foods MBPY

Review

An Overview of the Applications of Nanomaterials
and Nanodevices in the Food Industry

Mehwish Shafiq !, Sumaira Anjum 1*©, Christophe Hano 2, Iram Anjum ! and
Bilal Haider Abbasi 3

1 Department of Biotechnology, Kinnaird College for Women, Lahore 54000, Pakistan;

mehwishshafiq091@gmail.com (M.S.); iram.anjum@kinnaird.edu.pk (I.A.)
2 Laboratoire de Biologie des Ligneux et des Grandes Cultures, INRA USC1328/Université d’Orléans,
28000 Chartres, France; christophe.hano@univ-orleans.fr
Department of Biotechnology, Quaid-i-Azam University, Islamabad 45320, Pakistan; bhabbasi@qau.edu.pk
*  Correspondence: sumaira.anjum@kinnaird.edu.pk; Tel.: +92-300-695-7038

check for
Received: 27 October 2019; Accepted: 26 January 2020; Published: 3 February 2020 updates

Abstract: The efficient progress in nanotechnology has transformed many aspects of food science and
the food industry with enhanced investment and market share. Recent advances in nanomaterials
and nanodevices such as nanosensors, nano-emulsions, nanopesticides or nanocapsules are intended
to bring about innovative applications in the food industry. In this review, the current applications of
nanotechnology for packaging, processing, and the enhancement of the nutritional value and shelf life
of foods are targeted. In addition, the functionality and applicability of food-related nanotechnologies
are also highlighted and critically discussed in order to provide an insight into the development and
evaluation of the safety of nanotechnology in the food industry.
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1. Introduction

Nanotechnology offers attractive opportunities in the food industry such as for food safety and
quality control as well as the production of new food additives/supplements and other flavors [1].
In the food industry, nanotechnology can also be used for the production of packages with enhanced
thermal and/or mechanical properties and safety. Indeed, nanosensors embedded in food packaging
systems are used to alert consumers when foods have expired. Nanotechnology can also be used to
make healthier foods [2]. The variety of nanostructures with diverse properties makes them suitable
for addition to foods as well as in packaging products that enhance the nutritional quality of foods [3].
Out of 633 available nanomaterials, 55 are exploited in agriculture and food sciences [4]. A recent
report pointed out that food products linked to nanotechnology will account for around 50% of total
food products in 2020 [5].

Undoubtedly, nanotechnology is revolutionizing the food industry. Most of the reported
applications of nanostructures in food include (i) the improvement of food quality, (ii) bioactive
fortification, (iii) controlled release of bioactive compounds using nanocarrier encapsulation,
(iv) modification of food structures and textures, and (v) the detection and neutralization of biochemical,
microbiological and chemical alterations using intelligent packaging systems (Figure 1) [6]. Different
nanomaterials have vast applications in the formation of food products and the improvement of
nutritional values. For example, protein nanoparticles are used in the manufacture of food products
because protein solubility is helpful in the assembly of protein nanoparticles with preferred functional
properties in food substances [7].
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Figure 1. Role of nanotechnology in various sectors of the food industry.

Currently, the principle applications of nanotechnology in the food sector are mainly related to
food nanosensing and nanostructured food ingredients. Nanostructured food ingredients include
food formulation or food packaging. For a better assessment of quality and safety, food nanodetection
is applied for better results. In food packaging, conventional materials are being replaced by
nanopolymers [8]. The modern characteristics of nanotechnology allow the development of new,
functional foods in the food industry. New nanomaterial-based engineering approaches for the targeted
distribution of nutrients and bioactive compounds in functional foods is another potential application
of nanotechnology [9]. The development of nanocapsules, nanocarriers, nanotubes, nanosensors
and nanopackages are new opportunities for nanotechnology in the food industry [10]. This review
presents recent developments in nanobiotechnology to enhance food safety and/or quality, with a
special focus on the toxicity and health issues related to the consumption of these nanoparticles in
food. A concise overview from the regulatory point of view is also addressed.

2. Different Aspects and Roles of Nanotechnology in the Food Industry

There is an increasing interest in nanotechnology in the food industry. Several applications
have been reported in various dimensions, such as the targeted delivery of nutrients and/or bioactive
molecules through nanoencapsulation, the use of biosensors to detect and quantify pathogens and
alteration of food composition, or fruit and vegetable preservation by edible films (Table 1) [11].

Potential applications of nanotechnology in the food chain include food storage, food quality
control, food formulation and food packaging (Figure 2) [37].
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Table 1. An overview of various applications of nanomaterials in the food industry.
Nanomaterials Type of Nanomaterials Applications in Food Industry References

. . Food packaging, oxidation of
Nanoparticles Ag, 7ZnO, Mg, SiO; contaminant, anti-bacterial [12-14]
Nanosieves Specific nanoparticles Removal of pa thogens or [15,16]

contaminants
Increased efficacy and water
Nanocapsules Bioactive compounds solubility, local and controlled [17,18]
release
Tweens or spans; gum Food encapsulation, food
Nano-emulsions arabica or modified processing, antimicrobial and [19-21]
starch, soy, caseinate storage, stability, colorant
Nanospheres Starch nanosphere Food encapsulat.lon, synthetic [22-24]
adhesives

Detection of micro-organisms,
Nanosensors Aptasensors food deterioration control [25-27]

Enhanced nutritional value of
Nanocochleates Coiled Nanoparticles food, antioxidant, food protection [28-30]

and stability
. Fe-Cr/Al,O3 Enhanced shelf life of food, food
Nanocomposite Ni/Al,O3 protection and food packaging [31-331
Nanomicelles Aquanova, novasol Liquid carrier, enhanced solubility [34-36]
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Figure 2. An overview of applications of nanomaterials in the food industry.

In the food industry, production processes are enhanced by nanotechnology, which provides
products with better characteristics as well as with new functionalities.
The use of nanotechnologies can be considered from the production phase, which allows a
technical innovation in precision agriculture to improve plant growth, but also the detection of and/or
resistance to pests and allelopathy. The nanoencapsulation of conventional fertilizers, pesticides and
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herbicides allows (i) a slower and longer release of nutrients for more efficient use, allowing the
optimal growth of plants; while, for agrochemical products, (ii) it allows safer handling, more efficient
usage and a more precise dosage of these compounds with less exposure to the environment, thus
guaranteeing the better protection of the environment. In addition, the rapid and early detection of
plant diseases based on nanotechnology is also attracting attention. The potential uses and benefits of
nanotechnology in precision farming are discussed in detail by Anjum et al. [38] and Duhan et al. [39].

Nanotechnology is also used in food processing and preservation. This application offers a
protective barrier to mask different tastes and flavors. Nanotechnology also provides food ingredients
as well as water-insoluble food supplements with controlled release and improved dispersibility [40].
The benefits of nanotechnology in food processing include the development of a complete texture for
food components, the encapsulation of food additives, the development of new flavors and sensations,
and the control of aroma release with increased bioavailability in dietary supplements [41].

Nanotechnology has revolutionized the food industry by designing innovative delivery systems
for the production of nano-formulated agrochemicals, improving nutritional values and generating
new products through bioactive encapsulation. Nanoencapsulation clearly improves the nutritional
values of the product [42]. Indeed, at the nanoscale, the processing of food ingredients allows an
improvement of aromas, textures or new tastes, but also enhances nutritional values. Nanoparticles
have improved characteristics for product encapsulation as well as a higher release efficiency than
conventional encapsulation approaches. Nanomaterial encapsulations protect food products from heat
or moisture while controlling the active release of food ingredients and their interaction with other
materials in the food matrix. For example, liposomes are delivery vectors for hydrophobic molecules,
and nano-emulsions improve oral bioavailability [43]. Nanocochleates are used to deliver nutrients
more efficiently to cells without disturbing the taste or color of food [44]. However, self-assembled
nanoscale liquid structures are used as vehicles and are called dilated micelles; their size is less than
30 nm. They have been used for the delivery of nutraceuticals and beverages. Potential applications
containing lycopene, omega-3 fatty acids, 3-carotene and isoflavones are targeted. The American
company, Fresh Corporation, has launched an innovative nanoceramic that allows the nano-drying
of food, which halves the use of oil in fast food and restaurants because of its immense surface [45].
Therefore, nanoencapsulation allows a precise (bio) availability of the product with a specific rate for
the target time [46].

Recently, industrial applications of food nanotechnology have ranged from intelligent packaging
to the creation of interactive food. Active packaging is one of the modern terms used for packaging
food items in which the packaged foodstuff status changes to improve the sensory quality as well as
safety of food products, increasing shelf life by maintaining the quality of food products [47]. Advanced
food packaging and nano-based systems minimize food losses due to different microbial infections.
Different nanoparticles such as titanium dioxide, magnesium oxide, zinc oxide, silver nanoparticles,
carbon nanotubes, fullerene derivatives and zerovalent iron have shown great impacts as antimicrobial
agents [48].

Furthermore, the use of specific nanomaterials to detect/eliminate harmful chemicals/pathogens
in food products has recently been developed. In advanced food packaging, an integrated electronic
tongue contains a collection of nanosensors that are particularly sensitive to the gases released from
food waste; this gives a clear and visible signal indicating whether the food is fresh or not, using a
sensor strip that changes color [49]. For the rapid detection of food-borne pathogens, magnetic
oxide nanoparticles are also used in the food industry [50]. Nanosensors detect microorganisms,
toxic substances and contaminants present in different foodstuffs because of their high detection
capacity, which is useful for the safety of food products [51].

The applications of nanotechnology in the food industry promote innovations in different
dimensions of food items, including texture, taste, sensory attributes, the color strength of products,
and the stability/shelf life of products [52].
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2.1. Applications as Food Additives and Food Ingredients

Basically, the ingested food components are carbohydrates, proteins and lipids. However,
a common factor between them is the digestion of their components, which occurs at the nanoscale [53].
On this basis, it could be argued that food processing at the nanoscale would only increase the
efficiency or speed of digestion, bioavailability, metabolism and absorption in the human body [54].
Obviously, within the food market, there are supplements available that have tri- and di-peptides and
are thus further voluntarily digestible. On the contrary, it might be claimed that the processing of
substances at this scale frequently changes their properties, rather than processing at the nanoscale
level. This important issue needs additional research as it drives significant regulatory questions about
modifications in properties [55].

2.2. Nanomaterial in Food Processing

Some food ingredients that work on the nanoscale or are termed as nanostructured have different
properties as they improve texture, consistency and taste, etc. Various types of food nanotechnology
have been involved in improving shelf life [56]. Today, nanocarriers are used in the same way as
delivery structures for different flavors of food in food yields without manipulating the morphology
(Figure 3). Particle sizes might openly influence the supply of bioactive complex to numerous sites
inside the body; for example, it was observed that the submicron particles can only work on the
nanoscale [57]. A perfect delivery method is comprised of the following:

e  The ability to bring energetic material specifically to the target position;

e  Confirming the accessibility of the target period along with a definite rate;

e  Efficiency at keeping compounds that are active at appropriate levels for extended phases of time
(storage state). Nanotechnology is functional in the development of emulsions, encapsulations,
simple solutions, the association of colloids biopolymer matrices, and well-organized delivery
organizations with the above-mentioned abilities [58].

Nanoparticles have enhanced capabilities such as release efficiency and encapsulation properties
when compared with traditional encapsulation methods. Nanoencapsulation covers tastes and
the odor control connections of potent ingredients by means of the food matrix, release of active
compounds, confirmation of the availability of the target time, and protection from different sources
of contamination such as heat, moisture, biological and chemical degradation [59] during storage,
processing and utilization.

These nanoparticles also show compatibility when compared with other compounds in the
system [60]. Furthermore, these delivery classifications retain the capability to enter into tissues owing
to their small size and thus permit the well-organized distribution of active complexes to mark sites in
body [61]. Various artificial and ordinary polymer-based encapsulation delivery classifications have
been explained for better-quality bioavailability as well as the protection of active components of food.
Moreover, the significance of nanotechnology such as in food processing can be estimated by seeing its
role in the enhancement of food items [62].
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Figure 3. Graphical representation of different types of nanomaterials used in the food industry. (A)
Metallic nanoparticles, (B) Polymeric micelle, (C) Liposomes nanoparticles, (D) Polymeric nanoparticles,
(E) Solid-core mesoporous nanoparticles, (F) Branched gold nanoparticles, (G) Mesoporous nanoparticles,
(H) Surface functionalized nanoparticles, (I) Nanorod, (J) Porous silica nanoparticles, (K) Dendrimer,
(L) Carbon nanotubes.

2.3. Nanomaterials in Improving the Texture, Appearance, Taste and Nutritional Values of Food

Nanotechnology provides several opportunities for improvements in food value and taste.
Nanoencapsulation methods are recycled largely for progressive taste release along with maintaining
a culinary balance [63]. Nanoencapsulation is used for extremely reactive plant pigments that are
unstable, such as anthocyanins. Photostability and thermal stability can be improved by encapsulating
such molecules as cyanidin-3-O-glucoside inside the middle cavity of recombinant soybean kernel.
H-2 subunit ferritin (rH-2) enhances photostability and thermal stability. Rutin is considered to be
a dietary flavonoid with abundant significant pharmacological properties, but owing to its reduced
solubility, its utilization in the food industry is less common. The encapsulation of ferritin nanocages
improved the thermal, UV radiation and firmness properties of ferritin-confined rutin as related
to unattached rutin [64]. The usage of nano-emulsions to create lipid-soluble compounds that are
bioactive is much more common, as it has also found applications in improving bioavailability and
water-dispersion [65].

The majority of bioactive complexes, such as carbohydrates, lipids, vitamins and proteins, are
fragile in a highly acidic environment along with enzyme action in the duodenum and stomach.
Bioactive multifarious encapsulation not only allows them to fight that difficult situation but permits
them to adjust willingly into food goods [66]. This phenomenon is quite difficult to attain by the usage
of non-capsulated bioactive compounds that have less solubility. To enhance the delivery of vitamins,
fragile micronutrients, and medicines, currently, small edible capsules coated with nanoparticles are
used in daily foods to provide beneficial health effects [67].
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2.4. Nanomaterials in Food Packaging

Packaging plays an essential role in the modern food industry. However, the most valuable process
in the preservation of food products is the improvement in quality from production to consumption [68].
Nanotechnology applications in the food packaging field offer novel promises for improvements in the
efficiency of foodstuff packages (Figure 4). Many nanoparticles are produced and used in the industry
due to their encapsulation ability in active compounds and enhancement of functionality, stability,
and bioavailability [69]. Nanofillers are also used in food packaging due to their desired functions as
well as applications in the packaging of food. In biosensors, nanofillers not only shelter food from
environmental factors but also integrate properties in packaging materials and permit numerous
potential opportunities in the food packaging industry (Figure 4) [70].

Smart nano-packaging
, Time-temperature indicators
", Oxygen sensors
'Nanosensors for microbial growth
/ Electronic tongue and nose

Active nano-packaging
Antioxidant scavengers
Emitters/releasers

& Microbial blocking/barriers
Regulating/ buffering

Intelligent nano-packaging
Quality indicators

3 J iy Data devices
‘ b ¥ - Holograms and light emitting diodes

Figure 4. Classification of food nanopackaging.

Zinc oxide is a nanocomposite material which is used in the active packaging of food materials as it
has an antioxidant effect, which is important for the food industry. The main degradation reaction is the
oxidation that occurs in food, limiting its preservation. Antioxidants are incorporated in the packaging
material in the active packaging approach that maintains the preservation of food products [71].
Not only are nanoparticles used in the antimicrobial packaging of food items, but nanocomposites
along with nanolaminates also extensively used for the packaging of food. They are used to protect
food from severe temperatures and mechanical stunning and to extend shelf life. The incorporation
of nanoparticles into the packaging of food materials offers a longer shelf life and better quality of
food [72].

The smart packaging of food constitutes active and intelligent packaging. Active packaging
generally enhances the shelf life, and maintains and improves the packaged food. Bioactive packaging
provides a positive impact for the health of consumers with the production of packaged foods which are
good for health [73]. A wide range of nanoparticles have antimicrobial effects and have attracted a great
deal of attention in a series of applications in food packaging. Metal nanoparticles have been incorporated
in polymer films of metal nanocomposites in a new generation of nano-food-packaging, which is based
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on the antimicrobial active packaging of food products; for example, silver nanoparticles are used for
food packaging as an active system due to their antimicrobial activity [74]. The most basic commercial
applications of nanotechnology are in food packaging in the food industry. The incorporation of
nanomaterials in food products improves the packaging properties including the flexibility as well
as gas barrier properties, which is the most important application of nanotechnology in the food
industry [75]. Active packaging includes nanoparticles with antimicrobial and oxygen scavenging
activities, smart packaging, and intelligent food packaging, including nanosensors which are intended
to sense microbial as well as biochemical alterations and provide signals [76].

The packaging of numerous food items is improved through nanotechnology. New nanopackages
for foodstuff acquire exclusive properties; i.e., they are capable of destroying microbes that are
present in food substances [77]. Nano materials used for the wrapping of food products enhance the
existence of foodstuff products without causing any unwanted modification within the features of
products [33]. Nanoparticles are also used for the nanopackaging of food substances. This application
of nanotechnology give solutions intended for the packaging of food through modification in the
penetration activities of foils, increasing the mechanical, chemical and microbial obstacle effects as well
as resistant to heat [78].

Nanotechnology decreases environmental pollution by the production of biodegradable packaging.
A silicate layer is a nanostructure that is used in the packaging of food products in the food industry.
Improvements in the sensor technology present in the smart packaging of food material provide
information on the quality and safety as well as the half-life of materials [79]. Nanocomposites are also
used in the packaging of food products. They have enhanced properties to resist thermal stress in food
processing, as well as the transportation and storage of food products. Currently, nanocomposites are
used in bottles of beer, enhancing their shelf life by up to 6 months. Carbon-based graphene nanoplates
are resistant to heat and have potential applications in the packaging of food products in the food
industry [80].

A technique is used by researchers known as sonochemical coating, which is a versatile and simple
technique utilized for the creation of coating materials using ultrasonication [81]. The coating has
been verified to be fruitful against numerous bacterial strains (Gram positive E. coli or Gram negative
S. aureus bacteria). The method has been verified to advance the production of materials which can
help food to be conserved for an extended duration.

Silver nanoparticles are considered to be important particles for material packaging and are used
for longer period of time. For example, substances that are covered by such particles are prevented
from contamination. Many researchers have stated that silver nanoparticles have importance in
research involving food packaging and in the food preservation industry, although only some methods
of silver nanoparticles are certified by the EFSA (European Food Safety Authority) to be able to be
recycled in food preservation and packaging [82]. For everyday applications, zinc oxide is termed as a
safe material, certified by FDA, and is considered as a food additive [83]. Nanotechnology produces
many antimicrobial agents with novel properties such as zinc oxide, magnesium oxide, nickel oxide
and silver nanoparticles. These nanoparticles have shown potential applications and antimicrobial
properties at the nanoscale. These nanoparticles are incorporated in matrices of polymers to provide
good properties such as antimicrobial activity and enhance the properties of packaging [84].

2.5. Nanomaterials in the Preservation of Food

Different nanoparticles are used in the preservation of food. For example, zinc oxide exhibits
antimicrobial activities along with inherent functions in the preservation of food [29]. Nanotechnology
is helpful in the preservation and maintenance of the quality of food products as well as improving the
following characteristics: (1) product appearance, (2) the function of products, and (3) the nutritional
and sensory attributes of products. Metallic nanoparticles such as silver nanoparticles are used not
only for antimicrobial preservatives but have encouraging roles in preserving food products. Titanium
dioxide is a white color enhancer in food products; for example, it is added in milk, cheeses, and other
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dairy products to enhance the white color appearance [85]. The bioactive component becomes degraded
and inactivated in functional foods, and the nanoencapsulation of bioactive constituents increases the
shelf-life of food goods through a reduction in the process of degradation; otherwise, degradations
are stopped until the product is brought to its intended place. Furthermore, edible nanocoatings
for numerous foodstuff substances might produce an obstacle to gas interchange as well as creating
flavors, colors, antioxidants, and anti-browning mediators as well as enzymes which also increase the
shelf life of artificial foodstuffs. By changing the properties of the interfacial layer with the help of the
encapsulation of nanoparticles, it is possible to decrease degradation [86].

3. Nanosensors as Emerging Devices in the Food Industry

Nanosensors are bioanalytical devices that are developed by using various nanostructured
materials and biological receptors in an integrated system design. Nanosensors play an important
role in the food industry and have attracted much attention in recent times due to their quick
detection capacity, integrity and cost-effectiveness [87]. Nanosensors have the potential to be integrated
with an array of analytes due to their high sensitivity and specificity. These devices have a high
surface-to-volume ratio and excellent optical and electric properties due to conjugation with various
types of nanomaterials such as carbon nanotubes, nanoparticles (metallic, non-metallic and metal oxide),
semiconductor nanoparticles, nanorods, nanowires, nanobiofilms, nanofibers, and quantum dots [88,89].
Currently, nanosensors are being used in the detection of food-borne pathogens, adulterants, toxins,
chemicals and pesticides which are present in different foodstuffs [90]. They also used to monitor the
freshness of food and food packaging integrity [77]. Different types of techniques/methodologies such
as cyclic voltammetry, surface plasmon resonance, differential pulse voltammetry, interdigitated array
microelectrode-based impedance analysis, amperometry, flow injection analysis and bioluminescence
are employed as nanobiosensing tools to rapidly and accurately detect different pathogens, toxins and
adulterants present in foods [91-95]. The potential applications of nanosensors in various sectors of
the food industry are summarized in Table 2.

3.1. Nanosensors in the Detection of Toxins

The micro fluidic sensor is a type of nanosensor based on microfluidics along with liposomes,
providing advantages in the detection of toxic substances in aqueous samples even within the micro
liter range [96]. Electrochemical sensors and biosensors based on novel nanomaterials such as carbon
nanotubes (single and multi-walled), metallic nanoparticles (silver, gold, platinum, copper and zinc),
and superparamagnetic nanoparticles are currently used in the detection of various toxins present
in foodstuffs [90,97]. A group of toxic and carcinogenic compounds known as aflatoxins have been
found in food contaminated with Aspergillus flavus and Aspergillus parasiticus. Gold nanoparticles
functionalized with anti-aflatoxin antibodies have been used for the detection of aflatoxin B1. Likewise,
superparamagnetic beads containing anti-aflatoxin M1 antibodies and gold nanoprobes have also
been used for the detection of aflatoxin M1 in milk samples [98-101]. Similarly, gold nanoparticles
acting as nanoprobes in enzyme-linked immunosorbent and immune-chromatographic assays have
been used for the detection of botulinum neurotoxin type B and brevetoxins present in processed
foods [102,103]. Contaminated seafood generally contains marine toxin, namely palytoxin, which has
also been detected by using carbon nanotube-based electrochemiluminescent sensors [104,105].

3.2. Nanosensors in the Detection of Food Pathogens

Foodborne pathogen detection in food materials is mainly achieved by identifying the bacterial
genetic material or whole bacterial cell. The control of pathogens by using these conventional
microbiological techniques is very reliable, but at the same time, it is very complicated [106].
Nanotechnology allows the implementation of low-cost nanosensors in the packaging of food to detect
different pathogenic microorganisms present in various food products [107]. The nanobioluminescent
spray, one of the most efficient nanobiosensors, produces a visual glow for the easy detection of
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pathogen strains in different food products. This spray is made up of different magnetic nanoparticles
which react with pathogens present in food substances and produce a visual color that can be easily
detected [108]. Magnetic iron oxide nanoparticles have been used to isolate the DNA of the milk
pathogenic bacterium Listeria monocytogenes [109]. Various nanosensors integrated with different types
of nanomaterials have been documented for detecting pathogenic bacteria in standard bacterial culture
samples as well as complex food samples (Table 2).

Surface-enhanced Raman spectroscopy coupled with silver nanosensors is one of the most efficient
techniques in detecting pathogenic bacteria [110]. Besides silver, nanosensors integrated with other
nanomaterials such as nanorods, nanocolloids, graphene oxide, carbon nanotubes, plamonic gold
and magnetic beads are also routinely used for the detection of foodborne pathogens [111-114].
In recent years, an array-based immunosorbent assay coupled with liposomal nanovesicles has gained
popularity due to its efficacy and specificity in detecting E. coli, L. monocytogenes, and Salmonella
spp- [115-117]. Further, silicon-based nanosensors coupled with proteins that vibrate at different
frequencies depending on their biomass have been used for pathogen detection in various mixed
liquid food systems [118]. In recent years, various new nanoparticle-based detection platforms such
as lateral-flow immune test strips with palladium nanoparticles against Kiebsiella and field effect
transistors with graphene-based nanoparticles against E. coli have been developed [119,120].

3.3. Nanosensors in Sensing Chemicals and Pesticides in Food

Nanosensors composed of different nanomaterials have been used for the detection of pesticides,
fertilizers and other toxic chemicals present in various foodstuffs (Table 2). Colorimetric and fluorometric
nanosensors conjugated with gold nanoparticles have been used for the detection of organophosphorus
and carbamate pesticides [121]. Core-shell quantum dots made up of cadmium selenide and zinc sulfide
have been explored for paraoxon sensing [122]. Potentiometer sensors based on silica nanocomposites
and multi-walled carbon nanotubes have been reported for the detection of toxic cadium ions [123].
Similarly, voltametric nanosensors based on nanocomposite biofilms (gold/zirconium dioxide) and
fluorescent nanosensors (conjugated with gold nanoparticles) have been developed for the detection of
parathion and melamine pesticides, respectively [124,125].

Food dyes and preservatives are also toxic when used above permissible limits. Ionic-liquid
nanocomposites modified with multi-walled carbon nanotubes have been employed for the detection of
food dyes such as sudan-I (a carcinogenic red dye used as an adulterant in chili powder tomato ketchup,
strawberry and chili sauce), sunset yellow, and tartrazine [109,126]. Likewise, nanocomposites
in conjugation with zinc oxide nanoparticles and carbon nanotubes have been reported for the
simultaneous detection of bisphenol A (a toxic organic compound released from plastic containers)
and sudan 1[92,127].

3.4. Nanosensors in Sensing the Quality of Key Food Ingredients

Vitamins and other key food ingredients such as antioxidant compounds are necessary for the
normal function of various metabolic pathways in our body, and their deficiency can lead to serious
health issues such as anemia, cardiovascular diseases, and carcinogenesis. These key food ingredients
are easily degraded in different processed foods. To avoid their degradation, different types of
nanosensors conjugated with various nanomaterials have been reported to date (Table 2). Ionic liquid
nanocomposites based on carbon nanotubes and nickel oxide nanoparticles have been reported for the
detection of ascorbic acid and folic acid in various fruit juices, wheat flour and milk samples [128-130].
The level of succinic acid, citric acid, L-malic acid, fructose, D-sorbitol, sucrose, glucose, hydrogen
peroxide and L-glutamic acid in stored food products is used as an indicator of food quality [131,132].
Different types of nanosensors in conjugation with silver, zirconium dioxide, iron, nickel-platinum,
chitosan, gold, tin dioxide, prussian blue-gold and cuprous oxide nanoparticles have been used to
monitor the quality of the above-mentioned food ingredients in various food components [115,133-136].
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Table 2. Summary of various applications of nanosensors in ensuring food quality and safety.
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Nanosensors Based

. Nanomaterial Used Analyte Detected Method of Detection References
Applications
. . . Immunoassay and enzyme-linked
Magnetic nanoparticles Mycotoxin . [137]
immunosorbent assay
. Ion nanogating and enzyme-linked
Quartz nanopipettes Zearalenone and HT-2 - [138]
immunosorbent assay
Ionic liquids (gold and
Detection of toxins g;?op;j;eaiﬁﬁ{ccggg Ochratoxin-A Cyclic voltammetry and impedance [139-141]
nanoparticles
Botulinum neurotoxin tvpe B Enzyme linked immunosorbent assay,
Gold nanoparticles ntyp cyclic voltammetry and [102,103]
and brevetoxins . .
immune-chromatographic assays
Single-walled and multi-walled Palytoxin and Microcystin-LR Electro-chemiluminescence and [104,105]

carbon nanotubes

immunoassay

Gold, iron oxide and
Superparamagnetic
nanoparticles

Aflatoxins B1 and aflatoxin M1

Immunoassay and enzyme-linked
immunosorbent assay

[98-100,137,142]

Detection of microbes

Field-effect transistor and

Single-walled carbon nanotubes Salmonella infantis and E. coli . [94,143]
fluorescence microscopy

Core shell nanoparticles (Zinc

sulfite coated cadmium E. coli and S. typhimurium Fluorescence microscopy [135,144,145]

selenide)

Polypyrrole nanowires Bacillus globigii Linear sweep voltammetry [146]

Tris-hexahydrate doped silica E. coli, S. typhimurium and B. Spectro-fluorometry and flow [143]
nanoparticles cereus cytometry ;
E ({?illj;iimz fg}izgz:g;li;?;eus’ Cyclic voltammetry, surface plasmon
Gold nanoparticles P Y / resonance and differential pulse [147-150]

Salmonella enterica and
Salmonella typhi

voltammetry
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Nanosensors Based

Applications Nanomaterial Used

Analyte Detected

Method of Detection

References

Bismuth nanofilm, iron oxide
nanoparticles and peptide
nanotubes

E. coli, S. typhimurium and L.
monocytogenes

Interdigitated array microelectrode
based impedance analysis, cyclic
voltammetry, amperometry, flow

injection analysis and
bioluminescence

[101,124,151-153]

Gold/silicon nanorods

Salmonella enterica, Respiratory
syncytial virus and E. coli

[125,154,155]

Aptamer conjugated gold
nanoparticles

Salmonella typhimurium

[156,157]

Quantum dot

Salmonella enterica, E. coli,
and Listeria monocytogenes

[125,158-160]

Magnetic bead and magnetic

E. coli, S. aureus, and S.

nanoparticles epidermidis [150,161]

. . Cronobacter sakazakii and

Liposome nanoparticle Salmonella typhimurium [162,163]
Poly(ethylene glycol
dimethacrylate-N . Surface plasmon resonance and
methacryloyl-L-histidine Chloramphenicol Ultraviolet—visible spectroscopy [164]
methylester)
Multi-walled carbon nanotubes, Cvdlic voltammetry and high
iron oxide nanoparticles and Sudan I 4 y & [109,165-167]

Detection of pesticides

and chemicals graphene

performance liquid chromatography

Single-walled carbon nanotubes,
multi-walled carbon nanotubes
conjugated with silica, platinum
and zinc oxide nanoparticles,
and ionic liquids of
multi-walled carbon nanotubes

Cadmium ions, sunset yellow,
Bisphenol A and tartrazine

Field effect transistor and cyclic
voltammetry

[92,123,126,127]
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Zinc sulfide-cadmium selenide,
liposome, gold, cadmium and
selenide zirconium dioxide

Parathion, paraoxon and
carbamate pesticides

Square wave voltammetry,
photoluminescence, colorimetry,
fluorescence based ultraviolet-visible

[121,122,168-170]

nanoparticles spectroscopy
Cobalt nitroprusside Sulfite Cyclic voltammetry [171]
Silver and gold nanoparticles Melamine Fluorescence and colorimetric based [172-176]

ultraviolet—visible spectroscopy

Detection of unstable
key food ingredients

Diphenylalanine peptide
nanotubes, multi-walled carbon
nanotubes, gold and nickel
oxide nanoparticles

Ascorbic acid, acetaminophen,
glucose and tryptophan

Amperometry and cyclic
voltammetry

[128,136,177-179]

Platinum-—cobalt, single-walled,
double-walled and
mutli-walled carbon nanotubes

Folate and vitamin B9

Cyclic voltammetry

[129,130,180,181]

Silver, zirconium dioxide, iron,
nickel-platinum, chitosan, gold,
tin dioxide nanoparticles and
prussian blue-gold and cuprous
oxide conjugated single-walled
carbon nanotubes

Hydrogen peroxide, glucose,
fructose, sucrose, glutamic acid
and succinic acid

Ultraviolet—visible Spectroscopy,
cyclic voltammetry and amperometry

[93,95,133,134]

Silver-tin dioxide nanoparticles

Ethanol

Adsorption

[182]

Gold nanoparticles

Caffeic acid, gallic acid catechol
and chlorogenic acid

Amperometry and cyclic
voltammetry

[183,184]
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4. Nanomaterials and Devices in Food Safety

In the food industry, the safety of food products is an important issue. According to a recent survey,
more than 45% of processed and packaged food items are prone to degradation and contamination [185].
Nanotechnology has played a positive role in solving various issues related to the quality and safety of
food products [171]. Currently, different types of nanomaterials and nanodevices such as polymeric
nanoparticles, liposomic nanovesicles, nanoloaded emulsions and temperature—time indicators are
used for the improvement of the quality of food by increasing shelf life, sensing freshness, and detecting
chemical, heavy metal, and allergen contamination in food items [186-188]. Different nanosensors
and nanotracers conjugated with various nanomaterials such as gold nanoparticles, silicon nanorods,
magnetic beads, quantum dost, single-walled and multi-walled carbon nanotubes, immunomagnetic
liposomes, aptamer conjugated gold, and palladium nanoparticles are also highly efficient in detecting
various contaminants and degradants that influence the quality of food [126,189,190]. Additionally,
the newly developed radio frequency identification technique (RFID) is found to be well suited
for numerous operations in food engineering and supply chain supervision due to its speed and
effectiveness [191]. RFID technology may also deliver safety and security improvements for food
corporations by tracing the source of contaminants in various food products [192]. The role which
various nanomaterials and devices play in ensuring food quality and food safety are briefly discussed
in this review.

4.1. Nanobarcodes for Product Authenticity

Two-dimensional barcodes are used globally for the visual authentication of products; however,
they can be easily altered, falsified, and damaged. To solve these issues, nanoparticle and nanodisk-
based unique invisible barcodes have been developed in recent years to confirm the authenticity of
various food products [193,194]. The nanodisk barcode can be scanned with a Raman microscope,
which could be in the form of a linear gold nanodisk array, silver—gold heterodimer nanodisk, or silver
nanodisk codes [195]. Nanodisks can be functionalized and amalgamated with metal composites
to improve their properties further. Fluorescent-based barcode nanorods, invisible nanobarcodes,
and fluorescent DNA dendrimer nanobarcodes have been reported for product labelling and pathogen
detection in food and biological samples [196-199]. Henceforth, nanotechnology will find use in
developing efficient nanobarcode systems to ensure food quality and safety.

4.2. Nanomaterials for Protection from Allergens

Nanotechnology also finds application in controlling and managing various food allergens
[200-202]. Conventional adjuvants such as aluminum hydroxide (alum) present several side
effects including indurations, swelling, erythema, granulomas, and cutaneous nodules at the
site of injection [203]. In contrast to conventional adjuvants, nanomaterials such as polymer
or protamine-based nanoparticles with Toll-like receptor 9 (TLR-9) ligand cytosine phosphate
guanine-oligodeoxynucleotides are used as adjuvants and delivery systems due to their biodegradability,
low toxicity, low dosage, reduced allergen exposure to IgE, and efficiency [156,204]. These protamine-
based nanoparticle adjuvants also act as a novel carrier system in allergen immunotherapy by
counteracting Th2-type immune responses [205].

The development of aptamer-based gold nanorod and magnetic nanoparticle fluorescence
assay has been reported to detect ochratoxin A in grape juice samples (a food mycotoxin causing
allergy) and allergens in different food matrices [206,207]. Moreover, other nanomaterials such as
polyanhydride nanoparticles, quantum dots, and dendrimers proved to be efficient oral vehicles for
immunotherapy against experimental peanut allergies [208]. Furthermore, the newly synthesized
bioinspired nanostructured materials (green synthesized) can be potentially exploited in the food
industry to overcome the issues of food allergens due to their low toxicity and cost-effectiveness [209].
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4.3. Nanomaterials for the Inhibition of Biofilm Formation

Biofilms pose a problem in the food industry, as they are bacterial cells which adhere together
very tightly and secrete a polymeric extracellular matrix which is impenetrable [210]. They are formed
by the adherence of free-floating microbes on a substrate surface through Van der Waals forces, leading
to biofouling, biocorrosion, and interference in food processing [211]. Various types of nanomaterials
play a positive role in controlling the biofilm formation in food items, such as filter membranes made
up of nanofibers, which have proved to be very efficient in the inhibition of the biofilm formation of
many multi-drug resistant bacterial strains [212]. Moreover, the use of different nanoparticles such
as silver, nickel oxide, and zinc oxide in anti-bacterial, anti-fungal, anti-biofilm formation has been
well documented in many scientific reports [213-215]. The fermentation of Bacillus subtilis produces
high-value products in an industrial setting, but on the other hand, it also hinders the processing of
food products through biofilm formation. The efficacy of naked and coated superparamagnetic iron
oxide nanoparticles against B. subtilis was evaluated by Ranmadugala et al. [216]. Both types of iron
oxide nanoparticles significantly reduced the bacterial growth and biofilm formation without affecting
the cell viability. Similarly, gold nanoparticles conjugated with chlorhexidine prevented the biofilm
formation of K. pneumonia and S. aureus [217,218].

5. Safety Issues of Nanomaterials in the Food Industry

As is well known, the use of various nanomaterials in the food industry has numerous advantages;
however, at the same time, they also pose serious threats to human health, the environment, and other
ecosystems due to their cytotoxic effects [219-228]. Some serious concerns have arisen recently
regarding the use of nanomaterials, even those with no toxic element in their composition, but they
have an inherent potential risk due to their small size and subcellular interaction with cells [229].
For example, some nanoparticles have the ability to penetrate within skin and cause health problems in
humans as well as in animals. Nanoparticles can cause genomic and proteomic changes even in plants
and can affect their growth rate [230]. Experimental studies have shown that single and multi-walled
carbon nanotubes can induce fibrosis as well as oxidative stress in the lungs of models animals such as
mice and rats [231].

To understand the mechanisms of toxicity of different nanomaterials to human health and the
environment, we first have to define a clear description of the various exposure routes and entry
pathways of nanomaterials from the food industry to human body. We purposely or accidentally
consume several processed food items bearing numerous nanomaterials through intraoral, dermal and
pulmonary pathways. Oral captivation is the main pathway by which we intake chemicals, water,
and nutrients into our bodies. Certainly, numerous nanomaterials are involved in various food items
today, and it is supposed that the digestive organs are exposed directly to these nanomaterials every
day. Nanoparticles swallowed orally move from the mouth to stomach and then intestines, posing
serious health-related risks to human [84,85].

To evaluate the toxicity of nanomaterials, zebrafish are used as a model organism to overcome
the challenges including the development and maintenance of cell cultures for animals and human
cells. This vertebrate fish has the ability to reproduce rapidly. The U.S. Food and Drug Administration
(FDA) and European Union (EU) gave approval for the use of zebrafish for the evaluation of toxicity
of nanomaterials [232]. The complete evaluation of various end points related to toxicity specifies
that the nanomaterials do not cause developmental defects, mortality or alteration in the behavior of
zebrafish. Furthermore, the uptake and biodistribution analysis of nanostructures reveals that they are
present in specific locations within body [233]. The recent cytotoxicity evaluation of green synthesized
zinc oxide nanoparticles has been carried out in in vitro as well as in vivo, clearly indicating that the
green hydrothermally synthesized nanoparticles are more biocompatible and less toxic compared
to chemically synthesized nanoparticles [234]. For biosafety and biokinetics assessments of metallic
nanoparticles such as gold, silver, and platinum, murine is used as a model organism. This study
confirmed the enhanced excretion of nanoparticles through the renal pathway due to their small
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size. Additionally, the biosafety of all metallic nanoparticles was fully assessed in zebrafish for the
evaluation of toxicity within the whole body [235].

The bioaccumulation of nanomaterials derived from either nanopackaging or nanoprocessed
items has been confirmed in food and human beings [73]. Therefore, the risk assessment procedures
must be strictly followed while processing food items [74,75]. Even with the advent of nanotechnology,
the challenges to the development of a healthy and sustainable food industry remain obscure. With the
intervention of nanotechnology in the food industry, the public should be educated regarding the
possible risks associated with nanomaterials to human health and the environment. Several EU
and non-EU countries have designed several regulatory frameworks for dealing with nanomaterials
to ensure the safety of nanoproducts in feed, agriculture and food sectors [236]. Additionally,
supervisory authorities such as the FDA and Environmental Protection Agency (EPA) have made
several amendments to various criteria intended for marketable foodstuffs in terms of health and the
quality and safety of products [237].

6. Conclusions

As the scope of nanobiotechnology has moved forward in recent years, nanomaterial-based devices
have become more sensitive and smaller in size. These nanomaterial devices play an important role in
the food industry including in the packaging, processing, and preservation of food. Nanomaterials also
increase the shelf life of foodstuffs by protecting them from moisture, gases, and lipids. They offer better
vehicle systems for the delivery of bioactive compounds. Various nanomaterials and nanosensors
also ensure the safety and quality of food. Although advances in nanobiotechnology increase day by
day, they also have challenges. The environmental effects and safety issues must be a first priority in
research to cope with the hazards associated with the use of nanomaterials and nanodevices in the
food industry. In conclusion, nanotechnology, while still in its infancy, has already begun a revolution
in the food industry due to advanced nanomaterials and nanodevices. Nanotechnology still has great
potential, and new applications are being explored in various areas of the food industry. It is clear
that security and safety issues are emerging and will need to be carefully considered and addressed in
the future.
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