 nM) defined by the
US Environmental Protection Agency. The colorimetric response of AuNPs in the
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presence of lysine is very selective to the Hg2+. Another attempt by Childress et al.
(2012) is by the use of dye-doped polymer nanoparticles that are able to detect
mercury in aqueous solution at parts per billion (ppb) levels via fluorescence
resonance energy transfer (FRET). The polymer NPs are synthesized by
re-precipitation of highly fluorescent conjugated polymers in water followed by
doping with rhodamine spirolactam dyes that are nonfluorescent until they encounter
mercury ions, which promote an irreversible reaction that converts the dyes to
fluorescent rhodamines. The rhodamine dyes act as FRET acceptors for the fluores-
cent nanoparticles, and the ratio of nanoparticle-to-rhodamine fluorescence intensi-
ties functions as a radio/ratiometric fluorescence chemodosimeter for mercury. The
light-harvesting capability of the conjugated polymer nanoparticles enhances the
fluorescence intensity of the rhodamine dyes by a factor of 10, enabling sensitive
detection of mercury ions at levels as low as 0.7 ppb.

3.6.4 Adulterants

Some manufacturers and farms engage in food fraud for increasing profit margin,
and such ill practices often lead to devastating results. Melamine, a chemical
adulterant, is sometimes illegally added to milk powder to improve the apparent
protein content (Niu et al. 2015). A melamine aptamer derived from a basic-site-
containing triplex molecular beacon (tMB) has been proposed for sensitive recog-
nition of melamine by integrating tMBs and fluorescent AgNCs (Wang et al. 2015).
Nitrite is harmful to humans and is widely used as an additive and preservative in
food service industry. A biosensor toward nitrite was developed based on the direct
electrochemistry of myoglobin on a reduced GOx-multi-walled CNTs-platinum NPs
nanocomposite (Mani et al. 2014). ZnO NPs are frequently considered to design
biosensing strategies for the detection of bisphenol A, a ubiquitous environmental
contaminant found in food products and aquatic ecosystems (Najafi et al. 2014;
Zhang et al. 2014). As H2O2 is a kind of unlawful decolorizer for food, a biosensing
method toward H2O2 was developed based on the H2O2 enlarging AuNPs that
induced significant fluorescence quenching of BSA-AuNCs.

A highly sensitive acetylcholinesterase cyclic voltammetric biosensor based on
zinc oxide nanospheres modified Pt electrode has been successfully developed for
the simultaneous determination of melamine and urea in cow milk sample (Ezhilan
et al. 2017). The fabricated bioelectrode showed 100% permeability to the binary
mixture of melamine and urea, which in turn enhanced selectivity. The developed
Pt/ZnO/AChE/chitosan bioelectrode detected melamine and urea over a range of
1–20 nM with a limit of detection of 3 pM and 1 pM, respectively. The sensor
exhibited good recovery in the range of 99.96–102.22%, thus providing a promising
tool for analysis of melamine and urea in cow milk samples. Gold nanoparticles
functionalized with cyanuric acid compounds selectively bind to melamine, an
adulterant used to enhance the measured proteins content of infant food formulas
(Ai et al. 2009).
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3.6.5 Pesticide Residues

Various kinds of nanoparticles, such as quantum dots (QDs) and AuNPs, have been
used for the development of electrochemical enzyme biosensors. An enzyme bio-
sensor was developed for the amperometric detection of trichlorfon using poly
(N-vinyl-2-pyrrolidone) (PVP)-capped CdS QDs (Li et al. 2006). The formation of
PVP-QD nanostructures on the electrode surface provided a favorable microenvi-
ronment and led to a highly sensitive and stable electrochemical detection of the
enzymatically generated thiocholine product. The detection limit was 4.8� 10–8 M.
Another kind of nanoparticles is AuNPs. Their unique property to provide a suitable
microenvironment for immobilization of biomolecules retaining their bioactivity is a
major advantage for the preparation of biosensors. Moreover, AuNPs facilitate direct
electron transfer between immobilized redox proteins and the electrode surface
(Pingarron et al. 2008). An electrochemical biosensor based on the colloidal
AuNP-modified sol–gel interface was developed for the detection of
monocrotophos, carbaryl, and methyl parathion (Du et al. 2008a). The assembled
AuNPs on a sol–gel-derived silicate network provided a conductive pathway to
electron transfer and favored the interface enzymatic hydrolysis reaction, increasing
the sensitivity of the amperometric response. This biosensor presented good stabil-
ity, retaining 90% of its initial current response after a 30-day storage period.
Recently, an efficient biosensor for the detection of monocrotophos was developed
by combining the unique properties of AuNPs with those of QDs. This new
electrochemical system based on CdTe QD-AuNP electrode was more sensitive
than those based on QDs or AuNPs alone (Du et al. 2008b).

Recently, an electrochemical immune sensor was developed for rapid screening
of diuron, a substituted phenyl urea herbicide (Sharma et al. 2011). Low-cost ablated
electrodes fabricated on polystyrene substrate were modified with Prussian Blue
(PB)-AuNP film. The electrodeposition of PBAuNP film enhanced electron transfer
in the vicinity of the gold electrode increasing the sensitivity of the system as
compared to unmodified gold electrodes. A conductometric immune sensor for the
detection of atrazine was also developed using antibodies labeled with nanoparticles
(Valera et al. 2008). The authors showed that AuNPs amplify the conductive signal
and hence allow the detection of atrazine by means of DC measurements.

Nanoparticles have also been used for the development of efficient optical bio-
sensors (Lin et al. 2006). QDs are candidates to replace conventional fluorescent
markers. These semiconductor particles are more photostable than an organic
fluorophore. Moreover, QDs exhibit higher fluorescence quantum yields than con-
ventional organic fluorophores, allowing higher sensitivity. Recently, an optical
biosensor was developed for the detection of monocrotophos using CdTe as fluo-
rescence probe (Sun et al. 2011). Using positively charged chitosan, CdTe and
acetylcholinesterase were assembled onto a quartz surface by a layer-by-layer
technique. In the absence of pesticide, acetylcholine was bio-catalytically
hydrolyzed inducing the production of choline and acetic acid. The released acid
resulted in pH decrease that was sensed by the immobilized pH indicator (CdTe).
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The presence of monocrotophos induced a change of the fluorescence intensity that
was related to the pesticide concentration. Optical properties of AuNPs have been
exploited for the development of localized SPR (LSPR) sensor (Fu et al. 2009). The
resonance frequency of the LSPR is highly dependent upon the local environment of
the nanoparticle and more specifically upon the binding events that occur to the
functionalized NPs. The LSPR was used to develop a biosensor for the detection of
paraoxon by immobilizing AChE onto AuNPs layer using a self-assembling tech-
nique (Lin et al. 2006). In the presence of pesticides, the enzymatic activity was
inhibited causing a change of the light attenuation. The detection limit with optimal
conditions was 0.2 ppb. The biosensor retained 94% of its original activity after
6 cycles of inhibition with 500 ppb paraoxon followed by reactivation of AChE with
0.5 mM 2-pyridine aldoxime methiodide. In addition, the sensor retained its activity
after 2 months storage in the dry state at 4 �C.

Carbon nanotubes (CNTs) consist of cylindrical graphene sheets with diameter in
nanometer diameters. They present unique mechanical, physical, and chemical
properties. CNTs include both single-walled and multi-walled structures. Since
their discovery, CNTs have been used in nanoelectronics, biomedical engineering,
biosensing, and bioanalysis. Recently, CNTs have been used for the development of
biosensors based on the inhibition of AChE activity (Du et al. 2007; Oliveira and
Mascaro 2011; Firdoz et al. 2010). An amperometric biosensor based on layer-by-
layer assembly of single-walled CNT-poly(diallyldimethylammonium chloride) and
AChE was developed for the analysis of carbaryl (Firdoz et al. 2010). The biosensor
showed good sensitivity and stability toward the monitoring of pesticides in water.
The detection limit was 4.9 � 10–15 M. In some cases, the authors developed
efficient biosensors for the detection of pesticides by associating the properties of
CNTs with those of nanoparticles (Du et al. 2010).

A simple and selective aptamer-based colorimetric assay for the detection of
omethoate has been developed by Wang et al. (2016). The principle of the assay is
that single-stranded DNA (ssDNA)-wrapped gold nanoparticles (AuNPs) are resis-
tant to salt-induced aggregation. By employing an “artificial antibody” organophos-
phorus pesticide-binding aptamer (OBA) as the recognition element, aptamer-
wrapped AuNPs (Au-apta) show high selectivity toward omethoate, resulting in
the disconnection of aptamers from AuNPs and the aggregation of AuNPs. As there
is a significant color change from the interparticle plasmon coupling during the
aggregation of AuNPs, the established assay showed good linearity between 0.1 and
10 μmol/L, with a low detection limit of 0.1 μmol/L.

A novel nanohybrid composite with good electrochemical responses was devel-
oped by Xu et al. (2017), and it was prepared by the esterification reaction of
hydroxyl-terminated polybutadiene (HTPB) with MWCNT-COOH, followed by
atom transfer radical polymerization of 4-acryloyloxybutyl(ethyl) ferrocene carbox-
ylates with different spacers. The nanohybrid composites were characterized by
FTIR, TGA, Raman, XRD, XPS, SEM, and TEM techniques. Cyclic voltammetry
(CV) determination showed that a longer spacer between the side ferrocene groups
and main chains endowed the electrochemically modified electrodes with active
electron response, obvious redox current, and reversible electrochemical properties
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because of the faster electron transfer rates. The modified electrode sensor with a
longer spacer was used to detect melamine and trichlorfon residues by CV and
differential pulse voltammetry (DPV) techniques. The sensor had a good linear
relationship over a wide concentration range, a maximal recovery of ca. 112.4%
and a low detection limit of about 1.5� 10�7 and 3.5� 10�8 mol L�1, respectively.

Turan et al. (2016) have used an innovative approach for the fabrication of a
biosensor utilizing a conducting polymer and silver nanowires. To obtain immobi-
lization platform for butyrylcholinesterase (BChE), a graphite electrode was modi-
fied with the poly(5,6-bis(octyloxy)-4,7-di(thieno[3][3,2-b]thiophen-2-yl)benzo[c]
[1,2,5]oxoadiazole) (PTTBO) which has a hydrophobic alkyl chain as the pendant
group providing hydrophobic nature to the matrix. Since biomolecules contain both
hydrophobic and hydrophilic parts in their structure, alkyl chains interact with the
proteins which provide an enhanced stability. Biosensor performance was improved
through the deposition of silver nanowires on the polymer-coated surfaces which
enhances the charge transfer rate. This enabled the development of rapid, highly
sensitive, and stable amperometric sensors for the quantitative determination of
organophosphorus pesticide, paraoxon. Fabricated biosensor showed two linear
ranges between 0.5–8 μM and 10–120 μM with a low detection limit of 0.212 μM
when butyrylthiocholine iodide is used as the substrate.

Zhang et al. (2013) have developed novel nanobiosensing principles for organ-
ophosphorus pesticides. Thiocholine generation by AChE catalysis leads to the
aggregation of AuNPs, resulting in the recovery of fluorescence resonance energy
transfer (FRET) between AuNPs and NaYF4: Yb, upconversion NPs (Long et al.
2015). Immobilization of AChE in fenugreek hydrogel-agarose matrix with AuNPs
results in high enzyme retention efficiency of 92% and a significantly prolonged
half-life of the AChE (55 days) (Kestwal et al. 2015). Apart from AChE, pesticides
can also inhibit other enzyme activity such as trypsin and tyrosinase (Yan et al.
2015). Trypsin easily hydrolyzes protamine covered on the surface of AuNPs,
leading to fluorescence quenching of QDs.

Electrochemical and photochemical properties of pesticides such as omethoate,
malathion, lindane, carbofuran, carbaryl, etc. are being used for the development
of nanobiosensors (Yang et al. 2016). Nanobiosensors based on copper oxide
nanowires-CNTs, AgNPs decorated polyaniline-nanocrystalline zeolite organic-
inorganic hybrid material, cobalt oxide (CoO)-reduced GOx, zirconia-ordered
macroporous polyaniline, and other nanosystems, have already been reported to
improve the sensitivity of the nanosensors (Huo et al. 2014; Kaur et al. 2015, Wang
et al. 2014, 2015; Wu et al. 2014). In addition to electrochemical methods, a few
NP-enhanced surface-enhanced Raman spectroscopy (SERS) methods have been
developed, but these methods have limitations in terms of low affinity. Such
problems can be overcome by optimizing metal NPs, for example, the type, molec-
ular linker, surface coverage, and laser excitation wavelength of NPs (Kubackova
et al. 2015).

Immunoassay-based nanobiosensing systems are most widely being used in the
detection of pesticides (Belkhamssa et al. 2016; Sun et al. 2015; Xiao et al. 2016).
The application of nanometal organic framework and other materials can greatly
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reduce the LOD (Deep et al. 2015). Pesticides are known to hinder certain photo-
physical as well as photo-chemical functions of nanomaterial, through specific
recognition of pesticides by antibodies immobilized on nanomaterial surfaces may
lead to discovery of many excellent phenomena, for example, pentachlorophenol
obstructs electrochemiluminescence of Au nanoclusters/graphene hybrid (Luo et al.
2014), acetamiprid decreases enhanced photocurrent produced by electron donor of
quercetin in Co-doped ZnO diluted magnetic semiconductor, thiram quenches blue
luminescence of Cu2+ decorated NaYF4:Yb/Tm up conversion NPs fixed on filter
paper (monitored by the smartphone camera through a self-written Android pro-
gram) (Mei et al. 2016).

3.6.6 Microbial Safety and Quality

Rapid detection of foodborne pathogens is a key step in the control of food-related
diseases. Conventional methods for the detection of food pathogens, although
typically sensitive, often require multiple time-consuming steps such as extraction,
isolation, enrichment, counting, etc., prior to measurement, resulting in testing times
which can be days (Paul et al. 2013). There is an urgent necessity to develop rapid
and sensitive detection methods. To overcome these limitations, several examples of
innovative integration of microbial biosensors with recent nanotechnologies have
been proposed in the past decade. For instance, microfluidic systems showed many
advantages by minimizing the sample and reagent volumes required, shortening
analysis time with high resolution and repeatability, and demonstrating multiple
assays on a chip in a high-throughput manner (Kim et al. 2014). In addition, it was
demonstrated that microfluidic systems cannot only provide microorganisms with an
ideal cell culture microenvironment that is close to in vivo (Shaw and Kado 1986)
but also enable high portability and more rapid analysis compared to conventional
methods (Joyner and Lindow 2000). The nano-fabrication showed a remarkable
potential for microbial biosensors with the following features (Fujimoto et al. 2006):

1. Enhanced optical and electrochemical measurements
2. Improved immobilization and automated culture environments
3. High portability and more practical applications

Nano-based sensing approaches include the use of nanoparticles (NPs) and
nanostructures to enhance sensitivity and selectivity, design new detection schemes,
improve sample preparation, and increase portability (Bülbül et al. 2015). Recently,
nanotechnology allowed for the design of nanosensors for identification of
foodborne pathogens or toxins.

The poly(dimethylsiloxane) (PDMS) immune-sensing chips have been developed
by Dong et al. (2006) with reinforced, supported, fluid bilayer membranes (r-SBMs)
and specific antibodies to the toxin for the detection of with Staphylococcus entero-
toxin B. Rivas et al. (2006) developed universal G-liposomal nanovesicles based on
immune-magnetic bead sandwich assay to detect E. coli O157: H7, Salmonella sp.,
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and L. monocytogenes in food. Other pathogenic microorganisms were detected with
a specific type of immunosorbent assay using universal protein G-liposomal
nanovesicles (Chen and Durst 2006). Furthermore, nanoparticles have been used
as nano-sieves to filter out bacteria. On the other hand, detection of bacterial toxins
using nanoparticle technology was recently reported (Zhu et al. 2014). Yang et al.
(2009) reported a capacitive immune sensor for the detection of Salmonella spp.
which was fabricated by immobilizing an Au nanoparticle monolayer onto a glassy
carbon electrode and then the Salmonella monoclonal antibodies through physical
adsorption. It was found that the Au nanoparticles can effectively improve the
sensitivity and stability of the immune sensors, which can detect the Salmonella
spp. concentrations in the range of 1.0 � 102 – 1.0 � 105 cfu�mL�1 with the
detection limit of 1.0 � 102 cfu�mL�1. In addition to Au nanoparticles, metal-
oxide nanoparticles which possess high surface area and thermally stable, chemi-
cally inert, nontoxic inorganic oxide have been also used in the development of
bacterial biosensors. Huang et al. (2010) used Fe3O4 nanoparticles to immobilize
monoclonal antibodies in the construction of electrochemical impedimetric immune
sensors for the rapid detection of Campylobacter jejuni. The Fe3O4 nanoparticle-
based immune sensor showed good performance with respect to simplicity of use,
fast response, wide linear range, acceptable reproducibility, and long stability. In
addition to nanoparticles, nanowires have been attracted much scientific interest in
analytical chemistry, especially in biosensing technologies. This is due to their
unique semiconductive properties associated with the nanostructures, and they are
believed to be ultrasensitive in performing single-molecule sensing. Wang et al.
(2009) developed a TiO2 nanowire bundle microelectrode-based impedimetric
immune sensor for rapid and sensitive detection of L. monocytogenes. TiO2

nanowire bundle was connected to gold microelectrodes using mask welding, and
then monoclonal antibodies were immobilized on the surface of a TiO2 nanowire
bundle to specifically capture bacteria. Impedance changes caused by the nanowire-
antibody-bacteria complex were measured and correlated to the bacterial number.
Since the TiO2 nanowires can be highly oriented on substrates or form free-standing
membranes, the fabricated electrode showed a large specific surface area, good
biocompatibility, good chemical and photochemical stabilities, and negligible pro-
tein denaturation. This nanowire bundle-based immune sensor also exhibited a good
performance that can detect as low as 102 cfu�mL�1 of L. monocytogenes in 1 h
without significant interference from other foodborne pathogens. Ali et al. (2014)
have developed a sensitive colorimetric method for the detection of E.coli O157:H7
using conjugated gold nanoparticles anti-E. coli O157:H7. The key point of gold
nanoparticle-based visual detection assay is to control dispersion and aggregation of
colloidal nanoparticles by targets of interest E. coli O157:H7. The existence of the
target molecules can be translated into optical signals and monitored by the naked
eye resulting in a dramatic color change from red to blue (Table 3.1).
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3.6.7 Packaging

The use of nanomaterials in food packaging is already a reality. Nanotechnology can
be used in plastic food packaging to make it stronger, lighter, or perform better.
Antimicrobials such as nanoparticles of silver or titanium dioxide can be used in
packaging to prevent spoilage of foods. Another addition is the introduction of
nanoparticles of clay into packaging to block oxygen, carbon dioxide, and moisture
from reaching the food and also aids in preventing spoilage. Chemical giant Bayer
produces a transparent plastic film called Durethan which contains nanoparticles of
clay. Durethan is an engineering plastic based on polyamide 6 and polyamide 66;
these particles offer an excellent combination of properties which include high
strength and toughness, abrasion resistance, chemical resistance, and resistance to
cracking. Durethan is used in various industries and applications, including packag-
ing film for the medical field and food packaging. The nanoparticles are spread
throughout the plastic and are able to block oxygen, carbon dioxide, and moisture
from reaching fresh meats or other foods. The advantage of using nanoclay is it also
makes the plastic lighter, stronger, and more heat-resistant. Durethan film material
with nanoparticles combines the advantages of polyamide 6 and ethylene vinyl
alcohol (EVOH) to produce an inexpensive but still very airtight packaging material.
The embedded nanoparticles prevent gases from penetrating the film and also
keeping moisture from escaping. An example is bottles made with nanocomposites
which minimize the leakage of carbon dioxide out of the bottle; by minimizing the
leakage of CO2 in the bottle, this will cause an increase in the shelf life of a
carbonated beverage without having to use heavier glass bottles or more expensive
cans. Another example is food service bins made out of silver nanoparticles embed-
ded in the plastics. The silver nanoparticles kill bacteria from any food previously
stored in the bins, which will minimize harmful bacteria.

Generally, nanobiosensors are placed in food packaging to control internal and
external conditions of food (Ramachandraiah et al. 2015). From a microbiological
point of view, the main objective of nanosensors is to reduce pathogen detection time

Table 3.1 Nanobiosensors for detection of microbial quality of food products

Nanomaterials Microorganisms Electrode Detection range References

Au nanoparticles (NPs) Sulfate-reducing
bacteria

Foam Ni
electrode

2.1 � 101 –
2.1 � 107

Wan et al.
(2010)

Fe3O4 NPs C. jejuni GCE 10�3
– 10�7 Huang et al.

(2010)

AU NPs Salmonella spp. GCE 102 – 107 Yang et al.
(2009)

Magnetic nanoparticles E. coli O157:H7 IDAM Pure culture
(104 – 107)

Varshney and
Li (2007)

Magnetic nanoparticles E. coli Pt. plate
electrode

10–104 Maalouf et al.
(2008)

Adopted from Bülbül et al. (2015)
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from days to hours or even minutes (Fuertes et al. 2016). These nanomaterials are
used in the detection of molecules, gases, and microorganisms and detection by
surface-enhanced Raman spectroscopy (SERS) (Duncan 2011); nanosensors in raw
bacon packaging for detecting oxygen (Mills 2005); electronic tongue for inclusion
in food packaging consisting of an array of nanosensors extremely sensitive to gases
released by spoiled food, giving a clear and visible sign if the food is fresh or not
(Bowles and Lu 2014); use of fluorescent nanoparticles to detect pathogens and
toxins in food (Burris and Stewart 2012), for example, detection of pathogenic
bacteria in food (S. typhimurium, Shigella flexneri, and E. coli O157:H7), based
on functionalized quantum dots coupled with immunomagnetic separation in milk
and apple juice (Burris and Stewart 2012); nanosensors to detect temperature
changes (Iliadis and Ali 2011; Lee et al. 2011), where food companies like Kraft
Foods are incorporating nanosensors that detect the profile of a food consumer (likes
and dislikes), allergies, and nutritional deficiencies (Meetoo 2011); nanosensors for
the detection of organophosphate pesticide residues in food (Liu et al. 2008),
nanosensors to detect humidity or temperature changes due to moisture (Zhang
et al. 2010), sensor for detecting E. coli in a food sample, by measuring and detecting
scattering of light by cellular mitochondria (Horner et al. 2006); biosensor for
instantly detecting Salmonella in foods (Fu et al. 2008) and sensor to detect CO2

as a direct indicator of the quality of the food (Puligundla et al. 2012); and biosensor
for the detection of the pathogen-food, Bacillus cereus (Pal et al. 2007).

Scientists at Kraft, as well as at Rutgers University, are working on nanoparticle
film concentration and another packaging with embedded sensors that will detect
food pathogens. Called “electronic tongue” technology, the sensors can detect sub-
stances in parts per trillion and would trigger a color change in the packaging to alert
the consumer if a food has become contaminated or if it has begun to spoil
(Anonymous 2004).

The intelligent packaging (IP) incorporating nanosensors will have great benefits
for the food industry. This NM in the form of tiny chips invisible to the human eye is
embedded in food or in containers, for use as electronic bar code, which allows for
the monitoring of food in all its phases (production, processing, distribution, and
consumption) (Fuertes et al., 2016). Communication between NMs is a promising
technology that ensures the development of new devices capable of performing basic
and simple tasks at nanolevel (computing, data storage, detection, and triggering).
The nanosensors have a limited field of measurement; therefore, the development of
the wireless nanosensor networks (WNSNs) is essential for the IP industry. devel-
oping nanosensors.

One major drawback is the limited energy that can be stored in a nanosensor
speck in contrast to the energy required by the device to communicate. Recently,
novel collecting energy mechanisms have been proposed to replenish energy stored
in nanodevices. With these mechanisms, WNSNs can overcome the bottleneck and
even have infinite life (perpetual WNSNs). For now, the limitations of size and
power of nanodevices limit the applicability of wireless communication.

One of the most recent alternatives is based on the use of graphene, a
nanomaterial of one atom thickness, which was first obtained experimentally in
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2004 (Geim and Novoselov 2007). Graphene enables wireless communication
between nanosystems, because of its ability to support surface plasmon polariton
(SPP) in the terahertz frequency range (Cabellos-Aparicio et al. 2015). The main
difference between classical plasmonic antennas and graphene-based plasmonic
antennas is that SPP waves in graphene are observed at frequencies in the terahertz
band, for example, two orders of magnitude below SPP waves observed in gold and
other noble materials (Jornet and Akyildiz 2014). The SPP waves require less energy
making the communication between NMs feasible (Akyildiz et al. 2014).

3.7 Challenges

The main focus of nanosensor researchers from the comparative evaluation of
nanosensors and conventional based techniques to designing of commercially viable
sensors for its field application. Robust comparisons against traditional technologies
would also help address a related challenge, i.e., the substantial inertia involved in
encouraging professional analysts to replace older technologies with new methods, a
process that is surprisingly difficult even when the new methods promise significant
benefits.

Despite what could be regarded as a slow adoption of nanosensor technology into
the commercial space, nano-sensing is still a growing field with many exciting
possibilities for both the food industry and regulatory authorities. Undoubtedly,
many challenges need to be resolved for the effective commercialization of this
know-how. However, continued research and development and especially a renewed
focus on validation against more established detection methods will help solidify
nano-sensing potential role in making the world’s food supply healthier, safer, and –
possibly – more delicious.

Furthermore, with the development of lab-on-a-chip technique, the integration of
analyte onto a microfluidic chip to develop a biotic microelectromechanical system
would supply a new research aspect in the field of biosensors because such systems only
require minimal amounts of sample and provide good sensitivity in the detection of
analytes. Current methods of target immobilization on transducer have limitations which
affect cell viability as well as cell function. Physical adsorption suffers from poor
stability. A major disadvantage of immobilization is the additional diffusion resistance
caused by the entrapment material, which would result in a loss of sensitivity. As the
world becomes seriously concerned about the effect of food on public health and the
safety against biowar, the aforementioned prospects will be a breakthrough in targets
immobilization and identification in biosensor field. However, there are still several
challenges to overcome, which limit the progress of technology transfer and commer-
cialization, mainly related to the difficulties in the integration of all the components into
a single portable platform. Yet, there is still a long road ahead for this emerging
technology to be fully adapted to a filed application.
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3.8 Conclusion

Dairy food safety problems frequently are compromised due to antibiotic residues,
aflatoxin M1, pesticides, heavy metals, adulterants, microbial foodborne pathogens,
etc. These classes of milk and milk product contaminations could not be detected
efficiently by conventional methods due to the fact they require longer time for the
confirmation. These dairy products cannot be stored for the longer period of time
because there may be chances change of chemical nature of the products. Therefore,
dairy industries are under tremendous pressure to meet the consumer requirement
with quality and safety with in one working day. Therefore, the need of the hour is to
development of sensors with the use of nanomaterial in link with specific
biorecognition molecules. By the application of nanobiosensor with the use of
nanoparticles, various food contaminants including microbial pathogens can be
identified accurately. Therefore nanosensors have been widely used in the dairy
food quality and safety evaluation. Despite what could be regarded as a slow
adoption of nanosensor technology into the commercial space, nano-sensing is still
a growing field with many exciting possibilities for both the food industry and
regulatory authorities.

References

Adegoke GO, Puleng L (2013) Strategies for the prevention and reduction of mycotoxins in
developing countries. In: Mycotoxin and food safety in developing countries, 1st edn. InTech,
Rijeka, pp 123–136

Ai K, Liu Y, Lu L (2009) Hydrogen-bonding recognition-induced color change of gold
nanoparticles for visual detection of melamine in raw milk and infant formula. J Am Chem
Soc 131(27):9496–9497

Akyildiz I, Jornet J (2010) The Internet of nano-things. IEEE Wirel Commun 17(6):58–63
Akyildiz IF, Jornet JM, Han C (2014) Terahertz band: next frontier for wireless communications.

Phys Commun 12:16–32
Alagarasi A (2011) Introduction to nanomaterials.. The National Centre for Catalysis Research
Ali MA, Eldin TAS, Moghazy GE, Tork IM, Omara II (2014) Detection of E. coli O157: H7 in feed

samples using gold nanoparticles sensor. Int J Curr Microbiol App Sci 3(6):697–708
Alocilja EC, Stephen MR (2003) Market analysis of biosensors for food safety. Biosens Bioelectron

18(5):841–846
Alvarado Y, Perez CA (1998) The use of biocides: an environmental problem. Interciencia

23:20–22
Ambrosi A, Castañeda MT, Killard AJ, Smyth MR, Alegret S, Merkoçi A (2007) Double-codified

gold nanolabels for enhanced immunoanalysis. Anal Chem 79(14):5232–5240
Amine A, Micheli L, Moscone D, Palleschi G (2003) Rapid online analysis to ensure the safety of

milk. In: Smit G (ed) Dairy processing-improving quality. Woodhead Publishing Limited and
CRC Press, Cambridge, pp 292–309

Anonymous (2004) Down on the farm: the impact of nano-scale technologies on food and
agriculture, ETC Group report

Awasthi V, Bahman S, Thakur LK, Singh SK, Dua A, Ganguly S (2012) Contaminants in milk and
impact of heating: an assessment study. Indian J Public Health 56(95):9

120 H. V. Raghu et al.



Aytenfsu S, Mamo G, Kebede B (2016) Review on chemical residues in milk and their public health
concern in Ethiopia. J Nutr Food Sci 6(4):524

Azzouz A, Souhail B, Ballesteros E (2010) Continuous solid-phase extraction and gas
chromatography-mass spectrometry determination of pharmaceuticals and hormones in water
samples. J Chromatogr A 1217(17):2956–2963

Azzouz A, Jurado-Sanchez B, Souhail B, Ballesteros E (2011) Simultaneous determination of
20 pharmacologically active substances in cow’s milk, goat’s milk, and human breast milk by
gas chromatography mass spectrometry. J Agric Food Chem 59:5125–5132

Baeumner AJ (2003) Biosensors for environmental pollutants and food contaminants. Anal Bioanal
Chem 377(3):434–445

Bakirci I (2001) Aflatoxin: a study on the occurrence of aflatoxin M1 in milk and milk products
produced in van province of Turkey. Food Control 12:47–51

Bej AK, Dicesare JL, Haff L, Atlas RM (1991) Detection of Escherichia coli and Shigella spp. in
water by using the polymerase chain reaction and gene probes for uid. Appl Environ Microbiol
57(4):1013–1017

Belkhamssa N, Justino CIL, Santos PSM, Cardoso S, Lopes I, Duarte AC, Rocha-Santos T, Ksibi M
(2016) Label-free disposable immunosensor for detection of atrazine. Talanta 146:430–434

Bernardo F (2004) Micotoxicoses: Gestao de Risco. Prova de agregacao. Faculdade de Medicina
Veterinaria, Lisboa, p 172

Blascoa C, Corciab AD, Pico Y (2009) Determination of tetracyclines in multi-specie animal tissues
by pressurized liquid extraction and liquid chromatography–tandem mass spectrometry. Food
Chem 116(4):1005–1012

Bo LY, Zhang YH, Zhao XH (2011) Degradation kinetics of seven organophosphorus pesticides in
milk during yoghurt processing. J Serbian Chem Soc 76:353–362

Bowles M, Lu J (2014) Removing the blinders: a literature review on the potential of nanoscale
technologies for the management of supply chains. Technol Forecast Soc Change 82
(1):1900–1198

Bülbül G, Hayat A, Andreescu (2015) Portable nanoparticle-based sensors for food safety assess-
ment. Sensors 15(12):30736–30758

Burris KP, Stewart CN Jr (2012) Fluorescent nanoparticles: sensing pathogens and toxins in foods
and crops. Trends Food Sci Technol 28(2):143–152

Cabellos-Aparicio A, Llatser I, Alarcón E, Hsu A, Palacios T (2015) Use of terahertz photocon-
ductive sources to characterize tunable graphene RF plasmonic antennas. IEEE Trans
Nanotechnol 14(2):390–396

Caldas ED, Silva SC, Oliveira JN (2002) Aflatoxins and ochratoxin A in food and risks to human
health. Rev. Saude Publica

Carlson MA, Bargeron CB, Benson DC, Fraser AB, Phillips TE, Velky JT, Groopman JD,
Strickland PT, Ko HW (2000) An automated, handheld biosensor for aflatoxin. Biosens
Bioelectron 14:841–848

CDC (2012) Multistate outbreak of listeriosis linked to imported frescolina marte brand ricotta
salata cheese (Final update)

CDC (2013) Multistate outbreak of listeriosis linked to crave brothers farmstead cheeses
CDC (2014) Multistate outbreak of listeriosis linked to roos foods dairy products. Available at:

http://www.cdc.gov/listeria/outbreaks/cheese-02-14/index.html. CDC 2013. Multistate out-
break of listeriosis linked to crave brothers farmstead cheeses

CDC NORS (2012) Centers for disease control and prevention’s (CDC) online food-borne disease
outbreak database

Chah S, Fendler JH, Yi J (2002) Nanostructured gold hollow microspheres prepared on dissolvable
ceramic hollow sphere templates. J Colloid Interface Sci 250(1):142–148

Chang HC, Ho JAA (2015) Gold nanocluster-assisted fluorescent detection for hydrogen peroxide
and cholesterol based on the inner filter effect of gold nanoparticles. Anal Chem 87
(20):10362–10367

3 Application of Nanobiosensors for Food Safety Monitoring 121

http://www.cdc.gov/listeria/outbreaks/cheese-02-14/index.html


Chemburu S, Ebtisam W, Abdel-Hamid I (2005) Detection of pathogenic bacteria in food samples
using highly-dispersed carbon particles. Biosens Bioelectron 21(3):491–499

Chen CS, Durst RA (2006) Simultaneous detection of E. coli O157:H7, Salmonella spp. and
L. monocytogenes with an array- based immunosorbent assay using universal protein
G-liposomal nanovesicles. Talanta 69(1):232–238

Childress ES, Roberts CA, Sherwood DY, LeGuyader CL, Harbron EJ (2012) Ratiometric fluores-
cence detection of mercury ions in water by conjugated polymer nanoparticles. Anal Chem 84
(3):1235–1239

Cleveland TE, Dowd PF, Desjardins AE, Bhatnagar D, Cotty PJ (2003) United states department of
agriculture—agricultural research service research on pre-harvest prevention of mycotoxins and
mycotoxigenic fungi in US crops. Pest Manag Sci 59(6–7):629–642

Deep A, Bhardwaj SK, Paul AK, Kim KH, Kumar P (2015) Surface assembly of nano-metal
organic framework on amine functionalized indium tin oxide substrate for impedimetric sensing
of parathion. Biosens Bioelectron 65:226–231

DeVries J (1997) Food safety and toxicity. CRC Press, Inc., London, pp 53–57
Dheng Y, Wang X, Xue F, Zheng L, Liu J, Yan F, Xia F, Chen W (2015) Ultrasensitive and rapid

screening of mercury (II) ions by dual labeling colorimetric method in aqueous samples and
applications in mercury-poisoned animal tissues. Anal Chim Acta 868:45–52

Dinckaya E, Kınık Ö, Sezgintürk MK, Altuğ Ç, Akkoca A (2011) Development of an impedimetric
Aflatoxin M1 biosensor based on a DNA probe and gold nanoparticles. Biosens Bioelectron 26
(9):3806–3811

Dong Y, Phillips KS, Cheng Q (2006) Immunosensing of Staphylococcus enterotoxin B (SEB) in
milk with PDMSmicrofluidic systems using reinforced supported bilayer membranes (r-SBMs).
Lab Chip 6(5):675–681

Du D, Huang X, Cai J, Zhnag A (2007) Comparison of pesticide sensitivity by electrochemical test
based on acetylcholinesterase biosensor. Biosens Bioelectron 23(2):285–289

Du D, Chen S, Cai J, Zhang A (2008a) Electrochemical pesticide sensitivity test using acetylcho-
linesterase biosensor based on colloidal gold nanoparticle modified sol-gel interface. Talanta 74
(4):766–772

Du D, Chen S, Song D, Li H, Chen X (2008b) Development of acetylcholinesterase biosensor based
on CdTe quantum dots/gold nanoparticles modified chitosan microspheres interface. Biosens
Bioelectron 24(3):475–479

Du D, Chen W, Zhang W, Liu D, Li H, Lin Y (2010) Covalent coupling of organophosphorus
hydrolase loaded quantum dots to carbon nanotube. Au nanocomposite for enhanced detection
of methyl parathion. Biosens Bioelectron 25(6):1370–1375

Duncan TV (2011) Applications of nanotechnology in food packaging and food safety: barrier
materials, antimicrobials and sensors. J Colloid Interface Sci 363(1):1–24

EC (2006) Council of the European Union 2006a 7775/1/06 REV 1. Brussels
EC (2012) Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum

levels for certain contaminants in foodstuffs
Eijkelkamp JM, Aarts HJM, Van der Fels-Klerx HJ (2009) Suitability of rapid detection methods

for Salmonella in poultry slaughterhouses. Food Anal Methods 2(1):1–13
Eldin TA, Salah HA, Elshoky and Maha A. A. (2014) Nanobiosensors based on Gold nanoparticles

Probe for Aflatoxin B1 detection in food. Int J Curr Microbiol App Sci 3(8):219–230
Emrani AS, Danesh NM, Lavaee P, Ramezani M, Abnous K, Taghdisi SM (2016) Colorimetric and

fluorescence quenching aptasensors for detection of streptomycin in blood serum and milk
based on double-stranded DNA and gold nanoparticles. Food Chem 190:115–121

European Commission (1997) Regulation laying down a community procedure for the establish-
ment of maximum residue limits of veterinary medical products in foodstuffs of animal origin.
Off J 224:1–8

Ezhilan M, Gumpu MB, Ramachandra BL, Nesakumar N, Babu KJ, Krishnan UM, Rayappan JBB
(2017) Design and development of electrochemical biosensor for the simultaneous detection of
melamine and urea in adulterated milk samples. Sensors Actuators B Chem 238:1283–1292

122 H. V. Raghu et al.



FAOSTAT (2005) Food and Agriculture Organization, Rome, Italy. www.faostat.org
Faulk WP, Taylor GM (1971) Communication to the editors: an immunocolloid method for the

electron microscope. Immunochemistry 8(11):1081–1083
FDA (2010) Queseria Bendita Recalls Queso Fresco, Panela, and Requeson Because of Possible

Health Risk. Available at: http://www.fda.gov/safety/recalls/ucm201350.htm
Firdoz S, Ma F, Yue X, Dai Z, Kumar A, Jiang B (2010) A novel amperometric biosensor based on

single walled carbon nanotubes with acetylcholine esterase for the detection of carbaryl pestcide
in water. Talanta 83(1):269–273

Font H, Adrian J, Galve R, Estévez MC, Castellari M, Gratacós-Cubarsí M, Sánchez-Baeza F,
Marco MP (2008) Immunochemical assays for direct sulfonamide antibiotic detection in milk
and hair samples using antibody derivatized magnetic nanoparticles. J Agric Food Chem 56
(3):736–743

Frasconi M, Ran T-V, Michael R, Itamar W (2010) Surface Plasmon resonance analysis of
antibiotics using imprinted boronic acid-functionalized Au nanoparticle composites. Anal
Chem 82(6):2512–2519

Fu J, Park B, Siragusa G, Jones L, Tripp R, Zhao Y, Cho YJ (2008) An Au/Si hetero-nanorod-based
biosensor for Salmonella detection. Nanotechnology 19(15):155502

Fu X, Huang K, Liu S (2009) A robust and fast bacteria counting method using CdSe/ZnS core/shell
quantum dots as labels. J Microbiol Methods 79:367–370

Fu J, Park B, Zhao Y (2015) Limitation of a localized surface plasmon resonance sensor for
salmonella detection. Sensors Actuators B 141(1):276–283

Fuertes G, Soto I, Vargas M, Valencia A, Sabattin J, Carrasco R (2016) Nanosensors for a
monitoring system in intelligent and active packaging. J Sens

Fujimoto H, Wakabayashi M, Yamashiro H, Maeda I, Isoda K, Kondoh M et al (2006) Whole-cell
arsenite biosensor using photosynthetic bacterium Rhodovulum sulfidophilum. Rhodovulum
sulfidophilum as an arsenite biosensor. Appl Microbiol Biotechnol 73:332–338

Gan N, Zhou J, Xiong P, Hu F, Cao Y, Li T, Jiang Q (2013) An ultrasensitive
electrochemiluminescent immunoassay for Aflatoxin M1 in milk, based on extraction by
magnetic graphene and detection by antibody-labeled CdTe quantum dots-carbon nanotubes
nanocomposite. Toxins 5(5):865–883

Gan W, Yang H, Zhang Y, Shi SQ, Lin C, Pan L, Huang Z (2016) Synthesis and characterization of
sucrose-melamine-formaldehyde adhesives. Bioresources 11(1):2516–2525

Gatoo MA, Sufia N, Mir YA, Ayaz MD, Khusro Q, Swaleha Z (2014) Physicochemical properties
of nanomaterials: implication in associated toxic manifestations. BioMed Res Int

Geim AK, Novoselov KS (2007) The rise of graphene. Nat Mater 6(3):183–191
Gelderblom WCA, Snyman SD, Abel S, Lebepe-Mazur S, Smuts CM, Van der Westhuizen L,

Marasas WFO, Victor TC, Knasmüller S, Huber W (1996) Hepatotoxicity and-carcinogenicity
of the fumonisins in rats. In: Fumonisins in food. Springer US, pp 279–296

Ghosh P, Gang H, Mrinmoy De Chae KK, Vincent MR (2008) Gold nanoparticles in delivery
applications. Adv Drug Deliv Rev 60(11):1307–1315

Gong L, Kuai HL, Ren SL, Zhao XH, Huan SY, Zhang XB, Tan WH (2015) Ag nanocluster-based
label-free catalytic and molecular beacons for amplified biosensing. Chem Commun
51:12095–12098

Grzelak EM, Malinowska I, Choma IM (2009) Determination of cefacetrile and cefuroxime
residues in milk by thin-layer chromatography. J Li J Liquid Chromatogr Relat Technol
32:2043–2049

Gu G, Hu J, Cevallos-Cevallos JM, Richardson SM, Bartz JA, van Bruggen AHC (2011) Internal
colonization of Salmonella enterica serovar Typhimurium in tomato plants. PLoS One 6(11):
e27340

Gustafson RH (1991) Use of antibiotics in livestock and human health concerns. J Dairy Sci
74:1428–1432

3 Application of Nanobiosensors for Food Safety Monitoring 123

http://www.faostat.org
http://www.fda.gov/safety/recalls/ucm201350.htm


Haddaoui M, Raouafi N (2015) Chlortoluron-induced enzymatic activity inhibition in tyrosinase/
ZnO NPs/SPCE biosensor for the detection of ppb levels of herbicide. Sensors Actuators B
Chem 219:171–178

Hansmann T, Sanson B, Stojan J, Weik M, Marty JL, Fournier D (2009) Kinetic insight into the
mechanism of cholinesterasterase inhibition by aflatoxin B1 to develop biosensors. Biosens
Bioelectron 24:2119–2124

Hao H, Cheng G, Iqbal Z, Ai X, Hussain HI, Huang L et al (2014) Benefits and risks of
antimicrobial use in food-producing animals. Front Microbiol 5:288

Hemme T, Garcia O, Saha A (2003) A review of milk production in India with particular emphasis
on small-scale producers. PPLPI working paper No. 2. International Farm Comparison Net-
work, Pro-Poor Livestock Policy Initiative, 2003. Available at: http://www.fao.org/ag/againfo/
programmes/en/pplpi/docarc/wp2.pdf. Accessed May 2009

Horner SR, Mace CR, Rothberg LJ, Miller BL (2006) A proteomic biosensor for Enteropathogenic
E. coli. Biosens Bioelectron 21(8):1659–1663

Huang JL, Yang GJ, Meng WJ, Wu LP, Zhu AP, Jiao XA (2010) An electrochemical impedimetric
immunosensor for label-free detection of C. jejuni in diarrhea patients’ stool based on
O-carboxymethylchitosan surface modified Fe3O4 nanoparticles. Biosens Bioelectron
25:1204–1211

Hubbert WT, Hagstad HV, Spangler E, Hinton MH, Hughes KL (1996) Food safety and quality
assurance (Foods of animal origin), 2nd edn. Iowa State University Press, Ames, pp 171–179,
239–273

Huo DQ, Li Q, Zhang YC, Hou CJ, Lei Y (2014) A highly efficient organophosphorus pesticides
sensor based on CuO nanowires-SWCNTs hybrid nanocomposite. Sensors Actuators B Chem
199:410–417

Ikeda M, Zhang ZW, Moon CS, Imai Y, Watanabe T et al (1996) Background exposure of general
population to cadmium and lead in Tainan city, Taiwan. Arch Environ Contam Toxicol
30:121–126

Iliadis AA, Ali HA (2011) Properties of fast response room temperature ZnO-Si heterojunction gas
nanosensors. IEEE Trans Nanotechnol 10(3):652–656

India in business (2008) Investment and technology promotion and energy security. Ministry of
External Affairs, Government of India, 2008, Delhi

Jain KK (2007) Applications of nanobiotechnology in clinical diagnostics. Clin Chem 53
(11):2002–2009. (Jasson, 2010)

Jensen RG (1995) Handbook of milk composition. Academic, London, pp 887–900
Jiang XS, Wang RH, Wang Y, Su XL, Ying YB, Wang JP, Li YB (2011) Evaluation of different

micro/nanobeads used as amplifiers in QCM immunosensor for more sensitive detection of
E. coli O157:H7. Biosens Bioelectron 29:23–28

Jornet JM, Akyildiz IF (2012a) Joint energy harvesting and communication analysis for perpetual
wireless nanosensor networks in the terahertz band. IEEE Trans Nanotechnol 11(3):570–580

Jornet JM, Akyildiz IF (2012b) The internet of multimedia nano-things. Nano Commun Netw 3
(4):242–251

Jornet JM, Akyildiz IF (2014) Femtosecond-long pulse-based modulation for terahertz band
communication in nanonetworks. IEEE Trans Commun 62(5):1742–1754

Joyner DC, Lindow SE (2000) Heterogeneity of iron bioavailability on plants assessed with a
whole-cell GFP-based bacterial biosensor. Microbiology 146:2435–2445

Kadir MKA, Tothill IE (2010) Development of an electrochemical immunosensor for fumonisins
detection in foods. Toxins 2:382–398

Kangethe E, Langa K (2009) Aflatoxin B1 and M1 contamination of animal feeds and milk from
urban centers in Kenya. Afr Health Sci 9(4):218–226

Karshima NS, Pam VA, Bata SI, Dung PA, Paman ND (2013) Isolation of Salmonella species from
milk and locally processed milk products traded for human consumption and associated risk
factors in Kanam, Plateau State, Nigeria. J Anim Prod Adv 3(3):69–74

124 H. V. Raghu et al.

http://www.fao.org/ag/againfo/programmes/en/pplpi/docarc/wp2.pdf
http://www.fao.org/ag/againfo/programmes/en/pplpi/docarc/wp2.pdf


Kaur B, Srivastava R, Satpati B (2015) Silver nanoparticle decorated polyaniline-zeolite
nanocomposite material based non-enzymatic electrochemical sensor for nanomolar detection
of lindane. RSC Adv 5:57657–57665

Kestwal RM, Bagal-Kestwal D, Chiang BH (2015) Fenugreek hydrogel-agarose composite
entrapped gold nanoparticles for acetylcholinesterase based biosensor for carbamates detection.
Anal Chim Acta 886:143–150

Khandelwal P, Singh DK, Sadhu S, Poddar P (2010) Study of the nucleation and growth of
antibiotic labeled Au NPs and blue luminescent Au-8 quantum clusters for Hg2+ ion sensing,
cellular imaging and antibacterial applications. Nanoscale 7:19985–20002

Khiniki GRJ (2006) Chemical contaminants in milk and public health concerns: a review. Int J
Dairy Sci 2:104–115

Kim K, Kim SH, Kim J, Kim H, Yim J (2012) Glutathione s-transferase omega 1 activity is
sufficient to suppress neurodegeneration in a Drosophila model of Parkinson disease. J Biol
Chem 287(9):6628–6641

Kim M, Lim JW, Kim HJ, Lee SK, Lee SJ, Kim T (2014) Chemostat-like microfluidic platform for
highly sensitive detection of heavy metal ions using microbial biosensors. Biosens Bioelectron
65C:257–264

Korsrud GO, Boison JO, Nouws JFM, MacNeil JD (1998) Bacterial inhibition tests used to screen
for antimicrobial veterinary drug residues in slaughtered animals. J AOAC Int 81:21–24

Kubackova J, Fabriciova G, Miskovsky P, Jancura D, Sanchez-Cortes S (2015) Sensitive surface-
enhanced Raman spectroscopy (SERS) detection of organochlorine pesticides by alkyl dithiol-
functionalized metal nanoparticles-induced plasmonic hot spots. Anal Chem 87:663–669

Kumar N, Raghu HV, Kumar A, Haldar L, Khan A, Rane S, Malik RK (2012) Spore germination
based assay for monitoring antibiotic residues in milk at dairy farm. World J Microbiol
Biotechnol 28(7):2559–2566

Lanyasunya TP, Warnae LW, Musa HH, Olowofeso O, Lokwaleput IK (2005) The risk of
mycotoxins contamination of dairy feed and milk on small holder dairy farms in Kenya. Pak J
Nutr 4:162–169

Lazcka O, Javier Del Campo F, Xavier MF (2007) Pathogen detection: a perspective of traditional
methods and biosensors. Biosens Bioelectron 22(7):1205–1217

Lee J, Mubeen S, Hangarter CM, Mulchandani A, Chen W, Myung NV (2011) Selective and rapid
room temperature detection of H2S using gold nanoparticle chain arrays. Electroanalysis 23
(11):2623–2628

Leoni E, Legnani PP (2001) Comparison of selective procedures for isolation and enumeration of
Legionella species from hot water systems. J Appl Microbiol 90(1):27–33

Levi K, Smedley J, Towner KJ (2003) Evaluation of a real-time PCR hybridization assay for rapid
detection of Legionella pneumophila in hospital and environmental water samples. Clin
Microbiol Infect 9(7):754–758

Li X-H, Zonghong X, Hong M, Chenxin L, Meichuan L, Yuezhong X, Litong J (2006) Develop-
ment of quantum dots modified acetylcholinesterase biosensor for the detection of trichlorfon.
Electroanalysis 18(22):2163–2167

Li S, Xu LG, Ma W, Kuang H, Wang LB, Xu CL (2015) Triple Raman label-encoded gold
nanoparticle trimers for simultaneous heavy metal ion detection. Small 11:3435–3439

Licata P, Trombetta D, Cristani M, Giofrè F, Martino D et al (2004) Levels of “toxic” and
“essential”metals in samples of bovine milk from various dairy farms in Calabria, Italy. Environ
Int 30:1–6

Lin T-J, Huang K-T, Liu C-Y (2006) Determination of organophosphorus pesticides by a novel
biosensor based on localized surface plasmon resonance. Biosens Bioelectron 22(4):513–518

Linting Z, Li R, Li Z, Xia Q, Fang Y, Liu J (2012) An immunosensor for ultrasensitive detection of
aflatoxin B 1 with an enhanced electrochemical performance based on graphene/conducting
polymer/gold nanoparticles/the ionic liquid composite film on modified gold electrode with
electrodeposition. Sensors Actuators B Chem 174:359–365

3 Application of Nanobiosensors for Food Safety Monitoring 125



Liu Y, Zonghui Q, Xingfa W, Hong J (2006) Immune-biosensor for aflatoxin B 1 based
bio-electrocatalytic reaction on micro-comb electrode. Biochem Eng J 32(3):211–221

Liu S, Yuan L, Yue X, Zheng Z, Tang Z (2008) Recent advances in nanosensors for organophos-
phate pesticide detection. Adv Powder Technol 19(5):419–441

Liufu S, Xiao H, Li Y (2004) Investigation of PEG adsorption on the surface of zinc oxide
nanoparticles. Powder Technol 145(1):20–24

Long Q, Li H, Zhang Y, Yao S (2015) Upconversion nanoparticle-based fluorescence resonance
energy transfer assay for organophosphorus pesticides. Biosens Bioelectron 68:168–174

Luo S, Xiao H, Yang S, Liu C, Liang J, Tang Y (2014) Ultrasensitive detection of pentachloro-
phenol based on enhanced electrochemiluminescence of Au nanoclusters/graphene hybrids.
Sensors Actuators B Chem 194:325–331

Lyon LA, Michael DM, Michael JN (1998) Colloidal Au-enhanced surface plasmon resonance
immunosensing. Anal Chem 70(24):5177–5183

Maalouf R, Hassen WM, Fournier-Wirth C, Coste J, Jaffrezic-Renault N (2008) Comparison of two
innovatives approaches for bacterial detection: paramagnetic nanoparticles and self assembled
multilayer processes. Microchim Acta 163:157–161

Malik P, Katyal V, Malik V, Asatkar A, Inwati G, Mukherjee TK (2013) Nanobiosensors: concepts
and variations. ISRN Nanomater 2013

Mani V, Dinesh B, Chen SM, Saraswathi R (2014) Direct electrochemistry of myoglobin at reduced
graphene oxide-multiwalled carbon nanotubes-platinum nanoparticles nanocomposite and
biosensing towards hydrogen peroxide and nitrite. Biosens Bioelectron 2014(53):420–427

Meetoo DD (2011) Nanotechnology and the food sector: from the farm to the table. Emirates J Food
Agric 23(5):387–403

Mei QS, Jing HR, Li Y, Yisibashaer W, Chen J, Li BN, Zhang Y (2016) Smartphone based visual
and quantitative assays on upconversional paper sensor. Biosens Bioelectron 75:427–432

Mills A (2005) Oxygen indicators and intelligent inks for packaging food. Chem Soc Rev 34
(12):1003–1011

Mitchell JS, Lowe TE (2009) Ultrasensitive detection of testosterone using conjugate linker
technology in a nanoparticle-enhanced surface plasmon resonance biosensor. Biosens
Bioelectron 24(7):2177–2183

Mitchell JM, Griffiths MW, McEwen SA, McNab WB, Yee AJ (1998) Antimicrobial drug residues
in milk and meat: causes, concerns, prevalence, regulations, tests, and test performance. J Food
Prot 61:742–756

Mitchell JM, Groffiths MW, Mcewen SA, McNab WB, Yee AJ (2002) Antimicrobial drug residues
in milk and meat: causes, concerns, prevalence, regulations, tests and test performance. J Food
Prot 61:742–756

Mukerjee D (1998) Health risk of endocrine-disrupting ortho-substituted PCBs emitted from
incinerators. Environ Eng Sci 15:157–169

NajafiM, Khafilzadeh MA, Karimi-Maleh H (2014) A new strategy for determination of bisphenol
A in the presence of Sudan I using a ZnO/CNTs/ionic liquid paste electrode in food samples.
Food Chem 158:125–131

Niu CX, Liu QL, Shang ZH, Zhao L, Ouyang J (2015) Dual-emission fluorescent sensor based on
AIE organic nanoparticles and Au nanoclusters for the detection of mercury and melamine.
Nanoscale 7:8457–8465

OHA (2010) Salmonella cases prompt recall of Umpqua Dairy milk, juice and drink products.
Available at: http://www.oregon.gov/DHS/news/2010news/2010-0818a.pdf

Oliveira AC, Mascaro LH (2011) Evaluation of acetylcholinesterase biosensor based on carbon
nanotube paste in the determination of chlorphenvinphos. Int J Anal Chem. Article ID 974216.
https://doi.org/10.1155/2011/974216

Pal S, Evangelyn CA, Frances PD (2007) Nanowire labeled direct-charge transfer biosensor for
detecting Bacillus species. Biosens Bioelectron 22(9):2329–2336

Pal S, Sharma MK, Chatterjee R, Bhand S (2015) Multi-platform nano-immunosensor for aflatoxin
M1 in milk. Mater Res Exp 2(4):045010

126 H. V. Raghu et al.

http://www.oregon.gov/DHS/news/2010news/2010-0818a.pdf
https://doi.org/10.1155/2011/974216


Paniel N, Radoi A, Marty J-L (2010) Development of an electrochemical biosensor for the detection
of Aflatoxin M1 in milk. Sensors (Basel, Switzerland) 10(10):9439–9448

Paul C, Li Y, Cui T, Ruan R, Ruan R (2013) Nanoparticles based sensors for rapid detection of
foodborne pathogens. Int J Agric Biol Eng 6(1). https://doi.org/10.3965/j.ijabe.20130601.002

Picozzi C, Foschino R, Heuvelink A, Beumer R (2005) Phenotypic and genotypic characterization
of sorbitol-negative or slow-fermenting (suspected O157) E. coli isolated from milk samples in
Lombardy region. Lett Appl Microbiol 40(6):491–496

Pingarron J, Yanez-Sedeno P, Gonzalez-Cortes A (2008) Gold nanoparticles-based electrochemical
biosensors. Electrochim Acta 53(19):5848–5866

Puligundla P, Jung J, Ko S (2012) Carbon dioxide sensors for intelligent food packaging applica-
tions. Food Control 25(1):328–333

Raghunath R, Tripathi RM, Khandekar RN, Nambi KS (1997) Retention times of Pb, Cd, Cu and
Zn in children's blood. Sci Total Environ 207:133–139

Rai M, Gade A, Gaikwad S, Marcato PD, Durán N (2012) Biomedical applications of
nanobiosensors: the state-of-the-art. J Braz Chem Soc 23(1):14–24

Rajagopal M, Werner BG, Hotchkiss JH (2005) Low pressure CO2 storage of raw milk: microbi-
ological effects. J Dairy Sci 88:3130–3138

Ramachandraiah K, Han SG, Chin KB (2015) Nanotechnology in meat processing and packaging:
potential applications – a review. Asian Australas J Anim Sci 28(2):290–302

Ramírez BN, Salgado AM, Valdman B (2009) The evolution and developments of immunosensors
for health and environmental monitoring: problems and perspectives. Braz J Chem Eng 26
(2):227–249

Ranganathan S (2015) Selected topic in chemistry. Laxmi Book Publication, Solapur
Reuben CR, Okolocha EC, Bello M, Tanimu H (2013) Occurrence and antibiogram of E. coliO157:

H7 in locally fermented milk (Nono) sold under market conditions in Nasarawa State, Nigeria.
Int J Sci Res (USR) 2(2):591–598

Rivas GA, Miscoria SA, Desbrieres J, Barrera GD (2006) New biosensing platforms based on the
layer-by-layer self-assembling polyelectrolytes on Nafion/carbon nanotubes-coated glassy car-
bon electrodes. Talanta 71(1):270–275

Roy A, Jayanta B (2015) Nanotechnology in industrial wastewater treatment. IWA Publishing,
London

Rushton J, Pinto Ferreira J, Stärk KD (2014) Antimicrobial resistance: the use of antimicrobials in
the livestock sector, OECD food, agriculture and fisheries papers. 68. OECD Publishing, Paris.
https://doi.org/10.1787/5jxvl3dwk3f0-en

Sagadevan S, Periasamy M (2014) Recent trends in nanobiosensors and their applications – a
review. Rev Adv Mater Sci 36:62–69

Saitanu K (1997) Incidence of Aflatoxin M1 in Thai milk products. J Food Prot 60:1010–1012
Santacroce MP, Narracci M, Acquaviva MI, Cavallo RA, Zacchino V, Centoducati G (2011) New

development in Aflatoxin research: from aquafeed to marine cells. In: Aflatoxins-detection,
measurement and control. InTech, Rijeka

Sapsford KE, Algar WR, Berti L, Gemmill KB, Casey BJ, Oh E, Stewart MH, Medintz IL (2013)
Functionalizing nanoparticles with biological molecules: developing chemistries that facilitate
nanotechnology. Chem Rev 113(3):904–2074

Saran R, Liu J (2016) A silver DNAzyme. Anal Chem 88:4014–4020
SCENIHR (Scientific Committee on Emerging and Newly-Identified Health Risks) (2006) The

appropriateness of existing methodologies to assess the potential risks associated with
engineered and adventitious products of nanotechnologies. European Commission Health &
Consumer Protection Directorate-General: 05

Schikora A, Garcia A, Hirt H (2012) Plants as alternative hosts for Salmonella. Trends Plant Sci 17
(5):245–249

Sener G, Uzun L, Denizli A (2013) Lysine-promoted colorimetric response of gold nanoparticles: a
simple assay for ultrasensitive mercury (II) detection. Anal Chem 86(1):514–520

Sharma P, Sablok K, Bhalla V, Suri CR (2011) A novel disposable electrochemical immunosensor
for phenyl urea herbicide diuron. Biosens Bioelectron 26(10):4209–4212

3 Application of Nanobiosensors for Food Safety Monitoring 127

https://doi.org/10.3965/j.ijabe.20130601.002
https://doi.org/10.1787/5jxvl3dwk3f0-en


Shaw JJ, Kado CI (1986) Development of a Vibrio bioluminescence gene set to monitor phyto-
pathogenic bacteria during the ongoing disease process in a nondisruptive manner. Biotechnol-
ogy 4:560–564

Shtykov SN, Rusanova TY (2008) Russ J Gen Chem 78:2521
Singh M, Manikandan S, Kumaraguru AK (2011) Nanoparticles: a new technology with wide

applications. Res J Nanosci Nanotechnol 1:1–11
Song KM, Cho M, Jo H, Min K, Jeon SH, Kim T, Han MS, Ku JK, Ban C (2011) Gold

nanoparticle-based colorimetric detection of kanamycin using a DNA aptamer. Anal Biochem
415(2):175–181

Sun X, Liu B, Xia K (2011) A sensitive and regenerable biosensor for organophosphate pesticide
based on selfassembled multilayer film with CdTe as fluorescence probe. Luminescence 26
(6):616–621. https://doi.org/10.1002/bio.1284

Sun ZH, Wang WH, Wen HB, Gan CF, Lei HT, Liu YJ (2015) Sensitive electrochemical
immunoassay for chlorpyrifos by using flake-like Fe3O4 modified carbon nanotubes as the
enhanced multienzyme label. Anal Chim Acta 899:91–99

Sutariya VKB, Pathak Y (eds) (2014) Biointeractions of nanomaterials. CRC Press, Boca Raton
Tan H, Chen Y (2012) Silver nanoparticle enhanced fluorescence of europium (III) for detection of

tetracycline in milk. Sensors Actuators B Chem 173:262–267
Tang J, Tang D, Niessner R, Knopp D (2011) A novel strategy for ultra-sensitive electrochemical

immunoassay of biomarkers by coupling multifunctional iridium oxide (IrOx) nanospheres with
catalytic recycling of self-produced reactants. Anal Bioanal Chem 400(7):2041–2051

Tedsana W, Tuntulani T, Ngeontae W (2015) A circular dichroism sensor for Ni2+ and Co2+ based
on L-cysteine capped cadmium sulfide quantum dots. Anal Chim Acta 867:1–8

Thakur G, Kumar N, Raghu HV, Khan A, Yadav A, Singh N, Singh VK (2013) Spore based
biosensors for detection of contaminants in milk: a review. Int J Diary Sci Res 2(2):15–21

Tombelli S, Mascini M, Scherm B, Battacone G, Migheli Q (2009) DNA biosensors for the
detection of aflatoxin producing Aspergillus flavus and A. parasiticus. Monatshefte für
Chemie-Chemical Monthly 140(8):901–907

Turan J, Kesik M, Soylemez S, Goker S, Coskun S, Unalan HE, Toppare L (2016) An effective
surface design based on a conjugated polymer and silver nanowires for the detection of
paraoxon in tap water and milk. Sensors Actuators B Chem 228:278–286

USEPA (2007) Classification of nanomaterials. The four main types of intentionally produced
nanomaterials

Vakil A, Engheta N (2011) Transformation optics using graphene. Science 332(6035):1291–1294
Valera E, Ramon-Azcon J, Sanchez FJ, Mcro MP, Rodriguez A (2008) Conductometric

immunosensor for atrazine detection based on antibodies labelled with gold nanoparticles.
Sensors Actuators B 134(1):95–103

Varshney M, Li YB (2007) Interdigitated array microelectrode based impedance biosensor coupled
with magnetic nanoparticle-antibody conjugates for detection of Escherichia coli O157:H7 in
food samples. Biosens Bioelectron 22:2408–2414

Vasilescu A, Nunes G, Hayat A, Latif U, Marty J-L (2016) Electrochemical affinity biosensors
based on disposable screen-printed electrodes for detection of food allergens. Sensors (Basel,
Switzerland) 16(11):1863

Wan Y, Zhang D, Wang Y, Hou B (2010) A 3D-impedimetric immunosensor based on foam Ni for
detection of sulfate-reducing bacteria. Electrochem Commun 12:288–291

Wang Y, Timothy VD (2017) Nanoscale sensors for assuring the safety of food products. Curr Opin
Biotechnol 44:74–86

Wang R, Dong W, Ruan C, Kanayeva D, Lassiter K, Tian R, Li Y (2009) TiO2 nanowire bundle
microelectrode based impedance immunosensor for rapid and sensitive detection of Listeria
monocytogenes. Nano Lett 9:4570–4573

Wang MY, Huang JR, Wang M, Zhang DE, Chen J (2014) Electrochemical nonenzymatic sensor
based on CoO decorated reduced graphene oxide for the simultaneous determination of
carbofuran and carbaryl in fruits and vegetables. Food Chem 151:191–197

128 H. V. Raghu et al.

https://doi.org/10.1002/bio.1284


Wang Y, Sun QQ, Zhu LL, Zhang JY, Wang FY, Lu LL, Yu HJ, Xu ZA, Zhang W (2015) Triplex
molecular beacons for sensitive recognition of melamine based on abasic-site-containing DNA
and fluorescent silver nanoclusters. Chem Commun 51:7958–7961

Wang P, Wan Y, Ali A, Deng S, Su Y, Fan C, Yang S (2016) Aptamer-wrapped gold nanoparticles
for the colorimetric detection of omethoate. Sci China Chem 59(2):237–242

WHO (2002) Evaluation of certain mycotoxins in food. Fifty-sixth report of the Joint FAO/WHO
Expert Committee on Food Additives. WHO technical report series 906, Geneva, Switzerland.

Williams D (2014) Essential biomaterials science. Cambridge University Press, Cambridge
Wong SK, Lee WO (1997) Survey of organochlorine pesticide residues in milk in Hong Kong

(1993–1995). J AOAC Int 80:1332–1335
Woolhouse M, Ward M, van Bunnik B, Farrar J (2015) Antimicrobial resistance in humans,

livestock and the wider environment. Philos Trans R Soc B: Biol Sci 370(1670):20140083
Wu BW, Hou LJ, Du M, Zhang TT, Wang ZH, Xue ZH, Lu XQ (2014) A molecularly imprinted

electrochemical enzymeless sensor based on functionalized gold nanoparticle decorated carbon
nanotubes for methyl-parathion detection. RSC Adv 4:53701–53710

Xiao TT, Shi XZ, Jiao HF, Sun AL, Ding H, Zhang RR, Pan DD, Li DX, Chen J (2016) Selective
and sensitive determination of cypermethrin in fish via enzyme-linked immunosorbent assay-
like method based on molecularly imprinted artificial antibody-quantum dot optosensing mate-
rials. Biosens Bioelectron 75:34–40

Xu F, Cui ZM, Li H, Luo YL (2017) Electrochemical determination of trace pesticide residues
based on multiwalled carbon nanotube grafted acryloyloxy ferrocene carboxylates with different
spacers. RSC Adv 7(12):7431–7441

Yan X, Li HX, Han XS, Su XG (2015) A ratiometric fluorescent quantum dots based biosensor for
organophosphorus pesticides detection by inner-filter effect. Biosens Bioelectron 74:277–283

Yang GJ, Huang JL, Meng WJ, Shen M, Jiao XA (2009) A reusable capacitive immunosensor for
detection of Salmonella spp. based on grafted ethylene diamine and self-assembled gold
nanoparticle monolayers. Anal Chim Acta 647:159–166

Yang T, Huifen H, Fang Z, Qinlu L, Lin Z, Junwen L (2016) Recent progresses in nanobiosensing
for food safety analysis. Sensors 16(7):1118

Yuan J, Oliver R, Li J, Lee J, Aguilar M, Wu Y (2007) Sensitivity enhancement of SPR assay of
progesterone based on mixed self-assembled monolayers using nanogold particles. Biosens
Bioelectron 23(1):144–148

Yuan J, Oliver R, Aguilar MI, Wu Y (2008) Surface plasmon resonance assay for chloramphenicol.
Anal Chem 80(21):8329–8333

Zeinhom MMA, Abdel-Latef GK (2014) Public health risk of some milk borne pathogens. Beni-
Suef Univ J Basic Appl Sci 3(3):209–215

Zhang H, Li Z, Wang W, Wang C, Liu L (2010) Na+-doped zinc oxide nanofiber membrane for
high speed humidity sensor. J Am Ceram Soc 93(1):142–146

Zhang Z, Lin M, Zhang S, Vardhanabhuti B (2013) Detection of aflatoxin M1 in milk by dynamic
light scattering coupled with superparamagnetic beads and gold nanoprobes. J Agric Food
Chem 61(19):4520–4525

Zhang J, Zhao SQ, Zhang K, Zhou JQ (2014) Cd-doped ZnO quantum dots-based immunoassay for
the quantitative determination of bisphenol A. Chemosphere 95:105–110

Zhou J, Xue X, Li Y, Zhang J, Chen F, Wu L, Chen L, Zhao J (2009) Multiresidue determination of
tetracycline antibiotics in propolis by using HPLC-UV detection with ultrasonic-assisted
extraction and two-step solid phase extraction. Food Chem 115:1074–1080

Zhou WS, Li CH, Sun C, Yang XD (2016) Simultaneously determination of trace Cd2+ and Pb2+
based on L-cysteine/graphene modified glassy carbon electrode. Food Chem 192:351–357

Zhu Y, Murali S, Stoller MD, Ganesh KJ, Cai W, Ferreira PJ, Pirkle A, Wallace RM, Cychosz KA,
Thommes M, Su D (2011) Carbon-based supercapacitors produced by activation of graphene.
Science 332(6037):1537–1541

Zhu G, Li Y, Zhang C-Y (2014) Simultaneous detection of mercury (ii) and silver (i) ions with
picomolar sensitivity. Chem Commun 50:572–574

3 Application of Nanobiosensors for Food Safety Monitoring 129


	Chapter 3: Application of Nanobiosensors for Food Safety Monitoring
	3.1 Introduction
	3.2 Quality and Safety Issues
	3.2.1 Chemical Contaminants
	Antibiotic Residues
	Pesticides
	Aflatoxin M1
	Heavy Metals

	3.2.2 Microbiological Contaminants

	3.3 Detection
	3.3.1 Chemical Contaminants
	3.3.2 Microbial Contaminants

	3.4 Biosensors
	3.5 Nanobiosensors
	3.5.1 Nanomaterials
	Physicochemical Properties


	3.6 Applications of Nanobiosensors
	3.6.1 Antibiotic Residues
	3.6.2 Aflatoxin M1
	3.6.3 Heavy Metals
	3.6.4 Adulterants
	3.6.5 Pesticide Residues
	3.6.6 Microbial Safety and Quality
	3.6.7 Packaging

	3.7 Challenges
	3.8 Conclusion
	References




