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Abstract
The current global population is nearly 6 billion; due to this rapid population 
growth, there is a need to produce food in a more efficient, safe, and sustainable 
way, and it should be safe from the adverse effects of pathogenic organisms. A 
large proportion of population living in developing countries face daily food 
shortages as a result of environmental impacts or some other reasons like politi-
cal instability, etc., while in the developed countries, food is surplus. For devel-
oping countries, the objective is to develop drought- and pest-resistant crops, 
with maximized yield. In developed countries, the food industry depends on con-
sumer’s demand for fresher and healthier foodstuffs. The present chapter 
describes the use of nanoparticles in food science.
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24.1  Introduction

The food market demands new technologies, which are essential to keep market 
leadership in the food processing industry to produce fresh, authentic, convenient, 
and flavorful food products, prolonging the product’s shelf life and freshness with 
improved quality food (Alfadul and Elneshwy 2010). The new materials, products, 
and applications are anticipated to bring lots of advancements and improvements to 
the food and relevant sectors, impacting agriculture and food production, food pro-
cessing, distribution, storage, nanoadditives, cleaning, and sensors for the detection 
of contaminants and developments of innovative products. Nanotechnology is an 
area of rising attention and unwraps new possibilities for the food industry. 
Nanotechnology integrates several disciplines, including physics, chemistry, bio-
technology, and engineering.

There is a public opinion in general about nanotechnology applications, and it 
ranged from neutral to slightly positive one. There are suggestions that consumers 
should remain cautious about using nanofoods. The application of nanotechnology 
to the agricultural and food industries was first addressed by the US Department of 
Agriculture road map in September 2003 (Rashidi and Khosravi-Darani 2011). It 
has been predicted that nanotechnology will transform the complete food industry, 
changing all the way food is produced, processed, packaged, transported, and con-
sumed. Food undergoes a variety of modifications in postharvest and processing 
that are likely to affect its biological and biochemical features, and here, nanotech-
nology developments could eventually also influence the food industry.

According to a definition in a report by the European Nanotechnology Gateway, 
a food is called nanofood when nanoparticles, or nanotechnology techniques, are 
used during cultivation, production, processing, or packaging of the food (Nanowerk 
2019). It should be made clear here that it does not mean that it is atomically modi-
fied food or produced by nanomachines.

Applications of nano include smart packaging, on-demand preservatives, and 
interactive foods. Building on the concept of on-demand food, the idea of interac-
tive food was to allow consumers to modify food depending on their own nutritional 
needs or tastes. There are many positive impacts of nanotechnology in the food 
industry, and these are expected to grow in the near future. Applications of nanoma-
terials will continue to affect the food industry commercially because of their unique 
and novel properties. New nanomaterials are developed that will make not only a 
difference in the taste of food but also safety and the health benefits that food is 
bound to deliver. This rapidly developing technology is concerned about every 
aspect of the food system starting from growth, packaging, processing, transporta-
tion, shelf life, and availability of nutrients. Therefore, nanotechnology may play a 
potential role in promoting the food industry.
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24.2  Applications of Food Nanotechnology

Nanotechnology is the science of very small materials, and it can have a big impact 
in the food industry. Nanotechnology possesses a great potential in ensuring modi-
fication of color and flavor and nutritional values, increasing the shelf life of food, 
and monitoring the integrity of food via barcodes such as cold chain, i.e., whenever 
there is a slight change in food storage conditions because of its submicroscopic 
nature (Aigbogun et al. 2017). It is an emerging area of science with potentials to 
generate radical new products and processes in the food sector. It is commonly dis-
tinguished between two forms of nanofood applications:

• Food additives (nano inside)
• Food packaging (nano outside)

Concepts in nanotechnology provide a sound framework for better understand-
ing of the interactions and assembly behavior of food components into microstruc-
tures, which is likely to affect food structure, rheology, and functional properties at 
the submicroscopic scale (Sanguansri and Augustin 2006). It can also modify per-
meation of materials by the incorporation of synthesized nanoparticles (zinc, silver, 
gold, etc.) for improved packaging system (Fig. 24.1).

Fig. 24.1 Application of food nanotechnology
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24.2.1  Food Processing

Food processing deals with transformation of agricultural/animal products into 
food. It also includes many forms of processing foods ranging from grinding grain 
to make raw flour for home cooking to complex industrial methods used to make 
convenience foods. Food processing can be improved much in the aspects of smart 
delivery of nutrients, nanoencapsulation of nutraceuticals, bioseparation of pro-
teins, rapid sampling of biological and chemical contaminants, solubilization, deliv-
ery, and color in food systems. These are some of the emerging uses of nanotechnology 
in food science (Ravichandran 2010). Nanotechnology can assist in the develop-
ment of functional or interactive foods, which respond to requirements of the human 
body and can deliver these nutrients more efficiently. Various research groups are 
also developing new on-demand foods, which will remain dormant in the body and 
deliver nutrients to cells as and when needed. The concept is that thousands of nano-
capsules containing flavor or color enhancers, or added nutritional elements (such 
as vitamins), would remain dormant in the food and these will be released only, 
when triggered by the consumer (Amin et al. 2015). A key element in this sector is 
the development of nanocapsules that can be incorporated into food to deliver nutri-
ents timely. Other developments in food processing include the addition of nanopar-
ticles to existing foods to enable increased absorption of nutrients. One of the 
bakeries in Western Australia is quite successful in incorporating tuna fish oil (a 
source of omega-3 fatty acids) in nanocapsules in their top-selling product “Tip- 
Top” Up bread (Bund 2008). The microcapsules are designed to break open only 
when they have reached the stomach, thus avoiding the unpleasant taste of the fish 
oil.

In this aspect, food and cosmetic companies are already working together to 
develop newer mechanisms to deliver vitamins directly to the skin. Nestlé, having 
49% stake in L’Oréal, is developing transparent sun creams so that vitamin E is 
delivered directly to the skin. The major objective is to manufacture a cream which 
is first absorbed by the skin and then releases vitamin E slowly, apart from providing 
protection against UV. While Estée Lauder is manufacturing antiaging formulations 
making use of nanoparticles (Joseph and Morrison 2006), Unilever is developing 
ice creams with low fat by decreasing the size of emulsion particles, which is 
responsible for its texture. It is hoped that up to 90% less of the emulsion will be 
used and that will decrease fat content from 16% to about 1% (Verma and Gupta 
2017).

24.2.1.1  Nanosensors
Nanosensors are devices that can measure physical quantities and convert those 
quantities to respective signals that can be detected and analyzed. These nanosen-
sors are diagnostic devices to monitor the quality of food processes and also safety 
of food. Such nanosensors are used for the detection of very minute amounts of any 
chemical pollutant, virus, or bacteria in food systems. There is a possibility of com-
bining biology with nanoscale technology in fabrication of sensors with a great 
potential of higher sensitivity and reduced response time. Nanoparticles may 
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selectively attach themselves to food pathogens, and even traces of harmful patho-
gens could be detected with sensors using either infrared light or magnetic materi-
als. It is advantageous that numerous nanoparticles can be placed on a single 
nanosensor so as to detect the presence of different bacteria and pathogens rapidly 
and accurately also. Another advantage is that nanosensors can gain access into the 
tiny crevices because of its small size, where the pathogens often used to hide, and 
nanotechnology will reduce the time taken for this detection from days to a few 
hours, minutes, or even seconds (Choudhury and Goswami 2012). Nanotechnology 
utilizes biological molecules like sugars or proteins as target-recognition groups for 
nanostructures as biosensors (Charych et al. 1996). These biosensors could serve as 
detectors of food pathogens and other contaminants and also to track food 
products.

Nanosensors may play a significant role in detection of any traces of pesticide 
available in various food products, providing a potent solution to food safety. These 
are of significant importance as such devices are capable for finding out and detect 
very minute quantity of organic compounds, very low concentration of pathogens, 
and other harmful chemicals. These devices show extraordinary sensitivity, quick 
response, and rescue (Otles and Yalcin 2010; Yalcin and Otles 2010). Mostly, nano-
sensors are used in recognition of pesticide as organophosphate in plants, fruits, and 
aquatics. It is known that pesticides are highly permeable and soluble and these are 
harmful. These are extensively used in agronomy. There is significant importance in 
analysis of residue of highly sensitive pollutants (Mclaren et al. 2009). Nanosensors 
devices have benefits over other techniques like gas/liquid chromatography and 
mass spectroscopy, because they contain high surface to volume ratios, primarily 
loading of more antibody/enzymes (great sensitivity interface), less recognition 
limits, exceptional selectivity with small size, and quick response. It has been 
known that the use of these nanosized materials is likely to enhance the sensitive 
transducer indication or signals. Carbon nanotubes semiconductor and metal nano-
structures have exceptional electrical or optical characteristics (Hwang et al. 2011). 
Intelligent packing is another aspect, where covering a nano-biosensor makes these 
to fluoresce in various colors on interaction with different pathogens of food materi-
als. Various types of devices have been developed to identify contaminants, chemi-
cals, and pathogens in food materials. Such device is highly sensitive in identifying 
E. coli and Salmonella (Chen et al. 2008).

Traditional methods to screen food to find disease-causing microbes can take as 
long a day, which are normally very slow so that they may or may not be able to 
efficiently catch tainted products. However, some faster methods are known, but 
they have their own limitations. Magnetic resonance can detect extremely low levels 
of bacteria, but it is almost ineffective at higher bacteria concentrations, while fluo-
rescence is opposite. A hybrid nanosensor incorporating magnetic resonance and 
fluorescence has been developed to rapidly detect the presence of E. coli (Banerjee 
et al. 2016). It has been reported that detector could sense different concentrations 
of a pathogenic strain of E. coli known as O157: H7 during test of milk in less than 
an hour. Such sensors will find the use in detecting environmental contamination 
control in the food sectors.

24 Use of Nanomaterials in Food Science
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24.2.1.2  Interactive “Smart” Food Using Encapsulation
Nanoencapsulation is a technology to pack substances in miniature using techniques 
like nanocomposite, nanoemulsification, and nanostructuration providing final 
product functionality that includes controlled release of the core (Sekhon 2010). 
Nanocapsules can be incorporated into food to deliver any nutrient. Addition of 
nanoparticles to existing food can also enable increased absorption of these nutri-
ents (Jampilek et al. 2019). Nanoparticle additives could easily be absorbed by the 
body, and these could increase shelf life of the product. Nanosized dispersions, 
emulsions, and filled micelles have an advantage that they are not subjected to sedi-
mentation resulting in better life span and storage of the product. As size of these 
nanoadditives is much smaller as compared to wavelength of light, they can be eas-
ily incorporated even in clear and transparent foods without causing problems of 
colors. Substances, which are difficult to dissolve by the body, can more easily be 
absorbed in nanoscale size, because of their larger surface area. If any active sub-
stance is to be protected during storage or its passage through the intestines, the 
nanotechnology can provide perfect protective layers. It is also possible to tailor 
these protective layers so as to release active substances in an intelligent way 
(caused by a change of pH value).

It may also be useful in protection against environmental factors and used in the 
design of food ingredients flavors and antioxidants (Imafidon and Spanier 1994). 
The main aim is to improve the functionality of such ingredients and keeping their 
concentration minimum. As the requirement of novel ingredients into foods is gain-
ing popularity, better delivery and controlled release systems for nutraceuticals will 
be needed (Haruyama 2003; Lawrence and Rees 2000).

Bioactives, like coenzyme Q10 (CoQ10), vitamins, iron, calcium, curcumin, 
etc., have been widely tested in nanodelivery systems (He and Hwang 2016). 
Different nanodelivery vehicles have been developed such as association colloids, 
lipid-based nanoencapsulators/nanocarriers, nanoemulsions, biopolymeric nanopar-
ticles, nanolaminates, nanofibers, etc. These nanodelivery systems can increase the 
bioavailability of bioactives by different pathways. Nanoencapsulation can enhance 
bioavailability of bioactive compounds after oral administration through targeted 
delivery systems. Such nanoencapsulation enables to control the release of flavors 
at the desired time and also to protect the degradation of these flavors during pro-
cessing and storage (Yu et al. 2018).

Nowadays people are requiring more nutritional supplements because of the fact 
that many nutrients in food are being destroyed in the digestive tract. Each part 
presents a completely different environment, from oral cavity to the colon. In other 
words, there are a number of factors which decide the absorption of food in the body 
for infants, children, adults, old people, and those who are suffering from any type 
of gastrointestinal diseases. A nutrition delivery system is a system or nanocarrier 
that delivers nutrition to specific places. Chitosan is such a nanocarrier (Maestrelli 
et al. 2006). Although a delivery system has numerous functions, one of them is to 
transport a functional ingredient to its desired site. Just like taste, texture, and shelf 
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life, major functions of a delivery system for a food product are that it should protect 
an ingredient from chemical or biological degradation, such as oxidation, and con-
trolling the rate of release of functional ingredient under specific environmental 
conditions. Nanodispersions and nanocapsules are ideal mechanisms for delivery of 
functional ingredients because they can effectively perform all these tasks.

One of important part of the food industry is extracting nutrition from raw mate-
rials. Conventional methods for food processing are being replaced by newer tech-
niques like nanotechnology, which will play a major role here. These techniques 
may improve food processing yields and decrease waste or spoilage of nutrition. 
Nutrition delivery systems must be prepared with biodegradable materials to pre-
vent adverse effects on health of consumers. Some of the nanodelivery vehicles are 
as follows.

24.2.1.2.1 Association Colloids
A colloid system of a substance contains small particles dispersed throughout. An 
association colloid is the colloid, when particles are made up of even smaller mol-
ecules. It is already used to deliver polar, nonpolar, and amphiphilic functional 
ingredients (Golding and Sein 2004). The size of association colloids ranges 
between 5 and 100 nm, and there are usually transparent solutions. Vesicles, bilay-
ers, micelles, reverse micelles, and liquid crystals are some of the examples of asso-
ciation colloids. The major disadvantages of such colloids are that they may 
compromise with the flavor of the ingredients and these can spontaneously dissoci-
ate on dilution.

24.2.1.2.2 Nanoemulsions
An emulsion is a mixture of two or more liquids (such as oil and water) that are 
immiscible and, as such, do not easily combine. A nanoemulsion is an emulsion, 
when the diameters of the dispersed droplets is about 500 nm or even less than that. 
Nanoemulsions can encapsulate functional ingredients within their droplets facili-
tating a reduction in their chemical degradation (McClements and Decker 2000). 
Different types of nanoemulsions having more complex properties such as nano-
structured multiple emulsions or nanostructured multilayer emulsions have multiple 
encapsulating abilities from a single delivery system that can carry several func-
tional components. Here, a functional component is encased within one component 
of a particular multiple emulsion system, which could be released in response to a 
specific environmental trigger.

24.2.1.2.3 Biopolymeric Nanoparticles
Food-grade biopolymers like polysaccharides or proteins can be used to produce 
nanosized particles (Tak et al. 2015). A single biopolymer separates into smaller 
nanoparticles with aggregative (net attraction) or segregative (net repulsion) interac-
tions. Nanoparticles can then be used to encapsulate functional ingredients and 
release them in response to particular environmental triggers. Most common 
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components used biodegradable biopolymeric nanoparticles such as polylactic acid 
(PLA). PLA is quite commonly used to encapsulate and deliver drugs, vaccines, and 
proteins, but it has certain limitations:

• It is quickly removed from the bloodstream.
• It remains isolated in the liver and kidneys.

Therefore, PLA needs an associative compound such as polyethylene glycol to 
be successful in delivering active components to other areas of the body (Taylor 
et al. 2005).

24.2.1.2.4 Nanolaminates
Apart from nanodispersions and nanocapsules, nanolaminate is also a nanoscale 
technique, which is commercially used in the food industry. It consists of two or 
more layers of material with nano-dimensions, and it is an extremely thin food- 
grade film (1–100 nm per layer), which has physically bonded or chemically bonded 
dimensions (Ravichandran 2010). A nanolaminate has a number of important appli-
cations in the food industry due to these advantages in the preparation of edible 
films. Such edible films are present on wide range of foods such as chocolate, can-
dies, fruits, vegetables, meats, baked goods, French fries, etc. (Pavlath and Orts 
2009). These films protect foods from gases, humidity, and lipids. They can also 
improve the textural properties of foods and serve as carriers of colors, flavors, 
nutrients, antioxidants, and antimicrobials.

Presently, these edible nanolaminates are prepared from polysaccharides, pro-
teins, and lipids. Polysaccharide and protein-based films provide good protection 
against oxygen and carbon dioxide, but these are poor to protect against moisture. 
While lipid-based nanolaminates are significantly good to protect food from mois-
ture, they have limited resistance to gases and show poor mechanical strength. 
Neither polysaccharides and proteins nor lipids provide all the properties in an edi-
ble coating and identify additives. Newer additives are searched that can improve 
these properties, e.g., polyols. Foods can be coated with nanolaminates either by 
dipping them into a series of solutions containing substances or by spraying sub-
stances onto the food surface (Shit and Shah 2014). The degree of adsorption of any 
substance depends on the nature of surface of food as well as on the nature of the 
adsorbing substance. Various adsorbing substances can form different layers of a 
nanolaminate; some of these are polyelectrolytes (proteins and polysaccharides), 
charged lipids, and colloidal particles. Different nanolaminates include varying 
functional agents such as flavors, colors, antimicrobials, anti-browning agents, anti-
oxidants, enzymes, etc.

24.2.1.2.5 Nanofibers and Nanotubes
Nanotechnology has two more materials, which are likely to have an impact on the 
food industry. These are nanofibers and nanotubes. Nanofibers are usually not com-
posed of food-grade substances; therefore, nanofibers have only fewer applications 
in the food industry. Nanofibers have small diameters in the size from 10 to 1000 nm, 
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which makes them ideal to serve as a platform for bacterial cultures (Guo 2015). 
These could also serve as the structural matrix for artificial foods and food packag-
ing material, which are eco-friendly. As the efforts are growing in the area of pro-
ducing nanofibers from food-grade materials, their use is likely to increase in the 
future. Similar to nanofibers, the use of nanotubes is mainly for nonfood applica-
tions. Carbon nanotubes are commonly used as low-resistance conductors and cata-
lytic reaction vessels. Certain globular milk proteins can self-assemble into similarly 
structured nanotubes in some appropriate environmental conditions (Graveland- 
Bikker and de Kruif 2006).

24.2.1.3  Antimicrobial Properties
Microbial contamination is there due to pathogenic infections and poor nutrition 
associated with major types of food, but in particular weaning foods. Bacterial dete-
rioration is one of the most discussed subjects as far as the production, processing, 
transport, and storing of food are concerned. Newer nano-antimicrobials have 
shown potential in safeguarding deterioration of food, and as a result, the shelf life 
of food is extended (Mitura and Zarzycki 2018). A number of metal and metal oxide 
nanomaterials have been reported to be effective as antimicrobials. Their physico-
chemical properties are considered responsible for excessive formation of reactive 
oxygen species (ROS), which leads to oxidative stress and subsequent cell damage 
(Fu et al. 2014; Wu et al. 2014).

Release of metal ions at all the places can affect cellular structure or function, 
whether it is outside the cell, at the cell surface, or within the cell. Metal or metal 
oxide-based nanocomposites are used in food packaging and coating or sometimes 
even as ingredients of food. Silver nanoparticles and its nanocomposites are most 
commonly used nanomaterials as antimicrobials in the food industry (He and 
Hwang 2016). The use of a number of silver-containing zeolites or similar sub-
stances as food contact materials has been approved by the USFDA for the purpose 
of disinfection (Duncan 2011). These nanoparticles are used as a source of Ag+ 
ions, which binds to membrane proteins, forming pits and/or causing other mor-
phological changes (Morones et al. 2005). These also catalyze the generation of 
ROS in bacterial cells, which, in turn, leads to cell death through oxidative stress 
(Kim et al. 2007). It has been suggested that silver nanocomposites are quite safe 
for packaging of food, as no detectable or negligible levels of silver nanoparticles 
are released, which migrate from containers to actual food samples and food stimu-
lants (Ntim et al. 2015). Nanocomposites have an advantage of enhanced stability, 
which is very much required for sustaining antimicrobial activity and reducing the 
possibility of migration of metal ions into stored foods. Some polymers are 
designed to form nanocomposites with metal/metal oxide nanomaterials for vari-
ous applications in food science. Polymers most widely used in nanocomposites 
include gelatin, polylactic acid, isotactic polypropylene, and low-density polyeth-
ylene (LDPE). Nanocomposites of LDPE with metals (Ag/LDPE) and metal oxide 
(CuO/LDPE, TiO2/LDPE, and ZnO/LDPE) are used in some food applications. 
Apart from these ZnO/gelatin, ZnO/polylactic acid, and ZnO/graphene oxide/poly-
lactic acid, ZnO/polycarbonate, ZnO/isotactic polypropylene, Ag/OMteLDPE, and 
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 Ag/poly(3-hydroxybutyrate-co-18 mol%-3-hydroxyvalerate) are also used specifi-
cally for food packaging applications (He and Hwang 2016). Polystyrene, polyvi-
nylpyrrolidone, and poly(vinyl chloride) are also reported along with chitosan, as 
nanocomposite films, which binds to Cu or ZnO nanomaterials to control the 
growth of food pathogens or inactivate these (Li et al. 2009).

24.2.1.4  Protection Against Chemical Ingredients

24.2.1.4.1 Antioxidants
As some metal/metal oxide nanomaterials cause oxidative stress through the forma-
tion of ROS (Manke et al. 2013), therefore, efforts were made to develop less reactive 
nanomaterials so that they can act as antioxidant carriers. Polymeric nanoparticles 
are considered suitable for the encapsulation of bioactive compounds such as flavo-
noids and vitamins, which are released in the stomach having acidic environments 
(Pool et al. 2012). SiO2-gallic acid nanoparticles were also developed, and these were 
tested as antioxidant with its scavenging capacity of DPPH (2,2-diphenyl-1-picryl-
hydrazyl) radicals (Deligiannakis et al. 2012). Browning of fresh-cut fruits is another 
problem, which can be controlled by the application of antioxidant treatments in 
association with edible coating, because browning of fresh-cut fruits is an undesir-
able effect due to conversion of phenolic compounds into some dark-colored pig-
ments in the presence of oxygen (air), during storage and marketing (Garcia and 
Barrett 2019). But only some applications of nanomaterials directly as anti-browning 
agents have been known. The shelf life of Fuji apples (as a fresh-cut product) was 
enhanced using nano-ZnO-coated active packaging (Li et al. 2011).

24.2.1.5  Enhancement of Physical Properties

24.2.1.5.1 Color Additives
A wide range of nanoscale color additives has been prepared and studied. These 
additives must be approved by the Office of Cosmetics and Colors in the Center for 
Food Safety and Applied Nutrition and the USFDA and used only for approved 
purpose, specifications, and of course restrictions (He and Hwang 2016). Certain 
such nanomaterial products have been duly approved to be used as food color addi-
tives. TiO2 is approved as a food color additive with the limit that it should not 
exceed 1% w/w (Shi et al. 2013). It has also been permitted to use color additive 
mixtures made with TiO2 containing SiO2 and/or Al2O3 as dispersing aids, but their 
limit should not be more than 2% of the total.

24.2.1.5.2 Flavors
Flavors provide sensory perception of taste along with smell to stimulate appetite 
and eating experience, and therefore, it is one of the most important parts of the food 
system. Nanoencapsulation technique has been quite commonly used to improve 
release and retention of flavor and to deliver dietary balance (Nakagawa 2014). SiO2 
nanomaterials can also act as carriers of these fragrances or flavors in food as well 
as nonfood products (Dekkers et al. 2011).
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24.2.1.5.3 Anticaking Agents
SiO2 is also used for thickening of pastes (as an anticaking agent) so as to maintain 
flow properties in powdered products along with as a carrier of fragrances or flavors 
in food and nonfood products. As a result, it has been used in food products and is 
registered within the EU as a food additive E551. However, still there is a debate 
regarding the health and safety issues related to the use of such engineered nanopar-
ticles in consumer products (Athinarayanan et al. 2014).

24.2.2  Packaging and Food Safety

Food is a perishable item. It can be contaminated and/or degraded at any stage of the 
food chain. The process may be chemical, physical, or biological. The introduction/
presence of any pathogen in food can result in its poisoning, which can be deadly. 
Therefore, it is of utmost importance that the food must be protected at all levels. A 
good-quality packaging material is thus required, which is safe, nontoxic, and cost- 
effective. Packaging using nanomaterial controls pH, temperature, moisture, and 
freshness of the material kept inside the packet. It also contains information for 
consumers, along with controlling the environment to enhance the shelf life of the 
food material. It provides smart packaging and extends the shelf life of a product so 
that food material can be transported to a long distance also. Nanosensors are devel-
oped for smart packaging so as to detect spoilage of food and release nano- 
antimicrobials as and when required, to extend shelf life. It helps markets and in 
keeping the food fresh and that too for a longer period. There is a great demand for 
nano-enabled packaging for food, beverage, and pharmaceutical industries due to 
the regularly changing consumption patterns. Such nanopackaging systems can 
repair small losses like holes/tears because of environmental conditions (tempera-
ture and moisture) and make the customer alert if the food is being contaminated 
due to some or the other reasons. Nanoscience can provide solutions for such prob-
lems, change in permeation behavior of foils, enhancing barrier properties (like 
thermal, chemical, mechanical, and microbial), improving upon mechanical and 
heat resistance properties, introducing active antimicrobial and antifungal surfaces, 
and sensing/signaling any microbiological and biochemical changes that have 
occurred (Alfadul and Elneshwy 2010). Not only this, the cost of food additive 
ingredients can be lowered and the shelf life of food products can be increased using 
this technology. It is potential frontier of material science in packaging using nano-
materials. It has been estimated that advancement in nanotechnology supported by 
increased global investments has thrusted the nano-enabled packaging market all 
over the world in the past few years (Nano-enabled Packaging Market 2019).

About 400 companies and more than 400,000 scientists in the world are develop-
ing different nanotechnology applications in food and food packaging (Neethirajan 
and Jayas 2011). It has been estimated that nanotechnologies are projected to make 
use of nanomaterials of about US dollar 3 trillion by the year 2020 (Wesley et al. 
2014). Here, smart packaging industry is growing relatively faster than predicted 
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and is reaching maturity. The demand of consumer today is much more from pack-
aging, particularly from protecting the quality, freshness, and safety of foods as well 
as convenience.

Several organizations have developed smart packaging systems. Researchers of 
Rutgers University have developed an electronic tongue for inclusion in packaging 
for Kraft Foods, which consists of an array of nanosensors extremely sensitive to 
gases released by spoiling food. They make sensor strip to change its color giving a 
clear signal, whether the food is fresh or not (World Bank 2017). A packaging film 
was developed by the Durethan KU2–2601, which is relatively lighter, stronger, and 
more heat resistant than those available currently in the market (Rani et al. 2017; 
Hamad et al. 2018). The main purpose of these food packaging films is to protect 
contents from drying out, moisture and oxygen. Such film is known as a hybrid 
system that contains number of silicate nanoparticles, thus reducing the entrance of 
oxygen and other gases and the exit of moisture, preventing food from spoiling.

Plastic bottles are normally used by breweries in shipping of beer, as these bottles 
are lighter than glass and low cost than metal cans. But, alcohol in beer reacts with 
the plastic of the bottles, which shortens the shelf life of alcohol to a great extent. 
Voridan has developed a nanocomposite in association with Nanocor, containing 
clay nanoparticles and named as Imperm (Srinivas 2016). These bottles are having 
both the qualities; these are lighter and stronger than glass and also less likely to shat-
ter. It has been suggested that such nanocomposites structure minimizes the loss of 
carbon dioxide from the beer and the ingress of oxygen to the bottle, so as to keep the 
beer fresh up to a 6-month shelf life (Lua and Bowles 2013). Whatever may be the 
impacts of nanotechnology on the food industry and products entering the market, as 
the safety of food is the main concern, there is an urgent need to find new sensors, 
which will not only ensure food safety and security, but they will make customers 
and shopkeepers alert that a food is going to reach the end of its shelf life. 
Antimicrobial coatings and dirt repellent plastic bags are used ensuring the safety 
and security of packaged food. This will solve food shortage crises by ensuring that 
food reaches to masses in time and with good qualities (Hamad et al. 2018).

Nanosensors used in different food packaging industries include time- temperature 
integrator and gas detector (Pradhan et  al. 2015). Nanoparticle in solution, 
nanoparticle- based sensors, array biosensors, electronic noses, nano-test strips, and 
nanocantilevers are among the different types of nanosensors used (Tang et  al. 
2009). Electronic noses are the type of sensor, which uses several chemical sensors 
attached to a data processing system (Vidhyalakshmi et  al. 2009). Such sensor 
behaves just like our human nose, and therefore, this sensor is termed as electronic 
nose (e-nose). There are also reports of electronic tongue (e-tongue) sensors that are 
based on the principle of an electronic nose. The color is changed in contact with 
any sign of spoilage in the food material indicating that the food does not remain fit 
for consumption (Yuan et al. 2008). Packaging with such nanosensors can identify 
conditions of food and containers (internal and external) throughout the supply 
chain. Nanosensors can also detect gases in food, spoiled in plastic packaging, 
where a change in color of packaging alerts the consumer.
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A number of types of packaging materials are used in food sectors, which include 
active packaging, smart/intelligent packaging, edible coating, and biobased (biode-
gradable) polymeric films (Rai et al. 2018). Nanotechnology-driven food packaging 
has been categorized as follows.

24.2.2.1  Active Packaging
Active packaging means the use of active nanomaterials like antimicrobials and 
oxygen scavenging materials. The use of such nanomaterials is beneficial to interact 
directly with food to provide better protection to the product. Some nanomaterials 
can provide antimicrobial properties to food packaging. Some of them are nanosil-
ver, nano-titanium dioxide, nano-magnesium oxide, nano-copper oxide, carbon 
nanotubes, etc. Active packaging utilizes the packaging materials, which interact 
with the environment, and food also and plays an active role in increasing the shelf 
life of products. It allows packages to play a dynamic role in food preservation. 
Advances made in active packaging leads to delayed oxidation, controlled respira-
tion rate, microbial growth, and moisture migration (Brody 2006).

These packaging technologies include absorbers of carbon dioxide, odor, and 
ethylene and emitters of CO2 and aroma. But purging moisture control and oxygen 
removal remain prominent in active packaging, and out of these, purge control has 
been most successful on commercial scale. Best example is the use of drip- absorbing 
pad in the poultry industry (Suppakul et al. 2003). Active packaging technology also 
involves change in permselectivity (selective permeation) of package materials to 
different gases. Some nanocomposite materials have been used in active packaging 
so as to prevent oxygen, carbon dioxide, and moisture from reaching the food 
(Brody et al. 2008). An active system involving moisture scavenging has been quite 
commonly used particularly for packaging of dried and moisture-sensitive foods, 
while oxygen scavengers are normally inserted into the package in the form of small 
sachets just to reduce the oxygen level within the package, because an environment 
free from oxygen prevents oxidation of food as well as the growth of aerobic bacte-
ria and mold. Ethylene-absorbing material is incorporated in packaging materials 
with the object of slowing the process of ripening and senescence of fruits and 
vegetables triggered by ethylene (Brody 2009).

Different antimicrobial agents are also incorporated in packaging so as to prevent 
the growth of spoilage and pathogenic microorganisms, which can directly influ-
ence the shelf life of products. It is more advantageous compared to direct addition 
of some antimicrobial agents onto foods either by sprays or drips. This packaging 
permits slow but a continuous release of antimicrobial agent from this packaging 
material to food surfaces, so that a high concentration of these agents is not there 
over a long period (Quintavalla and Vicini 2002). Different enzymes, bacteriocins, 
essential oils, anhydrides, and weak organic acids have also been investigated in 
terms of antimicrobial activity of food packaging systems (Corrales et al. 2014).

Improved packaging by nanomaterials involves mixing them into the polymer 
matrix, so as to improve the gas barrier properties and also resistance of the packag-
ing against temperature and humidity. The US Food and Drug Administration has 
also approved the use of these nanocomposites in contact with food.

24 Use of Nanomaterials in Food Science



470

24.2.2.2  Smart/Intelligent Packaging
Smart packaging is designed to sense any microbial or biochemical changes in the 
food products as it can detect the growth of any pathogens in the food. Some such 
smart packaging has been developed to be used as a tracking device for food safety. 
Presently, British Airways, MonoPrix supermarket, and Nestlé are using chemical 
sensors, which can quickly detect any color change (Pehanich 2006).

Nanotechnology has been used to manufacture a “smart” packaging, which can 
extend the shelf life of food dramatically, which permits it to be transported to a 
longer distance. Intelligent or smart packaging has been designed to monitor and 
communicate information about quality of food. It includes time-temperature indi-
cators (TTIs), ripeness indicators, biosensors, and radio frequency identification. 
Such smart devices may be either incorporated in package materials itself or these 
are attached inside or outside of a package (Kerry et al. 2006; Yam et al. 2005; Kerry 
and Butler 2008). Smart packaging either responds to change in environmental con-
ditions, repairs, or alerts the consumer about such contamination and/or the pres-
ence of some harmful pathogens. It is capable of detecting spoilage of food and 
release nanoantimicrobes to extend shelf life of food, so that supermarkets can keep 
their food materials even for a longer time periods before it is sold. Nanosensors are 
used as tiny chips invisible to the human eye, embedded into food products that act 
as electronic barcodes (Sekhon 2010).

Intelligent packaging is also developed, with specific preservative, which starts 
releasing preservatives as soon as food starts spoiling. Such “release on command” 
preservative packaging is based on a bio-switch. These are “smart” food packaging, 
which will warn, when oxygen has got inside or if food is being spoiled. These 
packaging are already in use in brewing and dairy industries. These consist of nano-
filters, which can filter microorganisms and sometime even viruses. In some experi-
ments, color was successfully removed from beetroot juice, but the flavor is not 
affected. Similarly red wine was turned into colorless or white in color. Lactose can 
also be filtered from milk, and it is replaced with some other sugar so that milk can 
be used by the lactose intolerant also. Nanoceramic particles are used for clustering 
of dirt molecules, so as to keep cooking oil fresh (Llobet et al. 2007; Wooster 2010). 
Nanotechnology has proved it worth in food safety by developing highly sensitive 
and low-cost nanosensors, which can respond to changes in environmental condi-
tions during storage, degradation products, or contamination by microbes. Such 
nanosensors can be effectively used in packaging materials (Bouwmeester et  al. 
2014; Liao et al. 2005).

Time-temperature indicators (TTIs nanosensors) have been designed to monitor, 
record, and translate the safety of food. These TTIs allowed consumers to know 
about the quality of purchased materials. They also allow manufacturers to locate 
their foods along the supply line. A system based on gold nanoparticles for chilled 
foods has been developed by Timestrip. The system looks red above freezing tem-
perature, but red color is lost because of agglomeration of the gold nanoparticles, 
when accidental freezing occurs (Robinson and Morrison 2010).

Gas sensors are also used for identification and quantification of various micro-
organisms, because they emit gas. Metal oxide gas nanosensor is most commonly 
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used due to their high sensitivity and stability (Setkus 2002). Conducting polymers 
based nanosensors are also used because of their capability for identification and 
quantification of such microorganisms based on their gas emissions (Ahuja et al. 
2007). Nontoxic and irreversible oxygen sensors were developed to assure the 
absence of oxygen in oxygen-free food packaging systems. Here, a UV-activated 
oxygen indicator was used, which is almost colorless on UV exposure, but blue 
color is restored in the presence of oxygen (Lee et al. 2002). Rapid, sensitive, and 
relatively low-cost diagnostic methods for detection of pathogens are being devel-
oped making use of unique magnetic, electrical, luminescent, and catalytic proper-
ties of nanomaterials (Merkoci 2010; Ayala-Zavala et al. 2014).

An electronic tongue or nose device has been fabricated, which consists of an 
array of nanosensors. Electronic nose (e-nose) has been developed for detecting 
freshness of fish (Oconnell et al. 2001), dairy products (off-flavor and rancidity of 
milk) (Ampuero and Bosset 2003; Marsili 1999, 2000; Capone et al. 2001), spoilage 
of red wine (Berna et al. 2008), red meat (El Barbri et al. 2008; Längkvist et al. 
2013; Musatov et al. 2010), wine aging (Lozano et al. 2008), classification of differ-
ent brands of coffee (Pardo et al. 2000), etc. These are extremely sensitive to gases 
released by spoiling microorganisms and produce change in color, indicating that 
the food is deteriorated. Such nanosensors could be placed directly into the packag-
ing material (Liu et al. 2007; Lange et al. 2002). An electronic tongue developed by 
Kraft Foods (Smart Packaging systems, Glenview, IL, USA) may be incorporated in 
packaging. It also consists of an array of nanosensors, which are sensitive to gases 
released by spoiling food, and in that case, the sensor changes its color, giving a 
visible signal about freshness or adulteration of food (Momin et al. 2013). Electronic 
tongue (e-tongue) has been fabricated for determination of concentration of nitrite, 
nitrate, and chloride in minced meat (Campos et  al. 2010), ripening of grapes 
(Campos et  al. 2013), quality of tea (Kumar et  al. 2016), polyphenols in wine 
(Andrei et al. 2016; Cetó et al. 2012; Magro et al. 2016), etc.

Silicate nanoparticles-packed films can control flow of oxygen into the pack as 
well as leakage of moisture out of the packings. It protects the package from being 
spoiled. The amount of packaging waste associated with processed food can also be 
reduced by using nanotechnology assisting in the preservation of fresh food.

24.2.2.3  Carbon Nanotubes
Food packaging materials are available ranging from films, carbon nanotubes, to 
waxy nano-coatings. Carbon nanotubes (CNTs) are available in both forms, single- 
walled nanotube (SWCNT) and multiwalled nanotube (MWCNT). SWCNT is gen-
erally one atom thick, while MWCNT comprises of several concentric tubes with 
very high aspect ratios and elastic modulus. Asgari et al. (2014) reported that CNTs 
infused with polyethylene films can be used for the packaging of Mazafati dates, 
which can prevent fungal invasion up to 90 days. Carbon nanotubes have also been 
developed in packaging to pump out carbon dioxide or absorb undesirable flavors 
(Sinha et al. 2006). It has been known that CNTs also have antibacterial properties, 
which may be due to their direct penetration through microbial cells (Sharma et al. 
2017). It has been reported that antimicrobial activity of silver nanoparticles against 
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E. coli and B. cereus spores is significantly enhanced in combination with titanium 
dioxide and carbon nanotubes, respectively (Krishna et al. 2005). Ionic nanocom-
posites of carbon ceramic electrode with multiwalled carbon nanotubes may be 
used for the electrochemical determination of the adulterants in food and beverages 
such as food dyes, like sunset yellow, tartrazine, etc. In addition, carbon nanotubes 
have many other properties that may be exploited later on to develop the next gen-
eration of nanosensors. An important role is played by CNTs in food packaging and 
processing, but there may be some pitfalls, like these may migrate into food and 
contaminate it and can lead to toxic effects in human beings. The toxicity levels of 
CNTs are considerably high, and therefore, their use is limited.

24.2.2.4  Biobased Packaging
Nanotechnology can also be used for improving plastic substance barrier, incorpo-
ration of bioactive, sensing and signaling of important information about the food, 
for the change of the pervasion action of foils, growing different barrier characters 
(microbial, chemical, thermal, and mechanical), enhancing heat resistance and also 
mechanical characters (Berekaa 2015). It may also decrease the environmental con-
tamination by making use of decomposable packaging based on biodegradable 
plastics.

These biodegradable plastics are basically polymeric materials, where at least 
one step in the degradation process is through metabolic process in the presence of 
some naturally occurring organisms. Disintegration or fragmentation of the plastics 
leads to biodegradation under desired conditions of moisture, temperature, and oxy-
gen availability, without producing toxic or environmentally harmful materials 
(Chandra and Rustgi 1998). Such biodegradable polymers can be classified depend-
ing upon their source:

• Polymers, which are directly extracted or removed from biomass (i.e., polysac-
charides, polypeptides, proteins, polynucleotides, etc.)

• Polymers, which are produced by classical chemical synthesis using some 
renewable biobased monomers or mixed sources of biomass and petroleum 
(polylactic acid or biopolyester)

• Polymers, which are produced by microorganism or genetically modified bacte-
ria (polyhydroxybutyrate, bacterial cellulose, xanthan, curdian, pullan)

Various kinds of biodegradable polymer nanocomposites have been prepared 
with desired properties for a wide range of applications (Ray and Bousmina 2005). 
At present, the most commonly used biodegradable nanocomposites include starch 
and derivatives, polylactic acid (PLA), polybutylene succinate (PBS), polyhydroxy-
butyrate (PHB), and aliphatic polyester polycaprolactone, which are suitable for 
packaging purpose.

24.2.2.4.1 Starch and Their Derivatives
Starch is a potential raw material, because it is available from many plants. Its large 
production may fulfill current requirements, and it is low cost (Gonera and Cornillon 
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2002), but it cannot form films with appropriate mechanical strength for a packag-
ing material. So, it is first plasticized or chemically modified. It is converted to a 
thermoplastic material on treating in an extruder by application of both thermal and 
mechanical energy. Plasticizers play an important role in efficiently reducing intra-
molecular hydrogen bonds and also provide stability to properties of product, when 
thermoplastic starches are produced. Hence, there are ample opportunities that ther-
moplastic starches may be used as packaging material (Kim and Pometto 1994).

24.2.2.4.2 Polylactic Acid (PLA)
A wide range of biopolyesters can be prepared by conventional chemical synthesis. 
Presently, polylactic acid is the polymer, which has the highest potential as renew-
able packaging material, and it is commercially produced on major scale because 
lactic acid, a monomer of PLA, is easily produced by fermentation of carbohydrate 
feedstock (biomass). This feedstock can be obtained from a variety of agricultural 
products like wheat, maize, molasses, and whey. Biodegradable polylactic acid 
(PLA) polymer was evaluated for its use as a material for antimicrobial food pack-
aging (Jin and Zhang 2008). They incorporated nisin in PLA films for controlling 
foodborne pathogens. Antimicrobial activity of PLA/nisin films was evaluated in 
liquid foods (orange juice and liquid egg white) against Listeria monocytogenes, 
Escherichia coli O157:H7, and Salmonella Enteritidis. Ramos et  al. (2014) pre-
pared nano-biocomposite films based on polylactic acid by incorporating thymol (as 
the active additive) and modified montmorillonite (D43B) at two different concen-
trations. It was observed that thermal stability was not significantly affected by the 
addition of thymol, but the incorporation of D43B improved its mechanical proper-
ties and reduced the oxygen transmission rate by the formation of intercalated struc-
tures. It was suggested that the formulated nano-biocomposites could be considered 
a potential antioxidant active packaging material.

24.2.2.4.3 Polyhydroxybutyrate (PHB)
Polylactic acid and polyhydroxybutyrate both offer a lot of opportunities in food 
packaging applications, because they are compatible with many foods, including 
dairy products, beverage, ready meals, and fresh meat products. It is accumulated 
by a large number of bacteria in the form of energy and carbon reserves. This bio-
polyester may also find industrial applications easily because of its biodegradability 
and biocompatibility (Van der Walle et  al. 2001). Poly(lactic acid) and 
poly(hydroxybutyrate) were blended and plasticized by Arrieta et al. (2014) with a 
natural terpene D-limonene (LIM) so as to increase PLA crystallinity and to also 
obtain flexible films for food packaging applications. As-prepared materials were 
melt-blended and processed in transparent films. Disintegrability under composting 
conditions was also worked out, and it was reported that PHB delays the PLA dis-
integrability, but on the contrary, D-limonene speeds it up. Ma et al. (2018) devel-
oped poly(lactic acid)-poly(hydroxybutyrate) (PLA-PHB) based films containing 
bioactive elements and prepared seven formulations containing different contents of 
plasticizers (mono-caprylin glycerate (GMC) or glycerol monolaurate (GML)). 
Two formulations (PLA-PHB-based films with 0.5% GMC or GML) were selected, 
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and 5% cinnamaldehyde was added into each of these. It was revealed that PLA- 
PHB- based films possessed better mechanical properties and better active proper-
ties on application to high lipid food simulant. This study showed that it is possible 
to use biodegradable active packing as an alternative to replace nonbiodegradable 
packaging for chilled salmon.

24.2.2.4.4 Polycaprolactone (PCL)
It is a biodegradable polyester having a low melting point around 60 °C only. It has 
some interesting applications in the fields of medical and agricultural areas 
(Nakayama et al. 1997). It has high elongation at break and low modulus. Apart 
from it, its physical properties and availability on commercial scale made it very 
attractive material for commodity applications. An antimicrobial nanopackaging 
was developed by Ahmed et al. (2019) for food application by incorporating zinc 
oxide nanoparticles and clove essential oil (CEO) into polylactide/polyethylene gly-
col polycaprolactone (PLA/PEG/PCL) blend. Here, CEO acts as an efficient plasti-
cizer, which facilitates the chain mobility in the blend, as evident from tensile and 
thermal properties. The efficacy of these composite films was confirmed by using 
Staphylococcus aureus and Escherichia coli inoculated in scrambled egg. It was 
indicated that the PLA/PEG/PCL/ZnO/CEO film exhibited the highest antibacterial 
activity during 21 days storage at 4 °C. Cesur et al. (2018) prepared antimicrobial 
and biodegradable food packaging films with polycaprolactone (PCL). The 0.4 wt% 
of organo nanoclay (C) and 25, 50, 75 wt% chitosan (K) and glycerol monooleate 
(GMO) or oleic acid (OA) as a plastifier (5, 10, 20, and 30 wt%) were added, and 12 
polymeric composite films were prepared. The samples were coded as PCL (P), 
organo nanoclay (C), oleic acid (O), and glycerol monooleate (G). The antimicro-
bial properties of these films were evaluated against Escherichia coli, Pseudomonas 
aeruginosa, Bacillus cereus, and Candida albicans. Polycaprolactone (PCL)/starch/
pomegranate rind (PR) hybrids were developed by Khalid et al. (2018) for antimi-
crobial packaging applications. PR was used as an antimicrobial compound, and it 
was incorporated directly in PCL matrix, without the extraction of any active com-
pound from the fruit rind. It was revealed that PCL/PR films show reasonably good 
antimicrobial activity at higher concentrations. Addition of starch was found to 
enhance the antimicrobial activity of PR. As all the materials used here are biode-
gradable and food contactable, it has been suggested that the as-developed material 
could be used as food-grade antimicrobial packaging material.

Newer and newer nanomaterials have also been regularly developed, so that their 
physical and mechanical properties of packaging are improved, particularly in terms 
of tensile strength, water resistance, gas permeability, rigidity, flame resistance, etc. 
Due to such interesting properties, polymer nanocomposites are emerging as prom-
ising materials with a large capability for their applications in the active food pack-
aging industry (Youssef 2013).
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24.2.3  Types of Nanomaterials in Food

Nanoparticles present in foods can be easily categorized based on their composi-
tion, (organic or inorganic), as this factor has a major impact on their gastrointesti-
nal fate and potential toxicity (McClements and Xiao 2017).

24.2.3.1  Inorganic Nanoparticles
A number of nanoparticles used in food materials are mainly composed of some or 
the other inorganic materials, such as silver, silicon dioxide, iron oxide, titanium 
dioxide, or zinc oxide (Pietroiusti et al. 2016). These nanoparticles are either crys-
talline in nature or amorphous solids at ambient temperature. These may be spheri-
cal or nonspherical with different surface characteristics and sizes depending on 
precursor materials and conditions of preparation while these were fabricated. Such 
inorganic nanoparticles have different tendencies to dissolve under specific solution 
conditions (pH and ionic strength) and also chemical reactivities, which have a 
major impact on their gastrointestinal fate and toxicity.

24.2.3.1.1 Silver Nanoparticles
Silver nanoparticles (AgNPs) are commonly used as antimicrobial agents in food 
packaging, chopping boards, storage containers, refrigerators, and health supple-
ments. Silver nanoparticles are used for their antimicrobial effects in certain types 
of food containers by some manufacturer in the United States such as Kinetic Go 
Green basic nanosilver food storage container, Oso fresh food storage container, 
and FresherLonger™ Plastic Storage bags. It is also possible that some of these 
silver nanoparticles may migrate into foods from these containers and they could be 
ingested by humans (Echegoyen and Nerin 2013). Emamifar et al. (2011) prepared 
nanocomposite LDPE films containing Ag and ZnO nanoparticles via melt mixing 
in a twin screw extruder. Orange juice was sterilized and then inoculated with 8.5 
log cfu/mL of Lactobacillus plantarum. They filled packages prepared from nano-
composite films with orange juice and then stored at 4 °C. Microbial stability of the 
juice was evaluated after 7, 28, 56, 84, and 112 days of storage. It was reported that 
microbial growth rate significantly reduced on using this nanocomposite packaging 
material. A potential role of quantum sensors (QS) in food spoilage and food safety 
has been indicated (Naik and Kowshik 2014). Anti-QS materials like ATNPs were 
proposed as efficient models for controlling spoilage of food. Incorporation of 
ATNPs in food packaging materials could play an important role in preservation of 
food and ensure its safety by prolonging their shelf life. They proposed ATNPs as 
QS inhibitors with their potential use as an antipathogenic but nontoxic bioactive 
material. Ag/TiO2-SiO2-coated food packaging film was developed also (Peter et al. 
2015). Its ability to inactivate Botrytis cinerea was evaluated during the storage of 
fresh lettuce. Packaging film was prepared by coating the Ag/TiO2-SiO2 ethanol 
suspension on polyethylene film. As-prepared packaging film was used for storage 
of green lettuce in a vegetation room. It was revealed that the shelf life of the lettuce 
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stored in single- and double-layer film modified with TiO2 was extended by 4 and 
2 days, respectively. It was revealed that the spoilage of the lettuce in double-layer 
film modified with Ag/TiO2-SiO2 was lower after 5 days of storage than that of the 
lettuce stored in film modified with ethanol and unmodified film. Microbiological 
and chemical characteristics of white bread during storage in paper packages modi-
fied with Ag/TiO2–SiO2, Ag/N–TiO2, or Au/TiO2 have been investigated (Peter et al. 
2016). The whiteness and the water retention of the modified packages were found 
to be slightly superior. The water retention was also observed to be very good, espe-
cially for the Ag/TiO2–SiO2 paper. These improvements can be associated with the 
high specific surface area and with the low agglomeration tendency of Ag nanopar-
ticles in comparison with the Au ones. Their use extends the shelf life of bread by 
2 days except Au/TiO2 as compared with the unmodified paper package.

24.2.3.1.2 Zinc and Zinc Oxide Nanoparticles
Zinc and zinc oxide nanoparticles may be used as an additive in supplements and 
functional foods for nutrition, because this is an essential trace element required to 
maintain human health and well-being. ZnO nanoparticles can also be used in food 
packaging as antimicrobial agents so that contamination of foods with harmful bac-
teria can be prevented (Sirelkhatim et al. 2015). These are also used as ultraviolet 
(UV) light absorbers to protect foods from UV light exposure, if food is sensitive 
toward it. The preparation of ZnO nanoparticles loaded starch-coated polyethylene 
film was reported (Tankhiwale and Bajpai 2012). This ZnO-loaded film was tested 
for its biocidal action against E. coli. As-developed material has a great potential to 
be used as food packaging material to prevent foodstuff from bacterial contamina-
tion. TiO2 and ZnO are biocompatible nanomaterials, and their biocompatibility 
was established through toxicity studies on cell lines (Venkatasubbu et al. 2016). 
Titanium dioxide and zinc oxide nanoparticle were synthesized by wet chemical 
process. The antibacterial activities of these materials were evaluated as food pre-
servatives against Salmonella typhi, Klebsiella pneumoniae, and Shigella flexneri, 
and it was indicated that TiO2 and ZnO nanoparticles inhibited the growth of 
Salmonella, Klebsiella, and Shigella. It was revealed that the mode of their action is 
through generation of ROS in the case of Salmonella and Klebsiella, but it is still 
unclear in the case of Shigella.

24.2.3.1.3 Titanium Dioxide Nanoparticles
TiO2 nanoparticles are used as ingredients in foods to provide its characteristic opti-
cal properties, so that lightness and brightness are enhanced (Weir et al. 2012). It is 
widely used as food additive and antimicrobial agent for food packaging and stor-
age containers. TiO2 ingredients utilized in the food industry as lightening agents 
should have particle sizes in the range of 100–300 nanometers, so that their light- 
scattering properties are increased. Six different coating suspensions were prepared, 
through mixing TiO2 (Aeroxide®P-25) nanoparticles (NPs) with three different 
types of binders [Shellac (A), polyuretahne (B), and polycrylic (C)] at a 1:4 to 1:16 
NP to binder weight ratio (Yemmireddy and Hung 2015). They evaluated bacteri-
cidal activity of these TiO2 coatings against Escherichia coli O157:H7 at three 
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different UV-A light intensities. TiO2 coatings with binder polyuretahne showed 
highest adhesion strength and scratch hardness as compared to coatings with other 
binders. It was found that TiO2 coatings with binder polycrylic were found to be 
physically more stable and able to retain their original bactericidal property on 
repeated use experiments (1, 3, 5, and 10 times).

24.2.3.1.4 Silicon Dioxide Nanoparticles
Silicon dioxide nanoparticles are used in certain powdered foods as anticaking 
agents. Silicon dioxide and carbon having particle size in the range of a few hundred 
nm are used as food additives and for food packaging.

24.2.3.2  Organic Nanoparticles
These nanoparticles are basically composed of organic substances, like carbohy-
drates, proteins, or lipids. These substances are liquids, semisolids, or solids (crys-
talline or amorphous) at ambient temperatures, which depends on their composition 
and processing conditions.

24.2.3.2.1 Lipid Nanoparticles
Lipid nanoparticles are present in a wide range within many commercial food prod-
ucts. These lipids and lipid nanoparticles are mostly used as oral delivery systems 
for different drugs and other active ingredients. Lipids usually increase drug absorp-
tion in the gastrointestinal tract (GIT). These molecules in the form of nanoparticles 
improve mucosal adhesion because of their small particle size and increase their 
residence time in GIT. Lipid nanoparticles will also protect the loaded drugs from 
different degradations (chemical as well as enzymatic) and release drug molecules 
from the lipid matrix gradually into blood, thus resulting in enhanced therapeutic 
profiles as compared to free drug (Severino et al. 2012).

24.2.3.2.2 Protein Nanoparticles
Protein nanoparticles and other protein assemblies have shown a great potential 
recently in the field of catalysis, materials synthesis, drug and gene delivery, and 
bio-imaging (Rong et al. 2011). Protein nanoparticles are also found in foods in the 
form of casein micelles, which are available in bovine milk and other dairy prod-
ucts. These are nothing but small clusters of casein molecules and calcium phos-
phate ions.

24.2.3.2.3 Carbohydrate Nanoparticles
Carbohydrate nanoparticles are either digestible or indigestible polysaccharides, 
like starch, cellulose, xanthan, carrageenan, alginate, and pectin.

24.2.3.2.4 Complex Nanoparticles
Nanoparticles utilized in foods are many a time fabricated using combinations of 
these three ingredients, such as lipids, proteins, and carbohydrates. Coacervates are 
formed by electrostatic complexation of oppositely charged proteins and 
polysaccharides.
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24.2.4  Role in Tracking, Tracing, Nanolithography, and Brand 
Protection

Nanotechnology is also helping food industries in providing authentication and 
track and trace features of a food product so that adulteration and diversion of prod-
ucts can be prevented (Nam et  al. 2003). It is simply done by generating some 
complex invisible nanobarcodes with desired information, and it can be encrypted 
onto the food products and packaging. Such a nanobarcode detection system was 
created by Li et  al. (2005) that produced fluorescence on exposure to ultraviolet 
light in a combination of color, which can be read by a computer scanner. This sys-
tem has been tested on the food and some biological samples containing various 
pathogens like E. coli, anthrax, tularemia bacteria, and Ebola SARS viruses. These 
are also clearly indicated simultaneously by different color codes. Different codes 
can be created in the technology by altering the stripe orders, where every food item 
is assigned brand so that food batches can be traced.

24.2.5  Implication and Safety Concerns

Although there had been a rapid development in food nanotechnology using 
nanoparticles, little is known about the toxicity due to nanoparticles. Nanomaterials 
have some unique properties like high surface area, which makes them more active 
chemically than their bulk counterparts, and therefore, they could participate in 
most of the biological reaction having harmful effects on human health and/or envi-
ronment. It is very much desired that nanostructures in food or related industries 
should not damage them directly or indirectly. Food and related industries have seen 
major changes due to unique properties of nanomaterials. But these unique proper-
ties may occasionally lead to dangerous side effects to ecosystems and even in peo-
ple. There are two main safety concerns on using nanoparticles, and these are 
allergies and heavy metal release. At present, they are being used into food products 
at a relatively faster rate without desired knowledge and regulations, which can 
affect health and environment (Ranjan et al. 2014). It is necessary to take extra care 
while using nanomaterials as they may have potential toxic effects and their use in 
food science is increasing day by day. A report by the British Royal Society notes 
that we may face a nanotoxicity crisis in the future (Amini et al. 2014). Only with a 
proper detailed understanding of the properties of nanomaterials like size, solubil-
ity, surface chemistry, composition, etc., we will be in a position to find useful and 
safe food products. Of course, some of these unique properties of nanomaterials are 
making them wonderful materials, but sidewise, their use is also questionable at 
some or the other side.

24.2.5.1  Size
The size of nanoparticles is a very important feature for its unique properties as the 
surface area of nanoparticles depends upon its size. The effect of surface area on the 
respiration has been known as some nanoparticles are reported to cause pulmonary 
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inflammation (Qiao et al. 2015). The toxicity of these nanoparticles not only depends 
on its chemical component, but it also depends on the quantity as well as position of 
the deposition. The size of particles is an important factor, which can be deciding 
for observing dermal-cell cytotoxicity in vitro. Such absorbed nanoparticles in dif-
ferent absorption routes could trigger an immune system response. The smaller size 
of these nanoparticles permits them to pass through different biological barriers. 
They can then settle in tissues like the central nervous system (CNS). Thus, the size 
of the nanoparticles is very important for safety purpose, whether such nanomateri-
als can be used in food and food-related industries or not.

24.2.5.2  Chemical Composition
Reagents used in the production of nanoparticles may be toxic. Some may remain 
in the final product and result in exposure to toxins that are unrelated to the nano-
materials themselves. For instance, some observed toxic effects of carbon nano-
tubes and semiconductor nanoparticles are related to residual reagents during 
synthesis. The remaining reagents and impurities may hinder our understanding of 
possible side effects of carbon nanotubes. Iron ions and impurities can accelerate 
the oxidative stress in cells. Crystallinity is another important aspect of chemical 
composition. Titanium oxide has three different levels of crystallinity that each has 
different cytotoxic effects (Suker and Albadran 2013).

24.2.5.3  Surface Structure
Cytotoxicity may also be affected from surfaces of nanostructures. Roughness, 
charge, hydrophobicity, and surface chemistry are the major factors that could affect 
the toxicological nature of absorbed nanoparticles in the human body (Kirchner 
et al. 2005). The toxic effects of nanoparticles can be controlled to some extent by 
coating nanoparticles with hydrophilic polymer like polyethylene glycol (PEG). It 
was indicated that positively charged nanoparticles were found to be more toxic as 
compared to negative or neutral nanoparticles.

24.2.5.4  Solubility
Solubility is also important in the toxicity of nanoparticles. Soluble titanium oxide 
nanoparticles (hydrophilic) are more toxic as compared to insoluble titanium oxide 
nanoparticles (Oberdörster 2001). Solubility of the toxicity of oxide nanoparticles 
has also been reported (Brunner et al. 2006).

24.2.5.5  Routes of Nanoparticle Exposure
There are different entry routes on exposure to nanoparticles such as dermal, respi-
ratory, and digestive routes. These nanoparticles may enter the bloodstream after 
absorption and settle in different tissues like the brain or trigger some immune 
responses. Some genetic alteration has been also reported due to nanoparticles in 
food or nanoengineering of food (Bowman and Fitzharris 2007). Although there had 
been a long debate and it will go on, nanotechnology has entered into food packag-
ing and food processing, so some safety measures are also required from govern-
ments and food producers.
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Some nanoparticles may be dispersed in the air during the production of nanopar-
ticles used in food and related industries. This should be taken into consideration, 
and workers’ health must be protected from respiratory tract uptake of nanoparti-
cles. The digestive path is another major route of uptake of nanoparticles. Some 
nanoparticles may also enter in the respiratory tract and then the digestive system 
through mucociliary clearance. The skin is an alternate main route of contact 
between human and nanomaterials.

There are several diseases that are associated with exposure to nanoparticles due 
to their accumulation or contact with cells and its internal parts like the mitochon-
drion, nucleus, cytoplasm, membrane, and lipid vesicle (Buzea et al. 2007). Various 
diseases may be caused by nanoparticles, and these are

• Through inhalation
 – Parkinson’s disease
 – Alzheimer’s disease
 – Asthma
 – Bronchitis
 – Cancer
 – Arteriosclerosis
 – Vasoconstriction
 – Thrombus
 – High blood pressure
 – Heart disease
 – Disease of unknown etiology in the kidneys and liver
 – Podoconiosis
 – Kaposi’s sarcoma

• Through ingestion
 – Crohn’s disease
 – Colon cancer

• Through skin contact
 – Autoimmune diseases
 – Dermatitis
 – Urticaria
 – Vasculitis

24.3  Emerging Challenges and Potential Solutions

With the developments in nanotechnology, its applicability to the food industry is 
likely to increase in the future. Of course, the success will depend on consumer 
acceptance. Various nanostructured materials (NSMs) ranging from inorganic 
metal, metal oxides, and their nanocomposites to nano-organic materials with bio-
active agents have been applied in a wide range of food materials (Bajpai et  al. 
2018). Human exposure to these nanomaterials is regularly increasing, and its 
impact on health of the human and environment has become a point of public 
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concern and interest. Although huge benefits are being offered by nanotechnology, 
the accumulation of nanostructured materials in human bodies and also in the envi-
ronment has aroused several health and safety issues. This will require a uniform 
international regulatory framework for nanotechnology.

Different preparation technology could produce nanoparticles with different 
physical properties for their application in food. But, public perception regarding 
this new technology is still uncertain. Multiple guidelines of potential risks posed 
by nanomaterials have been released by different regulatory bodies like the US 
Environmental Protection Agency (USEPA), International Organization for 
Standardization and the Organization for Economic Cooperation and Development 
(IOSOECD), National Institute for Occupational Safety and Health (NIOSH), 
Health and Consumer Protection Directorate of the European Commission 
(HCPDEC), and Food and Drug Administration (FDA). It has been reported that 
these nanomaterials can improve food safety by increasing the efficacy of food 
packaging, shelf life, and nutritional value of food using additives without affecting 
the taste and physical characteristics of food products.

Nanotechnology is regularly gaining momentum; thus, it has become a very 
important tool for the food and bioprocessing industry to meet demands of increas-
ing population growth all over the world. It has almost revolutionized conventional 
food science and food industry (He and Hwang 2016). It is also important to ascer-
tain the toxicity of nanoparticles and the possible environmental and health hazards 
it may cause. Improvement in inorganic nanosubstance and microfluid manufactur-
ing has permitted the preparation of effective and competent sensors to quickly 
detect/identify pathogens, microbes, or pesticides. The nanosensor or nanobiosen-
sor should also be used in environmental contamination control in the food sectors. 
Functionalized food and nanosubstance should improve food value and protection 
as flavor and nutrient transporter.

It is still challenging to develop a healthy and sustainable food industry making 
use of nanoparticles in some or other forms. A large strength of the public is having 
a fear in using food engineered and genetically modified materials. Of course, one 
should be cautious in using nano-based materials in food science and the food 
industry but not afraid of its application. Although the fate and potential toxicity of 
nanomaterials are not fully known at this stage and such concerns require the educa-
tion of public, ultimate success of such products will depend on acceptance by con-
sumer. Time is not far off when nanofood technology will become a new frontier of 
this century, provided its harmful effects are fully controlled so that health and the 
environment are not adversely affected.
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