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Preface

The application of nanotechnology in the food and processing industry has found
wide adoption and application in the present decade for value addition of food prod-
ucts, enhanced food quality, shelf-life improvement, safety assurance, cost reduc-
tion, and improved nutritional benefits. The application of nanotechnology has also
helped to improve the bioavailability of certain bioactive food ingredients and their
target delivery by nanoencapsulation and other techniques. This book entitled
Application of Nanotechnology in Food Science, Processing and Packaging pres-
ents complete coverage of the application of nanotechnology in the food and pro-
cessing industry.

The chapters are structured sequentially to aid flow and continuity. The contribu-
tors of this book are senior researchers from both academia and industry around the
globe. The primary audience includes food chemists, nutritional scientists, food
nanotechnologists, public and private health practitioners, students, etc. We are
hopeful that the users of this book will find it extremely useful. Our special thanks
go to everyone who contributed to the success of this book, especially the chapter
contributors. We are also indebted to our families for their support. To the Springer
team in charge of this book, we will remain thankful for their guidance and support.
To the reader, we hope you will find this book helpful and informative.

Port Harcourt, Rivers State, Nigeria Chukwuebuka Egbuna
Funchal, Portugal Jaison Jeevanandam
Port Harcourt, Rivers State, Nigeria Kingsley C. Patrick-Iwuanyanwu

Port Harcourt, Rivers State, Nigeria Eugene N. Onyeike
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Chapter 1
Application of Nanotechnology in the Food
Industry

Check for
updates

Bishnu Kumar Pandey, Sonam Pandey, Ravindra Dhar,
and Kanti Bhooshan Pandey

1.1 Introduction

The food industry is a global network engaged in the supply of food products all
over the world. This industry covers a series of industrial activities including pro-
duction, processing, conversion, distribution, preservation, and packaging of foods.
Likewise, storage and safe distribution of processed foodstuffs are also important
since most food items get wasted in these processes. Use of chemical-based preser-
vatives and traditional methods of packaging in the food industry, not only compro-
mise the nutritive values of the foods and health issues but also results in significant
economic loss to the industry. Nanotechnology (NT) has opened new avenues and
benefits in the food industry for the development of new flavors and sensations, new
textures in food components, encapsulation of food additives, and enrichment in the
nutritional values of the foods [1]. Nano-foods are those foods that are generated by
using NT in production, processing, packaging, and security with enhanced taste
and bioavailability. In the present chapter, applications of NT in different industrial
activities related to the food industry have been discussed.
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1.2 Nanotechnology in Food Processing

Initially, most of the agriculture products are in general not used as direct food
items, they are processed qualitatively before utilized and the method is called food
processing. Among various advantages, food processing is used to eliminate micro-
organisms and to enhance the shelf-life of the foods to transform them into edible,
safe, and sound food products [2, 3]. Mainly there are three vital steps involved in
food processing (FP); primary, secondary, and tertiary methods. In primary food
processing, agricultural products are tuned into edible items. Secondary FP is a day-
to-day process of manufacturing foods from ingredients and tertiary FP is the com-
mercial production of edible items which are commonly called processed foods.
Nanotechnology application in the food industry (Fig. 1.1) has shown great
potential in food processing; it provides several opportunities in FP including
enhancement in taste, physiological availability, shelf-life, and consistency [4].
Application of NT in FP is also useful in concealing the bitter taste, unpleasant
order, and size by modifying the particle size and their distribution in the food items
[5]. Nano-encapsulation based on the use of nanocapsules is a promising technique
that has gained enormous attention in nano-food technology. Nano-encapsulation
can deliver food ingredients at a targeted place and maintain active compounds at
that place for a longer time. Recent advances in nano-encapsulation have resulted in
the development of nanoparticles with improved properties to be used as nanocap-
sules [6]. Nano-capsules have many properties that can be used in the food industry
for betterment; impotently they can mask odors and biological degradations [7].
Many bioactive compounds of food such as polyphenols, vitamins, and other sec-
ondary metabolites are very sensitive in an acidic environment and enzymatic activ-
ities in the stomach and duodenum. Encapsulation of these ingredients makes sure
to allow them to assimilate effectively as well as readily in the digestive tract.
Moreover, nano-encapsulation of the bioactive compound increases the shelf-life of
food products. Edible nano-coatings on the food items not only provide resistance

Food Active Food Packaging

Packaglng Smart Food Packaging

, Nanotechnology el
Food Security Applications in Nanosensors .:mc.':;:
Food Industry
Food Nanocapsulation
Processing Nanocoating

Fig. 1.1 Diverse applications of nanotechnology in the food industry
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to humidity, heat, and gas exchange to enhance the shelf-life of food but also can
insure the real color and flavor of the food.

1.3 Nanotechnology in Food Packaging and Security

Food packaging is another important step in the food industry in terms of food
safety. Good packaging material must possess the combined qualities of strength,
biodegradability, permeability to moisture, and other gases. NT-applied packaging
materials confer an array of advantages over traditionally used materials for packag-
ing in having anti-microbial properties, better mechanical strength, low weight, and
alerting consumers to the safety status of the food [3, 8]. There are mainly three
categories of nanofoods packaging, basic one is improved packaging; in this
nanoparticles (NPs) make resistance towards temperature, humidity, and gas.
However, in active food packaging, NPs act as antimicrobial material and interacts
directly with the food items. Active food packaging inactivates pathogens; increases
shelf-life and makes the safety of the food items. Another type of nano-packaging is
known as intelligent food packaging which is designed to sense biochemical
changes and development of pathogens in food items. This packaging monitors the
quality of the packaged food items as well as recognizes the pathogens if present
[3]. These categories of nano-packaging are based on the kind of packaging materi-
als and applications [9].

1.3.1 Active Food Packaging Systems

Food-borne diseases create critical health problems worldwide and are responsible
for the economic burden to society. Active nanocomposites used in preparing biode-
gradable packaging materials are not only eco-friendly but also increase the shelf-
life of food items. In addition, active food packaging systems regulate moisture,
absorb oxygen, carbon dioxide, ethylene, and water vapor, and also act as a thermal
insulator. Active packaging systems developed by using NT are mainly utilized for
the storage purpose of the food items such as meat products which need cold condi-
tions for storage as well as distribution [10]. Such advanced packaging materials
increase the shelf-life of meat foods and preserve the quality by creating needed
vacuum pressure by passing gases such as oxygen and carbon dioxide, this ends the
necessity of air conditioning for storage and distribution of meat food products [10].
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1.3.2 Smart Food Packaging Systems

Smart packaging systems counter environmental conditions of food packaging by
detecting the undesired contaminations and/or presence of microbes inside the food
items. Smart food packaging warns consumers about the safety of packed food
items based on the internal molecular external environment of packed food items.
Many times microbiological and chemical tests are not enough to recognize the
safety of the packaged food items. Whereas, smart food packaging may detect spoil-
age and pathogenic microorganisms in the packed food items instantly. Smart food
packaging systems are equipped with various nanosensors such as moisture sensor,
freshness indicator, temperature indicator, chemical toxin indicator, oxygen, carbon
dioxide, and pathogen indicators. On the other hand natural dies including
[-carotene, curcumin, and anthocyanins, curcumin, chlorophyll, f-carotene present
in vegetables and fruits which can be used as a sensor in packaging materials by
applying the technology based on NPs. Nanosensors are devices fabricated by using
nanoparticles and widely used to detect food contaminants and pathogens in food
items. These nanosensors can trace any modifications in the proceeded food items
such as change in food’s color, texture, and biological transformations. Nanosensors
provide information of enzymes produced during the degradation of foodstuff and
thus food products enabled with such packaging system have increased shelf-life
and due to this use of preservatives becomes limited [4]. Modern smart packaging
is based on selective antibody and antigen interaction to identify the pathogens in
packaged food items. In this method, antibodies are conjugated with quantum dot
semiconductor materials. Quantum dots are one-dimensional NPs having around
5-10 nm diameter and can absorb continuous spectra and as per their size and com-
position, produce narrow fluorescence emission spectra. Recently antibody attached
Cds quantum dot was employed to detect E. coli bacteria [11]. Researchers have
developed a sensor based on gold and palladium NPs labeled with an antibody that
can detect L. monogtogen pathogen in an opened food packet. Thus smart nanofood
packaging system which can detect and inhibit pathogens and unwanted microbes
in packaged food items may be a milestone in successful food industry.

1.4 Mechanism of Action of Nanoparticles

Mostly, there are two factors that may affect food products safety i.e. intrinsic and
extrinsic factors. The common intrinsic factors are water percentage, pH level,
microbes, and enzymes which leads rate of degradation of food items while extrin-
sic factors such as temperature, total pressure light intensity, relative humidity and
partial pressure are common factors that effectively affect the degradation rate of the
foods [12]. In general, microbial growth occurs on the surface of unpreserved food
items; therefore antimicrobial packaging develops but NT effectively restricts the
growth of microbes in comparison to antimicrobial food additives. Some evidence-
based studies were presented in Table 1.1. Studies have reported that some NPs
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Table 1.1 Important nanocomposite materials and their antimicrobial activities
S1. Pathogens tested in
No. | Nanocomposite Food items | food Effect Reference
1. | Chitosan/Nigella sativa | Strawberries | B. subtilis, E. coli, | AgNPs showed [19]
extract-AgNPs P. aeruginosa, and | better antibacterial
S. aureus activity against
gram-negative
bacteria in
compression to
gram-positive
bacteria
2. | Low-density Pikeperch | A. niger, C. Effective against | [20]
polyethylene/Ag/ Filets albicans, E. coli, | all the strains
TiO,NPs and S. aureus
3. | Low-density Pikeperch | Apple-isolated Effective against | [21]
polyethylene/AgNPs Filets Penicillium fungi and both
expansum, E. coli, | positive and
Enterococcus negative bacterial
Jaecalis, strains
Salmonella
enterica subsp.
enterica serovar
Typhimurium, and
S. aureus
4. | Cellulose/AgNPs Pikeperch | E. coli and S. Significant [22]
Filets aureus antibacterial
activities against
both the bacteria
5. | Low-density Nile Tilapia | E. coli and L. Very effective [23]
polyethylene/Ag*Cu/ | Fish monocytogenes antibacterial
TiO,, NPs effect.
6. | Carboxymethyl Strawberries | E. coli and S. Remarkable [24]
cellulose/cellulose/ aureus anti-bacterial
AgNPs effects were
exhibited. Quality,
as well as
shelf-life of
packaged
strawberries, were
increased
7. | Chitosan-TiO,NPs/Red | Strawberries | E. coli and S. Effectiveness is [25]
apple pomace extract aureus better in S. aureus
than E. coli
8. | Low-density Chicken E. coli and S. Effective on both | [26]
polyethylene/AgNPs/ | meat aureus gram-positive and
TiO,NP and low- negative bacteria.
density polyethylene/
nanoclay/TiO,NPs

(continued)
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Table 1.1 (continued)

SI. Pathogens tested in
No. | Nanocomposite Food items | food Effect Reference
9. |Poly Chicken E. coli and S. Dose-dependent | [27]
(3-hydroxybutyrate-co- | meat aureus antibacterial
3-hydroxyvalerate)/ activity was
biogenic SiO,NPs shown
10. | Polyvinyl alcohol/ Chicken S. aureus and S. More effective for | [28]
boiled rice starch/ meat typhimurium S. typhimurium
AgNPs than S. aureus
11. | Cellulose/CuNPs Chicken E. coli and Significant [29]
meat Bacillus sp. antibacterial effect
was shown at the
dose 250 mM
against E. coli
12. | Polylactic acid/ Chicken E. coli and S. Remarkable [30]
oligomeric lactic acid/ | meat aureus antibacterial
chitosan-AgNPs activities were
observed against
both strains
13. | Carrageenan/Laponite | Chicken E. coli and S. Remarkable [31]
on the oxygen plasma | meat aureus antibacterial
surface modified activities were
polypropylene film/ observed against
AgNPs both strains
14. | Cellulose nanofibril/ Chicken E. coli Better effect [32]
AgNPs meat against E. coli
than on L.
monocytogenes
15. | Poly(lactic acid)/3-(40- | Chicken L. monocytogenes | Remarkable [33]
epoxyethyl-benzyl)- meat E. coli and S. antibacterial
5,5-dimethylhydantoin/ aureus activities were
SiO,NPs observed against
both strains

namely Ag, Au, Cu, CuO, MgO, Fe, and TiO, have shown great potential towards
antimicrobial properties [13, 14]. Among metal NPs, AgNPs have shown promising
results of toxicity towards various food pathogens. AgNPs increase cell membrane
permeability by degrading lipopolysacharide and cell surface adherence [15]. In this
way, AgNPs can penetrate the cell membrane of bacteria and damage their DNA
[16]. AgNPs release Ag* ions inside the cell which bind with oxygen, sulfur, nitro-
gen, and other electron donor groups and inhibit the generation of adenosine tri-
phosphate and DNA replication which force cell death [17]. In another way, Ag* can
also cause shrinkage of cytoplasm, separation of cell wall, and damage of ribosome
which inhibit DNA replication and lead to the death of the cell. There are three basic
mechanisms accepted widely involved in microbial toxicity of metal NPs; metal
ions uptake via intracellular ATP depletion, reactive oxygen species (ROS) produc-
tion via oxidative cellular damage, and destruction of the bacterial membrane [18].
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1.5 Other Applications of Nanotechnology
in the Food Industry

1.5.1 Nanocoating on Packaging Surfaces

Nano-coating on packaging surfaces of food items is one of the other most exciting
applications of NT in the food industry. The presence of O, inside the packaged
food materials creates favorable conditions for the microbes to grow and thus com-
promise the quality and shelf-life of the food products. Mills (2005) has developed
titanium dioxide (TiO,)NPs conjugated with photo-indicator intelligent ink using
redox-activate methylene blue dye for the detection of oxygen level. This detector
is very sensitive and changes its color in response to the change in the quantity of
02 inside the packaged material [34]. Besides this, magnesium oxide (MgO) and
polylactic acid biopolymer mixed nanocomposite were used to develop food pack-
age materials that effectively protect the food against bacteria bio-films [35].
Recently developed coating with zero-valent iron particles with the ability to scav-
enge oxygen in food packaging has shown revolutionary possibility of application
of NT as nano-coating on food products to protect them from degradation [36, 37].

1.5.2 Protection from Chemical Deterioration of Foods

In food items, various important components exist and they can react chemically
with external environments causing chemical deterioration to the foods. Relatively
less reactive nanomaterials play a key role to inhibit unwanted chemical reactions
and carry antioxidants. Nano-encapsulation of a bioactive compound using poly-
meric nanomaterials is a recent idea for the protection from chemical deterioration,
in application, vitamins and flavonoids can be delivered directly in an acidic envi-
ronment such as the stomach [38]. Nano-encapsulation ensures the functionality of
the nutritional ingredients and controlled release of the core materials in the targeted
site. Therefore, nano-encapsulated ingredients exhibit plentiful advantages such as
unceasing delivery of consecutive delivery of varied active ingredients, enhance-
ment of shelf-life, extension of stability, and pH-triggered controlled release [39].

1.5.3 Improvement of Physical Properties of Food
and Packaging Materials

Numerous nanomaterials have been developed to prevent texture and other physical
properties of food products and of packaging materials too. Polymer nanocomposite
materials with layered silicate have been developed for packaging that has many
good properties including high flame resistance and protection from UV rays [40,
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41]. Recently many NPs have been synthesized that possess the property to protect
and enrich the physical appearance such as the color of food items. Nowadays, TiO,
NPs have been approved as coloring food additives. Besides, TiO, NPs, SiO, NPs
are being widely used as anti-caking materials to maintain the flow of powdered
materials as a carrier of aroma in food items [42].

1.5.4 Removal of Heavy Metals

Heavy metals Pb, Zn, Cu, Hg, etc. could get into foods in many ways including
agricultural contaminated water. These heavy metals may pose severe threats to
human health since they can accumulate and move across the food chain [43]. They
may damage kidneys, lungs, central nervous system, and many other vital organs. In
addition to being a direct threat to human health, heavy metals are hazardous to the
environment since they cannot be degraded by microbes and once they enter the
ecosystem, they remain for years and get transmitted to the whole food chain. These
metals are reported to cause cancer and other many life-threatening diseases [44].
The removal of these heath hazardous metals from food items has drawn the atten-
tion of scientists and health workers worldwide. In such a scenario, the application
of nanotechnology has gained wide attention recently. Heavy metals and their
oxides such as ZnO, CuO increase intracellular ROS levels which causes DNA
damage. Modified magnetic nanoparticles play a very important role to adsorb
heavy metals micro-extraction and possess the capacity to measure even trace
amounts of Ni, Cu, Co, Pb, Mn, and Cd from food items. Animated magnetic iron
oxide nanoparticles have been demonstrated as an absorbent of heavy metal ions
[45, 46]. MgO nanoparticles have elicited a very remarkable ability to track and
remove heavy metal ions from contaminated food products as well water samples.
Interestingly, MgO NPs have also shown significant antibacterial potential against a
variety of strains. It has been reported that the high demand of MgO NPs against
bacterial detection and removal of heavy metals from food and beverages is due to
their low-cost, easy availability, facile preparation, and eco-friendly [47].

1.5.5 Prevention from Biofilm Formation

Biofilm is defined as a tightly packed bunch of bacterial cells which adhere to any
substrate and form a polymeric extracellular matrix which is very tough to break
out. The biofilm can be formed by the tight binding of free-floating microbes to the
surface of food items by Vander-walls forces. AgNPs increase the metabolism of
bacteria and have shown the potential to prevent biofilm formation. NiONPs having
sizes 10-20 nm have been proposed for antibacterial, anti-tumor as well as activity
to inhibit biofilm formation [48]. Researchers have reported that the chlorhexidine-
conjugated gold nanoparticles can exhibit excellent inhibitory effects against the
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formation of biofilm by Klebsiella pneumonia [49]. It has been reported that naked
(superparamagnetic iron oxide)IONs and IONs coated with 3-aminopropyltriethoxy
silane The two types of (IONs), such as naked IONs and IONs coated with
3-aminopropyltriethoxy silane, have elicited significant ability to prevent biofilm
formation by B. subtilis, their growth as well as cell viabilities [50, 51].

1.6 Nanosensors in the Food Industry

Food safety and security are very important question in the food industry since it
directly affects human health and economic growth. Many old and conventional
methods have been discovered and utilized to detect and monitor harmful pathogens
and toxic materials in the food industry from time to time. However, these methods
are time taking, costly, and unresponsive in detecting harmful pathogens and
unwanted materials in food products. Therefore, the food industry needs such a
sophisticated and easy-to-handle instrument/sensor which should be rapid, sensi-
tive, and inexpensive to detect pathogens and toxic materials in a food product. In
recent times NT has shown very promising potential for solving food safety and
security issues in terms of identifying pathogens and toxic materials which help to
improve human health and economic growth of agriculture and food industry.

A sensor is a device that detects or measures the changes in the form of physical
and chemical properties of the environment for a particular system. Nanosensors
have several benefits in sensitivity and specificity over traditional sensors that can
be applied in the food industry very successfully. Nanosensors, functionalized with
chemical and biological molecules such as antibodies to increase their specialty to
detect changes in physical and chemical processes. They offer high sensitivity of
detection due to the high surface-to-volume ratio of nanomaterials used in fabrica-
tion. Nanotubes and nanowires, the one-dimensional nanomaterials have shown
great potential in the fabrication of nanosensors. There are numerous potential
applications of nanosensors in several areas such as medicine, agriculture, food
technology as well as research. Nanosensors can monitor various physical changes
such as pressure, temperature, volume, concentration, gravity, velocity, electric and
magnetic signal in a very accurate manner. Nanosensors that use molecularly
imprinted polymer can be divided into three categories such as electrochemical,
piezoelectric, and spectroscopic. Electrochemical sensors are based on electro-
chemical properties of sensing materials such as charge, conductivity, capacitance,
electric potential (Fig. 1.2). Piezoelectric sensor either converts mechanical force
into electrical or electrical force in mechanical force. Spectroscopic sensor work on
light-based signal chemiliuminescent, surface Plasmon resonance, and
fluorescence.
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Fig. 1.2 Schematic representation of different components of nanosensors

1.6.1 Nanosensors for Detecting Food Pathogenic Bacteria

In food items, the detection of pathogenic bacteria is achieved by detecting genetic
material or whole-cell of bacteria. NPs based DNA isolation from bacteria is more
effective, sensitive, and fast due to which better results are expected than conven-
tional ways. Magnetic nanoparticles such as iron oxide NPs are used for the isola-
tion of DNA from Listeria monocytogenes milk bacteria [52, 53]. Several other
nanoparticles are employed for the detection of pathogenic bacteria in foods, the
details are listed in Table 1.2.

1.6.2 Detection of Toxins, Pesticides and Chemicals in Food

Food toxin materials such as aflatoxins, polytoxins, botulinum, mycotoxin contami-
nate food product and if enters in our body causes several diseases. Researchers
have developed various nanosensors based on nanocomposite materials that are
very efficient and sensitive in the detection of these toxic materials. Gold NPs func-
tionalized with anti-aflatoxins have been utilized for the detection of aflatoxin.
Carbon nanotubes based on electrochemical luminescent sensors are used to detect
polytoxins found in mussel meat [63]. Food toxin sensors based on NPs are listed in
Table 1.2.

Nowadays in the agriculture sector, excessive pesticides and fertilizers are used
for more crop and fruits productions by farmers which are a serious drawback for
human health. Organophosphate is a more common pesticide used in food products.
Gold NPs have been functionalized as calorimetric and fluorometric sensors to
detect organophosphate and carbamate pesticides in food products [67]. Other pes-
ticide sensors are listed in Table 1.2.
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Table 1.2 Nanosensors based on nanoparticles with detecting technique of food; pathogens, toxin
and gases

SL.

Nanosensors based on

No. | nanoparticles Detection technique Factors it detects Reference
1. | Magnetic NPs Impedance and DNA E. coli, L. monocytogenes | [54, 55]
isolation based on PCR | and Salmonella
typhimurium Bacterium
2. | Gold NPs SPR and E. coli, Staphylococcus [56-58]
electrochemical aureus and Vibrio para
Bacterium
3. Single-walled carbon FET transistor and Bacillus globigii and [59, 60]
nanotubes (SWCNT) electrochemical Salmonella infantis
Polypyrrole nanowires Bacterium
4. Zinc sulfite and Fluorescence E. coli and Salmonella [61, 62]
cadmium selenide NPs typhimurium Bacterium
5. Gold NPs Electrochemical Botulinum neurotoxin [64]
type B and brevetoxins
Bacterium
6. | Zinc oxide NPs Cyclic voltammetry and | Ochratoxin-A [65, 66]
impedance
7. Carbon nanotubes Electroluminescent Microcystin-LR and [63]
(CNT) and multi-walled palytoxin
carbon nanotubes
(MWCNT)
8. Gold and Silver NPs Fluorescence and Melamine [68]
UV-visible spectroscopy
9. MWCNT, graphene Electrochemical Sudan I [69]
mixed magnetic NPs
10. | Cobalt nitroprusside Electrochemical Sulfite [70]
11. | Methylene blue-titanium | Luminescence Oxygen [71]
dioxide
12. | Silver and gold nanorods | UV-visible Time—temperature [72]
13. | Gold NPs UV-visible and Time—temperature [73]
electrochemical
14. | Iron oxide-titanium Electrical gas sensing | Time—temperature [74]

dioxide NPs

1.6.3 Nanosensors for Food Freshness

The packaged food materials are prone to degrade with time and temperature. The
presence of oxygen and humidity in unproportioned quantities spoils the freshness
of packed food products and also reduces their shelf-life. Oxygen oxidizes the nutri-
tive vial molecules of the food consequently; this condition favors the growth of
bacteria and other pathogens. Nanoparticles’ color, size, and spectral response have
been utilized for developing time—temperature-based indicators for food freshener.
Methylene blue/titanium dioxide hybrid nanocomposite has been developed for
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oxygen sensor. Moreover, various freshness sensors have been developed based on
nanocomposite materials which are listed in Table 1.2.

1.7 Future Remarks and Conclusion

NT has shown a possibility to play a promising role in different aspects of the food
industry including packaging, storage, distribution, and enriching the quality and
taste of food materials. However, the data obtained to date on the possibility of the
applications of NT indicates that the utilization of NT in the food industry is in the
initial stage even though it has made a revolution in the food industry through nano-
processing and nano-packaging of foodstuff, further it insures the safety and quality
of food products by the use of advanced nanosensors. Nano-encapsulation of bioac-
tive ingredients facilitates targeted delivery of active ingredients as well as increases
the shelf-life of the food products. Nanocoating on surfaces is not only useful in
preventing the chemical and microbial deterioration of the food items but also
restoring their nutritional value. Heavy metal reduction/removal by the use of NT
from food and beverages is a novel and cost-effective technique to insure food qual-
ity. However, despite the revolutionary role of NT applications in the food industry,
some issues need to be studied in detail. The toxic properties of some nanoparticles
and less easy availability are the other important areas that must be attended to. The
chapter concludes that, if managed and regulated properly, nanotechnology can play
a very vital role in the food industry; improving food processing, product quality,
and safety, which will benefit humans at large.
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Chapter 2

Nanomaterials in Food System
Application: Biochemical, Preservation,
and Food Safety Perspectives

Shreya M. Hegde, Sanya Hazel Soans, Ravi Teja Mandapaka, J. M. Siddesha,
Ann Catherine Archer, Chukwuebuka Egbuna, and Raghu Ram Achar

2.1 Introduction

The use of nanotechnology in the food industry has been growing consistently with
time. This new technology has paved its way through the food system by proving its
benefits right from cultivation to processing, packaging, storage, and transportation.
Nanomaterials are in demand because of their small size (diameter <100 nm), shape,
and novel properties [1]. This might provide us with the solution to food wastage
which leads us to a huge food crisis. Human exposure to this new technology is
increasing day by day. Hence, as a concern to public health, it is important to under-
stand how nanotechnology works in the food system [2].
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Nanoparticles are extensively used in packaging and preservation thanks to their
far-reaching antimicrobial activity, the generation of ROS by the nanoparticles can
damage the microorganisms present on the exterior of the foodstuff. They have
wide-ranging surface area per unit mass and their reduced particle dimension helps
enhance the beneficial properties like biological activity, bioavailability, and solu-
bility of the processed encapsulated food products when compared to other modes
of packaging [3]. Moreover, if organic composite nanoparticles are used, the food
products will have improved bioactivity. The enclosed packaging may also contain
nanosensors, which are known as active/smart/intelligent food packaging which are
a revolutionary method to detect the condition of food when packaged. Foodborne
pathogens such as Escherichia coli, Listeria, and Salmonella on steel food produc-
tion surfaces can be eliminated by engineered water nanostructures generated as
aerosols [4]. Apart from this, nanoparticles can act as transporters for biomolecules
like enzymes and antioxidants. They transport anti-browning agents, flavors, and
other bioactive materials even after opening the packaging which improves their
shelf life. These advantages make the food industry run smoothly without any haz-
ards [5]. Table 2.1 describes the various components and their applications in food
industries.

2.2 Biochemical Perspective for the Usage of Nanomaterials

The nanoparticles in our food may consist of both organic and inorganic constitu-
ents. The organic nanoparticles include a fabricated form of biomolecules like pro-
teins, carbohydrates, and lipids. They can either be liquid, or they can have properties
of semi-solid (gel), or solid (crystalline or amorphous) completely based upon their
arrangement and modification [6]. Their activity in the human body considerably
varies within various parts of the human digestive system. Nanomaterials if not
digested may get solubilize, form a precipitate, or get lumped up. Digestible
nanoparticles undergo enzymatic breakdown in the region of the mouth, stomach,
small intestine, or colon according to their properties. Under the organic nanopar-
ticles, the most common are lipids, proteins, and carbohydrates nanoparticles [7].

Table 2.1 Types of nanomaterials and their application in food industries

Nanocomponent Primarily used in Advantages
Nanoporous membranes, nanofibrils, nano | Food processing Anticaking agents
aggregates, nanocrystals Gelating agents

Enzyme immobilization
Nanocoating (nanoemulsions/ Food preservation Encapsulation of bioactive
nanoencapsulations) compounds

Antimicrobial activity

Nutrient delivery
Nanocomposites (polymer/clay), Food packaging and | Active packaging
nanotracers, Nanosensors food safety Smart packaging
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2.2.1 Lipid Nanoparticles

Lipids by their nature are present within many commercial food products like soft
drinks, dairy drinks, and fortified water in the form of small oil droplets dispersed
in water. The major advantages of these are, they increase the bioavailability and the
stability of the product and they provide optical transparency which is desirable in
many foods. They can be present in the form of micelles, vesicles, oil droplets, and
fat crystals. Solid lipid nanoparticles (SLN) are very commonly used under this [8].

2.2.2 Protein Nanoparticles

Nanoparticles of proteins are found naturally in the casein micelles in bovine milk
and other dairy products along with phosphate ions. They usually have an aggre-
gated cluster of proteins held by physical interactions or covalent bonds. Typically,
they are spherical, but fibrous structures can also be created. The functions include
increasing the bioavailability of vitamins, minerals, and nutraceuticals and also
encapsulating attributes like flavor, preservatives, and colors [9].

2.2.3 Carbohydrate Nanoparticles

Digestible polysaccharides like starch and non-starch polysaccharides like cellu-
lose, alginate, carrageenan, pectin, and xanthan are important sources of
Carbohydrate nanoparticles. They are formed by breaking larger carbohydrate units
like starch granules and chitosan or cellulose fibrils. The shape of the nanoparticles
can be spherical or not, digestible or indigestible depending on their source. The
functions are the same as that of protein nanoparticles [6].

2.2.4 Inorganic Nanoparticles

Inorganic nanoparticles are widely in use in the form of silver, and oxides and diox-
ides of iron, titanium, silicon, and zinc. At ambient temperature, they can possess
properties of either crystalline or amorphous solids, their shape can be spherical or
non-spherical, and the range of sizes depends on their modification process. Under
different solution conditions with parameters like pH and ionic strength, their ten-
dency to dissolve also varies. Their chemical reactivities also changes based on the
environment around them. Inorganic substances like Ag, Cu, CuO, ZnO, Pd, Fe, and
TiO, are commonly used in the process of packaging [10]. They are adhered via
developing electrostatic, hydrogen bonding, and covalent interactions. Silver
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nanoparticles (AgNP) have claimed to be useful in diverse applications within the
food industry according to the manufacturers because of their ability to target bacte-
rial metabolism by attaching to its DNA, protein, and enzymes, which results in
bacteriostatic effect along with destabilization of the cytoplasmic membranes [1].

Furthermore, several nanoparticles oxides and dioxides such as titanium (TiO,),
zinc oxide (Zn0), silicon dioxide (Si0O,), and magnesium oxide (MgO) also have
shown to be helpful in food packaging due to their capacity to behave as UV block-
ers and as photo-catalytic disinfecting agents. Dioxides like silicon have proven to
improve the quality of many polymer matrices by improving their physical and
mechanical properties. Amongst these TiO, is highly explored by incorporating it
into various forms of nanomaterials like nanorods, nanowires, nanotubes, etc. The
exact action of this dioxide is not known, but it may be due to the alterations in the
coenzyme A-dependent enzyme activity, and their ability to damage the DNA
through the hydroxyl radicals [4].

2.2.5 Organic Nanomaterials Versus Inorganic Nanomaterials

The composition of the nanoparticles plays a main role in deciding their fate in the
gastrointestinal tract (GIT). Generally, organic nanomaterials are considered less
toxic than inorganic ones. Organic components are readily digestible by the diges-
tive enzymes. But if they are fabricated by dietary fiber or mineral oils, they are not
digested by the upper GIT. The inorganic components are also not completely
digestible in the GIT, but with adjustments in pH or dilution, they can be partially
digested. When the upper part of the GIT cannot digest certain components, it is
passed to lower GIT where the gut bacteria conditions can be changed. Few inor-
ganic nanoparticles components like silver can dissolve and release ions which can
bring about undesirable changes by chemical reactions, whereas nanoparticles of
TiO, are relatively inert in the lower GIT. Along with this, the size of the nanopar-
ticles also decides the digestibility in the GIT and its toxicity. The smaller the size
of the nanoparticles, the easy it is to get digested and absorbed by virtue of their
wide surface area and the capacity for uptake of nanoparticles by intestinal epithe-
lium cells through transport systems (active or passive) or through tight junctions
highly depends on the particle size [6].

There are various uncertainties surrounding the mechanism and possibilities of
nanoparticle toxicity, hence understanding the properties of nanoparticles and their
ability to produce toxic effects are essential. Our body can consume nanomaterials
in a variety of ways which can be circulated throughout the body and damage human
cells by fluctuating function of an important cell organelle like mitochondria,
generate reactive oxygen species, and increase the permeability of membranes,
finally leading to toxic effects and chronic disease.

As this new approach of using nanomaterials through various applications in
food industries is most likely here to stay, more research is needed on the develop-
ment of more sustainable use of this technology with proper regulation [11].
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2.3 Preservatives and Antimicrobial
Nanomaterial Components

2.3.1 Preservatives

Food preservation refers to the treatment and handling of food to slow down decom-
position and prevent loss of food quality, edibility, or nutritional content due to
microorganisms [12]. Microorganisms present on certain food might be pathogenic,
which produce various poisons or cell segments that are inconvenient to human
wellbeing. Heat treatment is the most effective actual strategy for food preservation.
However, excessive heat may alter the nutritional value of the food. As a result,
obstacle innovation such as nanotechnology has been used to combat this issue [13].
The development of active food packaging that blends the characteristics of an exte-
rior barrier with antimicrobial agents has the ability to limit or delay microbial
growth, thereby reducing food deterioration and extending shelflife. Nanotechnology
has a wide scope in applications related to food. Among these applications, infusing
a particular kind of nanoparticle into a particular food item so that the food material
can foster some of its ideal properties is the most common one. The most common
nanomaterials employed in the food sector are silver nanoparticles and nanocom-
posites as antimicrobials [14].

2.3.1.1 Silver Nanoparticles

Silver nanoparticles mainly cause cell death by Ag ions which bind to membrane
proteins, generate pits, cause various structural changes, and they play an important
role in catalyzing the production of ROS in cells of bacteria, resulting in apoptosis
due to the oxidative stress [15]. Zhang et al. [16] synthesized silver nanoparticles
(AgNps) which exhibited strong preservative effects on Citrus fruit rot caused by
Penicillium italicum. The mechanism of preservation was based on damage to the
cell wall and membrane, which caused the disruption of essential intracellular sub-
stances such as DNA and proteins and also leading to leakage from the cytoplasm,
causing cell distortion and death. To summarise, the study doesn’t only present a
fresh and effective process for the synthesis of AgNPs, but it also demonstrates how
AgNPs could be utilized to preserve citrus fruits [16]. The in vivo antibacterial
activity of Chitosan silver nanoparticles (Ch-AgNPs) against Escherichia coli in
minced meat samples was high when compared to either controls or Ch alone, with
AgNPs playing a prominent role in antimicrobial activity. The findings show that
Ch-AgNPs could be employed as antibacterial agents to extend the shelf life of meat
[17]. Food preservation procedures are most commonly associated with the use of
chemical preservatives, which have a number of negative consequences, including a
change in the composition of food, a reduction in nutritional quality, and a hazard-
ous effect on human health [18]. Bacteriocins are small toxic proteinaceous com-
pounds secreted extracellularly by bacteria and theyare garnering a lot of interest
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because of their GRAS (generally recognized as safe) status and lack of food toxic-
ity [19]. When bacteriocins are nanoencapsulated and employed in food preserva-
tion, they are protected from gastrointestinal enzyme breakdown.

2.3.1.2 Poly-Lactic Acid Nanoparticles

PLA (Poly-lactic acid) nanoparticles with nisin were produced for potent and stable
release of bacteriocins for food preservation purpose. Long-lasting antibacterial
activity was discovered in Nisin-loaded polymeric nanoparticles produced using the
gas precipitation process. Indeed, this formulation allowed for delayed nisin release
and stability, resulting in an effective antibacterial system that can be used to pre-
serve food and pharmaceuticals [20].

Chitosan in combination with nisin treatment appears to be a good method for
preserving the quality of aquatic products during storage. Moisture loss manage-
ment, volatile spoilage inhibition, total volatile basic nitrogen (TVB-N) reduction,
total viable counts (TVC) growth control, color, and sensory acceptability mainte-
nance were all achieved with 1% chitosan mixed with 0.6% nisin [21]. Li et al. [22]
synthesized a new packaging made up of nanomaterials with an improved barrier of
upgraded mechanical properties to preserve Chinese jujube at room temperature.
Polyethylene was mixed with nanopowders like nano-Ag, kaolin, anatase TiO,, and
rutile TiO, to create the nano-packing material. When compared to standard pack-
ing material, the outcomes demonstrated that the new packaging which had nano-
materials had a significant positive impact on its physicochemical properties along
with sensory quality [22]. Swaroop et al. [23] fostered a food packaging material
with a blend of magnesium oxide (MgO) nanostructures and polylactic acid bio-
polymer, which showed that it had potent effects against bacterial biofilms [23].

2.3.1.3 Zinc oxide Nanoparticles

ZnO is an inorganic substance that is extensively used in everyday life, as well as a
food additive. The Food and Drug Administration has classified ZnO as a
GRAS material [24]. The release of Zn?* antibacterial ions has been proposed as a
plausible explanation for ZnO’s toxicity to Saccharomyces cerevisiae [25]. The pur-
pose of this research was to develop a gelatin-based nanocomposite incorporating
chitosan nanofibres (CHNF) and zinc oxide nanoparticles (ZnONPs) and test its
efficacy in increasing the shelf life of chicken fillets. During storage, the physical
and chemical quality of chicken fillets and cheese samples were protected by the
film [26]. ZnO in a homogeneous dispersion of liquid media, such as culture medium
or any food, was found to be crucial for increasing microbial inhibition efficacy. In
TSB (Tryptic Soy Broth) and milk, ZnONPs suppressed the development of
Escherichia coli and Staphylococcus aureus in a preferential manner. Therefore
nanoparticles containing ZnO formulations can be used for the area of food safety
and other external reasons because of their antibacterial properties which can help
to suppress biofilm formation [27].
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2.3.1.4 Titanium Dioxide Nanoparticles

TiO,-NPs are an active photocatalyst because they are known to be chemically sta-
ble, non-toxic, and cost-effective, as well as a potent antibacterial agent that has
been approved by the US FDA. The usage of designed antimicrobial food packag-
ing product decreases food product losses and maintains quality and safety during
transit, storage, and sale [28].

2.3.1.5 Polymeric Nanoparticles

They are well suited to encapsulating bioactive chemicals such as vitamins and fla-
vonoids and protect them from releasing in an acidic environment, such as the stom-
ach [29]. Essential oils (EO) encapsulated in Polymeric poly e-caprolactone, also
known as (PCL) nanocapsules have proven to have better antibacterial action against
foodborne pathogens than pure essential oils in the market, demonstrating the pro-
cedure efficacy of their encapsulation of essential oils in a nanometric structure.
Those containing Thymus capitatus (Th-EO) were the most active among the
Origanum vulgare (EO-NCs), owing to its distinct chemical makeup of bioactives
[30]. The zein electrospun nanofibers are found to have low water resistance, limit-
ing their use in food preservation. For Agaricus bisporus preservation, cinnamon
essential oil (CEO) was encapsulated and was made to electrospun zein/ethyl cel-
lulose (EC) hybrid nanofibers to improve the water resistance of nanofibers. The
zein/EC nanofibers loaded CEO considerably reduced weight loss, maintained
Agaricus bisporus stiffness, and improved it’s quality during storage. Through a
simple and customizable on-demand packaging procedure, it exhibited a consider-
able influence on extending the storage life of Agaricus bisporus [31]. To encapsu-
late thymol into poly lactide-co-glycolide (PLGA) because of its antibacterial
behavior, coaxial electrospinning was used to generate nanofibers consisting of
core-shell. Because PLGA successfully prevents thymol from volatilizing, the core-
shell nanofibers containing thymol can gently evaporate into the atmosphere where
the fruits and vegetables are kept. The film demonstrated outstanding antibacterial
activity and fresh-keeping qualities, and it might be used in a variety of fruit preser-
vation applications [32].

Sodium alginate (SA) and polyethyleneoxide (PEO) blended nanofibers were
encapsulated with phlorotannin (Ph) using electrospinning. The ability of active
nanofibers to protect chicken against Salmonella enterica was tested at 4 °C and
25 °C. At 4 °C, the cell count dropped from 6.20 to 3.28 Log CFU/g, and at 25 °C,
it dropped from 8.80 to 2.53 Log CFU/g. Phlorotannin’s method of action on bacte-
ria was investigated, and it was discovered that the primary targets of phlorotannin
was the cell membrane, along with ATP, protein, and genetic material DNA. On a
whole, nanofibers increase the shelf life without compromising their sensory quali-
ties [33].
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2.3.1.6 Bimetallic and Trimetallic Nanoparticles

They are nanostructured materials with hybrid properties that improve physical
properties like thermal, mechanical, and gas obstruction capabilities. Because of
their environmentally friendly nature, hybrid NPs preserve the packaging and
extend the shelf life of food, they also reduce the usage of regular plastics [34].
Silver-copper (Ag-Cu) alloy nanoparticles (NPs) were incorporated into a glycerol
plasticized agar solution to create agar-based active nanocomposite films. The addi-
tion of this alloy to the agar films changed the color, transparency, and UV barrier
qualities. The agar films with the nanocomposite exhibited strong antibacterial
activity against both Gram-positive (Listeria monocytogenes) and Gram-negative
(Salmonella enterica sv typhimurium) bacteria. They could be employed as food
packaging materials to reduce foodborne pathogens and spoilage bacteria [35]. The
fabrication and characterisation of bionanocomposite films based on fish skin gela-
tin (FSG) and bimetallic Ag-Cu nanoparticles (Ag-Cu NPs) were undertaken. Due
to this property of the agar films, both Gram-positive and Gram-negative bacteria
were eradicated. Overall, the films have the potential to be employed as active food
packaging materials that control foodborne pathogens and spoilage bacteria [36].

2.4 Advantages and Issues with Nanomaterials
in Food Safety

For life to exist beautifully and race to increase its progeny, food, shelter, and cloth-
ing are considered a minimum requirement. Indeed, it is actively studying food
waste management through developing and understanding a questionnaire towards
reducing waste management in food. Food waste management should be focused on
knowing about it, why it happens, where is food being wasted, and how and when
is it being wasted. Food safety and equal wisdom of food waste are no exception.
One can probe food safety with the above questions [37].

Interestingly, we can think about what type of food is ‘prepared,” where, why,
when, and how it is ‘prepared.” Researchers generally do not believe this line of
probing is either low standard or insignificant. In the past, if one can see, there has
been many an attempt to quantify global food waste and many an assessment on
various food supply chains and envisioned to a much bigger picture. It has even
been said that more than 60% of the actual cultivated food is gone waste before it
can reach the waiting hands of the consumer [38].

In fact, food safety is all about using resources to ensure the safe preparation and
preservation of foods and make them even safer for consumption. We should con-
duct active internal auditing to ensure external auditing happens with no bigger
glitches. We should focus on increasing sales in foods and be ready to give away
food products that are either expired or damaged. In more than a specific method,
food wastage is a gripping problem in the rising scientific scenario [39].
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Food safety is of national and international concern. We have to protect food
from being damaged at the time of processing, handling, and distribution. This con-
tamination can happen due to physical factors, chemical factors, and biological fac-
tors. Also, the safety, security, and longevity of food businesses and merchandise
are as vital to our existence as to our environment. Moreover, in present-day life,
food safety has become a severe concern due to the presence of pathogens, toxi-
cants, pollutants, and contaminants offering to our health [1].

Nanomaterials, for that matter, are naturally occurring tiny materials created as
the byproducts of combustion reactions or forced byproducts of engineering to per-
form a specialized function [40]. Nanotechnology in foods is very emerging and
throws up a new world of opportunities in the food industry. Basic functionalities in
the modern-day nanotechnology applications towards improving food packaging
systems are, enhancing the hurdles of plastic materials, adding active compounds
and components that deliver various functional attributes above orthodox active
packaging. Packaging foods with nanomaterials will improve the shelf life of foods,
improve food safety, and intimate consumers well in advance about the quality of
food and its expected date of deterioration. The food is not contaminated or spoiled,
packaging errors are repaired, and even preservatives are added to extend the life of
the food in the package. By applying nanotechnology in the food industry, we can
identify bacteria in packaging or produce more stringent flavors, improve color
quality, and safety by increasing certain internal properties [41]. Nanotechnology
offers enormous hope to provide benefits not just within food products but also
around food products. Nanotechnology introduces chances anew for innovation in
the food industry. That said, we should not neglect the uncertainty and health con-
cerns that are simultaneously emerging and existing [1].

Additionally, the latest advancements in nanotechnology have changed the
course of several scientific and industrial areas, including the food industry, and
have cemented their place with the ever-increasing demand for use of nanoparticles
in fields of varied scientific interests. They are food science and microbiology, pro-
cessing technologies of nutrition, food packaging, functional food development,
food safety, a shelf-life extension of food and food products.

Over the past years in the food industry, there has been a vast increase in the
popularity of structures. Hence, research in this area should stand highly focused.
Nanotechnology and its very application in food packaging and food safety are not
new. In addition, promising results have been achieved in food preservation using
nanomaterials to save foods from water vapor, fats, gases, bad flavors, and odors.
Nanotechnology proffers excellent vehicle systems for delivering bioactive com-
pounds to the target tissues. Despite many advances in nanotechnology every day,
there are new challenges and opportunities towards enhancing and bolstering the
current technology and issues about the aftermaths of nanotechnology that must
address towards easing consumers’ concerns. The openness of safety and environ-
mental concerns should be a mandate while tackling nanotechnology in food parti-
cles. Hence, mandatory testing of nano foods is needed before we release them to
the consumer market [29].
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The following are four critical areas in the food industry where nanotechnology
can be applied and explored (Fig. 2.1).

(a) Functional materials

(b) Nanoscale processing and microscale processing
(c) Development of products

(d) Food safety and biosecurity [42]

Within these areas, the possible applications of nanomaterials in the food industry are,

1. Using Nanosilver in packaging and on first-aid dressings.

2. Innovative packaging where we put detectors into packaging that provides data
if the food inside has deteriorated.

3. We are facilitating the controlled release of active ingredients by controlling
bioavailability and allowing flavors.

4. Improve functionality of food and micro-ingredients and novel processes in food
manufacturing systems. Improved ingredient functionality [12].

Nanotechnology improves foods and, makes them more nutritious and healthier. It
produces new food products, food packaging systems, and storage systems [43].
Many of these applications are at a starting stage, and we expect most of them to be
high-value products in less time. There’s a limit in food nanotechnology applica-
tions that are successful. We can use nanotechnology to increase flavor and texture,
decrease fat content, or encapsulate nutrients like vitamins and see that they are not
damaged during the shelf life of the food. In addition to this, nanomaterials can be
used to keep the product inside the package fresher for a long time. By incorporat-
ing nanosensors in the nanopackaged food, we can provide consumers with infor-
mation on the state of the food inside.

Food packages embedded with nanoparticles intimate consumers when a product
is no longer safe for consumption. Sensors can raise an alarm before the food goes
damaged and tell us of the nutritional status of the food at that point in time.
Certainly, nanotechnology will reshape the fabrication of the entire packaging
industry [44]. Simple packaging of food nonpackaging has been shared below for
easy understanding.

Advancements in food nanotechnology offer exciting challenges for both the
government and the private industries. The food processing industry should take
care of the consumer confidence and acceptance of nano foods. Food regulatory
bodies like the U.S. Food and Drug Administration (FDA), should author guidance
concerning the criteria to evaluate the safety of food, the package of the food, and
provide uses of nanomaterials with novel properties [41].

It is vital to note that nano foods originate in the laboratory. Therefore, they are
not as same as conventional nano foods. Unfortunately, there has been an insuffi-
cient exploration of scientifically and naturally happening nanosystems and the
advantages they provide. Thus, it is tough to make broad generalizations if nano-
technology is good, bad, or ugly. However, nanotechnology food packaging was
estimated to be less troublesome than nanotechnology foods [41].
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Also, nano foods are not named as they are, and consumers are not given an open
option to avoid these based on their individual choices. Thus, compulsory testing of
nano-modified foods is advisable before they are permitted to go into the market.
New methods and standardized test procedures towards studying the value and role
of nanoparticles on living cells are highly required to evaluate hazards of human
exposure to nanoparticles. We expect on a wider range, that food products derived
from nanotechnology will be available a lot to consumers in the coming years across
the globe [29].

We are living in a fast-paced society eyeing perfection every second in techno-
logical advancements. We should focus on deducing the most suitable quarantine
measures in avoiding and decreasing spoilage and wastage of food. We should only
aim at producing food when it is vital, and we must ensure it’s decrement of over-
production. Producing and procuring food and generating efficient waste alters the
path of an internally contaminated environment of ours. We agree that there is very
minimal progress in the assessments of nanomaterials in food safety. And it will
impact the global food business. Research studies should focus on developing a
guideline for regulating the security of nanomaterials [45, 46].

2.5 Conclusion

Applying nanomaterials in the food industry at a commercial level will increase
multiple folds because of their unique and novel qualities. It will also increase
human exposure to nanomaterials. That being the case, the effect of nanomaterials
on food and health is of paramount worry to the public. The capacity to quantify
nanomaterials throughout the life cycle of food is vital for consistency in manufac-
turing, safety, and prospective benefits of the final consumer product. Being accepted
and acknowledged by the public depends on their safety. We should lay utmost
importance on putting in place a constant and steady international regulatory frame-
work for nanotechnology in foods.
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Abbreviations

CNC  Cellulose nanocrystals

CNF Cellulose nanofiber

CNs Cellulose nanomaterials

IFIC International Food Information Council
LNC  Lipid nanocapsules

MNPs  Metal based-nanoparticles

3.1 Introduction

Food has a multifaceted range of meanings without a single definition. However,
according to the US Department of Health and Human Services, an item considered
food has to have a minimal nutritional value. More precisely, “food items are physi-
cal entities comprised of biological components that give energy inside the body
and are employed to repair and improve body functions [1]. Food protects the body
from disease and regulates body functions as well. Over the past few decades,
science-driven food research and newer technologies have revolutionized the food
sector in addressing the challenges associated with a balanced diet by ‘being edible’
and ‘being nutritive’, which are the key requirements in the food processing indus-
tries. Food research is a systematized and applied tool for investigating and
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compiling information about foods and their components with the help of multi-
disciplinary fields, e.g. chemistry, biochemistry, nutrition, microbiology, and engi-
neering, while food technology is the applicable food science knowledge for
selecting, processing, preserving, packaging, and distributing safe food without dis-
tressing its nutritive values [2]. Selection of good food and its processing to make
quality products are two exercises that can be improved using applied technologies.
These technologies can improve the product’s characteristics, nutritive value, shelf-
life, modification of food structures and textures, controlling of biochemical, micro-
biological, chemical change, and traceability of the food products, which are
foremost requirements in the food industry.

Nanotechnology helps to develop products like nanoparticles, nanoemulsions,
nanofibers, nanocomposites, nanolaminates, nanocapsules, and similar nanocapsu-
lation structures. It is one of the fast-emergent multidisciplinary technologies to
develop food ingredients, food additives, carriers for nutrients/supplements, and
food contact materials at a molecular level. This technology offers a wide array of
benefits in terms of quality to the customer, including novel characteristics and
improved sensory attributes, e.g. improved appearance, original tastes, novel tex-
tures, fresh sensations, minimum extent of fat, enhanced nutrients absorptivity,
upgraded packaging to ensure microbiological safety, etc. [3—6]. The word “nano”
comes from the Latin word “nanus” and the Greek word “v'avg,”, which indicate a
person of very low height, i.e., a dwarf. However, today it is used at the level of a
nanometer (nm) or an atomic level. Atom(s) or molecule(s) of some elements, com-
pounds, and/or macromolecules aggregate in the matrix at a specific environment,
and form nanomaterials of a size ranging from 1-1000 nm and acquire some physi-
cal and chemical characteristics that are quite dissimilar to those of an individual
molecule or bulk material [7].

Nano-sized materials (characterized dimensionally from a geometrical stand-
point) such as quantum dots, nanoparticles (Zero dimension-0D), nanofibers, nano-
tubes (One dimension-1D), nano-thin films (Two dimension-2D order), and
nanopatterned bulk structures (Three dimension-3D) [5] have unique properties to
modulate physicochemical properties such as physical appearance, color intensity,
and odor characteristics.

The sensory attributes are often used in practice by consumers to evaluate food
quality with reference standards while purchasing any food product. According to
the International Food Information Council (IFIC, 2021), taste, price, and healthful-
ness are the top-ranked purchase drivers and/or characteristics when selecting any
food substance [3, 8]. Therefore, it is very vital to utilize sensory evaluation meth-
ods, when developing any new food products or introducing any of the processing
technologies [9]. Sample size, product type, and type of products should be taken
into account when selecting test methods [10] to evaluate sensory characteristics
with the help of analytical tools [11].

The chapter also summarizes how nanotechnology plays a significant role at the
molecular level in improving the quality of food products using their sensory accep-
tance and major gaps in knowledge that require further research.
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3.2 Quality of Foodstuffs and Sensory Attributes

Quality attributes such as physical, chemical, microbiological, and organoleptic
(sensory) evaluations are the foremost procedures to evaluate food quality. Sensory
evaluation can be performed through sensory receptors that are broadly classified
into four categories and respond to primary stimuli:

1. Light (photoreceptors)

2. Chemicals (chemoreceptors)
3. Pressure (mechanoreceptors)
4. Temperature (thermoreceptors)

Each sensory receptor is tuned to detect specific characteristics of food by perform-
ing a specific sensory function (Fig. 3.1). A scientific discipline is used to evoke,
measure, analyze, and interpret reactions to those characteristics of food and materi-
als as they are perceived by the senses of sight, smell, taste, touch, and hearing [12].
In the course of vision, photoreceptors activate the rod and cone and respond to the
brain for light intensity, color, clarity (visual range of light wavelengths), geometric
shape (square, circular, etc.), and size (length, height, thickness, width), etc. During
smell, olfactory receptors recognize molecular features of floating particles through
chemoreceptors and help detect the aroma. In hearing, eardrums detect vibrations
and recognize the sound with mechanoreceptors, which help perceive different
sounds that are characteristic of foodstuffs. On the other hand, mechanoreceptors
that are present in the skin and other tissues also respond to touch and countless
pressures and further indicate consistency, e.g., roughness, evenness, and surface
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characteristics (hardness, cohesiveness, adhesiveness, denseness, springiness); in
the same region, thermoreceptors help to recognize temperature gradations. In the
taste perspective, sensory and motor nerves available in taste buds detect the poten-
tiality of gustatory perceptions including sweetness, bitterness, sourness, saltiness,
and umami (savory taste) with various tastes, e.g. spice heat/pungency, cooling/
chilling, sharp astringency, and metallic/irony.

3.2.1 Food Sensory Analysis

A wide range of sensory techniques, including analytical sensory testing, discrimi-
nation testing, descriptive testing, effective analysis, preference testing, acceptance
testing, and conjoint analysis, are available for evaluating the quality of foodstuffs
that are based on the principles of experimental design and statistical analysis.

3.2.2 Sensory Attributes Improved by Nanotechnology

Currently, nanostructured principles are very much used in food applications, espe-
cially nano-ingredients to make food formulations and pack food items.
Some of the examples of sensory attributes are presented in Table 3.1.

3.3 Nanoparticles

Particles in the size range of 1-100 nm on a nanometric scale with one or more
dimensions are generally known as nanoparticles. They could be organic, inorganic,
or carbon-based particles that improve surface properties as compared to the larger
sizes of respective materials. The nanoparticles show enhanced properties because
of their small size, such as high reactivity, strength, surface area, sensitivity, stabil-
ity, etc. They are added to many foods to improve flow properties, color, and stabil-
ity during processing or to increase shelf life. The nanoparticles are synthesized by
three main types of methods, i.e., physical, chemical, and mechanical processes that
have improved over time.

Hesperetin, a flavanone, is a potent antioxidant that cannot be directly mixed
with milk or applied with milk to make milk beverages due to adverse sensory attri-
butes. Nanostructured hesperetin encapsulated with lipid carriers is a possible solu-
tion that overcomes the associated sensory issues in dairy beverages by increasing
solubility, reducing bitterness, and preventing color change [13].

In food packaging, nanopolymers or metal-based nanoparticles (M-NPs) are
used in general practice instead of conventional materials. Food packaging materi-
als made of M-NPs do not allow moisture and oxygen into the food-stuff and
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protectvthe food products from oxidation while retaining their food properties.
Apart from packaging materials, M-NPs are now also integrated with some types of
favors, antioxidants, antimicrobial, and preserving agents. Laminated and coated
M-NPs packing materials reduce food losses due to preventing different microbial
growth and infections and, sometimes, detection of food spoilage organisms, UV
protection activities. The gold-coated NPs increase the visualization proficiency to
obtain shiny and quality effects. Other particles like silver (Ag), zinc (Zn) oxide,
iron (Fe) oxide, magnesium (Mg) oxide, and zerovalent iron have been exposed for
their antimicrobial properties, which protect the food quality and keep the food
healthy with a fresh texture [14]. Titanium dioxide (TiO2-common food whitener
and brightener additive) and silicon (Si) dioxide are used in a variety of applications
in the food industry for sensory improvement. Alumino-silicate nano-materials are
commonly used as anti-caking agents in granular or powdered processed foods [15].
Ag, TiO2 (1%) coated on low-density polythene, maintains the quality and shelf
life. The shelf life of fresh-cut carrots can be prolonged by controlling both micro-
bial and sensory quality during refrigerated storage.

3.4 Nanoencapsulation

The unique technology embeds small particles or miniatures referred to as “core” or
“bioactive” compounds (BACs) of solid, liquid, or gas into the secondary material
termed as the matrix, shell, or inert material. Finally, it forms a small capsule at the
nano level to protect or contrary to deteriorating environmental conditions such as
high temperatures, oxidation, photosensitivity, light impact, moisture effect, pH
variations, interactions with associated compounds, etc. known as nanoencapsula-
tion technology [16, 17].

The technology delivers core or active in a controlled manner with an appropri-
ate rate at a specific targeted site through partitioning, dissolution, osmosis, diffu-
sion, swelling, and erosion methods. As the matrix protects the core, it improves the
stability of ingredients and enhances the shelf-life of finished food products. The
encapsulation technique can improve the nutritional content of food without affect-
ing sensory attributes or enhancing the organoleptic performance, e.g. taste, aroma,
the texture of food, masking off-flavors, etc. [16-20].

This technique may also transform liquid ingredients into free-flowing powders
for easy handling, and incorporation into dry foodstuffs. Carbohydrate, protein, or
lipid-based alternatives such as chitosan, peptide—chitosan, and -lactoglobulin
nanoparticles (NPs), or emulsion biopolymer complexes are the most popular
choices used in food and nutraceutical applications. Technologies can be catego-
rized into five groups: those used to make nanocapsules in the food industry; lipid-
based techniques; nature-inspired techniques; specialized equipment techniques,
biopolymer-based techniques; and other miscellaneous techniques [17, 18, 21]. In
lipid-based techniques, nanoencapsulation is classified prominently into nano-
emulsions, nano-structured phospholipid carriers, and nano-lipid carriers.
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Rutin is considered a dietary flavonoid with numerous significant pharmacologi-
cal properties. Its use in the food industry is limited due to its low solubility.

3.4.1 Nano-emulsions

To make nanoencapsulation, nanoemulsions are considered ideal vehicles either in
the form of oil in water emulsions (O/W) that carry lipophilic bioactive agents such
as plant sterols, carotenoids (like f-carotene), a-tocopherol, dietary fats, nutritional
oils, or a combination of these actives surrounded by a hydrophilic matrix (oil phase
dispersed in an aqueous phase) or water in oil emulsions (W/O) that encapsulate
hydrophilic compounds, e.g. xanthophyll, vitamins, and polyphenols surrounded by
an aqueous system dispersed in an oil system) [22, 23].

They are isotropic colloidal kinetically stable systems where the particle size
typically ranges from 50 to 500 nm [24]. Food nanoemulsions have an extensive
application in the food manufacturing industry because of their high ability to
digest, improved bioavailability, and enhanced stability with extended shelf life.
Nanoemulsions could be a fat replacer to make low-fat products with a creamy tex-
ture such as mayonnaise, spreads, and ice cream [9, 25]. These are examples of
improving the texture and physical appearance. For example, nanoemulsions can
potentially be used in muscle food products to improve the quality of muscle food
while inhibiting lipid oxidation and reducing physiological changes during long-
term storage with extended shelf life [25]. Chicken breast fillets coated with
nanoemulsion-based edible sodium caseinate and ginger essential oil (3 and 6%)
reduced the color difference and cooking loss [26]. Flaxseed oil was pre-emulsified
and encapsulated with cross-linker genipin, placed on PET trays, and overwrapped
with PVC film before being stored at 4 °C in the dark for 3 days, changing the struc-
ture of the meat matrix and texture. It also influenced the physical characteristics of
chicken sausages [27]. In another example, olive oil-based nanoemulsions at vari-
ous concentrations (15, 30, or 45%) modified the sensory, chemical, and microbio-
logical quality of rainbow trout (Oncorhynchus mykiss) fillets. The nanoemulsions
masked the strong fishy odor of rainbow trout in storage and improved the organo-
leptic properties such as taste, odor, and texture. Out of three, 30 and 45% of olive
oil nanoemulsions extended the shelf life by 6 days with improved physical charac-
teristics [28]. In another study, the fishy odor of rainbow trout fillets was also
reduced to a maximum extent while applying the nanoemulsions, which contained
orange, grapefruit, and mandarin essential oils, and kept in a refrigerated condition
at4 =2 °C.

Aside from the aforementioned, a nanoemulsion made of chitosan solution (1%
w/v) and citrus essential oil applied to silvery pomfret (Pampus argenteus) fillets
and stored in air-proof polyethylene pouches at 4 + 0.3 °C for 16 days increases the
shelf life from 12 to 16 days while improving sensory scores [29]. Improved organ-
oleptic quality, reduced biochemical changes (TVB-N, FFA, and PV), and improved
shelf life were observed for up to 16 days [30]. Oil-in-water nanoemulsion prepared
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with canola oil and coated on pork patties improved the physicochemical and sen-
sory characteristics, especially the tenderness [31]. Turkey breast meat coated with
nano emulsified mustard (Brassica juncea) essential oil (NME) combined with
gelatin/hydroxypropyl-p-cyclodextrin, improved sensory attributes, especially the
odor and overall consumer acceptability. The nano emulsified coating also improved
overall quality and extended the shelf life of turkey meat [32] and provided a better
sensory experience with healthier food options for the customers. Despite the
above-revealed muscle food applications, nanoemulsions can also be used in vege-
table preparations to improve sensory attributes. Desirable sensory attributes can be
achieved by replacing objectionable ingredients with nanoemulsions and getting the
expected values. Nanoemulsions can manage lipid constancy, stability, oxidation
rancidity, and also offer an extended shelf-life of the products. This novel technol-
ogy, with its small droplet size and associated large droplet surface area [33] opens
up new possibilities for the food industry.

3.4.2 Nano-Lipid Carriers

Novel vitamin Ds-loaded lipid nanocapsules (LNC) are a great example of a nano-
structured molecule, prepared with nanotechnology for fortification of milk without
disturbing any of the sensory properties. LNCs were made of three main compo-
nents: an oily phase, an aqueous phase containing NaCl, and a non-ionic surfactant.
In this study, the lipid nanoparticles extended the release pattern of vitamin Dj; in
fortified milk [34].

3.5 Nanofibers

Nanofibers are categorized as any slender, elongated, threadlike object or structures
(natural or synthetic) having at least one dimension characteristic with a diameter of
between 50 and 300 nm. They provide physical, chemical, biological, and mechani-
cal properties, depending on the size, shape, and composition of the material.
Nanofibers are commonly made from polymers, carbon, and semiconductor materi-
als for a variety of applications [35, 36]. Bi-component extrusion, phase separation,
template synthesis, drawing, melt blowing, electrospinning, and centrifugal spin-
ning are several techniques available for fabricating nanofibers [37, 38]. Electrospun
nanofibers, on the other hand, are popular due to their ability to exhibit a variety of
interesting properties such as high porosity, interconnectivity, large surface area per
unit mass, high gas permeability, and small interfibrous pore size [39]. Concentration,
electrical conductivity, surface tension, rheological properties, applied voltage, and
feed rate are the important parameters by which desirable properties for specific
purposes, e.g., regular shape, more stable, and diffusive nanofibers can be achieved.
Due to their rheological properties, natural polymers such as collagen, gelatin,
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chitosan, and hyaluronic acid are generally used to enhance the elasticity, stability,
and consistency of food products [38].

Cellulose nanomaterials (CNs) including cellulose nanofibers (CNF), cellulose
nanocrystals (CNC), and chitin, are the most common nanostructures used in food
applications. Cellulose nanofibers are frequently used in fruit coatings for improv-
ing barriers, retaining moisture content, stability, and other functional properties. In
one study, it was found that cellulose nanofiber (CNF) and soy protein isolate (SPI)
make a stable protein-polysaccharide complex that improves the rheological and
textural properties of the individual and is offered as a fat replacer (viable fat substi-
tute) in ice-cream industries with low-calorie, low-fat, and anti-melting texture. It
was also noticed that an appropriate combination of natural cellulose nanofiber with
soy protein isolate does replace an equivalent amount of cream in ice-cream making
and improves the strength in terms of hardness, adhesiveness, springiness, cohesive-
ness, gumminess, chewiness, and resilience when evaluated by instrumental texture
profile analysis (TAXT?2i). The resultant SPI-CNF mixture is a great example of a
fat replacer (replacing 10% of the cream) in ice-cream preparation, where nanofi-
bers mimic the instrumental texture profile by reducing fat content [40]. Similarly,
cellulose nanofibers were utilized as fat substitutes in emulsified sausage [41]. In
the sausage, a total of 30% and 50% of the original fat were substituted by palm oil
Pickering emulsion (CPOE-pre-emulsified by 1 wt% CNF) alone, independently
and in combination with cellulose nanofiber (CNF-1% aqueous dispersion) at a
ratio of 1:1 (water: oil, v/v) in both percentages separately and observed for sensory
evaluation for overall acceptability. Compared to a full-fat product, there was no
significant difference in both the products for color intensity, whereas the flavor
sensory attribute was found to have changed significantly. Compared to full-fat,
30% fat sausages substituted by CPOE showed good texture, which was further
upgraded by the addition of cellulose nanofibers (CNF-1%) to achieve better hard-
ness, springiness, and chewiness. According to the rheology and scanning electron
microscope results, 50% substituted fat by a combination of CPOE and CNF-1%
showed an increased elastic and compact effect, but overall acceptability and higher
sensory scores were favored for 30% substituted fat with cellulose nanofiber and
would be a good candidate for low-fat meat products [9, 41]. Chitin, a long-chain
polymer composed of N-acetyl-d-glucosamine groups linked by p (1—4) linkages,
is the second most abundant polysaccharide in nature after cellulose polysaccha-
ride, formed into chitin nanofibers (CNFs) with the help of protein matrices. It’s a
biodegradable, biocompatible, non-toxic, and environmentally friendly biomaterial.
Ultrasonication is one of the most effective methods to form it as compared to elec-
trospinning, TEMPO-mediated oxidation, acid hydrolysis, grinding, the starburst
system, dynamic high-pressure homogenization, and microfluidization [42]. These
fibers absorb the chloride ion from the NaCl matrix and increase the level of free
sodium to change the taste in the mouth and improve sensory attributes associated
with salty taste and flavor. High salt is not good for the healthy body and, therefore,
salt-intake reduction methods are gradually in high demand, e.g., using substitutes
such as KCl, CaCl,, and MgSO,, or else by adding flavor enhancers such as citric
acid, spices, and monosodium glutamate. In continuation, CNFs could be a good
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alternative to enhance the saltiness and viscosity of products like salted mackerel,
soy sauce, seasoning of instant food, etc. [42].

Dextran (a bacterial polysaccharide consisting of R-1, 6 linked d-glucopyranose
residues with some R-1, 2-, R-1, 3-, or R-1, 4-linked side chains) is another mole-
cule that makes nanofibers with hydrophobic molecules where vitamin E is uni-
formly distributed within the polymer fiber matrix. In the Dextran nanofibers, the
amorphous structure of dextran fibers entraps vitamin E without any chemical inter-
actions inside. This matrix acts as a novel carrier and helps deliver vitamin E in
cheese fortification. Sensory analysis of the fortified product shows that this carrier
has better acceptability and texture adequacy in cheese making as compared to
blank and direct fortified samples. These nanofibers can also hold water and help to
increase cheese firmness. In conclusion, dextran ultrathin nanofibers could be a
good candidate for entrapping hydrophobic compounds by the electrospinning
method and utilizing the design of novel functional foods with high sensory texture,
homogeneity, and firmness for long shelf life [39].

The above examples highlight that nanofibers have important implications in the
food industry and can be alternative sources to improve the sensory attributes in
terms of texture, taste, and flavor.

3.6 Polymer Nanocomposites (PNCS)

Apart from nanoparticles, nanocomposites and nanolaminates are also extensively
used for the packaging of food to maintain texture, physical appearance, and fresh-
ness. A composite is a commercially prepared polymer mixture made by joining or
combining two or more geometries substances (fibers, flakes, spheres, particulates)
with a nanometric range (nano-polymers or nanoparticles) of at least one-
dimensional shape to obtain tailored physical properties than the individual ingredi-
ents. Exhibit different barrier properties. Nanocomposites resist thermal stress,
support transportation, and increase the shelf life while storing food products [14].
Clays and other silicate materials, for example, montmorillonite, kaolinite, hectorite
and saponite [43], polymer/Carbonaceous nanocomposite [44, 45], and polymer/
silica [poly(3-hydroxybutyrate-co-3- hydroxyl-valerate) (PHBV) nanocomposite
fused with silica] [46], graphene [47] are the principal PNCs composite used in food
packing for flame resistance, improved strength, migration issues, recyclability
aspects, toxicity, and consumer acceptability [48]. Magnesium oxide (MgO)/PLA
composite improves 25% gas barrier properties and improves the mechanical prop-
erties to make the food fresh, and healthy. Currently, nanocomposites are also used
in bottles of beer to enhance the shelf life of up to 6 months [48].
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3.7 Conclusion

Currently, nanostructured principles are very much used in food applications, espe-
cially nano-ingredients to make food formulations, and pack food items. Food nan-
otechnology plays a prominent role in obtaining high-quality foods of desired
sensory characteristics and functionality without distressing nutritive values.
Indispensable sensory evaluation, such as taste, smell, and texture, as well as a
physical appearance with the combination of multiple tests, are key disciplines by
which consumers interpret food quality about the standards reference. Nanostructured
foods, e.g. nanoparticles, nanoemulsions, nanoencapsulation, and nanofibers, are
the pathfinding solutions for the food manufacturing industries to make quality food
that meets the customer's requirements and delivers unique sensory experiences
without affecting the nutritive values. These technologies can be an alternate way
out as compared to conventional food processes for making long-lasting nutritious
food with a high self-life without compromising the sensory effect desired by con-
sumers. In upcoming days, these future generation technologies can also be involved
in all the food handling steps from beginning to end, including the selection of food
ingredients, processing, conclusive recipe-formulations, decoration, packing, and
stability, including transportation and storage, etc.
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Chapter 4
Nano and Microencapsulation of Foods,
Vitamins and Minerals

Dunya Al-Duhaidahawi
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AAO Aryl-alcohol oxidase

BHA Butylated hydroxyanisole

BHT Butylated hydroxytoluene

CD Cyclodextrin

CMC Critical micellar concentration
CPO Chloroperoxidase

CTAB Cationic surfactant cetyl trimethyl ammonium bromide
DFS Dual fortified salt

EPC Egg phosphatidylcholine

FeCl, Ferric chloride

FeSO, Ferrous sulphate
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MRI Magnetic resonance imaging

nm Nanometer

SDS Sodium dodecyl sulfate
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TBA Thiobarbituric acid

TBARS TBA reactive substance

TES Triple fortified salt

USDA  United State Department of Agriculture
WPI Whey protein isolate

4.1 Introduction

Nanoparticles delivery approach has obtained constant recognition from the food
industry in the last few decades for applications that range from the slow-release
vitamin and mineral formulations and micronutrients encapsulated and stabilized
for nutritional supplement utilization. Because of the current growth and promi-
nence of “niche” subgroups of useful ingredients, the colloidal delivery approach
(dealing mainly with the micro and nanoencapsulations) has been considered as a
useful resource for resolving multiple difficulties associated with food fortification.
Encapsulation can be defined as either layering a droplet, gas, or solid particle cen-
ter with a solid polymeric matrix or integrating active components into polymer
matrices to reduce the interaction of the encapsulated substances with the surround-
ing environment [1]. Colors, flavors, preservatives, and other bioactive components
are added to packaged foods to improve their aesthetic and shelf life. Furthermore,
fortified and value-added items frequently require specific health-promoting bioac-
tives, such as micronutrients and nutraceuticals. There are numerous challenges in
food fortification; among which, durability, matrix compatibility, and organoleptic
changes are common difficulties [2]. Fortification is a difficult process due to diffi-
culties in product processing and issues related to in vivo bioavailability, controlled
release, and bio accessibility. Nano- and microencapsulation can address some or
all of these problems. The gastro-intestinal (GI) tract stability of the encapsulated
materials could also be improved to enable controlled drug release at suitable GI
targets [3]. The present chapter discusses a variety of colloidal systems (micro and
nano) and their applications in vitamin and mineral encapsulation and delivery.

4.2 Foods and Nutraceuticals Vitamins

4.2.1 Vitamins: Dietary and Biological Needs

Probiotics should include vitamins necessary for human growth and development
(like niacin and choline). The advantages of nutraceuticals are more than simply
preventing illness. Oil and water-soluble vitamins function as antioxidants and hor-
mone regulators. Vitamin B-complex is beneficial for vision, immunity, bones,
teeth, and skin. Vitamin E improves cognitive function.
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4.2.2 Vitamins: Stability and Formulation Concerns

Vitamins encounter a number of challenges, including oxidative stability. Other
additives may also impede water-soluble vitamins, impacting texture, appearance,
and storage. Vitamin A (retinoids): When exposed to air and heat, trace metal ions
Fe?* and Cu?* increase the oxidation sensitivity of vitamin A.

Thiamine, a heat and UV-sensitive vitamin B, is a potent Maillard reactive due to
its chemistry. Baking, pasteurizing, or boiling thiamine-fortified meals can reduce
their content by up to 50%. B2 vitamin: Riboflavin is a brilliant yellow pigment
soluble in water. Visible spectrum light below 500-520 nm can degrade riboflavin.
Vitamin B3: Niacin is highly stable when exposed to heat, light, air, and alkalis.
Niacin can be destabilized by other micronutrients, including minerals.

Vitamin BS: Pantothenic acid decomposes when heated under slightly acidic to
neutral conditions but stays stable within the pH range of 5-7. It is used as calcium
and sodium salts to enhance stability in the gastrointestinal pH. Vitamin B6:
Pyridoxine is heat stable, but not pyridoxal or pyridoxamine. Vitamin B6 is
degraded by oxidation, UV radiation, and alkaline conditions. Vitamin B7 appears
to be reasonably stable; however, heat treatment causes relatively minor losses. It is
stable in air at neutral and acidic PH, but susceptible to alkaline pH. Vitamin B9:
Folic acid is a reddish, tasteless, and odorless vitamin, which is water soluble at
12.5 mg/mL. Light, air, acid, and alkali deactivate it. Vitamin B12: In addition to
being heat stable, light, oxygen, acid, and alkali cause vitamin B12 to lose its activ-
ity. Vitamin C: Ascorbic acid is easily degraded by metals such as copper and iron
during production and storage. In neutral or alkaline conditions, it is oxidized by air.
Metals, particularly copper and iron, and enzymes expedite vitamin C breakdown
(particularly enzymes containing copper or iron, such as ascorbic acid oxidase).
Vitamin D: D2 and D3 are crystalline compounds white to yellow in color. They are
insoluble in vegetable oils and water but can be dissolved in organic solvents. Light,
oxygen, and acid quickly dissociate both these vitamins, especially in solution and
powder forms. However, they tend to isomerize in oily solutions. The crystalline
compounds have good thermal stability. Vitamin E: Food processing and storage
reduce vitamin E levels due to light, oxygen, and heat. Some foods can lose half
their flavor after just 2 weeks. Vegetable oils are destroyed by frying. During stor-
age, tocopherol esters (acetate and succinate of tocopherol) resist oxidation, which
makes them useful in nutritional supplements. Vitamin K: Light and alkaline sub-
stances decompose K1 into a yellow-oily liquid. Vitamin K2 is a crystalline sub-
stance that is resistant to heat and reducing agents but susceptible to acid, alkali,
light, and oxidizing agents.
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4.3 The Encapsulation of Vitamins (Nano and Micro)
Colloidal Form

4.3.1 Dispersions of Solids in Liquids
4.3.1.1 Microparticles

In recent years, microencapsulation has become more popular in pharmaceuti-
cals. It has been found that functional ingredients can be delivered in microstruc-
tures of size between 1 and 1000 pm. In contrast to microspheres, the microcapsule
core is enclosed in a well-formed polymer shell. Encapsulated vitamins are pro-
tected from the external environment. Vitamin C is a well-studied model vitamin
for encapsulation. Vitamin C powder is stable but not in the solution form as light
and oxygen readily destroy vitamin C in the solution. Trace metal ions and for-
mulation can also affect vitamin C stability. Thus, processing can easily degrade
vitamin C, causing discoloration. Vitamin C can also interact with other sub-
stances, changing the product’s flavor or color. Microencapsulation has been
widely used for the stabilization and processing of vitamin C in food items. A
wall-forming material, ethyl cellulose, and carnauba wax were used to study the
characteristics of ascorbic acid and four different encapsulation methods.
Carnauba wax releases slower than ethyl cellulose. Core-shell microcapsules
encapsulating vitamin C (2-5 pm) was prepared using a new interfacial/emulsion
reaction. Folic acid was encapsulated in alginate and pectin microparticles [4].
Depending on the experiment, the microparticles were of 300-650 nm in size.
Less trapping efficiency means less folic acid release. Microencapsulation has
also been utilized for light-sensitive vitamins like A and D. Gelatin-acacia coac-
ervates contain vitamin A palmitate. Acacia was mixed with vitamin A palmitate
in maize oil, and the pH was adjusted to make microcapsules. This research
focused on the effects of hydrocolloid mixing ratio, hardening agent concentra-
tion, and drying technique. An average diameter of 25 pm and encapsulation
efficiency of 83.43% were achieved. Alginate and chitosan were used by Albertini
et al. to create a double-layer microcapsule containing vitamin A palmitate [10].
Encapsulation increased vitamin A palmitate storage stability compared to the
pure form. A novel sort of microcapsule was recently reported by solidifying
heated emulsion droplets. Tocopherol, a liposoluble vitamin, was effectively
encapsulated into microcapsules. Sunflower oil and water were emulsified at
85 °C, and then diluted in cold water to create micro-capsule-size particles. The
sudden change in temperature led the oil droplets to freeze. Making microcap-
sules with a core-shell structure is as simple as adding calcium chloride to the
cold water phase and stirring. Firstly, a-tocopherol was dissolved in the oil phase,
and then encapsulation was accomplished as previously described. The antioxi-
dant tests showed that encapsulation has no influence on a-tocopherol antioxi-
dant activity [5].
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4.3.1.2 Polymeric Nanoparticles

The size of colloidal particles is in the sub-micron range. This category comprises
polymer and solid lipid nanoparticulate systems. Adding vitamins and minerals to a
“clear” food beverage that makes fat-based foods taste better without changing their
overall taste, or creating a bioavailable formula relies on tiny particles that are easily
dissolved. Vitamins encapsulated in colloidal particles can be used in products like
fortified milk, juices, and cooking oils. Liposoluble actives can be encapsulated by
antisolvents, or nanoprecipitation, and co-precipitating them with hydrophilic poly-
mers makes it convenient to load them in colloidal particles [6]. This approach has
been used to encapsulate liposoluble vitamins like A, D, E, and K. Vitamin E (tocoph-
erol) was co-precipitated with wheat gluten vegetable protein fractions (gliadins).
They were formed as colloidal particles with an encapsulation effectiveness of 77%
or higher and dual release features. The anti-solvent technique works well with zein,
corn protein rich in proline. Zein interacts with particles composed of charged bio-
polymers, such as caseinate and chitosan. Submicron nanoparticles were synthesized
using the ionic zein and a-tocopherol with hydrophobic interactions [7]. These par-
ticles were poly dispersible and ranged from 300—1000 nm in size. The zein-chitosan
combination generated substantially smaller and homogenous sized particles
(400-500 nm). When chitosan was added to the preparation process, it improved the
control of the encapsulated vitamin’s release. A liposoluble vitamin, cholecalciferol,
was coated with zein-carboxymethyl chitosan nanoparticles [8].

Phase separation was used to produce monodispersed nanoparticles as small as
120 nm. The controlled release of vitamin D3 from nanoparticle increased its pho-
tostability. These solid lipid nanoparticles (SLNs) have been employed to deliver
lipophilic bioactives for food applications. The initial stage of making an oil-soluble
vitamin loaded SLNSs is dispersion in the lipid phase. For high melting lipid carriers,
dispersion of vitamins in lipid carriers takes place at high temperature (about 80 °C).
Aqueous surfactant solution is subsequently mixed with the melt, resulting in the
spontaneous production of SLNs [9]. SLNs are made from glyceryl behenate and
tripalmite encapsulated vitamin A and its palmitate. Factors affecting size and shape
were assessed, such as manufacturing process, surfactant system, and lipid type,
which have an influence on experimental outcomes. The interplay between these
variables affects the internal and external architecture of SLNs, and therefore the
distribution of vitamins inside SLNs (in the lipid matrix or in the outer shell).

4.3.2 Liquid-in-Liquid Dispersions
4.3.2.1 Emulsions, Microemulsions and Nanoemulsions
In food science, emulsions are the most explored colloidal system, forming the basis

of a wide range of edible goods, like ice creams, sauces, spreads, whipped
creams, etc.
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A mixture is made up of dispersed and continuous liquids. The use of surface
active amphiphilic emulsifiers stabilizes the internal phase. Emulsions oil/water
(o/w) or water/oil (w/0) are commonly used in food science and technology. For
margarines and butter, a continuous phase of solid fat gives the finished product
a structural appearance. This is because the water continuous phase is less vis-
cous. However, changing the internal phase can affect emulsion rheology in
general, it is either gelled or increases the proportion of internal phase (or both).
Double or multiple emulsions generate an o/w emulsion, which is further emul-
sified into an oil phase or water phase [10]. Size and stability of droplets can
also be considered when classifying emulsions. Emulsions having droplet sizes
greater than 1 pm are termed as macroemulsions. The droplets of size
1 pm/1000 nm or smaller fall. When homogenization is performed, high-pres-
sure or high-shear homogenizers are used, which might produce nanoemulsions
or mini emulsions. The droplet size of microemulsions is typically smaller than
100 nanometers and they are formed spontaneously within liquids. Surfactant
and co-surfactant synergy reduces interfacial tension, resulting in spontaneous
production [11].

Despite their popularity, macroscale emulsions are thermodynamically
unstable and tend to cream and coalesce with time. Emulsions are frequently
employed to encapsulate and supply both liposoluble and water-soluble vita-
mins. This enhances water dispersibility and bioavailability while preventing
oil-soluble vitamins from deterioration in the product condition and the human
body condition. Numerous studies have used the most active form of vitamin E
that is a-tocopherol emulsion, which is food-grade [12]. It was determined that
the distribution of a-tocopherol in macroemulsion systems may be enhanced by
emulsions of a-tocopherol using a pseudo phase model for thermodynamically
stable microemulsions. As a result of a-tocopherol’s surfactant-like properties
(polar phenolic headgroup with hydrocarbon tail), they identified it mostly in
the interfacial region. High pressure homogenization encapsulated a-tocopherol
in o/w nanoemulsions with droplet sizes typically smaller than 500 nm [13]. The
protein coating the tocopherol-filled fat droplets protected them from oxidation.
Vitamin E-loaded nanoemulsions were recently described. This novel nano-
emulsion contains vitamin E with >99% efficiency and particles are on average
78 nm in size. Microemulsion consisting of water, vitamin E, ethyl butyrate,
EL-35, and ethanol was also studied. A regulated vitamin E released from
microemulsions was shown having droplet size of 20 nm. Vitamins A and D can
also be encapsulated in emulsions. Encapsulated trans retinoic acid/retinol is
required in a variety of emulsion processes [14]. Besides high loading, encapsu-
lation of vitamin A must address retention of loaded vitamins. Researchers
employed an oil gelling agent, and coated oil droplets with solid fat as an alter-
native to oil to enhance vitamin retention in the oil phase thus encapsulating the
vitamin. By means of a high- pressure homogenizer, 10% 0il/90% water emul-
sion was created with an average particle size of 220 nm.
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4.3.3 Self-Assembled Colloidal Dispersions

An organized structure or pattern is produced when pre-existing, disordered compo-
nents interact. In an aqueous medium, an amphiphilic compound generates self-
assembled colloids. The transport of hydrophobic and hydrophilic bioactive can be
achieved by microparticles, procolloidals, lipid bilayers, liquid crystal phases, and
mesophases [15].

4.3.3.1 Micelles

Molecules containing lipids are micelles that form spheres in aqueous solutions.
Fatty acids have an amphipathic nature, which contain both water-loving (polar
head groups) and water-hating sites, causing micelle formation (the long hydro-
phobic chain). A micelle’s polar head group creates a surface, and the nonpolar
hydrophobic tail group is located inside and away from water. Single hydrocar-
bon chains make micelle-forming fatty acids round, reducing steric hindrance.
Micelles are too bulky for the two hydrophobic chains in the fatty acids found in
glycolipids and phospholipids and they prefer “lipid bilayers” [16]. Micelles
arise spontaneously due to hydrophobic interactions between molecules. From
simple casein micelles in milk to sophisticated digesting dietary mixed micelles,
fat-soluble vitamins (A, D, E, and K) enter the bloodstream via GIT. Micelles
also act as mechanisms for transporting fat-soluble vitamin from the digestive
tract to the blood. Externally manufactured micelles include lipid-soluble vita-
mins [17]. In order to supply lipid-soluble vitamin D2, casein micelles from milk
were used. Nano delivery systems such as casein micelles are found in milk to
stabilize and transport minerals like calcium and vitamin D, which are encapsu-
lated in 155 nm sized particles .In addition to stabilizing the encapsulated vita-
mins, the assembled micelles also protect them from photochemical destruction.
In a recent study, an ultra-high-pressure homogenization was employed to encap-
sulate vitamin D3 into reassembled casein micelles. A double-blind placebo-
controlled clinical research in 87 human volunteers reported that vitamin D3
infused in reassembled casein micelles was highly bioavailable. The vitamin-
encapsulated micelles formed large aggregates after they interacted with bile.
Unlike empty micelles, the encapsulated vitamins influenced aggregation. As
polymeric micelles cannot afford vitamin K absorption, the researchers con-
cluded that free bile acid is essential for bioavailability. Micellar systems have
also been used to analyze that vitamin C is water-soluble, in addition to liposol-
uble vitamins. In a surfactant solution, the degree of ascorbic acid oxidation
depends on the concentration of surfactant. Critical micellar concentration
(CMCO) is the concentration at which ascorbic acid oxidation is at its peak, which
is then declined by the surfactant concentration in both SDS and CTAB.
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4.3.3.2 Liposomes

Liposomes in aqueous solutions are self-assembled vesicles made up of lipids
and lipid-like molecules. Liposomes may contain both hydrophilic and hydro-
phobic actives. Their internal pH may be altered, allowing them to contain
otherwise unstable chemicals. Liposomes can be made in many forms and
sizes. Phospholipids can be organized to produce numerous or single vesicles.
The dairy industry uses vitamins A, D, and E so that vitamins are stabilized
and delivered to enhance nutritional quality. Banville et al. [18] found that
liposome-encapsulated vitamin D recovered 62% more vitamin D than vita-
min D produced commercially (43%) and cream contains 41% solubilized
vitamin D. Vitamins were protected from degradation by liposomal encapsula-
tion. The liposome approach protects water-soluble vitamins and has been
studied showing beneficial effects on water-soluble vitamins (vitamin C). Soy
phosphatidylcholine liposomes protected heat-labile vitamin C [19]. They
were also evaluated with orange juice. Some researchers have found that poly
phosphatidyl choline (60:40) liposomes can improve the storage stability of
vitamin C. Encapsulated water-soluble and liposoluble vitamins are shown in
Fig. 4.1.

4.3.3.3 Procolloidal System

Incorporating an aqueous phase dilutes a procolloidal system. Water-soluble
colloids are formed when these concentrated systems are diluted with liquid
crystal phases that form microphases when diluted. A fine oil-in-water emul-
sion is formed when oil, a surfactant, a co-surfactant, and a co-solvent are
gently mixed together. Spontaneously produced aqueous microemulsions
(50-1000 nm droplet size) are developed in the GI tract after ingestion of soft
or firm gelatin capsules. When a surfactant interacts with a co-surfactant,
spontaneous dispersion is produced on the interface, and as a result of co-
surfactant assistance, the surfactant film formed has a low interfacial energy
and a low bending stress. The incorporation and encapsulation of vitamin E in
procolloidal systems, especially those that self-emulsify, have been exten-
sively studied, due to its powerful nutraceutical and pharmaceutical properties
[20]. Self-emulsifying and self-micro emulsifying vitamin E systems notably
enhance bioavailability. Self-emulsifying systems increased tocotrienol bio-
availability by two to three times in six healthy individuals who participated
in the study. Food products have been extensively studied for water- and lipo-
soluble vitamins delivered through liposomes. However, mass-production of
these systems in a reproducible manner remains unsolved. The use of prolipo-
somes is one of the methods for scaling up liposome production. Proliposomes
are phospholipid particles formulated with functional ingredients, which are
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Nanosphere Nanocapsule Polymeric Micelles

Fig. 4.1 Illustrations of colloidal delivery systems for water- and liposoluble vitamins

soluble in water and when hydrated above the transition temperature and agi-
tated form liposomes. The addition of beta-carotene to a proliposomal formu-
lation containing hydrogenated soy phosphatidylcholine improved chemical
stability. The shelf life was reported to be 60 days when refrigerated [21].
Moreover, proliposomal formulations of glyceryl dioleate-PEG12 and glyc-
eryl dipalmitate-PEG23 at 35% and 20% weight, respectively, were effec-
tively combined with Vitamins D and E.

4.3.4 Dry Matrix Encapsulation

Industrial feasibility and scale-up include spray-drying, extruding, coating with
pans, and using fluidized beds. These methods can easily produce microcapsules
with a consistent particle size distribution.
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4.3.4.1 Spray-Drying

The food industry’s most popular encapsulation method is spray-drying. The pro-
cess is cheap, easy, and produces consistent particles. Spray-drying is thought to be
cheaper than most encapsulation processes. There are usually two steps in spray-
drying: Firstly, a coating or core material solution is prepared, and then the solvent
is evaporated, which is termed as dispersion. Secondly, a layer of coating material
is applied over the core material or a coating of polymer matrix containing a core
material is distributed. Food manufacturers have used spray-drying encapsulation
since the late 1950s to protect flavor oils from deterioration and to better handle
liquids. However, one drawback of spray-drying is the requirement of good water
solubility of the coating material. The availability of coating materials is limited due
to their water-based nature; therefore, several biopolymers have been used to coat
water-soluble vitamins (vitamin C) such as gum Arabic, pea protein, and chitosan
[22]. A microcapsule of less than 10 nanometers in size was produced using pea
protein, chitosan, and gum Arabic, while rice starch was used to produce microcap-
sules of 540 pm. We found that microencapsulating vitamin C microcapsules con-
taining gum Arabic and starch improved its oxidative stability, and that microcapsules
of vitamin C prepared using pea protein and chitosan showed controlled release.
The same group used pea protein concentrate liposoluble vitamins (a-tocopherol)
for encapsulation [23].

4.3.4.2 Extrusion (in a Glassy Matrix)

Extrusion-based microencapsulation is a relatively newer method of drying in con-
trast to spray-drying, which is performed by forcing a series of dies, molten polymer
and core material into a dehydrating liquid. Discrete microcapsules, drying the
material, and pulverizing have also been accomplished with other materials such as
gelatin, sodium alginate, carrageenan, gum acacia, fats and fatty acids, waxes, etc.;
however, with this method, the coating material completely encapsulates the core
material, providing excellent stability against oxidative and other chemical degrada-
tion. Maltodextrin and gelatin were encapsulated in a glassy matrix containing
tocopherol in a 3:1:1 ratio [24]. The glassy matrix also protected the encapsulated
a-tocopherol from oxidation, while encapsulating carotene in amorphous trehalose
delayed degradation time.

4.3.5 Vitamins Encapsulation in Cyclodextrins

Cyclodextrins are cyclic oligomers formed by enzyme conversion of starch. The
D-glucopyranose unit has six, seven, or eight (-CD) units joined together by
a-(1,4) bonds. Their structure allows them to form molecular complexes with
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many hydrophobic molecules. Encapsulation of hydrophobic drugs protects vol-
atile aromatic compounds from degradation. The delivery of functional ingredi-
ents and bioactives, including vitamins, is the major advantage of CDs [25]. A
CD’s structure resembles a cage with a hydrophobic cavity. Hydrophobic com-
pound inclusion complex is formed when less polar guest molecules replace the
polar hydrophobic cavity, which is lined with water molecules. Though the exact
cause of the inclusion complex formation is unknown, the following mechanism
is thought to be involved: A polar interaction between a guest molecule and the
hydrophobic cavity releases molecules of cavity i.e., water, and bulk water
replaces the energetically disfavored polar interactions between the water mol-
ecules in the cavity and the included water. True inclusion complexes can only
be formed by lipid soluble vitamins in cyclodextrins. Thus, the creation of inclu-
sion complexes to encapsulate liposoluble vitamins has been studied extensively.
The retinoid-CD complexes were made in aqueous alcohol at ambient tempera-
ture. Many studies have shown that hydroxyl propyl-CD and -CD inclusion
complexes increase the solubility of vitamin A. Other studies have shown that
CD complexation stabilizes vitamin A by inhibiting photoisomerization and
photodegradation of retinoids [26]. Beyond retinoids-CD complexes, most stud-
ied vitamin is vitamin D as CD complex. The low water solubility of vitamin D
affects its biological activity. Vitamin D and CD inclusion complexes can be
made using ethanol as a solvent. A study on the stability of vitamin D after
cyclodextrin complexation has also been reported. Menadione is another lipo-
soluble vitamin (or vitamin K3). Benzene is incorporated into the cavity of a
CD, while the quinine moiety is inserted outside the cavity, thus improving its
aqueous solubility [27].

4.4 The Food Industry and Encapsulated Minerals

Encapsulated minerals can be integrated into the formulations of food and
medicine to provide unique benefits and sensory features to the physically and
chemically improved functional products. Encapsulated mineral salts have
advantages such as reduced discoloration, reduced taste and smell by masking-
off flavor, production and storage processes that control the release of mineral
components, and improved taste and smell. Encapsulation of minerals into
dairy products and table salt has been studied extensively during the last two
decades. C,HgFeN,O,, NH,Fe(SO,),, and C¢H,(FeO4 are some examples of
electrolytic-Fe (Table 4.1) [28]. Soy-yogurt and soy milk are fortified with
encapsulated tricalcium phosphate (Ca;(PO,),) and calcium citrate
(Ca3(C¢Hs0,),) salts. KI and KIO; are the most common encapsulated iodine
fortification salts, while C4H,FeO, and FeSO, are the most common encapsu-
lated Fe fortification salts.
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Table 4.1 Bioavailability, toxicity, and technological aspects of several mineral nanoparticles

Technical Bioavailability/
Mineral Shape/size aspects toxicology aspect | References
Se Spherical/10-50 nm | Eliminates six No toxicity to [29]
food-borne Artemia larvae at
pathogens from | 100 mg/mL
growing and
forming biofilms
Se Spherical/80 nm When heat is Se-deficient mice |[30]
applied to are less likely to
Se-NPs, their experience phase
thermo-stability | II enzyme
varies with their |induction
size: Smaller
Se-NPs are more
resistant to
transforming
into nanorods
than larger ones
Se Spherical/~36 Comparison of | At supranutritional | [31]
dietary levels, induce
supplements phase II enzymes
with Se and without affecting
Se-NPs their ability to
up-regulate
seleno-enzymes
Se Spherical/20-30 nm | Introducing The activity of [32]
elemental glutathione
Se-NPs to lambs | peroxidase (GPx),
through thioredoxin
probiotic reductase (TrxR),
bacteria resulted | and glutathione-S-
in enriching transferase (GST)
lamb meat with | is equally
Se (1) as an increased by
indirect method | Se-NPs
of improving the
nutritional value
and functionality
of meat
products.
Iron oxide (Fe,0;) NR/<50 nm The application | Cytotoxicity [33]
of food with induced by

quercetin and
Fe,0,
nanoparticles

Fe,O;-NPs and
apoptosis and
quercetin
(50*mol/L)
protects against
them

(continued)
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Table 4.1 (continued)
Technical Bioavailability/
Mineral Shape/size aspects toxicology aspect | References
Magnesium Hexagonal/10-50 nm | Combination of | MgO-NPs may [34]
oxide(MgO) Mg-NPs and cause DNA
nisin in milk, damage and cell
resulting in a death. They cause
leak in the oxidative damage
bacterial cell in consumer
membrane, leads | products
to death. A
protocol
developed for
reducing
pasteurizing
milk temperature
and controlling
pathogens
required
MgO-NP levels
Zinc oxide(ZnO) Spherical/10-30 nm | This engineered | In adult male [35]
film of Ca Wistar rats,
alginate loaded | ZnO-NPs more
with ZnO-NPs | than 50 mg/kg
exhibited significantly
antimicrobial altered hepatic
activity against | enzymes,
two pathogens | oxidative stress,
(S. typhimurium | and renal tissue
and S. aureus)
10 days at 8 °C
produced zero
log drop in
poultry meat
Ferric phosphate Spherical/10.7 nm Food and FePO4-NPs are [36]
(FePo4) beverage soluble and
formulations can | bioavailable. A
be fortified with | nanoscale coating
stable nanosized | (e.g., FePO,)
FePO4 colloid | might optimize Fe
additives uptake and
bioavailability

(continued)
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Table 4.1 (continued)

Technical Bioavailability/
Mineral Shape/size aspects toxicology aspect | References
Calcium Spherical/<100 nm | Ca3(PO,),-NPs | Ca3(PO,),-NPs are | [37]
phosphate(Ca;(PO,), have great 200% bioavailable

potential in broiler chickens

industry of

poultry,

particularly in

feed

management and

waste

minimization
Calcium carbonate NR/<50 nm Due to its high | Studies reveal that | [38]
and citrate CaCO,/ MIC in broth, taking calcium
Ca;(C¢H50,), CaCOs-NP has | carbonate or

proven to be citrate NPs is

useful more effective

antimicrobial than administering

agent, which can | micro-NPs to
also be used in | enhance serum

food and calcium level in

agriculture order to maintain

industries bone mineral
density

4.4.1 Dairy Products Fortified with Encapsulated Minerals
44.1.1 Milk

Despite being one of the world’s most vital foods, milk is low in Fe. Thus, fortifying
milk with encapsulated iron might be beneficial. Increasing Fe intake, for example,
FeSO, microencapsulated in milk and its bioavailability was studied using a lecithin
liposome method. The fortified milk’s Fe bioavailability did not change after
6 months of storage and heat treatment. A similar bioavailability rate of Fe to high-
bioavailable FeSO, absorption was also recorded. Coatings made from PGMS were
used to microencapsulate Fe to fortify milk. While just 3% of Fe was released
in vitro (pH 6.0), increasing pH from 5.0 to 8.0 dramatically boosted the rate of Fe
release from 12.3 to 95.7% .The sensory study found no significant variations in
most sensory features between the control and microencapsulated-Fe samples after
3 days of storage [39]. Moreover, the unencapsulated Fe sample had greater TBA
than the encapsulated Fe sample. It was discovered that free Fe-fortified milk had a
higher TBA value. Supplemented TBA of milk with high microencapsulated-Fe
loadings was not altered. Microencapsulation slowed down lipid oxidation by 60%,
while masking milk’s metallic taste. However, comparing astringency and bitter-
ness to control milk, microencapsulated Fe milk produced similar results. The for-
tification ability of Fe microcapsules in milk and the factors that affect the physical,
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chemical, and sensory properties of the final product were investigated. Fortification
of low-level milk with Fe microcapsules (0.1 0.3% w/v) did not increase TBA lev-
els. It was found that 0.1% (w/v) Fe-microcapsule powder was optimal for produc-
ing fortified milk. Researchers observed that microencapsulated FeSO, in a
powdered milk diet had better Fe bioavailability than the control diet. One study
selected three Fe microcapsules fortified with EE from four distinct techniques
(62.97% 74.85%) [40]. To compare the organoleptic ratings of Fe-fortified milk
with the control milk, they used modified starch and sodium alginate microcapsules
(10 mg/L Fe). GA, MD, and modified starch were mixed and vaporized to create
microcapsules of Fe with an average size of 15.54 pm [41]. When compared to forti-
fied milk containing Fe microcapsules, panelists preferred salt-fortified milk over
microcapsule-fortified milk. In addition, the microcapsules of Fe in fortified milk
had better bioavailability than those in control and Fe salt enriched milk. The sen-
sory qualities of microcapsules of Fe from three Fe salts were also studied. All treat-
ments had the same appearance and flavor. The flavor of the control and C¢H,,FeOq
enriched milks did not differ significantly. This product was the finest option for
fortifying pasteurized liquid milk. In comparison to cow milk (120 mg/100 g), soy
milk contains a lower level of calcium (12 mg/100 g) [42]. As a result, many
researchers have tried to improve the nutritional value of soy milk by adding cal-
cium. It was discovered that adding Ca salts (Ca;(PO,), and Ca;(CsHs05),) to soy
beverage was ineffective due to unfavorable Ca protein interactions, coagulation,
and precipitation. Using a lecithin liposome structure could fortify soy milk in a
better way. Researchers added Ca to soy milk (110 mg Ca/100 g soy milk) to match
the level to that in cow’s milk. The fortified soy milk was stable and had high Ca
bioavailability for 1 week at 4 °C. Caz(PO,), in the soy milk was 2000 mg per liter,
and to prevent Ca protein interaction and enhance the stability of soy milk, research-
ers added 30 g/L potassium citrate to samples. However, combining Ca;(PO,), and
C¢H;:K;0; reduced soy milk stability.

4.4.1.2 Yogurt

The main consumers of yogurt are children, menstruating, pregnant or nursing
women, and teenagers. FeSO#4 and a microencapsulated compound of Fe whey pro-
tein were added to yogurt for 7 days at —70 °C to assess lipid oxidation and sensory
properties. The three oxidation rates (TBA and peroxide) did not change signifi-
cantly. Iron-enriched yogurt tasted rusted and metallic. The sensory panel favored
the Fe whey protein complex microencapsulated yogurt since the overall flavor and
quality were better [43]. In recent years, researchers have enriched probiotic yogurt
with Lactobacillus acidophilus and iron microcapsules derived from whey protein
complexes. Compared to unfortified yogurt, fortified yogurt had less oxidized fla-
vors. TBA levels were elevated due to interactions among iron and casein proteins,
prooxidant activity of oxygen species, and stimulated lipid oxidation. In oxidative
conditions, free fatty acids get accumulated. Three commercial Fe-salt microcap-
sules were added to yogurt to improve its organoleptic quality. Both the control and
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FeSO, microcapsule samples passed the sensory test after 7 days of storage.
C HgFeN,O, and C¢H,(FeOy4 yogurts were clearly distinguished from the control.
TBA and peroxide levels were the highest in C;HsFeN,O, yogurt, whereas the con-
trol and C¢H,,FeOg supplemented samples showed the lowest TBA and peroxide
level. Microcapsules of FeSO, were found to be useful and ideal for fortifying
yogurt. On 0, 1, 2, and 3 weeks, the starter bacteria count did not differ between the
control and Fe-fortification samples. The quantity of these bacteria decreased with
extended storage in both control and Fe-fortified yogurt samples. The added Fe had
no impact on yogurt bacterial viability. Free Fe enriched yogurts had lower TBA
values than encapsulated Fe enriched yogurt [44]. After 21 days, there were signifi-
cant variations in astringent, oxidized, and overall acceptability assessments. To
improve Fe-bioavailability, it was advised to add 80 mg Fe-WP/L to yogurt without
affecting its appearance or organoleptic properties. This yogurt drink had Fe micro-
encapsulated in it. Unencapsulated Fe was added, pH was decreased and titratable
acidity was increased, while the microbial count of the yogurt was found to be unaf-
fected by unencapsulated Fe. TBA kinetics in encapsulated therapies was also
noted. Unencapsulated Fe changed the astringency and bitterness of yogurt drink,
whereas encapsulated Fe concealed Fe taste and flavor. FeSO, 7H,0, 12 mg Fe/L,
and calcium (Ca;C4Hs05),, 600 mg Ca/L, enhanced the stability of soy yogurt. The
investigation was conducted for 28 days at 10 °C. Although the fortified sample had
low viscosity, extending the storage period had no significant effect on this param-
eter. Moreover, there were no significant variations in all sensory characteristics as
well as acidity levels during the storage. Fe-fortified yogurt stored for 14 days
exhibited both physicochemical and sensory qualities. The yogurts were fortified
with Cold-set WPI gel powder encapsulating Fe-encapsulated in FeSO, solution
(20-60 mg Fe/kg). Compared to the unfortified control sample, WPI-Fe particles
fortified yogurt (up to 60 mg of Fe/kg) exhibited identical qualitative characteristics
(color and flavor). A physicochemical and sensory evaluation demonstrated that
samples fortified with WPI-Fe may retain quality criteria for 2 weeks regardless of
the Fe concentration employed [45]. A Fe-enriched usual yogurt (B225 g) was like-
wise reported to give up to 60% of a woman’s daily Fe requirement, with no evident
color or flavor differences from the control yogurt. This feat would be unachievable
with even minimal levels of Fe fortification in yogurt. To maximize the effects of
three independent factors on EE and Hunter Lab color features, an application of a
second-order polynomial model using the RSM-central composite design was used.
The optimal pH, WPI content, and Fe concentration for pre-paring WPI-Fe particles
were 7.0, 6.8%, and 18.8 mM, respectively. This is because the particles were
released into the intestinal environment at a high rate (95%), WPI-Fe particles were
generated under optimal conditions, and a site-specific network was an ideal deliv-
ery option of Fe (Pancreatin was added, pH 7.5). However, it was found that iron
encapsulated in only 28% of powders could be released in the stomach environment
(pepsin, pH 1.2).
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4.4.1.3 Cheese

Cheese, like milk, is low in Fe. Most research on Fe encapsulation in cheese has
been focused on Cheddar. According to IDFA (2015), 28.5% of all cheese con-
sumed in the US was cheddar. Researchers reported that FeCl;, Fe casein, FIP WP,
and Fe WP complex constitute the Fe content of cheddar cheese. The study used
FeSO, as a Fe source to fortify cheese, which showed a somewhat higher TBA level
than unfortified cheese. TBA value and oxidized off-taste had no correlation with Fe
level. Another link was between off-taste or flavor of the oxidized cheese and TBA
value. Aged cheese had no effect on TBA levels, oxidized off-taste, or cheese flavor
scores. The greatest bioavailability of Fe was 85% for FeCl;, 71% for Fe casein,
73% for FIP-WP, and 72% for Fe WP. Feeding equivalent fortified Fe for 10 and
14 days showed similar basal Fe level, while the bioavailability sources were 5%,
4%, 6%, and 3% (P < 0.05) [46]. Nonetheless, FeSO, had 85% maximum and 5%
basal bioavailability, and it accelerated lipid oxidation. In addition to WP FeCls;,
researchers employed the same fortification method as before. FeSO, produced oxi-
dation and off flavors in aged cheddar. Sensory perception was better in samples
having Fe WP complexes. The chemical and sensory qualities of cheddar cheese
were examined with encapsulated-Fe. Encapsulated cheese ripened slower than
unencapsulated cheese. During ripening, compounds with short-chain FFAs and
neutral volatiles were generated insignificantly. The samples with maximum encap-
sulated Fe had the most bitterness, astringency, and sourness. However, it did not
influence the quality of cheddar cheese, whether LMFS (large microencapsulated
FeSO,, 700, 1000 m) or SMFS (small microencapsulated FeSO,, 220, 422 m)
enriched cheddar cheese [47]. After 90 days, LMFS (66%) and SMFES (91%) recov-
ered Fe. No significant differences in lipid oxidation rate or chemical makeup (for
example, dry matter, fat, ash, magnesium, zinc, and calcium) were observed.
Microencapsulating FeSO, in cheddar cheese did not overpower the flavor, odor, or
color of Fe. Less SMFS-fortified cheddar cheese was found to have better Fe reten-
tion and sensory attributes. Mozzarella cheese was fortified with ferric chloride,
WP, and casein sodium iron salts (25-50 mg Fe/kg). Mozzarella cheese with 50 mg
Fe/kg exhibited an off-odor, metallic or oxidized flavor, and more unattractive quali-
ties. Consumers despised all mozzarella due to metallic and off flavors. Cheddar
cheese was fortified with FeCl; and Fe protein components, indicating that it is not
possible to generally apply Fe fortification to every other cheese. To plain feta
cheese, 80 mg/kg of compounds containing iron (FeSO,, FeCl;, and microencapsu-
lated FeSO,) was added. The chemistry and FFAs of the control and Fe or vitamin
C samples were not different. Fe-supplemented cheese compared to unsupple-
mented cheese revealed a significant difference in Fe TBA and organoleptic ratings,
which were lowest in feta cheese containing microencapsulated iron (80 mg) and
vitamin C (150 mg) [48].
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4.4.2 Fortification of Salt by Encapsulating Iron and lodine
4.4.2.1 Dual Fortified Salt

Since Fe compounds have a greater stability than iodine compounds, encapsulating
iodine to provide a protective partition was explored. C,;H,FeO, or FeSO, (1 g/kg
Fe) was blended with FBC to make DFS from iodine (KI and KIO;) microcapsules.
Later, the stability of several fortifiers was studied in relation to temperature and
relative humidity during storage. A good result was obtained for encapsulating
iodine into dextrin, indicating a wall-to-core ratio of 1:200. After 30 days of storage
at 40 °C and 60% relative humidity, DFS was enhanced with FeSO, and KI lost
100% of its iodine concentration, whereas KIO; lost 93% at 40 °C and 60% relative
humidity; DFS retained 79.7% iodine and KIO; retained 80.9% iodine. C,H,FeQ,
and KI microcapsules demonstrated the greatest iodine retention (98.4%, 101.9%)
at temperature of 40 °C and a relative humidity of 60% for 12 months. Despite
improvements in iodine chemical stability, fine microcapsules generated by the
technique prevented encapsulation [49]. Also, iodizing salt with KIO; is expensive.
Condensing Fe-compounds in salt formations, iodine and Fe DFS were created and
tested for storage stability in highland (Nairobi) and coastal (Mombasa) cities in
Kenya. Nairobi retained 87.3% Fe and only 92% iodine in encapsulated DFS with a
KI and C,H,FeQ, premix, whereas Mombasa retained 92% Fe and 90% iodine. DFS
encapsulated in C;H,FeO, resisted color fluctuation and increased bioavailability. It
was found that encapsulating Fe in DFS reduced unpleasant sensory characteristics
and iodine loss, while maintaining considerable bioavailability. Researchers studied
19 Fe-containing compounds (e.g., fumarate, sulfate, pyrophosphate, and elemental
Fe) bound to indigenous Moroccan and Cote d’Ivoire salts. After 6 months of stor-
age, samples were examined for iodine concentration and color. According to the
findings, encapsulation did not prevent most chemicals from ionic losses and unde-
sired organoleptic alterations. Iron oxide (B2.5 and 0.5 m) particles were used to
enhance salt. In the presence of Fe (C,H,FeO,) and iodine (KI and KIO;), the stabil-
ity of table DFS was measured in the mountains and coasts of Kenya. Also, high
iodine (90%) was preserved after 3 months of storage. Encapsulated C,H,FeO, was
combined with salt-encapsulated-KI or iodate salt to make DFS. Because of the
significant retention of Fe21, a little quantity of Fe21 was oxidized to Fe31 (17%).
During distribution and retail, both iodine and Fe21 were preserved, making DFS
with iodine and encapsulated C,H,FeO, extremely stable for 3 months. In vitro and
in vivo studies have been focused on Fe bioavailability in iodine DFS and encapsu-
lating C,H,FeQy; initially, researchers made a C,H,FeO, premix for salt integration
by agglomerating C,H,FeQ, into salt-size particles and then encapsulation was per-
formed [50]. The in vitro bioavailability of various DFS and encapsulated C,H,FeQO,
premixes generated by numerous techniques was then examined. The materials and
techniques used in encapsulating C,H,FeO, marginally affected the in vitro Fe bio-
availability. The researchers discovered that adding TiO, to the coating materials as
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a masking agent effectively concealed the reddish-brown color of C,H,FeO, and
improved overall sensory acceptance and iodine stability. Bioavailability of
C,H,FeQ, encapsulated in a lipid structure was determined indicating that FeSO,
was 95% bioavailable compared to FeSO, in rats. Extrusion-based encapsulation of
Fe (C4H,FeQ,) enhanced the iodine stability in iodized salt. The optimal formula-
tion contained C,H,FeO, (10%), binders (30%), TiO, (25%), and Methocel, a water-
soluble polymer (10%). Uncoated Fe particles, on the other hand, lost 50% of their
DFS iodine content during extrusion. The usual salt distribution mechanism will be
used to supply iodine and iron to DFS. Li et al. [51] investigated whether it was pos-
sible to encapsulate C4H,FeO, in DFS using the cold-forming extrusion process.
Extrudable dough containing substantial levels of C;H,FeO, was thus possible using
grain flours [51]. Additionally, all extruded Fe particles (300,700 nm) were ana-
lyzed indicating high in vitro Fe digestibility. Yadava et al. [52] enhanced masking
colors and coating polymers phases utilizing extrusion agglomeration to prepare a
fortification of salt with Fe premix. After mixing iodine and Fe2l, stability was
tested at 35 °C and 60% relative humidity for 90 days after Fe premix with iodized
salt. Water-soluble polymeric coatings showed a good efficacy to retain micronutri-
ents at 10% encapsulation capacity. They also had great bioavailability and pleasing
sensory characteristics. To add encapsulated Fe (C,H,FeO,) to coarse iodized salt,
Romita et al. [53] used spray drying. A 10% w/v suspension was employed, and
1.2% of the suspension was dissolved using biopolymers for 6 months. DFS was
monitored in iodine stability at room temperature (20% RH) and under harsh condi-
tions (40 °C and 60% RH). Sixty percentage of unencapsulated samples exhibiting
reduced iodine stability was not surprising.

4.4.2.2 Triple Fortified Salt

A formulation containing iron, iodine, and vitamin A, three essential micronutrients
in a single food product is a low-cost method of fortifying foods. Strong metabolic
interactions among these components can treble salt fortification. A mixture of
micronized Fe,O,,P¢, KIO;, and retinyl palmitate, was incorporated into HPF to cre-
ate TFS with 30 g of I, 2 mg of iron, and 60 g of vitamin A in each gram of salt. After
6 months of storage, the color stable TFS lost iodine and vitamin A (B12 15%) [54].
At 10 months, the TFS group had much less vitamin A and Fe anemia deficit than
the iodized salt group. In addition to Fe,O,,P¢, KI, and retinyl palmitate (vitamin A),
HPF nano capsules were also used to formulate TFS. TFS’s color changes during
storage were acceptable, as was the loss of iodine, which was similar to that in
iodized salt. Retinyl palmitate was found to be highly stable, with only 12% loss
after 6 months. The overall sensory tolerability of TFS and iodized salt was not
found to be changed.
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4.5 Iron Encapsulation in Cereals and Bakery Products

FeSO, was incorporated into mixers that mix baking flour, and a fine-sized white
powder with freely flowing characteristics was obtained which could be stored
without quality loss for 6 months [55]. Noodles encapsulated with Fe (BS mg Fe per
serving) got comparable sensory scores to those containing inorganic fortification
agents such as ferric sodium ethylenediamine tetraacetate (NaFeEDTA) and other
ingredients. A three-month storage at ambient temperature did not influence physi-
cal (color) or oxidative (peroxide value) parameters. Biofortified wheat flours were
made by Biebinger et al. with HPF wall material [56]. The prepared microcapsules
may be able to overcome undesirable sensory changes and Fe shortage in biscuits
made with wheat flour. Average iodine loss during spray-cooling was B25%, but no
measurable iodine losses occurred during baking. Fortified wheat-based biscuits
were compared with non-fortified controls in a feeding trial randomized with
Kuwaiti young women. Biscuits that were fortified with Fe microcapsules and those
that were unfortified were the same in taste and color. However, the fortified ones
lowered the prevalence of Fe-deficiency by 50%. The fortified samples group had
higher serum ferritin and urine iodine levels. The encapsulated FeSO, Fe absorption
was measured. Iron deficiency in Thai women was overcome by consuming foods
based on wheat reinforced with unencapsulated FeSO,, electrolytic Fe, or elemental
Fe reduced by hydrogen. After 20 weeks, about 11% of the prescribed Fe dosage
was absorbed. Encapsulation could not impact Fe bioavailability. Low-extraction
wheat flours can be supplemented with FeSO, or C;H,FeO, encapsulated (less than
0.8% ash) at the same amounts as without encapsulation [57]. In terms of quality
parameters, Fe (Fe,0,,Ps, FeSO,, NaFeEDTA, and decreased Fe) and gluten have
significant effects. Both elements also influenced the sensory attributes such as odor
and the color of wheat bread. The color, stiffness of the crust, cell count, odor, and
metallic taste of the crust were found to significantly differ in unfortified gluten-free
loaves than Fe-fortified loaves. The encapsulation also failed to protect Fe from
oxidation, since the color, taste, and texture of breads fortified with FeSO, varied
from those of unfortified breads. Children in Sao Paulo childcare centers previously
rated bread supplements encapsulated with FeSO, as acceptable as reported by
Souto et al. [58]. Breads that were fortified with Fe were less acceptable to children
than those that were not. In young children, fortified bread may offer some protec-
tion against Fe deficiency anemia. Using a paste made from rice flour, iron com-
pounds (0.5 and 1.0 g Fe/100 g), and 25% water, Moretti et al. [59] produced a
replica of rice grains. In order to achieve a final Fe content of 5 mg per 100 g of rice,
Fe components (1:100 or 1:200) were combined with rice grains. For this purpose,
dispersible micronized Fe,O,,Ps (BO.5 m) was cold extruded, and reagent-grade
Fe,0,,P¢, Fe,0,,P¢ (B2.5 and B20 m), FeSO, encapsulated in a liposome and HPF,
as well as rice grains containing FeSO, (positive control) were utilized [60]. The
rice seeds were simulated and dried overnight to a 10% water content. Uncooked
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and cooked rice grains had very different colors due to all Fe components except for
micronized Fe,0,,Ps (0.5 20 m). The enriched rice seeds with Fe,O,,Ps and elemen-
tal Fe had the lowest Fe 10ss)2%) during the 30 min pre-washing at 30 °C. Researchers
in India hope to develop Rice seeds fortified with iron and outstanding sensory
properties and enhanced bioavailability rates using micronized Fe,0,,Ps. Li and col-
leagues created Ultra Rice with C,H,FeO,, mixtures of micronized Fe,;O,,Ps,
FeNaEDTA, thiamine, and other antioxidants. Fe was not bioavailable or stable
when added to Ultra Rice. Rice seeds that were encapsulated with Fe,O,,P6 exhib-
ited an acceptable creamy-yellow color, but 50% less thiamine [61]. Unencapsulated
C H,FeQ, exhibited a reddish-brown tint. By combining FeNaEDTA with encapsu-
lated C,H,FeO,, in vitro bioavailability was improved. Using colloids or particles of
Fe,0,,P¢ could reduce thiamine losses while maintaining physical and organoleptic
properties for 32 weeks at 60% RH and 40 °C. Dietary thiamine loss was minimal;
however, oxidative rancidity was observed. BHA, BHT, hydrophilic citric acid, and
sodium hexa meta phosphate were found to be the most effective storage forms of
uncoated and encapsulated Fe containing free-radical scavenging constituents.
Women who consumed cooked Ultra rice containing micronized Fe,0,,P¢ daily
reduced their anemia by 80% and Fe deficiency by 29%. Beinner, Velasquez-
Melendez, Pessoa, and Greiner also reported that the consumption of Ultra Rice
encapsulated with micronized Fe,0,,P¢ (3.14 um) reduced Fe deficiency and ane-
mia in Brazilian youngsters (6-24 months) [62].

4.6 Minerals Encapsulation in Other Foods Fortification

The effects of injecting L-Ca with EPC into rabbits before slaughter were studied to
determine its impact on meat aging. An infusion of L-Ca into rabbit meat could
lower meat’s ageing without contaminating it or causing any physical trauma. Water
in oil mulsion was prepared using an emulsifier such as Tween 60 to make a water-
in-corn-oil emulsion, indicating that the TBARS generation was low, while the
Fe-EE (99.75%) was high [63]. To assess the effect of Fe on fish oil stability, fish
oil-based emulsion was created and combined with droplets of the initial emulsion.
TBA values increased when Fe interacted with fish oil and activated oxidation pro-
cesses. A spray drying process was conducted to encapsulate natural green pig-
ments from Pandan leaves with three coatings (GA, MS, and MD). For powders
encapsulated using Ms. wall material, SEM micro-graphs showed spherical and
smooth particles, while powders were generated by the encapsulants. MD and GA
surface shrinking Greenness, total chlorophyll, and antioxidants were determined to
be best in Zn chlorophyll microcapsules, which comprised of 30% Ms. The pro-
duced powder has a predicted half-life (462 days) longer than GA (330 days) and
MD (330 days) powders. Fe microparticles were studied in black beans in 2011,
which contains 5-10 mg encapsulated Fe per spoon [64]. Using samples
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supplemented with FeSO, micro-encapsules could help prevent or control anemia.
Peach and apple juice were used to determine Fe status. Fe,0,,Ps was the core and
lecithin was the wall of spray-dried Fe microcapsules.

4.7 Application of Nanoparticles in Minerals

In recent years, scientists have become interested in reducing mineral inclusion lev-
els and enhancing mineral absorption through nanoparticles. Mineral NPs are gen-
erally spherical and under 100 nm in size. They are frequently employed in
agriculture, food, and pharmaceutical industries. Natural mineral nanoparticles
(NMNs) have numerous industrial and medical applications. Se-NPs are the most
commonly used NPs in the food industry to inhibit bacterial growth and biofilm
formation. Melatonin, PEG, adenosine triphosphate, polysaccharides, and
epigallocatechin-3-gallate are employed to make Se-NPs with minimal toxicity
[65]. A nutritional supplement containing Se-NPs may help improve the body’s
function and bio accessibility, as Se offers several benefits for the body’s health,
including enhancing the immune system and reducing cancer cell proliferation.
Meal supplementation with Se-NPs lowered bioavailability in Se-deficient mice.
We are also aware of the antibacterial properties of inorganic nanometal oxides such
magnesia, zirconium, and calcium oxide (CaO) NPs. In order to kill bacteria, metal
oxide nanoparticles produce reactive oxygen species. Surface superoxide and H,O,
can cause intracellular leakage and cell death. In vitro studies of MgO-NPs con-
ducted on human liver (HepG2), kidney (NRK-52E), gut (Caco-2), and lung (A549)
cell lines indicated oxidative stress, DNA damage, and cell death, according to the
USDA (21CFR184.1431) [66]. Thus, their use in consumer goods should be moni-
tored for safety reasons. Several studies have shown the efficacy of MgO-NPs in
treating various ailments. In U87 human astrocytoma, MgO-NPs were less cyto-
toxic than ZnO and TiO, NPs. Boubeta et al. [67] employed MRI agents made of Fe/
MgO nanoshells. Iron/MgO-NPs mediated magnetic hyperthermia in cancer ther-
apy. Nano cryosurgery for cancers and Iron oxide (Fe,Os) nanoparticles are biocom-
patible and less toxic than other metals [67]. A scientist reported the use of
Fe,0;-NPs as mineral supplements, controlled release medicinal and nutraceutical
biomaterials, and colorants in cosmetics. The USDA (21CFR182.8991) also consid-
ers ZnO, one of the five Zn compounds, to be safe. By adding antimicrobial ZnO-
NPs to active packaging films, especially for meat formulas, we investigated ways
to prevent food-borne infections [68]. It was discovered that these NPs are not only
antimicrobial but also a Zn source for numerous meals. Although they possess anti-
bacterial properties, Ca;(PO,),-, CaCO;-, and Ca;(C¢H;s0;),-NPs have also shown
promise in agriculture, poultry, and food processing. In addition to improving serum
Ca levels and bone mineral density, Ca-based nanoparticles are highly bioavailable
in the body.



4 Nano and Microencapsulation of Foods, Vitamins and Minerals 69

4.8 Conclusion

In summary, the information provided herein can help in the encapsulation of
difficult-to-formulate liposoluble vitamins, reactive water-soluble vitamins, and
chemically sensitive water-soluble and liposoluble vitamins. Inventors select encap-
sulation techniques and micro/nanostructures based on resource availability, mate-
rial qualities, process economics, and end-use applications. These techniques should
also be safe to use, have a long shelf life, and require no dangerous chemicals or
toxic solvents in their production. Recent research has focused on how to provide
active substances like micronutrients in foods. In this perspective, most food fortifi-
cation and nutraceutical R&D should concentrate on nano- and microencapsulation.
To avoid bottlenecks, the hunt for food-grade protective coatings, shorter develop-
ment times, better understanding of encapsulating techniques, and better under-
standing of in vivo behavior of encapsulates should be continued.
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Chapter 5
Nanoemulsions in Food Industry

Goutam Kumar Jena (), Rabinarayan Parhi, and Suvendu Kumar Sahoo

5.1 Introduction

Currently, severe health-related issues are arising worldwide, which create increas-
ing demands for relatively healthy, safe as well as economical food products [1].
Due to the introduction of functional food, the importance of food is extensively
increased. These are ever-increasing demands that can be met either by adding new
bioactive components or by increasing the production of existing biologically active
molecules [2]. Hence food products are significant not only for their nutritional
values but also for their health promotion as well as disease prevention values [3].
The benefits of health-promoting food products are limited due to their low
bioavailability as well as stability issues [4]. The applications of nanotechnology in
food science have received tremendous attention in the last few decades.
Nanoemulsions have been drawn significant attention in the delivery system in the
food industry [5]. Nanoemulsion-based delivery systems not only improve the
bioavailability of the encapsulated bioactive components but also increase food
stability. Nanoemulsions are kinetically stable but thermodynamically unstable
transparent or translucent colloidal systems with very small particle sizes within
100 nm [6]. As nanoemulsions have the unique property of small size, increased
surface area, and sensitivity to physical and chemical changes, they are ideal
candidates for the food industry [7]. The significance of food-grade nanoemulsions
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is to enhance encapsulation efficiency, digestibility, bioavailability, and targeted
delivery. Due to the aforesaid merits of nanoemulsions as compared to conventional
emulsions, they play a major role in the food industry. Some important stabilizers
such as emulsifiers, texture modifiers, ripening retarders, weighting agents as well
as ripening retardants can be incorporated to improve the Stability of nanoemulsions.
Texture modifiers, substances that increase the viscosity such as proteins (whey
protein isolate, gelatin or soy protein isolate), sugars (high-fructose corn syrup or
sucrose), polysaccharides (carrageenan, xanthan, pectin, alginate), and polyols
(sorbitol or glycerol) can also be used as stabilizers. The widely used emulsifiers in
the food industry for formulation of nanoemulsions are small-molecule surfactants
such as Tweens and Spans, amphiphilic polysaccharides such as gum Arabic, or
modified starch, phospholipids such as soy, egg, or diary lecithin, and amphiphilic
proteins such as caseinate or whey protein isolate [8]. The weighting agents such as
dense lipophilic materials such as brominated vegetable oils, sucrose acetate,
isobutyrate, ester gums can be employed for balancing the densities of liquids
emulsions [9].

The current chapter will highlight the method of preparation, types, and applica-
tions of nanoemulsions in food science.

5.2 Components of Nanoemulsions

Generally, a nanoemulsion consists of three components, i.e., an oil phase, aqueous
phase, and an emulsifier. An emulsifier is a very important component of
nanoemulsion, whose presence in little quantity helps in fabricating nanoemulsions
by reducing the interfacial tension between water and oil phases and also enhancing
stabilization of nanoemulsions [2]. The three aforesaid components critically
attribute affect the fabrication as well as stabilization of nanoemulsions.

5.2.1 Oil Phase

The various nonpolar molecules, which are used as oil phase for fabrication of food-
grade nanoemulsions, consists of free fatty acids, monoacylglycerols, diglycerol,
triglycerols, waxes, mineral oils, or various lipophilic nutraceuticals. Soybean,
safflower, corn, flaxseed, sunflower, olive, algae, and fish are the richest source of
triglycerols oils, which are usually employed in nanoemulsions due to their less cost
and more nutritional value [3]. The properties of nanoemulsions mainly depend on
the physical and chemical properties of the oil phase, such as water solubility,
viscosity, density, polarity, refractive index as well as interfacial tension whereas,
the chemical stability has a great impact on the different properties of nanoemulsions.
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5.2.2 Aqueous Phase

The variety of polar molecules, such as carbohydrates, proteins, acids, minerals, or
alcoholic cosolvents in water, can be used as a food-grade aqueous phase for the
preparation of nanoemulsion. The physicochemical properties of nanoemulsions are
greatly influenced by the selection of appropriate aqueous phases [10].

5.2.3 Stabilizers

The long-term Stability of nanoemulsions is influenced by stabilizers. Hence, the
production of nanoemulsions depends on the selection of appropriate stabilizers.
Stabilizers may be texture modifiers, emulsifiers, ripening retarders, weighting
agents, and emulsifiers.

5.3 Types of Nanoemulsions

Nanoemulsions are classified based on the ratio of oil and water. On the basis of the
ratio of oil and water, there are three types of nanoemulsions, [1] oil-in-water [2]
water-in-oil and [3] multiple nanoemulsions (oil-in-water-in-oil and water-in-oil-in-
water). All types of nanoemulsions are stabilized by using a mixture of surfactants
and/or cosurfactants. In the case of the O/W type of nanoemulsion, the oil phase
(discontinuous phase) is dispersed in the aqueous phase (continuous phase), which
is stabilized and favored by solubilizing surfactants in water whereas, in the case of
the W/O type of nanoemulsion water phase is dispersed in oil phases, which are
stabilized and favored by oil solubility of the surfactants. A multiple nanoemulsion
is formed by mixing an equal volume of oil and water phases in which both phases
are inter-dispersed.

5.4 Fabrication of Nanoemulsions

The energy is required for the fabrication of nanoemulsions as these are thermody-
namically unstable systems. Based on the energy requirement, the method of fabri-
cation of nanoemulsions is basically two types as follows [3].
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5.4.1 High Energy Methods

In this method, a variety of devices is generally applied in order to create huge
mechanical energy for producing small-sized droplets in nanoemulsions. Mechanical
devices are used to break oil and water phases to produce small nanosized droplets.
The devices used for preparing nanoemulsions in the case of high-energy methods
are high-pressure homogenizers, microfluidizers, sonicators, etc.

5.4.2 Low Energy Methods

Nanoemulsions with small-sized droplets are fabricated by employing less amount
of energy. The physical and chemical properties of the surfactants, cosurfactants as
well as oil phase required to produce nanoemulsions affect the desired size of
nanoemulsions. The low energy methods for fabricating nanoemulsions are
spontaneous emulsification, phase inversion technique, membrane emulsification
methods, emulsion inversion point method as well as solvent displacement method.

5.5 Characterization of Nanoemulsions

Like other nanocarriers, nanoemulsion undergoes characterization to fulfill specific
objectives of managing particle size, surface properties, drug release, and also
Stability. Therefore, the characterization of nanoemulsion is very crucial to control
theirs in vitro and in vivo behavior. Nanoemulsions are characterized by various
techniques, which are discussed below.

5.5.1 Particle Size, Polydispersity Index, and Zeta Potential

Particle size is a crucial parameter that differentiates nanoemulsion from other
emulsion systems. There are a few methods to determine droplet size of emulsion,
i.e., dynamic light scattering (DLS) or photon correlation spectroscopy (PCS), laser
diffraction spectroscopy (LD), microscopic techniques such as electron microscopy,
atomic force microscopy (AFM). By controlling the droplet size of the nanoemulsion,
the appearance of the nanoemulsion can be tuned from transparent to milky white
[11]. The polydispersity index (PDI) is determined by the PCS technique and is a
measure of the broadness of the size distribution of emulsion droplets [12]. The
surface charge of the droplets is determined by the zeta potential method. It also
predicts dispersion stability, and its value depends on various physicochemical
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properties. Zeta potential is determined by the Malvern Zetasizer instrument, and its
value of £30 mV is considered to be sufficient to ensure physical Stability [13].

5.5.2 Encapsulation Efficiency and Loading Efficiency

Encapsulation efficiency (EE%) is the quantity of drug encapsulated per unit weight
of nanoemulsion estimated after removal of the free drug. Separation of free drugs
can be performed with methods such as ultracentrifugation, ultrafiltration, dialysis,
etc. In another way, EE% can be assessed by dissolving nanoemulsion into a suitable
solvent and then subsequently analyzed for drug content. On the other hand, loading
efficiency is calculated as the amount of the drug entrapped into the particles divided
by the total quantity present in the formulation [13].

5.5.3 Morphological Characterization

The surface morphology of nanoemulsion is generally ascertained employing elec-
tron microscopies such as scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). A 3D image of the globules is obtained by SEM. An
image analysis software is usually used to generate automatic analysis results of
shape and surface morphology. On the other hand, TEM gives higher resolution
images of the disperse phase. A digital image processing program can be used to
qualitatively measure the sizes and size distribution of TEM micrographs [12]. Most
recently, AFM and cryo-electron microscopy has been employed to explore the
structure and behavior of nanoemulsion [12].

5.5.4 Measurement of Structural Modifications

Structural modifications of components in nanoemulsion are analyzed with tech-
niques such as Fourier-transform infrared spectroscopy (FTIR), differential scan-
ning calorimetry (DSC), and thermogravimetric analysis (TGA). FTIR analysis is
generally performed to assess the presence of drug excipient interaction, cross-
linking, or polymerization. DSC involves heat exchanges such as heat uptake (melt-
ing curve) or heat emission (crystallization curve), which occurs under controlled
temperature that gives a physical quality of the material. However precise nature of
the thermal transition is disclosed by TGA [13].
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5.5.5 Viscosity Measurement

Viscosity is a very important parameter to be determined in the case of nanoemul-
sion as it ensures Stability and efficient drug release from it. The viscosity of nano-
emulsion is a function of types and concentrations of oil and aqueous phases, and
the surfactant. For instance, increasing the water content of the nanoemulsion leads
to a decrease in viscosity, whereas decreasing the amount of surfactant increases the
viscosity of nanoemulsion [12].

5.5.6 Drug or Food Supplement Release Study

The release of drug or food supplements from nanoemulsion is a very important
aspect as it determines the way and level to which the therapeutics molecules are
released. There are a few methods to determine in vitro release pattern of the
encapsulated ingredients from nanoemulsion, including (i) diffusion through
dialysis bag, (ii) reverse dialysis bag method, (iii) compartmental diffusion cells
with artificial or biological membrane, and centrifugal filtration method. The drug
release study is conducted under controlled stirring and centrifugation [12, 13].

5.5.7 Stability Studies and Self-Life Determination

Stability studies are carried out to assess the Stability of the encapsulated ingredi-
ents when exposed to various environmental factors such as temperature and humid-
ity. The stability study of nanoemulsion is performed as per International Conference
on Harmonization guidelines such as short-term, long-term, or accelerated stability
studies. Accelerated stability studies are conducted to determine the self-life of a
nanoemulsion [13].

5.6 Applications of Nanoemulsions in the Food Industry

The applications of nanotechnology in the food industry progressed through limit-
less boundaries with invent of various nano-delivery systems, including nanoparti-
cles, nanoemulsions, and most recently, nanocomposites. It is important to mention
here that nanotechnology is not only applied to food processing but also food pres-
ervation. In this context, nanoemulsion is a key nano-vehicle that has been used in
the food industry to improve physical properties, the efficacy of foodstuffs, enhance
food safety by appropriate packaging and preservation of qualities of food materials
with antibacterial, antifungal, and antioxidant agents, and most importantly delivery



5 Nanoemulsions in Food Industry 79

of various food components. Various applications of nanoemulsion in the food
industry are illustrated in Fig. 5.1 and discussed with case studies [14].

5.6.1 Enhancing Physical Properties of Food
5.6.1.1 Coloring Activity

Color additives intended to be used in food must comply with the approved uses and
specifications laid down by the Office of Cosmetics and Colours in the Center for
Food Safety and Applied Nutrition of the US FDA. With the entry of nanotechnology
in the food industry, many nanoscale color additives have been manufactured and
investigated. However, only a few nanoemulsion-based color additives are being
used in the food industry. In one such investigation, nanoemulsion of curcumin was
developed using milk protein followed by their use in ice cream formulations. The
developed nanoemulsion showed good physicochemical properties in terms of
particle size (333.8 nm), encapsulation efficiency (96.9%), and surface charge
(—=44.1 mV). In addition, considerable Stability was observed under simulated
conditions with good sensory scores [15].

5.6.1.2 Increasing Food Efficacy
Enhancing the Digestibility Quality of Food

The digestibility quality of food is an indication of the amount of food absorbed
through the gastrointestinal tract into the bloodstream. It can be enhanced with the
use of nanoemulsion because they are capable of increasing the surface area of food
materials due to their small droplet size. Thus, nanoemulsion of foodstuffs serves as
a functional behavior for food materials. However, a suitable emulsifier is necessary
for its Stability during processing and storage [16].

There are several studies performed on the effect of nanoemulsion of foodstuffs
on digestibility. In one study, curcumin was incorporated in the oil phase of
nanoemulsion, and then its digestibility was compared with curcumin consumed
directly. The result demonstrated that curcumin in nanoemulsion had higher
digestibility due to the easy lipid digestion step of nanoemulsion in the GI tract [17].
In another study, vitamin D3 was incorporated into the oil core of O/W nanoemulsion
prepared with polysorbate 20, soybean lecithin, and their mixtures as emulsifiers,
followed by their use in the fortification of dairy emulsions. The droplets size was
found to be less than 200 nm, and the resulting fortified whole-fat milk showed
Stability for at least 10 days [18]. Same vitamin D3 was also encapsulated in the oil
phase comprised of Kolliphor and caprylic-/capric triglyceride and sodium chloride
solution as the aqueous phase. The resulted nanoemulsion showed promises for the
fortification of beverages [19].



G. K. Jena et al.

80

Ansnpur pooj 9y} ur uorsinweoueu jo uonesrdde ue jo weiSeip onewayds 'S “Si

Suneoo,/wiy
a1q1pa 49 (q)
SuiSexyoed
AIPRY A (B)

£)9yes
pooj duiseaaduy °¢

Amiqeqrearorq
Surseaou] (q)
Pooj Jo AN[Iqusasip
oy Suroueyuy ()
L61ALIIE]

Ppooj Suiseasouy g

juoge
JuepIxo-nue PIp ()
juage [eSunj-nue P (q)
juoSe
[eL10)oeq-NUE PIA ()
pooJ
UoneAIdSdId *p

S[eonnoBNNAU
Jo K1eareq (p)
KIOAT[p UOIS[NUWOOUBU
juardroxg (9)
K19A119p sutweA (q)
A1oA119p spidi] Ayjesy (&)
syuduodurod
POOJ JO AIATR( °S
198 SULINO[0)
pPooj
sanaadoad
[earsAyd
Sunueyuy |




5 Nanoemulsions in Food Industry 81

Increasing the Bioavailability

The use nanomaterials, more specifically nanoemulsion, has been used as a carrier
to increase the bioavailability of bioactive compounds as nutritional supplements.
The maximization of bioavailability of bioactive in nanoemulsion can be achieved
either through bioaccessibility or absorption. The former has been achieved by
altering the particle size leading to improved solubility due to an increase in area-
to-volume ratio. For example, a novel lipid-free nano CoQ10 (lipophilic bioactive)
system demonstrated its improved solubility and bioavailability after oral
administration [20]. The absorption of bioactive can be improved by enhancing
their permeation across the GI wall. This can be achieved by selecting a proper
surfactant. In one study, hydrochloric acid as a surfactant was found to enhance the
permeation of green tea catechin from O/W nanoemulsion stabilized with soy
protein [21].

5.6.2 Increase Food Safety

Food safety intends to ensure the quality of food remains and is safe for consump-
tion. It can be achieved either by employing packaging or by edible coating. Both
provide physical protection to the food materials and help in food preservation.

5.6.2.1 By Packaging

Packaging is a way of physically protecting food products from external environ-
mental conditions such as temperature, oxygen and other gas, and moisture.
Nonetheless, it also protects food materials from microbes, which otherwise may
lead to food spoilage. Nanotechnology, particularly nanoparticles in packaging)
offers a better avenue compared to traditional methods of food preservation such as
freezing, drying, and canning by ensuring a longer self-life. Active packaging
provides an inert barrier to the above mention external conditions regarding the
packaging systems which respond to the environmental changes. Active packaging
may also be incorporated with a desirable molecule to improve food stability,
including antimicrobial or antioxidant agents. Active packaging can act as control-
release packaging, thereby allowing the migration of food supplements such as
probiotics, vitamins, and minerals [22].

5.6.2.2 Edible Coating/Packaging

Materialistic lifestyle demands ready-to-eat foods due to their convenience, better
sensorial qualities, and fresh-like appearance, leading to its tremendous growth in
the market. Further, its importance increased for minimally processed products such
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as vegetables, fruits, and dairy or meat. Application of nanoemulsion in the form of
edible coating onto these food products not only to prolong their self-life but also to
prevent microbial growth on the food surface resulting from peeling and cutting
operation [23]. The nanoemulsion used to form edible coating comprised of the
continuous phase, disperse phase, and a suitable emulsifier to stabilize both phases.
A variety of coating-forming materials such as polysaccharides (e.g., starch, pectins,
alginates, chitosan) and proteins (e.g., soy protein, whey protein) [24]. For instance,
Otoni et al. [25] prepared edible film from nanoemulsion comprised of pectin as a
film former, cinnamaldehyde (essential oil), and papaya puree. The resulting edible
film was found to be effective in inactivating different bacteria [25]. In another
attempt, the nanoemulsion-based edible coating was developed with alginate as a
film-forming agent and essential oils such as thyme, lemongrass, or sage oil. This
edible film provides different functions as well as physical properties [26].

Fruits and Vegetables

The excellent nutritional value of fruits and vegetables is due to the presence of
abundant fibers, vitamins, and minerals. However, these are susceptible to faster
deterioration due to the presence of high moisture content and subsequently higher
water activity. In addition, they are prone to microbial contamination owning to
living tissue in them, leading to enzymatic browning, off-flavors, and texture
breakdown. Therefore, fruits and vegetables are coated with edible films to
circumvent the above issues [27].

Fresh-cut fuji apples were better preserved with edible nanoemulsion coating
with alginate, lemongrass oil, and Tween 80 from E. coli compared to the
conventional emulsion. With the same emulsion, fresh-cut apples were preserved
for 2 weeks from the microbes without impacting their quality attributes [28]. In a
recent study, the self-life of grape berries was found to be increased with the edible
nanoemulsion coating prepared with lemongrass oil, chitosan, and Tween 20. The
mentioned coating provides exceptional protection against Salmonella species. In
addition, there was no significant difference in sensorial effect between edible-
coated and uncoated grape berries [29].

In one study, nanoemulsion-based edible coating comprised of lemon oil, chito-
san as coating forming polymer, and surfactants such as glycerol monooleate and
Tween 20 was prepared for the improvement of self-life of rucola leaves. The edible
coating was found to extend the self-life of the rucola leaves for 7 days during cold
storage [30]. In another study, chitosan and carvacrol-based nanoemulsion were
found to completely inhibit inoculated E. coli growth on fresh green beans for
11 days in cold storage [31]. The self-life of other fruits and vegetables such as
plums, arugula, and lettuce has been extended employing nanoemulsion-based
edible coating [32].
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Meat and Poultry

Meat and chicken, either in fresh or cured form, fulfill the animal protein require-
ment for humans. However, pathogens such as Listeria monocytes pose immense
challenges for the preservation of ready-to-eat meat products [33]. The Application
of nanomaterials in the meat industry can offer the following: manufacturing of
packaging that provides the highest level of the barrier for microbes; reduction of
components of meat which has a detrimental effect on the health of consumers such
as salts, fats, and nitrites; delivery of ingredients having antibacterial or antioxidant
properties along with the nutrient quality of meat [34]. Noori et al. developed
sodium caseinate and ginger essential oil-based nanoemulsion for edible coating
onto chicken breast fillet to enhance its self-life. The coating of nanoemulsion with
6% of ginger essential oil was found to significantly decrease the total aerobic
psychrophilic bacteria of refrigerated chicken fillets during 12 days [35].

5.6.3 Dairy Products

Dairy products include milk and its derived products, including cheese, cream, fer-
mented milk, etc. These dairy products have high nutritional quality and play a key
constituent in the human diet. However, dairy products are prone to spoilage due to
external factors such as oxygen, moisture, light, and microorganism, leading to
undesirable changes, including oxidation, discoloration, change in flavors [36].
Among various options available, edible coating of dairy products seems to be most
effective in improving the self-life of the dairy products. The preservation of low-fat
cut cheese has been a challenge due to its low salt and higher water content leading
to its spoilage by bacteria and fungi. Therefore, a multifunctional nanoemulsion
comprised of sodium alginate, organic essential oil, tween 80, and mandarin fibers
was developed to create an edible coating around low-fat cut cheese. The presence
of organic essential oil reduces the growth of bacteria, yeast, and molds in cheese
during refrigerated storage. The incorporation of mandarin fiber, a prebiotic,
enhanced the nutritional value of the coated cheese [37].

5.6.4 Bakery

Nanoemulsion-based edible films are also used to preserve bakery products. In one
such study, nanoemulsions composed of methylcellulose and clove or oregano
essential oil was developed and successfully formed edible coat onto packaged
bread slides. Mentioned edible coat extended the self-life of the sliced bread for
15 days due to the presence of essential oils [38].
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5.6.5 Preservation of Food

Food preservation is an important aspect in terms of protecting its nutritional quality
and providing freshness for ready-to-use foodstuffs. In this perspective, antibacterial
agents or antifungal agents in the nanoemulsion can offer such preservation.
Essential oils are mainly used in nanoemulsion for preservation.

5.6.6 Antibacterial Agent in Nanoemulsion

Thyme essential oils showed exceptional antibacterial properties. Therefore, it has
been widely used to preserve foodstuffs against various pathogens. In one attempt,
thyme essential oil was loaded into nanoemulsion to preserve ultrafiltered Labneh
Cheese. The resulting nanoemulsion eliminated pathogenic count in a span of 1 h
and kept the quality of cheese intact up to 6 weeks [39]. In another study,
nanoemulsion comprised of gelatine and lecithin with thymol essential oil in order
to produce fortified milk. The bacteriostatic effect of thymol showed a gradual
reduction in the colony of Listeria monocytogenes bacteria, which resulted in the
preservation of fortified milk [40]. Moghimi et al. developed nanoemulsion by
incorporating essential oil (obtained from Thymus diagenesis) and then examined
its antibacterial activity against E. coli. The minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) against E. coli demonstrated
higher antibacterial activity compared to the pure form of essential oil, which was
attributed to the intimate contact between the cell wall of the bacteria and essential
oil [41].

5.6.7 Antifungal Agent in Nanoemulsion

Similar to that of antibacterial activity, few essential oils showed antifungal activity,
thereby preserving foodstuffs from fungal pathogens. Nanoemulsion encapsulated
with oregano essential showed control over fungal spoilage of Minas Padrao cheese.
The resulting nanoemulsion demonstrated higher antifungal activity on Fusarium
spp. [42]. Wan et al. developed nanoemulsions are having various essential oils such
as thyme, lemongrass, cinnamon, clove, or peppermint oil and studied antifungal
and mycotoxin inhibition effects against Fusarium graminearum. The result showed
that the mycotoxin inhibitory activity of the nanoemulsion was enhanced due to the
greater solubility of essential oils [43].

Curcumin is a natural ingredient obtained from Turmeric, which showed strong
antimicrobial efficacy against various food pathogens. Recently, nanoemulsions
containing curcumin were developed with essential oils such as cinnamon and garlic
or sunflower oil, high ester pectin, and Tween 80. The resulting emulsion was found
to inhibit the growth of fungi and bacteria. Nanoemulsion with incorporated
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cinnamon oil demonstrated the highest efficacy in controlling microbial population
throughout the period of storage compared to other oil [44].

5.6.8 Anti-oxidant in Nanoemulsion

Antioxidant showed their activity basically through two ways: (i) free radical scav-
enging and (ii) inhibition of enzymes that generate free radicals. Curcumin is a
natural antioxidant that eliminates peroxyl radicals from the system [45]. In one
investigation, Joung et al. developed a nanoemulsion loaded with curcumin and
added into milk to evaluate lipid oxidation and physical Stability during storage.
The resulting nanoemulsion demonstrated good physical Stability during storage at
room temperature, and lipid oxidation was found to be significantly lower in milk
samples fortified with nano curcumin compared to sample without curcumin [46].
In another study, nanoemulsion developed with corn oil showed significant radical
scavenging activity [47].

5.6.9 Delivery of Food Components

Various food components such as healthy lipids, vitamins, and excipient foods can
be better delivered with nanoemulsion.

5.6.9.1 Healthy Lipids Delivery

Healthy lipids such as omega-3 fatty acids, omega-3 fatty acids rich in algal oil,
alpha-linolenic acids, bioactive oil rich in tocopherols are investigated to deliver
with nanoemulsion vehicle. Nanoemulsion incorporated with flaxseed oil (a rich
source of alpha-linolenic acid) and stabilized with whey protein and sodium alginate
was developed. Alpha-linoleic acid is an important source of omega-3 fatty acids
that has many health benefits. The resulted in nanoemulsion when feed to broiler
chicken showed a higher level of omega-3 fatty acids in the flesh compared to bulk
flaxseed oil [48]. In another work, a nanoemulsion was developed to deliver
bioactive rich in tocopherols obtained from kenaf seed oil, and P-cyclodextrin,
Tween 20, and sodium caseinate were added to stabilize it. After administration of
the above nanoemulsion to rats, it was observed that the tocopherol level in the
bloodstream was increased rapidly compared to the emulsion and bulk oil. Both the
results were attributed to the faster digestion and absorption of small droplets (more
surface area) present in nanoemulsion [39]. The same authors investigated the
ability of kenaf seed oil in reducing cholesterol levels in hypercholesterolemia rats.
The results showed that nanoemulsion-based vehicles demonstrated the strongest
cholesterol-lowering ability and also reduced liver fat levels [49].



86 G. K. Jena et al.

5.6.9.2 Vitamins Delivery

Various oil-soluble vitamins such as Vitamin A, Vitamin D, and Vitamin E were
successfully encapsulated within nanoemulsion to improve their Stability,
bioavailability, bioaccessibility, and bioactivity. For instance, a nanoemulsion of
Vitamin A (retinol) employing different types of oils and emulsifiers was developed.
The above nanoemulsion prevented the degradation of Vitamin A and improved the
Stability during the storage period, which was based on the appropriate section of
emulsifier and oils [50]. In another work, the bioavailability of Vitamin D3
(cholecalciferol) was found to be enhanced when incorporated in nanoemulsion
[51]. In the same way, the bioavailability of Vitamin D2 (ergocalciferol) was
investigated by incorporating it into the nanoemulsion [52]. In vitro and in vivo
studies demonstrated that bioavailability of both Vitamin D2 and D3 were enhanced
due to an increase in bioaccessibility with the decrease in droplets size, which was
resulted from the faster rate of digestion and micellar solubilization. Nanoemulsion
of a-tocopherol succinate (a vitamin E analog) was studied for its increase in
bioactivity against cancer. The result showed that the above nanoemulsion
demonstrated enhanced anticancer activity against model breast cancer cell line and
human oral epithelial cancer cell line compared to the bulk form of the vitamin [53].

5.6.10 Excipient Nanoemulsion Delivery

Excipient nanoemulsions are basically O/W systems whose structure and composi-
tion are prudently controlled to generate an environment inside the gut that improves
the bioaccessibility, Stability, and/or absorption of co-ingested bioactive substances
[54]. Thus, excipient nanoemulsion enhances the bioavailability of hydrophobic
substances present in co-ingested foods, including vitamins and nutraceuticals [55].
The suitability of the nanoemulsion is due to small oil droplets that are quickly
digested within the human gut lumen, leading to the rapid formation of mixed
micelles, which can solubilize and transport the hydrophobic substances originated
from foods or supplements taken with it [56]. On the basis to form a variety of prod-
ucts intended for use in the food or supplement industries, excipient nanoemulsion
could be used in various ways such as (i) salad dressings that are added onto salads,
(i) rich creams which are added onto fruits, (iii) cooking sauces which are con-
sumed with cooked vegetables, etc. The excipient nanoemulsion was found to
enhance the bioaccessibility of carotenoids present in tomatoes, carrots, spinach,
and dietary supplements [57].

5.6.11 Delivery of Nutraceuticals

Nutraceuticals are being encapsulated, protected, and delivered with the help of
nanoemulsion. Hydrophobic nutraceuticals are typically dissolved in the oil phase
prior to the formation of nutraceuticals. The bioaccessibility of nutraceuticals
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depends on various factors such as oil droplet size, oil droplet content, oil
digestibility, and the type of emulsifier [58]. For instance, beta-carotene showed
higher bioaccessibility in nanoemulsions formulated with long-chain triglycerides
[59]. Nanoemulsion of quercetin showed 3.4-fold higher absorption and 34-fold
higher bioavailability compared to free quercetin when taken orally [60]. In another
study, the oral bioavailability of coenzyme Q10 was found to be higher compared to
the bulk oily formulation when administered orally to rats [61]. Other nutraceuticals
such as lycopene, lutein, astaxanthin [57]. Various applications of nanoemulsion in
the food industry with bioactive and results are mentioned in Table 5.1.

Table 5.1 Applications of nanoemulsion in the food industry

Types of
application Bioactive Results References
1. Enhancing physical properties of food
Coloring activity | Curcumin Good physiochemical properties and [15]
improved stability
2. Increasing food efficacy
Enhancing the Curcumin Higher digestibility [17]
digestibility of | Vitamin D3 Fortified whole-fat milk showed [18]
food stability
Vitamin D3 Promises for the fortification of [19]
beverages
Increasing Lipid-free nano Improved solubility and bioavailability | [20]
bioavailability CoQ10
Green tea catechin Enhance permeation [21]
3. Increasing food safety
By edible film/ | Cinnamaldehyde and | Effective in inactivating different [25]
coating papaya puree bacteria
Thyme, lemongrass Provides different functional as well as | [26]
or sage oil physical properties
Lemongrass oil Preserved fresh-cut Fuji apples for 2 [28]
weeks from the microbes
Lemongrass oil Provides exceptional protection against | [29]
Salmonella species
Lemon oil Extend self-life of the rucola leaves for | [30]
7 days
Carvacrol Inhibit inoculated E. coli growth on [31]
fresh green beans for 11 days
Ginger oil Significantly decrease the total aerobic | [35]
psychrophilic bacteria of refrigerated
chicken fillets during 12 days
Oregano essential oil | Oregano oil reduces the growth of [37]
and mandarin fibers bacteria, yeast, and molds in cheese
during refrigerated storage and
mandarin fiber enhances the nutritional
value of the coated cheese
Clove or oregano Extended the self-life of the sliced bread | [38]

essential oil

for 15 days

(continued)
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Table 5.1 (continued)
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Types of
application Bioactive Results References
4. Preservation of food
With Thyme essential oil | Eliminated pathogenic count in a span | [39]
antibacterial of 1 h and kept the quality of
agent ultrafiltered Labneh cheese intact for up
to 6 weeks
Thymol essential oil | Preservation of fortified milk [40]
With antifungal | Oregano essential Showed control over fungal spoilage of | [42]
agent Minas Padrao cheese
Curcumin, cinnamon, | Inhibit the growth of fungi and bacteria | [44]
and garlic, or
sunflower oil
With anti-oxidant | Curcumin Provides good physical stability during | [46]
agent storage at room temperature, and lipid
oxidation was found to be significantly
lower in milk samples
5. Delivery of food components
Healthy lipids Alpha-linoleic acid Broiler chicken showed a higher level of | [48]
delivery (omega-3 fatty acids) | omega-3 fatty acid
Kenaf seed oil Tocopherol level in the bloodstream of | [49]
(tocopherols) the rat was increased rapidly and
reducing cholesterol levels in
hypercholesterolemia rats
Vitamins delivery | Different oils and Improved the stability of vitamin A [50]
emulsifiers (retinol) during the storage period
Increase in bioavailability of vitamin D3 | [S1]
(cholecalciferol)
Increase the bioavailability of vitamin [52]
D2 (ergocalciferol)
Increase in bioactivity against cancer [53]
a-tocopherol succinate
Excipient Excipient Enhance bioaccessibility of carotenoids | [57]
nanoemulsion nanoemulsion present in tomatoes, carrots, spinach,
delivery and dietary supplements
Delivery of Long-chain Higher bioaccessibility of beta-carotene | [59]
nutraceuticals triglycerides Quercetin showed 3.4-fold higher [60]
absorption and 34-fold higher
bioavailability
Increase the oral bioavailability of [61]

coenzyme Q10

5.7 Conclusion

Nanoemulsions are extensively used in food science for enhancing the physical
properties of food, increasing food efficacy, increasing food safety, preservation of
food, and delivery of food components and nutraceuticals.
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Chapter 6 )
Food System Application of Nanomaterials <o
in the Food Industry

Syeda Konain Mizba, Tafadzwa Justin Chiome, Chukwuebuka Egbuna,
Asha Srinivasan, and Raghu Ram Achar

6.1 Introduction

Nanotechnology was conceptualized by Nobel Laureate Richard P. Feynman in his
1959 lecture “There’s Plenty of Room at the Bottom”, in which he spoke about
manipulating matter at molecular and atomic scales. The word “nano” is derived
from the Greek word “nanos” which literally means “dwarf”. Nanomaterials can
fall under different dimensional classes while having a size range of 1 to 100 nm
which gives rise to its unique phenomenon and novel applications. When compared
to their macroscale counterparts, these nanomaterials have interesting physical,
chemical, biological properties, including a large surface to volume ratio, altered
solubility, and toxicity, due to which they are gaining momentum in various indus-
tries like agriculture, food, biomedical sciences, healthcare systems, water treat-
ments and other industries [1, 2]. Nanotechnology is gaining popularity and opening
up new opportunities for the food industry. To maintain market leadership in the
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food processing business, new technologies are required to produce fresh, authentic,
convenient, and flavorful food products while also prolonging shelf life and fresh-
ness through better food quality [3, 4]. Concerns about the quality of food and
health benefits from consumers are the driving force for research aimed at improv-
ing food quality while preserving the product’s nutritional value [1]. Because of its
sub-microscopic nature, nanotechnology has great potential in ensuring color, fla-
vor, nutritional value modification, 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 [5].

6.2 Conventional Food Practices

Food storage has come a long way. Cave-men stored their fresh kill in caves which
provided a damp environment that in turn prevented decay. Since the time of the
cave-men, food storage has seen incredible innovations to the point where shelf-life
has increased by leaps and bounds. Even so, the drying and fermentation processes
that have been around since millennia are still used today with slight modifications
[6]. Chilling, fermenting, salting, sun drying, roasting, oven baking, steaming, cur-
ing, pickling, canning, bottling, jellying, irradiation, carbonation of food, vacuum
packing, and use of chemical or artificial preservatives are a few methods of preser-
vation that are commonly used on a day-to-day basis. These traditional preservation
methods have one simple goal, retarding the growth of disease-causing organisms.
However, these techniques were applied without full knowledge and understanding
of the mechanisms that governed them [7].

According to archaeological evidence, these preservation techniques were used
in ancient civilizations of Greece, Rome, and Egypt. The Egyptians sun-dried their
food, Romans introduced the idea of pickling whereas, the Greeks were responsible
for jellying of food by adding additives like honey and sugar [8]. In an article by
National Centre for Home Food Preservation, French revolutionary Nicolas Appert
presented the observation that the application of heat to food in sealed glass jars
increased the shelf life of the food. Unbeknownst to him, he had discovered the
process of canning without fully understanding its mechanism. In the year 1784,
William Cullen made the first technologically breakthrough in food preservation
techniques by inventing a crude method of artificial refrigeration. In 1809, Nicolas
Appert invented the technique of vacuum bottling to facilitate the supply of food to
the French troops, a method which gradually evolved into tinning and canningr.
Pasteurization was yet another breakthrough that helped increase the shelf-life of
milk, wine, and beer [7]. The concentration, bioavailability, and bioactivity of phy-
tochemicals in food can be significantly altered by traditional food preservation
methods [8]. However, these techniques were primitive and were incapable of pre-
serving food for an extended period of time which led to the dire need for an innova-
tive, permanent, and reliable solution for the preservation of food [7].
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6.3 Nanomaterials in Food Systems

All organisms are made up of a collection of nanoscale-sized objects. The earth is
an ecosystem formed by the interaction of various nanostructures. Food molecules
like carbohydrates, proteins, and fats consist of sugars, amino acids, and fatty acids
merged at the nanoscale. Food consumed is broken down into organic constituents,
which range in size from large polymers to smaller molecules in the nano-range.
Nanoparticles interact easily with these food products, and at the cellular level of
human cells, making them more appealing to the food industry [9, 10].

Nanotechnology impacts on all stages of production in the food industry begin-
ning with primary production (farming), due to advancements in pesticide efficacy
and delivery (novel formulations and improved crop adherence) [11], processing
where emulsification and encapsulation have progressed to the nanoscale [12],
and packaging where barrier improvement has been enhanced through the use of
nanoscale fillers [13]. Nanotechnological innovations in the food industry could
lead to macroscale innovations in sensory food characteristics such as texture,
taste, as well as coloring strength, processability, and shelf-life stability, resulting in
a variety of new products. Furthermore, nanotechnology has the potential to improve
solubility, thermal stability, and oral bioavailability of bioactive compounds [14, 15].

The application of nanotechnology in the food sector is summarized in two main
groups (Fig. 6.1).

1. Food Nanostructured Ingredients
2. Food Nano sensing.
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Fig. 6.1 Application of nanotechnology in food industry
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6.3.1 Food Processing

Food processing is the transformation of agro-allied raw materials into marketable
food products. It consists of procuring raw materials, sorting and grading, primary
processing, packaging, transportation, and storage [16]. Toxin removal, pathogen
prevention, preservation, and improving consistency of foods, fortification, and
enrichment with micronutrients are all part of food processing. Nanotechnology has
been incorporated into food processing to ensure longer shelf life of while main-
tainng its freshness and suitable for long-distance transit [17]. The application of
nanotechnology in food processing is broadly classified into,

1. Direct usage: Mixing fragrances, coloring agents, nano preservatives, antioxi-
dants, and bioactive compounds such as fatty acids, vitamins, and polyphenols
are some of the most common direct applications.

2. Indirect Usage: It includes the use of nanosized substances in packaging, nano-
sensors, and catalysts in fat hydrogenation [18].

In functional food products, various types of food additives are used to perform a
specific function (e.g., to preserve food or increase the nutritional value of the food).
The most common food additives used are antimicrobial agents, antioxidants, fla-
voring agents, anti-browning, anti-caking, and nutrients. These additives have spe-
cific properties depending on their chemistry. Nano additives are combined with
nanocarriers (nanocapsules, nanoemulsions) which makes their application more
efficient and valuable [19]. The various nano techniques used for the processing of
these delivery systems (nano additive + nanocarrier) were discribed (Fig. 6.2).

Biopolymers Nanoemulsion

Nano-

NANO-TECHNIQUES

fortification USED IN FOOD Nanotubes
INDUSTRIE
Nanoceuticals Nanocapsules

Fig. 6.2 Nano techniques used in food processing
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6.3.1.1 Biopolymers

Biopolymers are made up of a long chain of covalently bound monomeric units
that have a higher affinity for specific ions. To perform better in their specific
environment, all biochemical materials that perform functions in living organ-
isms, such as proteins, carbohydrates, enzymes, and so on, are in the form of
polymers [9, 10]. In food science, they are used to bind specific nutrients to
increase their availability and stability within the food product itself. They are
biodegradable and derived from living organisms, plant oils, fats, resins, and pro-
teins [20]. Proteins and Polysaccharides are used as biopolymers. They have
nanoscale dimensions and self-assemble in aqueous media via polymer to poly-
mer or polymer to solute attraction. Furthermore, they have the ability to alter
their physical binding by modifying the factors in the food (i.e., temperature, pH,
and addition of salts). Weak intermolecular forces, such as H-bonding and electro-
static forces, cause selected biopolymers to form fibers, aggregates, or complex
structures such as food gels or dispersions [21]. Some nanoparticles are used to
improve the nutritional quality of certain food products by adding nutrients the
foods are deficient in.

Polylactic Acid (PLA) is a biodegradable, biopolymeric nanoparticle and organic
acid. It is used for the enrichment of iron, calcium, and vitamin in food products. A
study showed that iron absorption is enhanced by organic acids. i.e. on treatment
with organic acids, these nutrients release metal micronutrients which enhances
their bioavailability [22]. The required material is encapsulated within PLA with an
associative compound such as polyethylene glycol to perform its function effec-
tively [23].

6.3.1.2 Nanoemulsions

Micro dispersion or film encapsulation at nanometre scales is described by the term
“nanoencapsulation”. Nano-Structured Encapsulation Layer (NSEL) protects the
food/flavor molecules/ingredients from the environment. The active ingredient is
often within the molecule in nanoscale form [5]. The nanoencapsulation system
provides numerous advantages, including improved food product stability and
integrity, oxidation and rancidity prevention, volatile ingredient retention, taste
masking, pH and moisture triggered controlled release, consecutive multiple active
ingredient delivery, flavor character change, long-lasting organoleptic properties,
and enhanced bioavailability [24]. These nanostructured functional compounds are
encapsulated in carriers made of oil (liposomes) or proteins (micelles). Nanocarriers
protect food additives from thermal degradation while also masking their flavors.
Lycopene, citric acid, benzoic acid, ascorbic acid, omega-3 omega-6 fatty acids,
fat-soluble vitamins A and E, isoflavones, p-carotene, and lutein are some of the
commercially available nano encapsulated food additives [25, 26]. Nanocapsules
were reportedly used by Australian company George Weston Foods to mask the
taste and odor of tuna fish oil (an omega-3 fatty acid source) that was baked into
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bread. Because the nanocapsules only rupture when they reach the stomach, the
unpleasant fish oil flavor is avoided. To promote healthy gut function, nanocapsules
have been used to protect and release beneficial live probiotic species in a controlled
manner [27, 28].

6.3.1.3 Nanotubes

Nanotubes are unique one-dimensional wire-like structures that can augment the
mechanical properties of materials by their tensile strength and elastic properties.
The most commonly available nanotubes are boron nitride nanotubes, Carbon-
Based Nanotubes (CNT), alumina nanotubes, and rutile nanotubes, among which
CNTs are widely used. In the food industry, CNTs are used to remove toxins from
foods and in microfluidic devices. CNTs are coated with specific antibody adsor-
bents (anti-SEB IgG) and then spread across the food surface. CNTs’ large surface
area binds to toxins produced by harmful microbes, which immunosensors can
detect [29, 30].

6.3.1.4 Nanocapsules

Nanocapsules are nanoshells that are made from a non-toxic polymer. It is a col-
loidal drug carrier system composed of an aqueous or oily core surrounded by a
thin polymer membrane. A drug, gene, protein, or any other bioactive substance
can be incorporated into the interior cavity (core) which is surrounded by a dis-
tinctive polymer membrane [30]. In food systems, they are used as nanocarriers
and formed by using bioabsorbable polymers like alginate, chitosan, collagen,
albumin, gelatin, nanoliposomes, archaecosomes. These nanocarriers are used in
food as flavoring agents, stabilizing agents, and pathogen control agents. Food
flavors are mostly volatile, and their aromatic compounds change as a result of
oxidation, chemical interactions, and heating. Encapsulation prevents aromatic
compounds from volatilizing, thereby entrapping their flavors. Zein, the main
protein in corn, has attracted much interest in food nanotechnology. Zein nano-
materials possess the potential to form a microorganism-resistant tubular net-
work. Zein nanoparticles or nanobeads can be employed as edible carriers for
flavor compounds or nutraceutical encapsulation, as well as to enhance the
strength of plastic and bioactive packaging [10, 31]. One of the most commonly
used flavoring aromatic compounds used is Citral which is an a,B-unsaturated
aldehyde with an additional double bond. However, its degradation produces off-
flavor compounds. To prevent this, the nanoemulsion of Citral was paired with
natural anti-oxidants like B-carotene, tanshinone, and black tea extract. These
compounds had high chemical stability during storage and also led to decreased
formation of off-flavour compounds upon its degradation [32].
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6.3.1.5 Nanoceuticals

Nutraceuticals are substances that are either food or components of food that pro-
vides medical or health benefits, including disease prevention and treatment.
Functional food contains vitamins, fats, proteins, and carbohydrates that are essen-
tial for an individual’s health [30]. Few of the nanotechnology-based available prod-
ucts include Nanoparticles of carotenoids that are dispersed in water and added to
the juice product to improve the bioavailability of Carotenoids. Another example is
the use of canola oil nano-sized micelles to provide vitamins and minerals to
the body.

6.3.1.6 Nano Fortification

Adding one or more essential nutrients to food to prevent or correct a demonstrated
deficiency of the respective nutrients in specific population groups is called Food
Fortification (FF). It generally makes use of staple foods as carriers to deliver micro-
nutrients that are deficient in the diet of a population [33]. Nanofood fortification
has a wide variety of advantages such as the protection of phytochemicals through
an encapsulation technique. Micronutrients that are rapidly degraded or are not
properly absorbed by the body can also be aided by food fortification on the
nanoscale [34]. The bioavailability of iron and iodine was considerably increased
before salt fortification by encapsulating it with modified starches, gelatin, sodium
hexa-meta-phosphate, and purified sodium chloride [35].

6.4 Food Packaging

Food is perishable and could be contaminated or degraded at any point across the
supply chain, from processing to consumer delivery. Food packaging can help
maintain and/or improve food quality and safety by preventing product deteriora-
tion, preserving the benefits of processing, and extending shelf life. It provides
essential food information and simplifies food processing from distribution to the
consumer’s table. Food packaging’s goal is to contain food in a cost-effective man-
ner that meets industry and consumer demands, ensures food safety, and reduces
environmental impact. The four basic functions of conventional packaging are con-
tainment (ease of transportation and handling), convenience (consumer-friendly),
protection, and preservation (longer shelf-life by protecting from external factors to
avoid contamination and avoids leakage) [35, 36].

Traditionally leaves, vegetable fibers, textiles (muslin cloth) were used for food
preservation and local sales as well as for domestic consumption. Food packaging
is limited in its ability to meet consumer demands for high-quality, mildly pre-
served, convenient, and long-lasting food products [37]. The methods have been
replaced by materials such as glass, metals (aluminum, laminated, tinplate, and
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steel), paper, and cardboard. But these materials do not meet the consumer demands
and also have low mechanical barrier properties. Hence, plastics and polymers have
revolutionized the packaging industry because of their economical, functional, ver-
satile properties. Plastics can be rigid (bottles, jars, boxes, cases), thermoformed
(food trays), or flexible (woven mesh, multi-layer, films). But, extensive use of plas-
tics has caused serious environmental issues worldwide, because they are petroleum-
based and non-biodegradable. These materials pollute the environment during the
manufacturing and disposal stage. Therefore, the development of new eco-friendly
packaging along with innovative packaging concepts represents a great alternative
to protect the environment and are more efficient options for food packaging and
also increase the shelf life of these packaged foods [38].

6.4.1 Improved Packaging

The incorporation of functionalized nanomaterials into polymer matrices to improve
physicochemical properties such as gas barrier properties, temperature resistance,
humidity, mechanical strength, and flexibility is the basis of improved packaging
[38]. Polymers are preferred for food packaging because it is lightweight, low cost,
easy to process, and are known for their formability and diversity. The most com-
monly used polymers are polyolefins such as polypropylene (PP) and various grades
of polyethylene (HDPE, LDPE, etc.), polyethylene terephthalate (PET), polysty-
rene (PS), and polyvinyl chloride (PVC). Polymers have revolutionized the packag-
ing industry but they have several drawbacks like inherent permeability to gases and
other small molecules [39]. To overcome these limitations, usually nano clay and
silica nanoparticles are incorporated into these polymer matrices in a 5% (w/w)
ratio. These polymer nanocomposites are created by dispersing an inert, nanoscale
filler throughout a polymer matrix. The filler material could be clay, silica nanopar-
ticles, cellulose, carbon nanotubes, etc. [39]. The various nanotechnology-based
techniques used for improved packaging are discussed in the following sections.

6.4.1.1 Nano-Coatings

A coating is a coherent layer generated by applying a coating substance to a sub-
strate once or several times. Nanocoatings are tiny films of 1-100 nm thickness that
are grown on surfaces. Nanocoatings do not change the topography of the surface,
do not fill in imperfections or smoothen the surface like paint does, and do not with-
stand abrasion and wear. As gas-barrier coatings, hydrophilic/hydrophobic or oleo-
phobic qualities, improved corrosion resistance, and enhanced insulating or
conductive capabilities, are utilized to impart a specific chemical or physical
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function(s) to a surface [40]. Nanocoatings can be single molecular layers thick or
multi-molecular layered. Nanocoatings are used on a variety of substrates, includ-
ing metals, glass, ceramics, polymers, and other materials. Smart coatings are mul-
tifunctional coatings having additional functionalities such as thermal insulation,
controlled release of active substances, or self-healing [2]. Edible nano-coatings
(5 nm thin coatings) are used in meat processing, agriculture (for fruit and vegetable
protection), cheese and bread industry, as well as other industries to add flavor,
color, enzymes, antioxidants, and anti-browning ingredients to products [41].
Materials that are used for edible coating films include Hydrocolloids—
Polysaccharides with water-soluble properties. Derivatives of cellulose, starch, pec-
tin, chitosan, alginate, gums, etc. Lipids—fatty acids, acylglycerols, waxes, essential
oils, and extracts, etc. Proteins—Milk and soy proteins, gelatin, myofibrillar pro-
tein, zein, etc.

6.4.1.2 Nano-Laminates

Nanolaminates consist of two or more layers of material of nanometre dimensions
that are physically or chemically bonded to each other. One powerful method in
nanolamination is the layer-by-layer deposition approach, in which the charged sur-
faces are covered with interfacial films possessing numerous nanolayers of different
materials [42]. Natural polyelectrolytes (proteins, polysaccharides), charged lipids
(phospholipids, surfactants), and colloidal particles (micelles, vesicles, droplets) are
some of the strongest absorbing candidates that can be used for layering [43].
Incorporation of active functional agents such as antimicrobials, anti-browning
agents, antioxidants, flavors, enzymes, and colors into the films could increase the
shelf life, aesthetic value, and quality of packaged food. The functional properties
of laminated films depend upon the characteristics and properties of the materials
used for their preparation.

6.4.1.3 Nano Clays

Nano clays are naturally occurring fine-grained minerals. These when incorporated
with nanofillers for polymer-clay nanocomposites enhance the packaging material
properties like mechanical strength, thermal stability, gas barrier properties. These
packages also retard the migration of potentially harmful additives into packaged
food. Clay platelets are impermeable in general, therefore their integration into
matrix polymers creates a convoluted pathway for a permeate to diffuse the nano-
composite. The inclusion of clay fillers causes the diffusion of permeate to take a
longer mean path rather than a straight line [44].
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6.4.2 Active Packaging

Active nano packaging is the incorporation of bioactive nanoparticles into tradition-
ally used polymer matrices. These nanoparticles interact directly with food or the
environment, usually endowed with antimicrobial and/or antioxidant properties to
extend the shelf life of the packaged food. Examples of nanoparticles that are used
for antimicrobial properties are silver nanoparticles, titanium dioxide nanoparticles,
carbon nanotubes. Active packaging is mainly used as antimicrobial films, oxygen
scavenging films, and UV Absorbing films [44].

6.4.3 Antimicrobial Films

The main goal of antimicrobial films is the incorporation of an active antimicrobial
agent into the polymer matrix or applying a coating layer within the packaging
material which inhibits the growth of microorganisms to extend the shelf life of the
packaged food. There are two mechanisms of antimicrobial action: Inhibition of the
essential metabolic pathways of the organism and destruction/rupture of cell wall/
membrane. Most commonly used nanoparticles in antimicrobial films include inor-
ganic nanoparticles like AgNP, TiO,, ZnO, MgO, carbon nanotubes, peptides
(nisin), etc. Research has shown that Titanium dioxide (TiO,) nanoparticles are non-
toxic to the human body and hence are approved in food processing and packaging
systems. Nisin acts as a depolarizing agent on bacterial cell membranes and creates
pores in the lipid bilayer [45]. A study by Qi et al. showed that nanoscale chitosan
particles also exhibited antimicrobial properties by the interactions between posi-
tively charged chitosan and negatively charged cell membranes, increasing mem-
brane permeability and eventually causing rupture and leakage of intracellular
material [46].

1. Oxygen Scavenging Films: Oxygen permeability into packaged food can turn
fats rancid, cause flavor deterioration, deplete nutritional value, supplement
aerobic bacterial growth. Therefore, incorporation of Oxygen scavengers into
food packaging is essential to maintain low levels of Oxygen as they extend the
shelf life of food from 3 to 4 days to 14 days or more [47]. The use of oxygen
scavenging packing materials reduces the amount of oxygen dissolved in the
food or present in the headspace of the packaged food to levels significantly
lower than those achieved by modified atmosphere packaging [48]. Materials
like activated iron, zinc, ascorbic acid, catechol sulfite, TiO,, Ag nanomaterials
incorporated into polymer matrices via coatings or immobilization have been
effective. Ideal oxygen scavengers must meet certain criteria, including biocom-
patibility, absorbing oxygen in the package at an appropriate rate, not producing
toxic substances or undesirable gas or odor, and providing consistent quality and
performance [49].
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2. UV absorption films: UV radiation triggers the formation of free radicals which
causes oxidative stress in the packaged food hence pigments like chlorophyll,
riboflavin, carotenoids, etc. are physically available food. Protein and fat-rich
foods are more susceptible to light damage i.e. photosensitizer, induced photo-
oxidation [50]. Titanium dioxide has been used as a photocatalyst and UV-
blocking agent. Akihiko Hashimoto in their study prepared a UV-Blocking film
using Titanium dioxide nanoparticles. The coating had antibacterial properties
which were induced by TiO, catalysis [51].

6.4.4 Smart Packaging

The use of nanoparticles in smart packaging allows for the monitoring of biochemi-
cal and microbiological changes within the food as well as in the environment
around the product. The nanomaterials used in smart packaging have the ability to
communicate the condition of the product but do not interact with the product
directly in any way whereas these products interact with the environment surround-
ing the packaged food. The main objective of Smart packaging is to monitor the
packed product and transmit the information to the consumers. The various nano-
sensors used in smart packaging for food applications include [52] (a) Time and
Temperature Indicators, (b) Integrity Indicators, (c) Freshness Indicators, and (d)
Radio Frequency Identification. The various types of packaging methods and their
examples are mentioned in Table 6.1.

6.5 Conclusion and Future of Nanomaterials
in the Food Industry

This chapter has highlighted the various use of nanoscale materials, their innovative
applications, and scientific advancements in food industry. The R & D for nanotech-
nology in the food industry is progressively important at every level. The utilization
of nanomaterials by the food industries has transformed the entire food sector and
innovations in food nanotechnologies are expected to play a major role to evade
global food scarcity, food safety, and food storage. This has been possible by the
scientific advancements with the use of nanotechnologies that have influenced the
essential aspects of agri-food, manufacturing from food protection to the molecular
synthesis of new food products and ingredients. The new and future innovations in
R & D nanotechnology will be exceptionally focused on increased food production,
through precision farming techniques with geo-spatial adaptions, use in nanomate-
rials for plant gene delivery for enhancing plant micro-nutrient bioavailability,
enhancing food texture and packaging for extended freshness and shelf-life.
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Table 6.1 Various types of packaging methods and examples

Advanced
food
packaging
type Subclass Nano-material used | Functions References
Improved | Nano-coatings | Carboxymethyl The addition of NPs [1]
packaging cellulose/sodium decremented water vapor
montmorillonite permeability, while moisture
clay/titanium dioxide | content, density, and glass
(TiO,) transition temperature were
incremented slightly.
Whey protein Improved [2]
isolate/cellulose physicomechanical,
nanofibers/TiO,/ antibacterial, and antioxidant
rosemary essential properties.
oil
Nano-laminates | Alginate/chitosan/ Improved stability under [3]
folic acid ultraviolet light exposure
after folic acid
encapsulation.
Polyethylene Good barrier properties [4]
terephthalate/
aluminum oxide
(Al,05)/Zinc oxide
(ZnO)
Nano-clay Chitosan-clay Addition of clay significantly | [5]
nanocomposites increased the strength and
stiffness of neat chitosan
nanocomposite.
Corn starch/natural | Active and pH-sensitive [6]

montmorillonite/
anthocyanin

bionanocomposites with
improved mechanical and
thermal properties.

(continued)
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Table 6.1 (continued)
Advanced
food
packaging
type Subclass Nano-material used | Functions References
Active Antimicrobials | Nisin-loaded Pectin | Antimicrobial activity [7]
Packaging Nanoparticles. against Gram-positive
(Arthrobacter sp. and
Bacillus subtilis) and
Gram-negative (E. coli and
Klebsiella sp.) bacteria.
Titanium dioxide Showed effectiveness against | [8]
incorporated S. aureus (Gram positive)
Polyethylene films and E. coli (Gram negative)
bacteria
Oxygen Metallic (Iron Prevention of fat oxidation [9]
Scavenging powder, Activated
iron, Zn.)
Organic (Ascorbic
acid, tocopherol,
catechol.)
Inorganic (Sulfite,
thiosulfate, ZnO.)
UV absorbing | TiO, and Ag Increased Photocatalytic [10]
Films Nanoparticles activity under UV irradiation
embedded in with enhanced antibacterial
Polyvinyl chloride properties

(continued)
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Advanced
food
packaging
type Subclass Nano-material used | Functions References
Smart Freshness Ag/CuNPs, Provides accurate [11-16]
Packaging | indicators poly(thiophene), information about the
polyaniline, freshness of the product.
protein-based NPs,
carbon nanotubes
Spoilage and CdSe/ZnS QDs, Detection of the spoilage [17-19]
Pathogens UCNPs associated changes, detection
Indicators of pathogens and chemical
contaminants detection of
CO,, proteins, nucleic acids,
NH;, enzymes
Time— Au nanorods, Ag Indications of time— [20, 21]
temperature nanoplates, Au/Ag | temperature variations (e.g.,
indicators nanorods freeze—thaw-refreeze)
Toxins Detection of Dendrimer-based [22, 23]
indicators aflatoxin B1 electrochemical sensors
aflatoxin B2,
ochratoxin A
Contaminants Dendrimer-based Detection of atrazine [5]
indicators voltammetric
immunosensor
AgNPs/GNRs-based | Detection of methyl [24]
electrochemical parathion
sensors
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7.1 Introduction

The food industry is inventing techniques that will help minimize food quality dete-
rioration in order to ensure food safety limits in terms of shelf life. The shelf life of
food is known as the period in which food is declared safe for human health with
respect to the nutritional value and sensory attributes and profile [1-3]. Because of
the high rate of population growth, there is a strong need for food, which is causing
food sectors and industries to work overtime to meet the demand. However, it has
been noted that such high levels of food production may not be able to meet sustain-
ability goals [4, 5].

Food losses occur majorly at two stages, uppermost during the period of harvest-
ing, post-harvesting, and final stages of production while contrarily through distri-
bution and food consumption levels. There is always a need to address these losses
by using advanced approaches to food processing [6, 7].

The food losses can be reduced by implementing multiple approaches including
(a) product shelf-life improvement by articulate monitoring (b) increasing the
awareness among retailers, stakeholders, and end-users about advanced monitoring
labels and systems depicting food item shelf life (c) approaching real-time and
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accurate demand of food products [8, 9]. Another trend that has emerged in recent
years is “ready to eat products,” which refers to sophisticated food packaging for
half-cooked meals. There is a high demand for these products by consumers that
now became the uttermost need of the manufacturer [10]. Many analytical indica-
tors, advanced tools enhancing the resulting credibility of modern technologies with
computational approaches estimate the shelf life of the food product. Many previ-
ous researchers is in consensus with the benefits of advanced food packaging mate-
rial on the improvement of shelf life [11-13].

Food-borne diseases in addition to food-borne crud are the major concerns in
considering packaging materials as they influence human health. To address this
issue, anti-microbial packaging materials are considered in order to retain the qual-
ity of food [14, 15]. The general mode of action to retain and preserve for best qual-
ity of food items is by protecting them from moisture, light, oxygen, physical and
physiochemical stress [16].

Toreachall attributes and characteristics of good food packaging, nanotechnology-
based food packaging material (NBFPM) has found diverse applications in the food
sectors. Previous studies documented the high demand for NBFPM due to its multi-
purpose functionality [17, 18]. Figure 7.1 demonstrates the role of nanotechnology
in different sectors of the food industry.
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Fig. 7.1 Nanotechnology in the food industry
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7.2 Nano-Packaging Materials: Boon for the Food Sector

Packaging materials provide a shield against biochemical, physical, chemical, and
microbiological stress to the shelf life of a product. Nano-based food packaging
material (NBFPM) has a diverse range that is being used in the food sector all over
the world, which enhances the shelf life of the product. However, there are two main
types of NBFPM, (a) Improved Packaging (IP) and (b) Active Packaging (AP). IP
intensifies the gas barrier characteristics for instance clay nano-composites by add-
ing nano-materials into the matrix of the polymer. There is a direct mode of action
of AP with the food products and their surroundings that enhance the protection
capability. Different factors such as temperature and pH could affect the AP perfor-
mance with the addition of anti-fungal compounds [19]. The IP labeling indicates
the physicochemical attributes of the food item and environment within the package
[18]. Both types of packaging comprise the NBFPM approach that accounted for
the fastest-growing segment of packaging in upcoming years. Other types of pack-
aging material include edible coatings, biodegradable film, smart packaging mate-
rial, and bioactive packaging, etc. [18, 20].

7.2.1 Edible Coating Material

Edible coatings (EC) have a wide range of applications to many food items by
retaining their quality characteristics. A very thin layer protects the food item from
mass transfer by hindering the exchange of gaseous compounds, moisture, and oxy-
gen, etc., made by the edible components which are easily digestible. The incorpo-
ration of Nanoparticles into EC enhances the physicochemical such as mechanical
strength and sensory attributes like the texture of the food. The composition of EC
includes proteins, polysaccharides, and lipids. Lipids-based coatings showed less
absorption of moisture whereas proteins and polysaccharides were poor for gaseous
exchange [20-23]. Low cost and excessive sources of starch, chitosan, and galacto-
mannans made them the most widely use polysaccharides in food packaging [10].

7.2.2 Biodegradable Film Material

The environmentally friendly attributes with good film-forming capacity, made bio-
degradable film (BF) packaging one of the most attentions gaining packaging. BF is
produced from the class of biopolymers including proteins, lipids, and their vari-
ants; it is easily decomposed by microbes and bacteria. Bionanocomposites are
known as Nano-composite films made from biopolymers. The network of organic
and inorganic material made the polymer matrix (dimensions >100 nm). An
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important factor of BF polymers is their recovery from the fermentation process of
microbes such as “pullulan” [24, 25].

7.2.3 Smart Packaging Material

Smart packaging (SP) materials are used to monitor the packed food and its outer
condition. The cheap and low-cost stickers and labels on the surfaces of bottles,
cans, pouches, and containers, etc. are examples of SP which facilitate supply chain
communications [26]. The nanoparticle examples and uses are shown in Table 7.1.

7.3 Anti-Microbial Transformation of Nano-Packaging

Many factors influence the shelf life of food a product such as enzymes, pH, water
activity, light, humidity, physical handling and exchange of gases, etc. NBFPM
changed their properties to make them antimicrobial. Antimicrobial packaging
demonstrated an efficient positive response in the presence of antimicrobial com-
pounds incorporated into the food, which are most frequently found in perishable
foods [32].

The nanoparticles showing antimicrobial behavior include Fe, ZnO, Ag, MgO
with the inclusion of Nano-emulsions or encapsulations. These particles are utilized
by using different bondings such as hydrogen and covalent or applying electrostatic
charges to provide anti-microbial attributes. One of the most common examples is
silver nano-particle surface attachments to plastic materials to smoothen the less-
ened release of ions (silver) to slow down their addition to food [33].

Table 7.1 Applications of nano-units in the food sector

Nanoparticles Records References
Platinum (engineered) pH of food packaging material, used in the [27]
detection of moisture and oxygen during smart
packaging application

Copper (carbon-coated tensile | Moisture content sensor, Humidity detection [28]
film)

Iron oxide incorporated with Humidity sensors and records humidity [29]
Composite film efficiently

Titanium dioxide, Silica in a Detects oxygen, efficiently used in NBFPMP [30]
combined form with reactive

dye*

Tungsten oxide Detection of ethylene gas to control the ripening | [31]
Titanium dioxide process in fruits
4 Methylene blue

® Nano-based food packaging material
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The organic and inorganic NBFPM played important role in food packaging [21,
34]. Silver—polyamide Nano-composites showed excellent anti-microbial behavior
towards Staphylococcus aureus and E. coli [35]. Nanoparticles such as Nano-silver,
TiO,, ZnO, and UV-C ultraviolet light-activated TiO, showed anti-microbial proper-
ties in the food sector during surface cleaning, food processing, and food transporta-
tion to prevent bio-contamination [36].

7.4 Health Concerns

The technology used in nanotechnology uses nanonmaterial manipulation for
diverse applications in fields of agriculture, food, human health, and many more
[17]. With the development of food packaging by applying nanotechnology, there
are a few facts and concerns regarding human health, safety, and interlinked toxic-
ity. It has been reported that nanoparticles showed a tendency to migrate in food
from packaging causing toxic effects in end consumers [37].

NBFPM showed direct exposure to the gastrointestinal functions of humans as
reported by previous researchers [38]. The nanoparticles have a noticeable impact
on gastric functions by being trapped by stomach enzymes and acids. These parti-
cles are delivered to the human body from NBFPM to food items being used by the
end consumers. However, they might be translocated to the stomach through inhala-
tion followed by trapping of the respiratory system [39].

The ingested nanoparticles showed severe toxic effects by damaging the epithe-
lial linings and posing risk on protection roles in the small intestine. The key func-
tion of epithelial lining is to provide a shielding effect by keeping away the lumen
of the intestine from circulating blood. Once they crossed the shield, they can dam-
age other sensitive organs of the human body such as the kidney, brain, and liver
[40—43]. There is still an essential need to enlighten in detail about the specificity of
Nanotechnology regarding the food industry to address the uncertainties of health
safety. According to a survey, it was recorded that consumers are reluctant to use
NBFMP items due to health concerns [44, 45] whereas, positive public acceptance
has also been published [46].

7.5 Nanotechnology Advance Applications and Techniques

Food packaging applications have been classified into three types of polymers (a)
Starch-based (b) Cellulose-based and (c) Protein-based. Nanolaminates, a term
used for multi-layered material in packaging comprises of one or more than one
layer of materials. The dimension of layers ranges in nanometer. The excellent tech-
nique used in NBFPM is the layer-by-layer deposition technique which works by
charged surfaces coatings on the food items. Due to the highly refined thin layer, it
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is acclaimed to be the best coating for food items in addition to barrier properties
[47, 48].

Nanolaminates’ function can be enhanced by adding functional agents such as
enzymes, antimicrobials, flavoring agents, and antioxidants. These functional agents
could be applied directly through the dipping method or spray technology [49, 50].
Carbon nanotubes have been used as nanofiller in the formulation of gelatin film.
The film can enhance mechanical properties by strengthening tensile strength [51].
The potential plane charge created in engineered water nanostructures showed anti-
microbial behavior. The deactivation process can be applied on stainless steel sur-
faces for Listeria innocua, E. coli, and Salmonella enteric effectively while it’s
efficiently used on tomatoes [52].

Nanomaterials are widely used in the food sector to enhance the shelf life of
products. Silicon dioxide, titanium dioxide, zinc oxide, silver nanoparticles,
polymeric-nanoparticles showed diversified properties such as hygroscopic, anti-
caking, antimicrobial, and bactericidal with an efficient delivery mechanism to
enhance the shelf life of food products [53-56]. Chitosan provides anti-fungal prop-
erties and improved the shelf life of mandarin and fresh fruits [57]. The meat and
dairy industry mostly used gold nanoparticles AuNPs while Al,O; efficiently puri-
fies the water [58]. Vacuum proof food packaging can impart shelf life through the
application of by carbon nanotubes [59].

7.6 Nanotechnology Shelf-Life Extension of Perishable Food:
Fruits and Vegetables

The nutritional content of food items is the key feature to access the quality charac-
teristics and sensory profile. The perishable food used to be discarded once they
started to lose their sensory profile including of-taints and off-colors with wrinkled
skin [60]. Due to good vitamin content and caloric ratio, fruits and vegetables are
considered necessary for human health. They contain never-ending biological inter-
actions even after the harvesting such as the transpiration process, respiration, etc.
which ultimately lead to quality defects, loss of sensory and nutritional characteris-
tics making them unfit for human consumption. These biological limitations ended
up with almost 20-40% deterioration worldwide followed by poor methods for
extending shelf life [61-63].

With the advancement of food processing and preservation techniques, Nano-
technology is known as one of the fastest-growing technology to overcome the tra-
ditional shelf-life extending methods by using diverse approaches such as crushing
(Top-down) and re-building (Bottom-up) techniques [64]. The basics of every pres-
ervation method follow three important points to control in order to preserve the
food item (a) Respiration process (b) Microorganism (c) Water evaporation [65].

Nanotechnology used the approach of quantum mechanics which enhances the
shielding and barrier effect of nanoparticles [66]. Nanoparticles exhibit a greater
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surface-to-volume ratio and form an excellent interfacial interaction with polymer
providing an effective shelf-life extension effect by nano-composite technique [67].
Due to excellent mechanical properties, fruits and vegetables showed more stability
towards the shelf life as suitable chemical interactions and reinforcing effect of
stress transfer [68, 69]. The thermal property of Nano-composites facilitates post-
processing treatments of fruits and vegetables such as pasteurization [70]. A wide
range of vegetables such as carrot, cucumber, and Chinese yam was preserved by
nano-units zinc oxide NP, chitosan and CaCO; NP respectively [71-73]. The appli-
cations of nano-units in the enhancement of fruits shelf life are shown in Table 7.2.

7.7 Future Trend and Perspective

Nanotechnology has a great role in the food industry in extending the shelf life of
foodstuffs, but these preservation strategies are still at laboratory investigations with
a lot of challenges that need to be overcome. Nanoparticles when added as an ingre-
dient in foodstuff may pass through their membrane via diffusion, absorption, and
dissolution which could be necessary for the safety of food items and their use for

Table 7.2 Application of nanotechnology to enhance the shelf life of fruit

Tested fruit | Nano-units | Applications in the food industry References
Melon Silver NP* | Microflora related spoilage control [74]
Retarded the process of senescence in freshly-cut
melons
Apple Zinc oxide | Prolonged shelf life by 6 days in freshly-cut apples in | [75]
NP comparison to samples packed with traditional
packaging
Silver NP Showed anti-microbial behavior in food packaging [76]
Titanium
dioxide NP
Pomegranate | Zinc oxide | Nano-coatings showed antimicrobial behavior, [77]
NP preserves weight loss, vitamin C, and antioxidant
capacity
Longan fruit | Nano-silica | Inhibits quality deterioration and nutrient loss, [78]
enhances shelf life, and preserves anthocyanin content
Strawberry | Zinc oxide | Showed anti-microbial activity in addition to [79]
NP preserving weight loss and functional nutrients
Silver NP Preserved sensory attributes, prevented quality [80]
Titanium deterioration (physicochemical, and physiological)
dioxide NP | during storage
Barberry Silver NP Showed anti-microbial activity, maintained [81]
appearance, taste, and aroma of dried samples
Kiwifruit Zinc oxide | Retained good texture with reduced water loss and [82]
NP lowered ethylene production in fresh-cut kiwifruit

* NP nanoparticle
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human health. Hence, the utilization of nanoparticles in food packaging could be
less harmful as compared to their use as food ingredients but there is a need to
understand the proper safety aspects of nanomaterials and standard policies and
guidelines should be made for their use in the food industry and to determine their
efficacy in food systems. Moreover, for consumer acceptability and marketing, the
appropriate labeling of nano-foods is required on food packaging. Likewise, for the
production of complex nanoparticles highly efficient processing techniques are
required so the appropriate optimization of processing procedures and improvement
in existing technologies is necessary for better output.

7.8 Conclusion

According to consumer demands, the delivery of high-quality food with an extended
shelf life is the foremost task of food industrialists nowadays. Hence, the role of
many innovative food processing technologies is under consideration to fulfill this
task and to overcome conventional methods which along with shelf life extension
may deteriorate the food quality and its sensory attributes. Nanotechnology is one
of the advanced technologies which are keenly used for the extension of the shelf
life of food products due to its unique properties like the production of high-quality
food products by preventing contamination in a shorter time. A nanotechnology-
based delivery system also enhances the bioavailability of phytochemicals in food.
Moreover, nanoparticles due to their efficiency are used in different divisions in the
food industry like food packaging, food processing, food safety, food quality, etc.
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Chapter 8 )
Roles of Nanotechnology for Efficient e
Nutrient Delivery of Foods

Shahira M. Ezzat, Maha Salama, Nehal El Mahdi, and Mohamed Salem

8.1 Introduction

The word “nano” is a Greek word that means ‘dwarf’. A nanomaterial is one whose
size ranges from 1 to 100 nm which can be structured in various forms [1]. This
material can then be “structured” to the micro level by different means to have vari-
eties of applications. Nanomaterials could be in the form of nanowires, nanorods,
nanoparticles (NPs), thin films with nanoscale thickness, or bulk materials with
nanoscale building blocks which should have at least one dimension in nano-
meter [2].

Food nanotechnology is a growing and interesting area in food industry which
can be applied in all phases of food production cycle. The basic application in food
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nanotechnology includes the development of food production, processing and pack-
aging with the aim of the extension of shelf life and to improve food safety [3]. The
application of nanotechnology in food is mainly applied to improve the functional
behavior of food. One of the main targets is the preparation of nanomaterials of the
original food that will have different functions and activity [4].

For successful application, it is necessary to study and understand the properties
of food and food processing at the nanoscale. In the food industry, still the number
of food products produced nanotechnology is small although the technique is highly
promising in detecting bacteria in packaging, or the production of stronger natural
coloring matters or safer flavors. Production of new food products using nanotech-
nology may be achieved in the near future, but at the present the main benefits of
nanotechnology is the improvement of processability, stability, food texture and
taste [5].

One of the main applications of nanotechnology in food industry is the improve-
ment of delivery and bioavailability of bioactive nutrients via the use of nano-
derived assemblies [6, 7]. Nanotechnology applications also involve the preparation
of nanoscale edible coatings in order to act as a barrier for protection against mois-
ture and gas exchange [8]. Despite the advances in food nanotechnology, little is
reported about the toxicity of such products [3, 9]. A lot of people do not agree on
using engineered food, for this reason many rules and guiding principles are used to
control the use of nano-materials in food. In this chapter we presented an overview
on the use and applications of nanotechnology for efficient nutrient delivery in food
industry.

8.2 Nanotechnology in Nutraceuticals Delivery Applications

The use of nanoparticles in food-based and nutraceutical delivery application have
gained wide attention recently due to its vast advantages and applications. The use
of nanomaterials provides a large surface area leading to increased bioavailability
due to faster absorption and penetration through the epithelial cells as well as faster
digestion in GIT [10]. Moreover, the appearance of nanoparticle dispersion is usu-
ally transparent or translucent leading to a more elegant appearance. Most impor-
tantly, they shield the encapsulated materials from degradation and prevent their
interaction with other food ingredients or mask their undesirable flavor. Food nano-
technology has been applied to many aspects, such as food packaging, additives,
and food preservation, and safety [11]. Much of these nanoparticles are derived
from food-based materials such as polysaccharides, proteins, lipids or minerals, or
non-food-grade polymers or metal nanoparticles [12]. It is worth noting that the
selection criteria for a particular nanoparticle depends on multiple factors such as
nutraceutical or food material type, the safety, biocompatibility, particle size, stabil-
ity, release mechanisms, delivery method, ease of scalability and production costs
[13]. There are several examples of nanoparticles that have been used in literature
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Fig. 8.1 Classification of nanoparticle systems used for nutraceuticals delivery

for nutraceutical delivery summarized in Fig. 8.1 and classified into food-grade and
non-food grade nanoparticles.

8.2.1 Food Grade Nanoparticles Delivery Systems

Food-grade biopolymers like lipids, polysaccharides or proteins have been used for
the preparation of nanoparticles especially in nutraceutical loading owing to their
safety, biocompatibility, established non toxicity as well as abundancy which make
them ideal for use in safe nutraceutical formulations.

8.2.1.1 Lipid-Based Nanoparticles

Lipid-based nano delivery systems are considered the most promising and versatile
nano-delivery systems applied in the food industry as they are easily produced and
upscaled. Moreover, their ability to incorporate hydrophobic bio-moieties is benefi-
cial for food materials like triglycerides, carotenoids, tocopherols, flavonoids, poly-
phenols, phytosterols, oil-soluble vitamins which thereby increase their
solubilization and bioavailability in vivo [14].
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Liposomes

Liposomes are a common choice for the delivery of nutrients, as they are spherical
shaped and nano-range in size, which are constructed through assembling phospho-
lipids molecules with an inner aqueous core. Liposomes have been extensively
exploited for food delivery [15]. Owing to their nano size, they offer a large surface
area thereby enhancing their absorption, at the same time they can possess hydro-
phobic molecules in the phospholipid bilayers with high efficiency [15]. Liu et al.
[16] co-loaded Vitamin C and f-carotene (fC) in liposomes using hydrophilic and
hydrophobic cavities simultaneously which showed higher stability as well as better
release properties. Rovoli et al. [17] developed a stable vitamin A loaded liposome/
f-lactoglobulin formulation which showed sufficient entrapment and delivery of
vitamin A in vivo. Kapoor et al. developed transdermal folate formulation for sys-
temic delivery using liposomes stabilized within 3D matrix of Fuller’s earth and
henna which showed enhanced room temperature stability which showed high sta-
bility as well as a significantly higher folate plasma concentration compared to con-
ventional oral delivery [15]. Niosomes are also lipid nanoparticles composed of
non-ionic surfactants and lipids and characterized by high stability and loading effi-
ciency. Talebi et al. utilized niosomes containing cholesterol and polyethylene gly-
col to load vitamin E-acetate which showed high antioxidant capacity (56%) as well
as high encapsulation efficiency (92.9%) [18].

Nano-Emulsions

Nano-emulsions comprise heterogeneous dispersions composed of two immiscible
liquids, in which one liquid is dispersed as droplets in the nano range into the other
liquid forming continuous phase with and emulsifier as stabilizer. They are classi-
fied as either an O/W (oil in water) or W/O (water in oil) emulsion [13, 19] with oils
such as olive oil, castor oil, corn oil, or sesame oil to form the nanoemulsion [13].
They are widely exploited for the delivery of nutraceuticals as they have high kinetic
and thermodynamic stability and high penetration capacity [19, 20]. Zou et al.
examined the influence of lipid droplet size of nanoemulsions on the solubility and
bioavailability of curcumin which showed a direct relationship between droplet size
and curcumin encapsulation [21] B-Carotene nanoemulsions with different oil com-
positions demonstrated enhanced f-carotene bioavailability as the long-chain tri-
glyceride (LCT) ratio in the lipid phase increased for low-fat nanoemulsion
attributed to the increased solubilization capacity of mixed micelles formed by
LCT. However, this effect did not hold for high fat nanoemulsions, due to the oppos-
ing effects of lipid digestion and micelle solubilization [22]. B-carotene was also
loaded in a tea polyphenols- (TP-BC) oil-in-water (O/W) nanoemulsion which
demonstrated increased stability and retention rate of f-carotene compared to con-
ventional nanoemulsion as well as improved oral bioavailability [23]. The same
team also utilized TP nanoemulsion to enhance the bioavailability of epigallocate-
chin gallate (EGCG) compared to that in aqueous solution as well as enhanced
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bioabsorption with a sustained release profile [24]. Yazdi et al. formulated a Zataria
multiflora essential oil nano-emulsion which showed a higher protoscolicidal effect
than its conventional emulsion [25].

Solid Lipid Nanoparticles (SLNs) and Nano-Structured Lipid Carriers

Solid lipid nanoparticles (SLNs) are lipid-based delivery systems containing a lipid
core matrix such as waxes, fatty acids, and acylglycerol and are stabilized by surfac-
tants such as sphingomyelins, phospholipids, bile salts, and sterols [26]. They have
the ability to solubilize lipophilic bioactive materials as well as provide protection
against degradation in the GI tract, and increase stability by offering an in vitro
controlled release profile [10, 13]. SLNs were used for curcumin loading through
novel cold dilution of oil-in-water microemulsion consisting of trilaurin in a par-
tially water-miscible solvent which was able to encapsulate almost 90% of the cur-
cumin, improved stability, and inhibited pancreatic carcinoma cell growth in vitro
in a concentration-dependent manner [27]. SLNs were also utilized for EGCG load-
ing for protection during storage against degradation as well as shielding against
digestion under simulated gastrointestinal pH conditions using a lipid matrix con-
sisting of pure cocoa butter as well as sodium stearoyl-2-lactylate (SSL) and mono-
and diglycerides (MDG) as surfactants. The prepared SLNs stabilized the
encapsulated EGCG during the entire storage period at neutral pH values [28].
Similarly, nanostructured lipid carriers (NLC) are produced through mixing
either solid lipids or liquid lipids or both [13, 26]. NLCs offer the same advantages
of SLNs but overcome the shortcomings of SLNs as it provides higher encapsula-
tion of bioactive molecules, decreased aggregation and material leakage from the
NLC via crystal transformation either during preparation, processing or storage
[26]. NLCs were utilized for loading Oleuropein (OLE), a naturally occurring poly-
phenol from olive leaves (Olea europaea L.), to increase its stability and improve its
antioxidant efficacy. The cellular in vitro assays confirmed the biocompatibility of
the NLCs. The formula also enhanced OLE antioxidant efficacy in the A549 and
CuFi-1 lung epithelial cell lines, respectively as well as maintained its stability [29].
NLC’s were also utilized by Kamel et al. for encapsulation of curcumin which
improved its cell penetration as well as cytotoxic anticancer properties [30].

8.2.1.2 Carbohydrate-Based

Carbohydrates are mainly composed of polysaccharides, oligosaccharides, and
monosaccharides which offer an advantage of being a natural biocompatible, bio-
available inexpensive material capable of interaction with several bioactive com-
pounds through their functional groups regardless of whether they are hydrophilic
or hydrophobic [31]. Moreover, they have high stability in higher temperatures
compared to lipid or protein-based nanoparticles due to the likelihood of either
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melting or denaturation making them ideal in nano-delivery systems of nutraceuti-
cals [13]. Examples for carbohydrate-based delivery are summarized below.

Chitosan

Chitosan is a biopolymer derived from chitin and composed of N-acetyl-D-
glucosamine units linked by p(1,4)-glycosidic linkages [32]. Owing to its biocom-
patibility and biodegradability, bioactivity, chitosan was used in various applications
ranging from wastewater treatment, biosensor, tissue engineering as well as drug
and gene deliveries [33]. Chitosan has been used in food applications as an emulsi-
fier, encapsulation nanoparticles, edible coating, preservative, and stabilizer [33].

In nanotechnology food delivery, several attempts to harness the advantages of
chitosan were applied in food delivery applications. Wang et al. developed Chitosan
red blood cells (RBC)-hitchhiking nanoparticles loading vitamin K (VK-CSNPs)
using ionotropic gelation method. VK-CSNPs adsorbed onto RBCs (RBC-VK-
CSNPs) via electrostatic interactions rapidly to release the drug, then desorbed to be
eliminated in vivo offering prolonged circulation [34]. Yilmaz et al. fabricated
Origanum vulgare essential oil loaded-chitosan nanoparticles using electrospraying
which was thermostable nanoparticles with increased loading efficiency and parti-
cle stability [35]. e-Polylysine-loaded chitosan-sodium alginate nanoparticles (e-PL
NPs) were prepared by Liu et al. which showed a threefold increase in antibacterial
activity of e-PL NPs than free e-PL in terms of inhibition zone diameter [36]. Du
et al. investigated the mechanism of entrapment of egg white derived peptides
(EWDP) in chitosan-tripolyphosphate nanoparticles (CS-TPP NPs). The peptides
interacted with CS-TPP NPs through strong hydrogen bonds and electrostatic inter-
actions leading to enhanced entrapment [37]. Ng et developed Curcumin-
encapsulated chitosan nanoparticles which showed enhanced bioavailability and
enhanced antiviral effects of curcumin against Feline infectious peritonitis viral
infection [38].

Curdlan

Curdlan is a -1,3-glucan linear polysaccharide, with no branching produced by the
microorganism Agrobacterium biovar. It is currently in use in food applications due
to its thermal gelling properties [39]. Yu et al. developed a biopolymer—polyphenol
conjugate-stabilized oil-in-water emulsion system was formulated by preparing a
f-carotene (BC) ferulic acid-grafted curdlan conjugate (Cur-D-g-FA) which was
able to enhance the chemical stability of BC in different environmental stress condi-
tions and led to increased bioavailability of BC in vitro offering great potential to
protect lipid-soluble [40]. The same team also studied curdlans with different car-
boxylate contents, molecular weights (MWs), and chain conformations while utiliz-
ing them as hydrophilic coatings for hydrophobic zein nanoparticles (ZNPs) to load
curcumin. The anionic carboxylic curdlan coating on the surface of zein enhanced
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curcumin water dispersibility, photostability, and thermostability, as well as offering
a sustained release behaviour and stronger in vitro antioxidant activity [41].

Starch

Starch is an abundant polysaccharide in plants, formed of glucose units linked to
a-d-(1 — 4) and/or a-d-(1 — 6) linkages. Starch is digestible, biodegradable, and
biocompatible. However it is hydrophilic, which restricts its use only to hydrophilic
nutraceuticals, another limitation is its degradation in GIT acid media and amylase
hydrolysis which limits its applicability in nutraceutical loading [13]. Nevertheless,
Ahmad et al. formulated starch-based nanoparticles from horse chestnut (HSC),
water chestnut (WSC), and lotus stem (LSC) for loading of catechin which showed
controlled release of catechin in the intestine and higher levels of encapsulation
[42]. Ramanan utilized starch nanoparticles prepared from quinoa and maize starch
(QR and MR) for rutin encapsulation. The prepared nanoparticles showed increased
rutin bioavailability during simulated in vitro digestion with a significant increase in
(p < 0.05) in vitro antioxidant activities [43].

Cellulose

Cellulose is also a common polysaccharide in plants formed from glucose linked
with B-d (1 — 4) linkages, It suffers from poor solubility and large dimensions, it is
also not digested by the colon or microbial enzymes which considered to account
their absorption and potential toxicity [12]. Nevertheless, cellulose nanocarriers
have been studied for the delivery of nutraceuticals. One such example is nanogels
(NGs) formed from macromolecular self-assembly of lysozyme (Ly) and carboxy-
methyl cellulose (CMC) was formulated to encapsulate and protect tea polyphenols
(TPs) (Ly—CMC NGs) and formed based on molecules driven by electrostatic inter-
action and hydrophobic forces. TP-loaded NGs successfully encapsulated TP and
proved to have a sustained release profile as well as inducing apoptosis in hepatoma
cells and cell cycle arrest [44].

Pectin

Pectin is a linear anionic polysaccharide consist of linear a-d-(1 — 4) galacturonic
acid residues. It has the ability to resist enzymatic degradation in the upper digestive
system but it is digestible by the microflora in the colon making it a suitable choice
for oral delivery of nutraceuticals that are degraded in stomach acidic media [12].
Pectin was successfully incorporated as an emulsifier in water-in-oil-in-water
(W/O/W,) double emulsions which resisted sedimentation and creaming cement-
ing its use as an appropriate emulsifier for stabilizing double emulsions [20].
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Carrageenan

Carrageenan is a linear hydrophilic polysaccharide extracted from marine algae
with 15-40% ester sulphate content and an average molecular weight above 100
kDa which is commonly used for bioactive molecules delivery in the form of
nanoparticles due to its gelling properties, solubility, and electronegativity [45].
Yew et al. developed a pH-dependent k-carrageenan-chitosan nanoparticle which
showed high encapsulation of hydrophilic compounds such as ascorbic acid as well
as slow controlled release [46]. Sun et al. combined k-carrageenan (Kc), with tween
80 for zein nanoparticles stabilization which showed high encapsulation for cur-
cumin as well as adequate particle size and stability [47].

8.2.1.3 Protein-Based Delivery

Protein is abundant and acquired from bacterial, plant, animal, and fungal sources.
Protein nanocarriers can be applied in the delivery of both hydrophilic and hydro-
phobic bioactive molecules [13]. Many proteins are natural nanovesicles for nutra-
ceuticals as they can bind to bioactive molecules forming nano complexes
transforming hydrophobic nutraceuticals into a dispersible and water-soluble form
[48,49]. Thus, application of nutraceutical-based proteins has been widely attempted
to improve the dispersibility and solubility of poorly soluble drugs such as curcumin
(CUR), resveratrol, thymol etc. [14].

Liu et al. formulated a novel protein-lipid composite nanoparticle with a three-
layered structure (a barley protein layer, a-tocopherol layer, and phospholipid layer)
with an inner aqueous core for encapsulation of hydrophilic nutraceuticals vitamin
B12 as well as providing controlled release profile and increased serum levels upon
oral delivery [50].

f-lactoglobulin (BLG)

B-lactoglobulin (BLG) has been also widely used owing to its good colloidal stabil-
ity, the ability to be engineered for specific ligand binding, and its resistance to
acidic media while degradation in alkaline condition making it a good candidate for
oral delivery of acid-liable molecules [14]. Thus, BLG was used by Pujara et al. for
loading of resveratrol which showed increased aqueous solubility, in vitro dissolu-
tion, and in vivo as well as a higher anti-inflammatory effect against ulcerative coli-
tis in mice [51].
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Casein

Caseins are the main proteins in milk accounting for 78% of total milk protein.
Caseins tend to interact with one another and form supramolecular aggregate in
milk, known as ‘casein micelle’ or ‘casein supramolecule’ [52] Casein micelles
show pH-dependent behavior as they tighten at lower pH and swell at higher pH
values which can be favorable for the controlled release of bioactive components
taken orally in addition to their safety, biocompatibility, and ability to load both
hydrophilic and hydrophobic drugs makes them excellent tools for delivery of
nutraceuticals [53]. Casein micelles were utilized by Xu et al. by formulating cur-
cumin, casein, and soy soluble polysaccharide ternary complex nanoparticles with
a loading efficiency of ~97%, curcumin and enhanced the oral bioavailability of
curcumin by 3.4-fold compared with the curcumin/Tween 20 [54]. Du et al. devel-
oped oral self-assembled L-arginine (Arg)- or L-lysine (Lys)-functionalized chito-
san—casein nanoparticles delivery systems for the loading, stabilizing, and achieving
a controlled release profile of hydrophobic curcumin and hydrophilic egg white-
derived peptides (EWDP). The developed formula was spherical in shape, has pH-
responsive properties, and showed outstanding stability during for 28 days. The in
vitro controlled release profile of the core—shell NPs for curcumin and EWDP veri-
fied that curcumin and EWDP showed better bioavailability in Arg/Lys-CS—-CA
NPs [55]. Ghatak et al. encapsulated quercetin with casein particles for improve-
ment of its water solubility as well as bioavailability and succeeded to achieve an
encapsulation yield of 96% at pH 7.09 [56].

Albumin

Albumin has been widely applied in drug delivery and disease diagnosis due to its
accessibility and ability to bind to both hydrophilic and hydrophobic drugs to form
nanoparticles. Albumin can be extracted from different sources such as Ovalbumin
(OVA), Bovine Serum Albumin (BSA), Human Serum Albumin (HSA), and Rat
Serum Albumin (RSA) [57]. Albumin nanoparticles were utilized for co-delivery of
curcumin and doxorubicin to MCF-7 resistant breast cancer cells to cause efficient
cell killing through increased intracellular internalization of doxorubicin and cell
killing compared to the sequential drug co-administration. Nevertheless, the simul-
taneous drug co-administration led to decreased intracellular uptake of curcumin
and lysosomotropism which is the aggregation and entrapment of curcumin in the
lysosomes immediately after its release from the albumin nanoparticles [58].

Gelatin and Collagen
Animal proteins including gelatin and collagen have been used for loading of nutra-

ceuticals due to their stability in high temperatures, safety biocompatibility, and
biodegradability [13]. Gelatin is made from the controlled hydrolysis of collagen
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from different animal sources and has various applications in the food, pharmaceu-
tical, and cosmetic industries [59]. It shows an amphoteric behavior in solution
depending on the solution’s pH, can act as an emulsifier, and enhances the stability
of bioactive materials [60]. Gelatin nanoparticles were used for loading of two fla-
vonoids, low-molecular-weight Genistein (GEN) and high-molecular-weight Icariin
(ICA) (FLA@GNPs), results showed higher drug encapsulation of FLA@GNPs
than that of the single drug-loaded (GEN or ICA) with enhanced stability under
acidic conditions at room temperature thus preserving the bioactivity for at least
180 days [61]. Wang et al. utilized electrospinning to formulate a multilayer film
with ethyl cellulose nanofibers as the outer layer and curcumin-loaded gelatin nano-
fibers as the inner layer. The formed nanofibers showed adequate stability, a sus-
tained release profile of curcumin for 96 h, compared to the burst release within
30 min from the gelatin with retaining the antioxidant activities of curcumin [62].
Castro et al. also utilized gelatin nanoparticles loaded with buriti oil to increase its
bioavailability and stability. The resultant formula showed adequate stability and
enhanced antimicrobial activity against Pseudomonas aeruginosa, Klebsiella pneu-
monia, and Staphylococcus aureus [60]. Selected Examples for different food-grade
nanoparticles for delivery of nutraceuticals are presented in Table 8.1.

8.2.2 Non-food Grade Nano-Delivery Systems
Jor Food Application

Synthetic polymers or non-food grade polymers such as metal or carbon based
nanoparticles have also been utilized in food and nutraceutical delivery owing to
their versatility, ease of modification and formulation. However, toxicity of some of
these materials are yet to be established to achieve their full potential.

8.2.2.1 Polymeric Systems

Nanocarriers based on synthetic polymers have been widely used in nutraceutical
delivery owing to their low toxicity, stability, particle size in the nano range, bio-
compatibility, ease of production and scaling up, and the possibility of sustaining
the release of nutraceuticals. They can also be easily modified to achieve specific
characteristics of bioactive molecule release or specific targeting site [12]. Polymers
such as poly(D,L-lactide), poly-lactic acid (PLA), poly(b,L-glycolide) (PLG),
poly(lactide-co-glycolide) (PLGA), and poly(cyanoacrylate) (PCA) were attempted
to encapsulate both hydrophilic and hydrophobic nutraceutical agents. However, the
selection of the polymer is critical and is based on biocompatibility, biodegradabil-
ity, mechanical strength, and safety [13]. Haggag et al. developed Poly(lactic-co-
glycolic acid) nanocapsules comprising amphiphilic biosurfactant sophorolipids
using a dispersion-based procedure. The prepared nanoparticles displayed increased



8 Roles of Nanotechnology for Efficient Nutrient Delivery of Foods

133

Table 8.1 Selected examples for different food-grade nanoparticles for delivery of nutraceuticals

Type of food-grade

nanoparticle Nanodelivery system Nutraceutical compound | Reference
Lipid-based Liposome Vitamin C and B [16]
carotene
Vitamin A and B [17]
lactoglobulin
Folate [15]
Noisome Vitamin E [18]
Nano-emulsion Curcumin [11]
f-carotene [13,22]
Epigallocatechin gallate | [24]
Zataria multiflora [25]
essential oil
Solid lipid nanoparticles Curcumin [27]
Epigallocatechin gallate | [17]
Nanostructured lipid carriers Oleuropein [29]
Curcumin [30]
Carbohydrate-based | Chitosan Vitamin-K [34]
Origanum vulgare [35]
Curcumin [38]
Chitosan and sodium alginate e-Polylysine [36]
Chitosan-tripolyphosphate Egg white derived [37]
peptides
Curdlan Bovine serum albumin | [39]
A B-carotene, ferulic [40]
acid
Curdlan-Zein Curcumin [41]
Starch Catechin [42]
Rutin [43]
Carboxymethyl cellulose Tea polyphenols [44]
Carrageenan Ascorbic acid [46]
Curcumin [47]
Protein-based Barley protein, a-tocopherol layer, | Vitamin B12 [50]
delivery and phospholipid layer
fB-lactoglobulin Resveratrol [51]
Casein Curcumin [45]
Quercetin [56]
L-arginine (Arg)- or L-lysine Curcumin and egg [55]
(Lys)-functionalized chitosan— white-derived peptides
casein nanoparticles
Albumin nanoparticles Curcumin [58]
Gelatin nanoparticles Genistein Icariin [61]
Buriti oil [60]
Ethyl cellulose-gelatin nanofibres Curcumin [62]
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uptake by tumors and a longer circulation in blood. Studies in animals showed
increased tumor growth inhibition of 57% compared to controls [63]. Mousa et al.
encapsulated anticancer natural products, such as 3,3’-diindolylmethane (DIM) and
ellagic acid (EA) with confirmed anticancer activity against various types of cancers
in poly(lactic-co-glycolic acid) (PLGA) and poly(ethylene glycol) (PEG) nanopar-
ticles (PLGA-PEG NPs) nanoparticles which resulted in fast suppression of pancre-
atic cancer cell viability/proliferation within 24 h (P < 0.01) compared to free drugs
[64]. PLGA was also used by Ahmed et al. to load phenolic-rich extracts from
Callistemon citrinus and berberine which enhanced their bioactivity against the
three breast cancer cell lines by approximately twofold as well as linear decreased
growth of cells compared to phenolic concentration, with a nearly 100% maximum
inhibition at 0.1 mg/mL compared to control [65].

8.2.2.2 Metal-Based Nanomaterials

Metal and metal oxide nanoparticles such as aluminum (Al), iron (Fe), lead (Pb),
cadmium (Cd), copper (Cu), silver (Ag), cobalt (Co), and zinc (Zn) are often uti-
lized as nanoparticles as their size can be easily manipulated, they are reactive and
able to load several bioactive compounds, with oxides usually more reactive than
their metal counterparts [14]. Moreover, the encapsulated nutraceutical in NPs pos-
sesses the cumulative biological properties of both the nutraceutical and the NP
[66]. A wound dressing material was developed by caging plumbagin on silver
nanoparticles which showed enhanced microbial activity against E. coli [67]. Gold
nanoparticles loaded with gallic acid showed an enhanced ability to inhibit the pro-
liferation of cholangiocarcinoma cells compared to free gallic acid alone [68]. Shah
etal. alsoexplored gold nanoparticle-loaded gallic acid after surface-functionalization
of magnetite as antimicrobial agents which showed enhanced anti-microbial ability
and stability.

8.2.2.3 Carbon-Based Nanoparticles

Carbon nanoparticles such as carbon nanotubes, quantum dots, and fullerenes, gra-
phene, and nanodiamonds are made entirely of carbon with their flexible structures,
tunable surface chemistry, and easily engineered size. Modification of surface func-
tional groups of carbon nanomaterials with hydroxyl and carboxyl groups as well as
polymers allows them to encapsulate a wide range of materials [13, 14]. However,
they are limited by their un-established toxicity in vivo which limits their use [13].
Sadeghi et al. to formulated poly-D-lysine (PDL) and BSA to formulate bionano-
tubes (BNTs) through layer-by-layer deposition and load it with curcumin as a
model drug [69]. Sahoo et al. also utilized curcumin loaded single-walled carbon
nanotubes (SWCNT) prepared through layer by layer technique for coating the
nanoparticles by 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) lipid
bilayer [70].
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8.2.2.4 Mesoporous Silica

Mesoporous silica holds great potential as a nanomaterial owing to its high surface
area, porosity, thermal and chemical stability, the capability of surface functional-
ization as well as high biodegradability and biocompatibility [71]. Elbialy et al. [72]
synthesized curcumin loaded smart mesoporous silica nanoparticles which showed
greatly enhanced curcumin bioavailability, as well as pH-triggered drug release in
an acidic pH which is the tumor microenvironment thereby increasing drug target-
ing. Curcumin-loaded mesoporous silica nanoparticles were also studied after mod-
ification with polyethylenimine by Harini et al. [73] which showed 50% mortality
of MCF-7 breast cancer cell line as well as sustained in vitro release in acidic
pH. Chen et al. [74] also studied curcumin-loaded mesoporous silica nanoparticles
decorated with folic acid for tumor targeting which showed significantly increased
the cytotoxicity of curcumin against MCF-7 cell than HEK-293T cells attributed to
the enhanced cellular uptake of nanocarriers [74]. Juere et al. formulated resveratrol-
loaded silica nanoparticles, which enhanced the solubility of resveratrol as well as
significantly increased permeability of resveratrol through the human colon carci-
noma cell monolayer (Caco-2) cell line [75].

8.2.2.5 Dendrimers

Dendrimers are three dimensional, hyperbranched and monodispersed, molecules
composed of an inner core, branching units, and functional groups which can inter-
act with bioactive molecules and load them [76]. Due to the presence of branches,
dendrimers have high solubility, and reactivity and are easily modified. However,
studies are still investigating their toxicity in various tissues [77]. Thus, dendrimers
have been widely exploited for loading of nutraceuticals, one such example is
curcumin-loaded G4 PAMAM dendrimer-Palmitic acid core-shell nanoparticle
loaded with curcumin as an antistress therapeutic agent which showed enhanced
pharmacokinetic parameters as well as non-toxicity in mice [78]. PAMAM den-
drimers were also used for berberine encapsulation which showed sustained release
pattern as well as significantly higher anticancer activity against MCF-7 and
MDA-MB-468 breast cancer cells and improved bioavailability [79].

Selected Examples for different non-food grade nanoparticles for delivery of
nutraceuticals are presented in Table 8.2.

8.3 Conclusion and Future Prospective

Despite significant advances in food nanotechnology, little is known about nanopar-
ticle occurrence, fate, or toxicity. Nanotechnology is still a mystery to the general
public. The use and application of nanosystems in food is regulated by several
worldwide organizations such as Food and Drug Administration (FDA). The
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Table 8.2 Selected Examples for different non-food grade nanoparticles for delivery of

nutraceuticals

Type of non-food-

grade nanoparticle | Nanodelivery system Nutraceutical compound Reference
Polymeric systems | PLGA nanocapsules Sophorolipids [54]
PLGA and PEG 3,3’-diindolylmethane (DIM) [64]
nanoparticles and ellagic acid (EA)
PLGA Callistemon citrinus and [65]
berberine
Metal Based Silver nanoparticle plumbagin [67]
nanoparticles Gold nanoparticle Gallic acid [59]
Carbon-based poly-D-lysine (PDL) and Curcumin [69]
nanoparticles BSA to form bionanotubes
(BNTs)
Single-walled carbon curcumin [70]
nanotube
Mesoporous silica nanoparticles Curcumin [63,73,
74]
Resveratrol [75]
Dendrimers G4 PAMAM dendrimer Curcumin [78]
PAMAM dendrimer Berberine [79]

European Parliament and Council Legislation are in charge of enacting restrictions
on the size of nanoparticles in food additives. Precautionary principle should be
taken into consideration so freely engineered nanomaterials in less incorporated in
food products. Introducing nanomaterials into food items require proper study and
research. EC Food Law Regulation points out that nanomaterials engineered for
food application should be free from toxic materials, mycotoxins and heavy metals.
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9.1 Introduction

Nanotechnology has gained popularity in recent years as a promising technique that
has changed the food industry. It is a nanometric technique that works with atoms,
molecules as well as macromolecules having a diameter of 1-100 nm to generate
and utilize materials containing new characteristics. The developed nanomaterials
have 1 or more exterior dimensions, as well as an interior composition, on a level
ranging from 1 to 100 nm, allowing for nanoscale observations but also manipula-
tion [1]. The primary benefit of manufacturing nanoparticles is that it results in
materials with increased surface area as well as mechanical properties, and stability.
These properties are critical for allowing raw and processed nanoparticles to be
used in a variety of scientific domains [2]. Food nano-structured components, food
nanosensing both are the two fundamental domains of nanotechnology used in the
food industry. Food nano-structured components are utilized in a variety of applica-
tions, ranging from food manufacturing to food packing. These nanoparticles can be
employed in food manufacturing as additives, vehicles for effective nutrient supply,
anticaking agents, antibacterial agents, and fillers to enhance the structural strength
and stability of packaging materials [3]. Mechanical isolation, lubrication, compet-
ing for adsorbed water, including the elimination of electrostatic ions as well as
molecular forces are among the 13 processes through which anti-caking substances
work. Anti-caking materials work best when employed to the item’s surface, where
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the bulk of particle exchanges occur within anticaking agent particles rather than
across item surface particles. Caking is generated by a mixture of manufacturing
and storage circumstances such as relative humidity, temperature, tension, structure,
and particle diameter. Anticaking substances are frequently used in food processes
to enhance physical characteristics and durability, and the choices of anti-caking
agents rely on a variety of factors [4]. Anticaking compounds have been demon-
strated to combat humidity, function as a vapor barrier, reduce surface resistance,
and prevent crystal lattice shape development or alteration. Nanoparticles might be
utilized to improve the anticaking characteristics of powdered materials. The basic
process in anticaking is that fluids are absorbed or powdery particles are coated to
prevent clump generation [5]. Although food items’ liquid soaking may be reversed
by further manufacturing, the cost rise and quality loss of those goods, also after
decaking, need the development of innovative solutions to this detrimental conse-
quence in food items. As a result, nano-structured anti-caking agents are vital for
extending the storage life of goods because they enhance the surface area accessible
for liquid sorption (anti-caking agents). Amorphous silica, silicon dioxide, for
example, are mostly employed as anti-caking, anti-foaming agents, and food addi-
tives. SiNPs can be utilized in applications that improve sensory qualities, nutrient
administration, and packaging barrier features [6]. SiNPs, for example, have allowed
a biopolymer (pullulan) layer to be applied to the top of polypropylene sheets.
SiNPs with such a large surface area had a stronger bond to a pullulan covering,
resulting in a significant improvement in O, and CO, barrier characteristics. The
presence of nanoparticles also had a significant impact on hydrophilicity, since they
increased the hydrophobicity of a surface [7]. In this chapter, we mainly focus on
the anti-caking agents used in food nanotechnology. These anticaking agents are
categorized on the source of their origin such as natural, artificial and some of them
are organic as well as inorganic. These anticaking agents are silicon dioxide, cal-
cium phosphates, magnesium silicates sodium aluminum silicate, corn starch, cel-
lulose powder, etc. are under study.

9.2 Anticaking Agents

Anticaking agents prevent powdered and granular components from aggregating,
whereas humectants keep foods wet. Food additives might originate from native
resources or be made using chemical or synthetic components. Dried powder milk,
flours, baking powders, baked goods, and brown sugar are just a few examples of
smooth materials which advantage from anticaking additives, which prevent lump
formation and keep the goods flowing smoothly. Vending device coffee granules
would not work correctly without these, and items like shredded cheese may
agglomerate and turn sticky. The type of the substance determines the caking pro-
cesses. Crystalline solids are frequently cake due to the development of liquid
bridges and subsequent microcrystal combinations. It is manufactured by covering
particles with a water-repellent layer [8]. Some anticaking chemicals are water-
soluble, while others need the use of liquors or various organic solvents to dissolve.
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Calcium silicate, a popular anticaking ingredient found in sodium chloride and
other products, is capable of absorbing both oil and water. Anticaking substances,
although being food additives, also have a variety of additional uses [9]. Various
anticaking chemicals soak excessive humidity or encapsulate particles with a water
repulsive layer. The anticaking substance calcium silicate is widely utilized.
Anticaking additives, both powder, and granule are frequently employed in a variety
of foodstuffs. Powder form egg, powder form soups, S. cerevisiae in powder form,
confectionery items, vending device powders (dairy, cocoa, cream powders), shred-
ded cheese, powder form favors, salt as well as spices, powder form sauces, are
among these [10]. Anticaking additives are often used in powder processes to defer
or avoid caking, although little is known about their impact on the powdered chemi-
cal and structural durability [11]. For analyzing the effectiveness of anticaking
chemicals, there is no specialized analytical technique. The major cause of this issue
is that numerous independent variables influence the caking ability of powders
(moisture, temperature, characteristics of the host powder, and so on).

9.3 Commonly Used Anticaking Agents in Food

9.3.1 Aluminum Silicates

Precipitation of dissolvable aluminum salts with a suitable metal is a typical way to
make aluminum silicates. They’re frequently characterized as white, unstructured
powders. Aluminum silicate minerals are smooth powders employed in the food sec-
tor as free-flowing ingredients [12]. It is found in sweet powder including beverage
powder. When contrast to certain other anticaking compounds that influence flow
behavior, aluminum silicates are very cheap. It is frequently used because of its
inexpensive cost and ability to improve powder flow, which is then precipitated [13].
A smooth, white, free-flowing powdery material is characterized as sodium alumi-
num silicate. The sodium aluminum silicate should have a silicon dioxide concentra-
tion of not below 66% and not greater than 88%. It should have an aluminum oxide
concentration of not below 5% and not higher than 15%. The amount of sodium
oxide should be no lower than 5% and no over than 8.5% [14]. Potassium aluminum
silicate is used more frequently than sodium aluminum silicate. As a transporter,
potassium aluminum silicate is frequently employed. Furthermore, potassium alu-
minum silicate is employed to decrease the salt level of products when necessary.

9.3.2 Calcium Carbonate

Calcium carbonate is a legal food ingredient that improves a variety of food charac-
teristics. It can be used in foodstuffs as an acidity stabilizer, food coloring, and
anticaking agent, among other things. Carbonic acid calcium salt, calcite, and chalk
are some of the other names for it [15]. Calcium carbonate is an odorless, colorless
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inorganic salt with a molar mass of 100.1 g/mol and having E-170. Microcrystalline
(anhydrous crystallized; limestone, calcite crystals, the mineral vaterite, and moist-
ened crystals; crystalline monohydrocalcite but also ikaite) or unstructured powder
CaCQ; [16]. Amorphous spherical calcium carbonate nanoparticles have a particle
size ranges from 40 to 120 nm, whereas crystallized calcium carbonate molecules
have a particle size ranges from 1 to 10 pm. CaCO; with nanoparticle scale is unsuit-
able as a food ingredient. The typical particle dimension of food-grade CaCQO; is
around 5 pm and higher boundary. Calcium hydrogen carbonate, commonly called
calcium bicarbonate and having (E-170), is a kind of CaCO;. Ca(HCOs;), has a
molecular mass of 162.1 g/mol and a chemical formula of Ca(HCO;),. Ca(HCOs),
is a granular white powder that dissolves in liquid at a rate of 16.6 g/100 mL (20 °C).
An interaction between CaCO; and carbonic acid can create calcium bicarbonate.
As calcium bicarbonate is heated, it disintegrates into CaCO;, CO,, and water. It is
utilized in foodstuff as a color stabilizer and anticaking agent. Calcium bicarbonate
has no detailed material [17].

9.3.3 Phosphate of Calcium E341 and Magnesium E340

Phosphoric acid in the form of tri-calcium phosphate (E-341) is a calcium salt of
phosphoric acid. Phosphoric acid, which is derived from a phosphate mine, is used
to make it commercially. The daily consumption limit was set at 70 mg/kg of body
weight. Phosphoric acid as well as phosphates have no nutritional requirements and
are usually appropriate for vegetarian populations to consume. Tri-magnesium
phosphate (E-340) is a crystalline powder that is white and odorless.

9.4 Organic Anticaking Agents

From the design of the packaging to desirable baking efficiency, consumers demand
excellent standard shredded cheese. In the ability of manufacturers to offer elevated
quality shredded Mozzarella cheese, manufacturing aids including anticaking ingre-
dients have become necessary for improved flow and separation of cheese frag-
ments. Decreased product movement efficiency can be caused by particles
association and the humidity and fat level of the foodstuff [18]. By minimizing the
cohesiveness and shear that occurs during the packing and transportation of shred-
ded mozzarella items, anticaking additives can improve product mobility and
decrease agglomeration. Anticaking chemicals’ impact on the operational charac-
teristics of warmed chopped Mozzarella cheese has received little scientific atten-
tion [19]. The cheese packing manufacturer employs the maximum cellulose-based
anticaking chemicals, especially powdery cellulose [18]. The capability to stabilize
both oil-water state components and dispersion uniformly on cheese chopped sur-
faces are two advantages of this manufacturing equipment. Anticaking additives
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made of cellulose tend to generate white slight discoloration over the top of the
mozzarella shreds because of the high particle diameter of the food item. The dry,
powdery nature of powdered cellulose might cause issues in a production environ-
ment. As a consequence, starch-based additives have been created to replace
cellulose-based additives. Rice flour was shown to be effective in removing the
white staining observed on the cheese surface. The addition of a flour-based anti-
caking ingredient has been shown to improve the manufacturing aid’s effectiveness,
particularly in terms of softness and melt [20]. Potato starch, like rice flour, has been
noted as having a ‘clean’ taste when incorporated into food ingredients. Potato
starch’s increased humidity concentration can be employed to avoid dusting
throughout the manufacturing process. Conventional cellulose-based anticaking
additives may be replaced with starch-based anticaking agents in current cellulose-
based items, providing a functionally better and cost-effective alternative [21].
When potato starch is added to an existing cellulose product, the moisture content
increases, enhancing the characteristics of both components and increasing the anti-
caking agent effectiveness [22]. The effect of changing the anticaking agent compo-
nents on cheese functioning characteristics is the key theme of this study. Melt
ability, stretchability (appearance viscous), as well as free oil generation are the
three primary functional characteristics of chopped Mozzarella cheese that will be
studied. Two factors influence the total fusibility of Mozzarella: fat concentration as
well as protein-protein associations with water retained inside the protein framework.

9.5 Anticaking Agents in Food Nanotechnology

9.5.1 Polydimethylsiloxane

The widespread industrial use of the polydimethylsiloxane polymer has prompted
much research into composites enhanced with nanoscale inorganic fillers. The addi-
tion of a tiny quantity of transitions and/or rare earth metals nano-oxides to poly-
mers is recognized to increase certain features like thermal durability, conductance,
appearance, hydrophobicity, interface behavior, etc. PDMS/silica is indeed an
example of a mixed nanocomposite polymer that is already produced and used in
massive magnitudes. A significant portion of PDMS/silica composites is used in
sectors where heat endurance, as well as oxidation tolerance, are required. For
instance, PDMS/silica is largely employed as an anti-caking agent in confectionery
and flour items, and also an antifoaming ingredient in consumable oils, in food-
related operations [23]. For all of these projects, PDMS, the most commonly used
organosilicon polymer, is used approximately 7% of the time. PDMS is approved to
be used in a broad range of consumables at the maximum permitted concentrations
of 10-100 mg/kg food in the latest edition of the general standard for food additives
(GSFA) manuscript, including veggie oils including fats, which are typically used
for cooking as well as frying. Understanding that the insertion of highly distributed
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fillers might change the decomposed chemistry and heat resistance of the polymer
[24]. Applying a hybrid of temperature program depletion mass spectrometry and
thermo-gravimetric analyses, researchers have investigated the thermally generated
mechanisms in PDMS/silica as well as PDMS/silica/ceria nano-composites. These
findings revealed that PDMS adsorption on SiO, as well as CeO,/SiO, nano oxides
undergo three phases of heat degeneration: (1) covalently bonding of PDMS with
silica by electrophilic replacement of a surfaces silanol from a polymers terminals
trimethylsilyl position; (2) creation of the cyclic oligomer hexamethyl-cyclo-tri-
siloxane (HMCTS); (3) high thermal disintegration of the polymers with the gen-
eration of methane as well as ethylene. Overall, the studied PDMS depolymerization,
as well as radical disintegration mechanisms, were determined to be effective with
those previously described. Moreover, there is some debate in the literary works
about the use of PDMS at high temperatures. On the one hand, numerous studies,
particularly those focusing on polymer uses in industry, indicate the
polydimethylsiloxane-based polymer are well appropriate for foaming stabilization
in food manufacturing because of their heat stability as well as chemical inertness.
We explore dimethylsilanone production by PDMS or its composite materials with
nanoscale silica and ceria/silica throughout this research to throw more light on
these fascinating topics. Detachable silanones have been unidentified under ambient
settings due to their high instability earlier to this innovation in the synthesis of
stabilized compounds containing Si=O linkages. They could only be identified and
investigated through spectroscopy in the solid inert gas matrix at cold temperatures
previously. Valerini et al. [25] In the gaseous state, the presence of silanone mole-
cules, as well as ions, was also detected. Several experiments have shown that sila-
nones occur as precursors in the thermal interactions of low molecular organo-silicon
compounds including silenes, hydridosilylketenes, allyloxysilanes, alkoxyvinylsi-
lanes, and polysilylated. Dimethylsilanone has been mentioned to be produced
using straight and cyclic PDMS. Lewicki et al. [26] the majority of these assertions
about dimethylsilanone synthesis were dependent on kinetics data or chemical cap-
turing studies. Matrix separation Infrared spectroscopy was utilized as one of the
direct physiological approaches to detect these chemicals as precursors in the tem-
perature dispersion of several low molecular cyclic as well as straight siloxanes.
Interestingly, there have been only single publications on mass spectrometric iden-
tification of dimethylsilanone as a result of heat decomposition in polydimethylsi-
loxane/montmorillonite nanocomposites [27]. Purification methods of biogas are
also extremely important commercially, as biogas generation is now one of the pos-
sible paths that nations are considering to enable them to accomplish current renew-
able energy objectives. The most effective method presently utilized is the
elimination of unstable polysiloxane contaminants from biogas using high-surface-
area adsorbents such as silica gels, zeolites, as well as hybrid alumina/silica pro-
cesses. Riicker et al. [28] But, cost-effective techniques for renewing adsorbents,
which are currently accomplished by the thermal dissociation of adsorbed contami-
nants, have yet to be discovered.
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9.5.2 Titanium Dioxide

In 1996, the United States Food and drug administration certified TiO, Nanoparticles
as a food ingredient and also as a food interaction component [29]. TiO, nanopar-
ticles are commonly used in food packing as a bleaching ingredient, excellent pho-
tocatalytic agent, antimicrobial agent, and anti-caking agent. TiO, nanoparticles are
used in food packing as a coloring and covering ingredient to extend the shelf life
by avoiding cake generation. The unsaturated polyphospholipid portion of a bacte-
rial cell membrane could be oxidized by TiO, Nanoparticles, resulting in a bacteri-
cidal impact. The method includes the ultraviolet or natural light-producing oxygen
ions like superoxide ionic species, hydrogen oxide, as well as hydroxyl radical, that
immediately destroy bacterial cell walls, inhibiting microbe development [30].
Bright white TiO, nanoparticles disperse visible light efficiently in pasteurized milk
Staphylococcus aureus in readily available chicken flesh, demonstrating ZnO’s anti-
microbial action [31]. ZnO NPs are also less expensive but also less hazardous to
animal species and people as compared to AgNPs. Valerini et al. [25] showed that
aluminum-treated ZnO NPs functionalized using poly lactate were effective versus
Escherichia coli. ZnO NPs release Carbon dioxide and water from ethylene when
subjected to Ultraviolet light, which serves to extend the durability of food products
by avoiding caking. Biofilms encapsulated with titanium dioxide NPs are inexpen-
sive, heat-stable, chemically inactive, non-toxic, as well as photo-stable. By oxidiz-
ing the lipid surface of the bacterial cellular membrane but also affecting the
D-alanine metabolic activity, TiO, has bactericidal instead of bacteriostatic action
versus foodborne pathogens [32]. Direct integration of NPs in foodstuff or packing
components is required to improve antibacterial properties and boost anti-caking
capacity. TiO, is utilized as the food pigmenting ingredient with no negative side
effects. This is worth noting that researchers studied the effects of Titanium dioxide
on human tissues and discovered that the quantity of intracellular radical oxygen
molecules rose without causing significant damage to DNA as well as in the endo-
plasmic reticulum.

9.5.3 Silicon Dioxide

Silicon dioxide is a foodstuff ingredient that is mainly employed as an anti-clumping
agent to inhibit powdery food components from adhering together or clogging. The
diameter of agglomerates influences E-551s ability to serve like an anticaking
ingredient in foodstuff [33]. The functionality of the E-551 agglomerates as a sepa-
rator as well as an anticaking ingredient is substantially hampered if its diameter is
less than 100 nm. When taken orally, edible SiO, is reported to have quite minimum
toxic effects, with a NOAEL (no observable adverse effect limit) of over 2000 mg/
kg. According to Clarson et al. [34], the acidic mechanism of digestion could be
sped up by the development of an accumulation or agglomeration of silicon-dioxide
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particles. The ratio within the electrostatic repulsive force of silanol molecules
existing on its substratum as well as van-der-Waals association among particles
determines the size of a silicon dioxide agglomeration [35]. SiO, NPs are employed
as an anticaking ingredient to improve the overall quality of foodstuffs and thus are
classified as food additives across both European as well as in American countries
on under number E-551 [36]. Because SiO, NPs are non-toxic for humans when
combined with Zn, they have shown to have excellent antimicrobial and antifungal
properties against (both gram-positive and gram-negative bacteria) [37]. Titanium
dioxide is also utilized as a bleaching ingredient in the manufacture of cakes but
also in pastries with E171 foodstuff additive numbers. Nano-encapsulation of food-
stuff and endorsing ingredients aids in the preservation of sensory characteristics
such as (taste as well as smell) in a variety of foodstuff, consequently increasing
appetite. Scent and natural extracts in food have been claimed to be preserved by
SiO, NPs [38]. Consistency, flow characteristics, as well as aroma and essences,
have been shown to improve the plumping characteristics of aqueous food ingredi-
ents. Chen et al. [39] transformed the paper into a water lily-like aqua-phobic sur-
face covered by R812S silica NPs and polydimethylsiloxane silicon-oil that was
highly water repellent. In numerous powdery foods also utilized SiO, as anti-caking
ingredients. Silicon dioxide and carbon with a specific diameter of a few hundreds
of nanometers are useful food additives as well as packing materials [40].

9.5.4 Synthetic Amorphous Silica

For years, synthesized amorphous silica has been utilized as a basic food ingredient,
commonly called synthetic amorphous silicon dioxide. Synthetic amorphous sili-
ca’s huge manufacturing quantities and widespread usage in a range of applications
could result in considerable environmental, industrial, and customer exposure [41].
Anticaking ingredients, stabilizers, thickeners, adsorbent materials, dispersion sta-
bilizers, free flow ingredients, and transporters are all employed in a range of indus-
tries as well as consumer goods, encompassing control of pests, medicines,
cosmetics, but also food and feed items [42]. Representatives of Synthesized
Amorphous Silica Manufacturers have compiled data from consumers and food
organizations on related food categories including E-551 consumption amounts.
The raw-material providers have no other method of getting this data. As reported
by the study, all primary applications but also carry over through foods were
addressed. With the help of the Extensive Europeans Dietary Exposed Model [43],
community average consumption estimations of SiO, from its usage like a food
ingredient E-551 ranged from 0.28-4.53 mg E-551/kg bw/day. The maximum con-
sumption estimated for kids in Bulgaria was 12.7 mg/kg bw/day, which is probably
an overvalue because it implies a 100% incidence of E-551 throughout all food
groups [44]. Relying on expert evaluation of intake frequencies and quantities, a
daily dosage of 9.4 mg/kg bw/day was previously calculated for the Dutch commu-
nity [45]. Silica is added to dietary additives equal to 700-mg silicon/day [46].
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Table 9.1 Anticaking agents used in foods with their minimum and maximum dosage level

Anticaking agent Maximum capacity of use | Group of foods References
Calcium silicate 5400-30,000 mg/kg 13 different food groups | [46]
Magnesium silicate 5400-30,000 mg/kg 13 different food groups | [46]
Calcium carbonate 6000 mg/kg Baking powder [17]
Magnesium stearate | 20,000 mg/kg Chewing gums [14]
Silicon dioxide 2000-30,000 mg/kg 22 different food groups [46]

There have been no figures on the amount of E-551 consumed in medicinal prepara-
tions. If utilized as a glidant in pills, the most typical medical use, extremely low
quantities of lower than 2% are needed. Toothpaste contains a high concentration of
fluoride that may be ingested.

Table 9.1 is an overview of anticaking agents used in different foods with their
minimum and maximum dosage levels.

9.6 Conclusion and Future Perspective

The usage of nanoscale materials within the food industry has grown a reputation in
recent years, thus attention and activity in this chapter have shifted significantly. As
nanobiotechnology advances, nanobiotechnology-based devices and materials grow
smaller and much more sensitive. Its use in the fields of anticaking additives, food
packing, and food safety is well known. Furthermore, encouraging findings have
been obtained in the use of nanomaterials in food conservation, where they could
preserve the food against moisture, lipids, gases, off-flavors, and smells. They pro-
vide effective delivery channels for bioactive substances to targeted tissues. Whereas
nanotechnology advancements are opening up new roads every day, there are yet
numerous obstacles and possibilities to enhance present technology, as well as ques-
tions concerning nanotechnology’s repercussions which should be resolved in an
attempt to ease customer concerns. When addressing the growth of nanotechnology
in food processes, clarity of safety problems and environmental effects ought to be
a concern, thus mandatory testing of nano foodstuffs is necessary whenever they are
allowed to the markets.
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10.1 Introduction

A gel is a material that has both solid and liquid characteristics, as well as elastic
and liquid properties. They are made up of polymer molecules that have been cova-
lently bonded to produce a tangled and interlinked molecular network that is sub-
merged in a fluid state, which in the food chain is liquid [1]. When gels develop, a
sol to gel transition occurs. Several gel forming components are used carefully to
produce food gelling agents of adequate standard, notably the number of textural
features that indicate the gelling process. The word “gel” is used by food technolo-
gists to characterize meals with a high moisture content that retain their shape after
being removed from their vessel [2].

A variety of meals are offered in the form of gels in market, which provides con-
sumers with convenience like jellies, jams, sweets, fruit and vegetable-like products
are some examples to obtain the required or targeted parameter, one or more gelling
agents are invariably used [1]. Generally, food hydrocolloids are used for this pur-
pose. A wide range of proteins and polysaccharides are generated from natural
sources of hydrocolloids. Gelling agents are now used in a wide range of industrial
applications to accomplish different tasks such as thickening and stabilizing forms,
gelling aqueous dispersions, emulsified suspended particles, limiting or minimizing
gel contraction, and rising aqueous dispersions [3].

Gel formation entails the interaction of randomly distributed polymeric chains in
suspension to create a 3-dimensional network with solvent in the spaces. Two or
more polymer chains can create the related areas known as ‘junction zones.” The
development of these connection zones is essentially what the gelation process is all
about [4]. The clusters of basic inter-chain connections into “junction zones,” which
forms the basis of a gel’s 3-dimensional network which is the most frequent struc-
ture involved in hydrocolloid gelation. All these factors like the presence of ions,
temperature and the structure of the hydrocolloids all have an effect on the physical
configuration of the linking zones in the network. Ionotropic gelation, cold-set gela-
tion and heat-set gelation are three important processes involved in gelation [5].
Alginate, carrageenan, and pectin are examples of such systems [6, 7]. Ionotropic
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gelation can be accomplished by diffusion setting or internal gelling agents. A
scattering medium is formed when hydrocolloid particles are dispersed in warm
water, which when cooled provides an enthalpically-stabilized chain helix resulting
in traces of multiple chains and a 3-dimensional network. This process results in the
formation of gel from agar and gelatin. Heat set gels necessitate the heating process
to the gel. It is generally only used in meals when a temperature setting is necessary
(e.g. the use of starch in sauces).

The heat setting approach includes native starch/protein unfolding/expansion
followed by network rearrangement [8]. A food gel that retains its characteristic
structural form can be seen as a high moisture 3-dimensional polymeric network
that resists flow under pressure. A rigid or hard structure is formed when
3-dimensional structure of polymer chain are interlinked with water molecule inside
it that hardens the structure [9].

10.2 Gelling Agents

Gelling agents (GA) are using in thickening and stabilizing the food additives such
as jellies and sweets. Heteropolysaccharides and hydrocolloids make up a huge bulk
of gelling polysaccharides. These gelling agents are used in sweets, salad dressings,
jellies jams, marmalade, jujubes, yogurts, and different items are among the appli-
cation. Numerous proteins, are utilized in the production of gels. These include
numerous animal proteins and zein from maize such as gelling agent and whey
proteins [9].

In general, certain colloidal proteins and polysaccharides of microorganism and
Plant-derived medium solidifiers or stabilizers create a continuous 3-dimensional
structure and serve as medium solidifiers or stabilizers. GA alters its diffusion prop-
erties and stiffen the gel medium. The diffusion rate is determined by the medium’s
viscosity, which is controlled by the concentration of the gelling agent and its physi-
cochemical properties. Some gelling substances may change among liquid and gel
forms based on temperature, which contributes to their attraction [10].

GA has a controlled temperature and pH range, and various gelling compounds
may be removed by a different group of micro-organisms, requiring the use of vari-
ous gelling agents. In recent years, traditional gelling agent supplies have been
reduced prompting the development of novel gelling agents [11]. New research on
gelation that can tolerate a wide range of temperatures and pressures has aided in
the cultivation of newer microorganisms, including some extremophiles that could
not otherwise be cultivated [11, 12]. Despite their importance in microbiology,
essential gelling agents are not synthesized in a single location. Pectin, agar-agar,
natural gums, starches and proteins are all commonly used gelling agents that may
be generally divided into proteins and poly-saccharides [13].
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10.3 Gel Formation Conditions

A basic polymer dispersion or particle suspension coupled with an externally con-
trolled temperature or solution composition causes gel formation. The process of sol
gel conversion generally includes particle or macromolecule aggregation, culminat-
ing in the creation of a network that spans the whole container volume [14]. Gelation
processes can be generally categorized as physically or chemically induced. In the
case of protein gels, to unwind the natural structure of proteins, a driving force is
required which will be followed by an agglomeration process that indicates a
3-dimensional structure of clustered molecules connected by covalent or non-
covalent bonds. The conditions for gel formation are primarily determined by the
many physicochemical variables discussed in the following sections [15].

10.3.1 Temperature

Heat-induced gelling agents is most likely the significant and widely used proce-
dure for producing gels. Gelation is a two-stage process in which molecules unfold
or dissociate owing to energy input in the first step, exposing reactive sites. The
second phase involves the interaction and aggregates of extended substances to pro-
duce greater molecular mass complexes. The initial stage of the Gel might be revers-
ible, and the other stage is particularly irreversible [13].

10.3.2 Presence of Enzyme

The insertion of artificial covalent cross-links into dietary proteins is the basis for
enzyme-induced gelation. Protein cross-linking reactions include those mediated by
trans-glutaminase, polyphenol oxidase and peroxidase amongst many others [16].

10.3.3 Pressure

Because higher pressure may be used as a different process or in combination with
another, significantly greater temperature; it allows for greater flexibility in chang-
ing the functional properties of molecules. High pressure encourages reactions that
lower the total capacity of the medium and the pH of the medium becomes acidic
under high pressure and water disassociate into the medium [17].
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10.3.4 pH

Changes in pH caused by acid addition or microbial fermentation affect the net
charge of the molecule, altering the attractive and repulsive forces between mole-
cules as well as the interactions among molecules and solvent, i.e., hydration char-
acteristics. Furthermore, salt solubility varies with the pH, which lead to formation
of the gel. The fractal aggregation hypothesis might explain the mechanism of acid
gel production [18].

10.4 Gel Formation Methods

There are two types of gel formation mechanisms: chemical cross-linking and phys-
ical cross-linking because of the creation of covalent bonds, the chemical cross-
linking process enables persistent connection between chains. Because these
inter-linked gelling agents are not treated after synthesis, they are referred to as
irreversible gels [19].

Irreversible gels can be created by using two techniques either cross-linking
throughout the polymerization stage or cross-linking the polymer chain helix.
Cross-linking may be produced throughout polymerization by several polymeriza-
tion methods such as condensation polymerization, free radical polymerization,
photopolymerization, and plasma polymerization [20, 21]. In the process of cross-
linking polymer chains, however, gel structures inter-link by the reactivity of side
chain connected to molecular chains, which can also be done through radiation,
cross-linking or photo and plasma cross-linking [22].

Physical cross-linking results in reversible gel with transient bonding within
chains when temperature, pH, and solvent level alters. Transient connections such
as hydrogen, ionic, hydrophobic association, coordination bonding hydrophobic
association, helix formation and are widely known for creating reversible gels [23].

10.4.1 Gelatin and Carrageenan

While heating gelatin, it melts and solidified again after cooling down while with
liquid/water addition it makes semi-solid colloidal gel by fractional reorganization
of triple helices present in collagen while cooling by two steps orientation and con-
densation [24]. In order to prompt a reactive site polypeptide chain grosses an ori-
entation that condense more chains to create a triple chain helix near the reaction
site [25]. In the presence of potassium ions on cooling, carrageenan forms gels
which promote both gelation and helix formation [26].
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10.4.2 Whey and Soy Proteins

Whey proteins is basically globular proteins by following events: denaturation of
proteins, aggregation of denatured proteins, strand formation by aggregates and
finally network formation from strands [27]. Gel is formed via heating soybean
flour in the presence of calcium and magnesium which introduces clusters of dena-
tured molecules of protein [28].

10.4.3 Milk and Egg Proteins

Casein protein in milk is bonded together via hydrophobic bonds and salt conduits.
Casein is hydrolyzed into gelation in the presence of caseino macro-peptide [29].
While heating egg protein (albumen and yolk), gelation occur by denaturation of
egg proteins and after that aggregation of denatured proteins [30]. Table 10.1 shows
different gelling agents and their applications.

10.4.4 Alginates and Pectins

Alginate gel formed at low pH (less than 4) by the adding polyvalent cations.
Guluronic acid gives active binding site for the attachment of cations. The type of
polyvalent cations defines the strength of gel such as Barium ion > Strontium
ion > Calcium ion > magnesium ion [36]. The properties of gel from pectin defines
by the degree of esterification. High methoxyl pectin gels are formed only in the
presence of sugars and polyols at pH from 3.0 to 4.5 while High methoxyl pectin
gels are formed only in the presence of Calcium ions [37] (Fig. 10.1 represents the
Food applications of proteins).

Table 10.1 Proteins that are utilized as gelling agents
Gelling Gelling agent Binding blocks of

agents source Gelling agents Applications of gelling agents | Ref.
Gelatin Animal skin and | Proline and glycine Gelling agent in jelly and jam | [31]
bones

Whey Casein curd Lactoglobulin Gelling agent and thickener in | [32]
protein food industry

Soya Soybeans Conglycinin Heat set gel [33]
proteins

Egg Egg Albumen Gelling and thickening agent | [34]
proteins

Zein Corn Prolamin Gel coated candy and nuts [35]
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10.4.5 Agar and Starch

Agar gelation is a reversible process because of hydrogen bond. Hot agar on cooling
turn into gel by aggregation of helices while starch heated above the limit in the
presence of large water cause solubilization of amylose and after cooling this gel is
formed [38].

10.4.6 Guar and Gellan Gum

Guar gum has mannose and galactose and form gels by cooling in the presence of
salts via aggregation of helices [39]. At high temperature gellan gum turned into
disordered coil while after cooling turns into double helix [40].

10.5 Characterization of Gel

Formation of gel is primarily conversion from a solid to a gel form in which elastic-
ity altered rapidly while solid characteristics develop simultaneously. In many other
words, during gel formation, continuous and discontinuous stages interact. As a
consequence, assessing the viscoelastic (rheological) properties of materials is
required, which is frequently achieved through a variety of experiments. Table 10.2
shows the non-rheological ways to evaluating characteristics of gel [9].

The geometry of the sample or the instrument used have no effect on the essential
tests. Parameters such as stress/strain are commonly assessed at large deformations
and are generally examined by uni-axial density and tension. To identify the basic
factors and mechanisms involved in gelling and to define gel texture, features and



160 N. Munir et al.

Table 10.2 Methods for the measuring the characteristics of gel

Used
Measurement Type | Instrument | Measurement parameters | Applications Ref.
Structural DSC Rate of heat flow Polyvinyl alcohol and [41]
characterization gellan blend film
XRD Analysis of particle size | Food nano delivery [42]
system
Microscopic SEM Components structural The size, number and [43]
characterization arrangement. distribution of particles in
gel
TEM Structural distribution of | Studies of mixed gel [44]
particles. characteristic
Molecular NMR Conformation changes. Determination of particles | [42]
characterization structural features.
FTIR Molecular structure/ Determine components [43]
functional group Infrared spectra

identification

rheological aspects of starch gels have been researched generally on functional
studies [45]. Rayleigh scattering is a technique for determining the size of mole-
cules in suspension. It can enlighten about the various agglomeration mechanisms
that happen in gel formation. Dynamic light diffraction may be used to analyze the
rheology of gelatin dispersion by measuring the diffusion co-efficient of dispersed
molecules and the efficient viscosity of the gel [46].

The presence of amolecular network affects rheological properties. Measurements
may be made on a gel under compression to demonstrate the correlation among
strain and stress. Gel rheological measurements are commonly divided into small
and big deformation testing small deformation tests commonly indicate structure,
whereas huge deformation trials examine the condition and properties of a gel [47].

10.6 Nanotechnological Application of Gelling Agents

The most important thing for the food industry is to deliver quality, soft food and
healthy foods. Foodstuffs with texture modification tends to be more demanding. In
the production of soft foods, nanotechnology offer an appreciable input [48]. In
order to soften the food, some conventional techniques can be used such as freeze-
thawing, enzyme impregnation [49], high-pressure processing, pulsed electric fields
and sonication [50] while some unique techniques are used to preserving the color
and flavor such as microfluidics, 3D printing electrospinning and electro-spraying
[51]. Moreover, lipids, proteins and carbohydrates are simple constituents in texture
modified food. While heating, globular proteins unfold and denature and increase
the viscosity of fluids while further heating, globular proteins assemble and form
aggregates, fibrils and network chains of gels [52]. Polysaccharides are used to con-
dense and stabilize the fluids as gelling agents [40] while gums and starches are
used as thickening agents in enzymes and colorants [53].
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10.7 Microgels and Nanogels

Microgels and nanogels are among the three types of hydrogels, the third being
macrogels according to their size.

Microgels are polymer chains intra-molecularly crosslinked in small dimensions
(from hundreds of nanometers to some micrometers) dispersed in colloidal solu-
tions. Their structure is very close to solid particles, once their surface is well estab-
lished [53, 54]. These kinds of gels have a high capacity for water content, large
surface area, and an interior network useful for drug delivery systems. Biopolymer-
based microgels are of great interest for food, drug delivery and tissue engineering
systems because of its roles such as biodegradability, nontoxicity, and relatively low
cost, beyond being abundant in nature.

Nanogels are innovative systems on the nanometer-scale of great potential in nano-
medicine, nutraceutics, pharmaceutics, and bionanotechnology. Their internal
structure is similar to that of microgels; however, there is variation in size (up to
100 nm) and responsiveness leading to several advantages. The nanoscale size
improves the solubility of hydrophobic drugs, increases drug accumulation in
tumors, makes the therapeutic agents very stable against enzymatic and chemical
degradation, and decreases cytotoxic side effects. The nanogels helps in drug encap-
sulation, large surface area, and stable interior network structure [55].

10.7.1 Methods of Synthesis of Microgels and Nanogels
10.7.1.1 Methods of Synthesis of Microgels

Essentially, microgels may be prepared by physical or chemical crosslinking of
hydrophilic polymers. Physical crosslinking is reversible upon external stimuli once
it involves non-covalent attractive forces such as ionic and hydrophobic interac-
tions. Biodegradable physically crosslinked microgels can encapsulate drugs, cells,
and proteins and release them by their degradation process.

The production of microgels can be divided into homogeneous nucleation and
polymerization, emulsification, or complexation methods. Basically, microgel is
obtained from homogeneous solutions; in the second, aqueous droplets are dis-
persed in an oil phase followed by crosslinking; and, in the last, two water-soluble
polymers are put together to form complexes with each other [56]. Homogeneous
nucleation and polymerization methods are important to describe because of their
relevance. These methods consist of mixing water-soluble monomers with cross-
linking agents and an initiator. This type of process can be performed by emulsion
polymerization using a water-soluble monomer, a radical initiator, and surfactants
in an aqueous medium. To produce core-shell microgels, this emulsion step is
followed by a second polymerization to form the shell. Microgels can also be made
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by water-in-oil heterogeneous emulsifications from the combination of a continuous
oil phase, with oil-soluble surfactants and droplet emulsions of water-soluble
polymers.

10.7.1.2 Methods of Synthesis of Nanogels

Different synthetic routes have been used for the development of nanogels that can
be classified into two main categories: Chemically crosslinked nanogels and physi-
cally crosslinked nanogels, according to their crosslinked structure. The chemically-
cross-linked nanogels present covalent bonds linking the polymer network and
making them stable, rigid, and permanent, while the physically crosslinked nano-
gels present non-covalent bonds, which are weaker linkages, thus allowing sol-gel
phase transitions as a result of the environmental stimuli [57]. The main methods of
synthesis of nanogels are divided into two groups, one of which is known as cross-
linking polymerization and involves techniques based on simultaneous polymeriza-
tion and crosslinking, using monomers or their mixtures as substrates. The other
group covers methods based on the crosslinking of macromolecules from polymer
precursors which are polymers such as amphiphilic copolymers capable of forming
nanogels by self-assembly or polymers with many reactive sites which can be
directly used for chemical crosslinking.

Apart from these two groups, nanogels can also be prepared by controlled aggre-
gation by physical self-assembly of hydrophilic polymers and template-assisted
fabrication of nanogel particles.

The first method is a simple, and low-cost process conducted in dilute aqueous
media that implies controlled association of hydrophilic or amphiphilic polymers
linked by hydrogen bonds, van der Waals forces, hydrophobic forces, and/or elec-
trostatic interactions.

The second method involving photolithography or micro-molding techniques,
photolithography, uses exposure to ultraviolet (UV) radiation of UV cross-linkable
polymers with direct collect of fabricated particles by the dissolution of the sub-
strate in water.

The crosslinking of polymer precursors provides excellent properties relevant to
many applications, especially when using ionizing radiation for crosslinking. It is
known that the reaction of intra-molecular crosslinking can be obtained by using
water-soluble polymers in dilute solutions and a cross-linker capable of reacting
with the chain’s functional groups. The ionizing radiation is an alternative method
of intra-molecular crosslinking initiation which avoids the addition of any additives,
allowing the reaction to be carried out in a pure polymer-solvent system, and in this
way, one can produce nanogels for biomedical applications free from monomers,
crosslinking agents, or surfactants, eliminating the purification step [58].
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10.7.2 Applications of Microgels and Nanogels
in the Food Industry

10.7.2.1 Application of Microgels

There are many important application of microgels in food system depending on
intended goal. Some of their usefulness include for texture control, encapsulation,
as delivery system and protection agent [59, 60]. Microgels have the ability to
increase their viscosity properties by swelling in an appropriate solvent [61]. With
the need to replace excess fats from food, microgels have seen application in the
food industry as it helps improve texture and mouth feel of foods [61]. As an emerg-
ing encapsulation agent, microgels have in recent years been experimented for their
ability to protect and release bioactive compounds such as macronutrients, phyto-
chemicals, nutraceuticals, vitamins, minerals, antimicrobials, antioxidants,
enzymes, probiotics and flavors, in a controlled manner [61]. Microgels importance
as an encapsulating agent is arguably because of some negative sensory properties
linked to many bioactives such as unstable chemical nature with potentials to
undergo physical or chemical changes in the gastrointestinal tract that may nega-
tively impact bioavailability and bioactivity of the bioactive compound. In other
words, microgels can be designed to serve as good delivery system or also designed
to prevent food spoilage.

In biomedical or pharmaceutical applications, microgels can be explored when
stability is of concern or degradation, or even their ability to dissolve according to
the purpose of the application that may be for wound dressings, tissue engineering,
contact lenses, drug delivery systems, and others [62]. Among the several applica-
tions of microgels, delivery of chemotherapy for cancer treatment is one of great
research interest. Although chemo treatments are effective in treating tumors, they
have many limitations such as low specificity which is the main reason for their
toxicity [63].

10.7.2.2 Application of Nanogels

Just like microgels, nanogels have found application in the food industry for food/
nutrient encapsulation, delivery and protection of bioactive compounds. One of the
widely used nanogel is protein nanogel obtained from milk proteins such as casein
and whey proteins. The use of nanogels is on the rise because of the need to develop
products that will resist degradation/spoilage or products with enhanced property of
controlled release of bioactives for target delivery. Nanogels are used for the deliv-
ery of poorly water-soluble substance due to their single construction formed by a
hydrophobic core, micelles, and hydrophilic exterior. A study by Hu et al. [64]
explored the encapsulation of curcumin using acylated ovalbumin nanogels (AOVA)
produced through acylation modification and heat-induced self-assembly as novel
delivery system. Their study found that at gastrointestinal conditions, curcumin
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encapsulated in AOVA nanogels displayed 93.64% higher encapsulation efficiency
with slower sustained release compared to native ovalbumin (NOVA) nanogels [64].
This exploration is necessary because curcumin is hydrophobic in nature and poorly
absorbed [65, 66].

In biomedical and pharmaceutical applications, nanogels present a great poten-
tial of use in chemotherapy, diagnosis of diseases, the release of bioactive sub-
stances and vaccines, antimicrobials [64, 65], cell culture systems, contrast agents,
biocatalysis, in the generation of bioactive scaffolds in regenerative medicine [65],
besides being able to act as sensors, nanoreactors, nanodevices, superabsorbents,
and biomimetic mechanical devices, such as artificial muscles. The interpenetrating
network structure of the nanogels allows better encapsulation of drugs that can be
delivered by various routes of administration such as oral, nasal, intraocular, and
pulmonary pathways. It is also possible that nanogels entrap two drugs simultane-
ously, an important feature for the co-administration of two or more antican-
cer drugs.

10.8 Conclusion

Gels are elastic material, and the stability of food gelling agents is important for
commercial application. As a result, recognizing the solid to the gel conversion is
important for creating gelled materials. A number of elements, including as material
type, concentration, time, pH, temperature, and so on, can greatly impact the gel
formation process and, as a consequence, its consistency, which is the most essen-
tial feature for customer approval. The presence of cations, as well as the presence
of hydrocolloids and proteins, influences the structure of gel. Gelling agents are
used in the manufacture of restructured foods and innovative forms of foods prod-
ucts that have acceptable mechanical integrity, a prolonged storage value, good
nutrient content, and customer acceptance.
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Chapter 11 )
Smart Use of Nanomaterials as Sensors e
for Detection and Monitoring of Food

Spoilage

Aksa Fathima, Tafadzwa Justin Chiome, Archer Ann Catherine,
Chukwuebuka Egbuna, Raghu Ram Achar, and Asha Srinivasan

11.1 Introduction

According to the data by World Health Organization (WHO) in 2020, an estimated
600 million—almost 1 out of 10 people are affected by foodborne illnesses, gener-
ally infectious or toxic and caused by microorganisms(bacteria, parasite, and virus)
or chemical substances. These foodborne pathogens can cause diseases such as
severe diarrhea, the most common illness causing 550 million people to fall sick and
2.3 lakhs (0.23 million) deaths every year. The more profound foodborne diseases
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are caused by bacteria and viruses [1, 2]. Food safety is one of the significant objec-
tives of food safety laws [3]. The microbiological safety of food has become of
substantial importance for the consumers and the food industry. Several lab meth-
ods exist to detect microorganisms contamination in food, such as traditional cultur-
ing methods, molecular methods, immunological protocols, and recently introducing
spectroscopic techniques such as Raman and MALDI-TOF, during food processing
[4]. Besides this, conventional packaging techniques have been handed-down to
facilitate the proper product handling and preservation of nutrition value, increase
shelf life, and decrease spoilage [5].

Food safety monitoring is vital throughout the food production and supply net-
work [6]. An increase in public health issues worldwide and demand for interna-
tional trading and complex food chains increases the chance of food spoilage and
the supply of contaminated food products across national borders. Along with these
developing cities, changes in climate, emigration, and international travel com-
pounds also contribute to food contamination [1, 2]. With this globalization and
dynamism of importation and exportation of food products and to meet the demand
of public health, food safety, cost-effectiveness, traceability, tamper indication, and
sustainability are the main objections to facilitating the development of new,
improved packaging concepts, active packaging and smart packaging [7-9].

Smart packaging consists of nanomaterial-based sensors which have unique
electrical and optical properties which can be devised to detect the presence of
pathogens, gases, pesticides, and others in response to environmental changes.
Smart packaging helps in the quality check of the food product to consumers, poten-
tially reducing foodborne diseases worldwide. Though few nanotechnology-based
indicators and sensors are already in the market, most of the task on nanosensors for
food analysis is still in the initial stages of progression [10].

11.2 Factors Influencing Food Spoilage

Food spoilage is the procedure in which the edibleness of food decreases. A decrease
in food edibility is related to food safety and can be identified by the appearance,
texture, stench of the food. Food spoilage depends on numerous factors such as
physical, microbial, or chemical actions. These mechanisms are interrelated to each
other, which can cause food decay [11]. Physical factors which affect food decay
are physical variations such as moisture content (water activity and water content),
temperature- which eventually leads to microbial growth, glass transition tempera-
ture, crystal growth, and crystallization. Microbial spoilage is the typical cause of
food degradation/ spoilage, which occurs due to bacteria, yeasts, and molds. The
out-most growth of the microorganisms can be obstructed by storing at optimum
temperature, lowering water activity, reducing pH, adding appropriate preserva-
tives, and using appropriate packaging [12].
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Chemical and biochemical responses occur naturally in foods which may lead to
unpleasant tastes and smells in food products. Fresh foods may undergo undesirable
quality changes caused by

1. pH changes due to microbial growth and metabolism
2. Virulent compounds, and
3. Rancid and discoloration of food because of lipid and pigment oxidation in fat.

Chemical deterioration is related to microbial activity. Nevertheless, the oxidation
phenomenon is completely chemical and relay upon temperature fluctuations
[13, 14].

11.3 Role of Nanotechnology in Food Packaging

Universally, the packaging of food products is practiced to protect the quality and
improve the shelf life period by ensuring protection from various factors affecting
food degradation such as physical (temperature, moisture content, pH), chemical,
microbial, and any other environmental contaminants. A well-packaged food prod-
uct undergoes a series of laboratory tests such as hot air drying and sterilization
before the food reaches the supply chain [15]. In the past few decades, the food
industry has witnessed a prominent growth in packaging technology, including
food-packaging materials, food-packaging methods, food-packaging equipment,
and auxiliary devices to ensure the safety of food [16].

Nanomaterials and their nonpareil properties, such as mechanical strength, solu-
bility, diffusivity, optical features, have been intensively studied. Researchers and
industry associates have recognized the future applications of nanotechnology in
the field of food packaging [17]. Nanotechnology-based food packaging can
enhance the storage period, freshness, and help in the development of devices/tools
for rapid contaminant detection [6]. Nanotechnology-based food packaging is
broadly classified as improved food packaging, active food packaging, and smart/
intelligent food packaging.

11.3.1 Improved Food Packaging

Incorporation of nanoparticles to act as resistant to humidity and temperature to
increase the physical and mechanical properties of packaging. Nanoparticles used
are metal oxide NPs, nanoclays, carbon nanotubes, and metallic NPs. The most
commonly used nanoparticle is nanoclay. Nanoclay acts as an oxygen scavenger or
oxygen absorber; this can inhibit the invasion of oxygen upto 50% and moisture
content up to 90% [18, 19].
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11.3.2 Active Food Packaging

Active packaging incorporates nanoparticles that provide antimicrobial, antioxidant
effects and absorb oxygen or moisture content into or from the food package. Active
packaging consists of various nanoparticles such as AgNPs, AuNPs, metal oxides
NPs, antimicrobial or antioxidant NPs, functionalized NPs. The most commonly
used nanoparticles in active food packaging are gold nanoparticles, silver nanopar-
ticles, antimicrobial/antioxidant nanoparticles, metal oxide nanoparticles, and func-
tionalized nanoparticles. For instance, the combination of active compounds that are
antimicrobial agents, preservatives, oxygen or moisture scavenger, ethylene remov-
ers with polymer provides better shelf life and food quality [19, 20].

11.3.3 Smart/Intelligent Food Packaging

Food packaging that provides information on the food quality of the food product
using an internal or external sensor is known as Intelligent/ smart food packaging.
The food industry regularly carries out microbial and chemical tests to ensure food
products’ quality assurance during production and delivery, but this is not possible
once the product has reached the supply chain. Besides this, most of the food analy-
ses carried out in the centralized laboratory with conventional techniques are lim-
ited to some samples that can be tested [21, 22]. These innovative food contact
materials and items are endowed with the ability to sense any inner or atmospheric
changes of the food package and communicate the unveiled information to consum-
ers. The nanotechnology-based innovative communication methods allow inserting
nanosized intelligent function known as nanosensor in Smart Food Packaging.
These nanosensors are based on a chemical transduction mechanism, primarily
designed to measure volatile compounds or on a biomolecular recognition for better
selectivity (biosensor). Biosensors contain biological receptors such as enzymes,
aptamers, cells, antibodies, etc. which can precisely recognize a selected target, and
the building process is then transduced by electrochemical, optical, mass, or thermal
process. Most biosensors are based on an optical or electrochemical process, e.g.
color and electrical changes [10].

Nanomaterials commonly used in smart food packaging are (1) Gold NPs, Silver
NPs with surface plasmon resonance (SPR) features, and high conductivity allow-
ing them to be used in electrochemical and optical sensors. (2) Magnetic nanopar-
ticles (Fe,O; NPs) provide a magnetic effect for the efficient detachment and
enhancement of the targeted analyte. (3) Carbon nanotubes and graphene-based
nanomaterials amplify electrochemical signals due to their high electrical conduc-
tivity [6, 23].
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11.4 Sensors

During food processing, one among the 300-400 packages is tested randomly for
gas detection. However, this is laborious, expensive, and invalidating that untested
packages meet safety quality, giving rise to the ideology for the development of
noninvasive gas sensing methods based on nanotechnology, which can continuously
monitor the gas content in all food packages throughout the supply chain [6]. It is
possible that the existence of microbial contamination can be detected indirectly by
measuring the changes in gas composition within the package as a result of micro-
organism growth utilizing a gas sensor [9]. Figure 11.1 depicts the various types of
sensors in nanotechnology.

11.4.1 Oxygen Sensor

Oxygen is essential for combustion or certain biological activities, such as oxidation
reaction, fat oxidation, browning reaction, and pigment oxidation, which induces
bacterial growth, leading to food deterioration [6]. Recently, several studies have
been carried out to exploit metal-based semiconductors such as TiO,, ZnO, and
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SnO, nanoparticles for oxygen sensor development. While these nanoparticle-based
semiconductors are exposed to electromagnetic radiation with tremendous energy
than their bandgap (in the UV range), electrons in their valence band bounce to the
conduction band; their resulting excited electrons can be utilized for redox reac-
tions, such as to activate redox dyes for oxygen detection.

Scientist Mills and coworkers developed a noninvasive sensor based on TiO,
nanoparticles to detect oxygen in food packages. The TiO, nanoparticles are com-
bined with a mild sacrificial electron donor [MSED] and a redox-active dye as an
indicator. When TiO, nanoparticles are exposed to UV radiation, electron-hole pairs
are formed on the surface of a semiconductor (Fig. 11.2). The MSED prevents the
recombination of the electron-hole pairs of the semiconductor by donating electrons
to the photogenerated holes, ensuring that the excited electrons are available for
reducing the redox dye. As a result, the activation of dye occurs, the change from
blue color oxidized state to colorless reduced state. On exposure to oxygen, the
reduced dye is oxidized, and the blue color reappears. This UV-activated

UVA

Step-1

Excitation
Valence band Conduction band
h+
Step-2

Step-3

|Glycerol| | Glyceraldehyde |

Fig. 11.2 Schematic of the reaction mechanism of oxygen indicator based on TiO, semiconductor.
MBOX-oxidized methylene blue; MBRd-reduced methylene blue; TiO, holes in valence band:
TiO,—excited electrons in conductance band. The reaction sequence can be summarized as fol-
lows: Step 1—excitation of TiO, with UV; Step 2—transfer of excited electrons from the valence
band to the conduction band of TiO,; Step 3—photogenerated holes in valence band filled with
electrons supplied by glycerol oxidation; Step 4—reduction of methylene blue by electrons from
the conduction band; Step 5—oxidation of methylene blue by oxygen during end-use detection
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mechanism is attractive for smart food packaging applications since the sensor can
be triggered after it is placed within the package upon exposure to oxygen, which
may occur due to leaky or damaged food packaging (Fig. 11.3) [17, 24].

Oxygen Sensor: SnO,-ZnO nanocomposite sensor for trimethylamine:
Trimethylamine (TMA) is an organic amine produced in the process of metabolism
by animal organs and proteins TMA is one of the toxic gases in the foodstuff indus-
try. SnO, and ZnO semiconductor oxides are the most frequently used materials,
which have been widely studied due to their range of conductance variability and
their response towards oxidative and reductive gases. ZnOmicrorods, along with
SnO, nanoparticles, remarkably improve the gas sensing properties of TMA. This
ZnO and SnO,nanocomposite based sensor is used to monitor the freshness of a
dead fish [25].

(d) (c)

Fig. 11.3 Pictures of O, sensors which utilize UV-activated TiO, nanoparticles and methylene
blue indicator dye, one placed inside of a food package flushed with CO, and one placed outside.
In (a) the package is freshly sealed and both indicators are blue. The photograph in (b) shows the
indicators immediately after activation with UVA light. After a few minutes, the indicator outside
of the package returns to a blue color, whereas the indicator in an oxygen-free atmosphere remains
white (c) until the package is opened, in which case the influx of oxygen causes it to change back
to blue (d). This system could be used to easily and noninvasively detect the presence of leaks in
every package immediately after production and at retail sites
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11.4.2 Time-Temperature

Another factor influencing food spoilage is temperature. Time-temperature indica-
tors based on nanotechnology can monitor and translate consumers about the qual-
ity of food products [26]. To ensure food product safety that requires specific
temperature for storage such as extreme heat or freezing. Temperature fluctuations
can occur at any point during the supply chain, such as loading, unloading, tempera-
ture cycling in walk-in coolers, store displays, and home transports of products.
Monitoring of storage temperature of food products that need specific temperature
is crucial since temperature largely determines the rate of microbial activity [2].

11.4.2.1 Time-Temperature Indicator Based on Kinetically
Programmable Ag/Au Nanorods

Perishable food products such as dairy products can easily encourage bacterial
growth, and this bacterial growth rate is highly dependant on temperature. Perishable
food products can undergo temperature variations during their supply chain leading
to the deterioration of food. Bacterial growth and chemical reactions are temperature-
dependent. This time-temperature indicator (TTI) can act as a smart sensing mate-
rial for the detection and monitoring of food deterioration. This TTI working principle
is based on the reaction of epitaxial overgrowth of silver (Ag) shell on gold (Au)
nanorods. When Au nanorods are immersed in cetyl-trimethylammonium chloride
(CTACQ), the resultant solution appears red; due to two excitation bands arising from
the transverse and longitudinal plasmon resonance. Furthermore, AgNO; (precursor
for Ag) and ascorbic acid (reducing agent) are instigated to produce Ag atoms,
which are epitaxially deposited on the Au nanorods to form core/shell-structured
Au/Ag nanorods. The extinction bands of longitudinal plasmon resonance gradually
shift to shorter wavelengths as the Ag shell thickness increases, which leads to the
change in color from initial red to orange, yellow, greenish-yellow, and lastly to
green. The kinetics of this color deviation can be regulated by altering the Au
nanorods, reducing agent, CTAC, and pH value. Such a low-cost programmable
time-temperature indicator (Fig. 11.4) can monitor the perishable food products that
exhibit diverse degradation kinetics [27].

11.4.2.2 Polydiacetylene (PDA) and Silica Nanoparticle-Based
Time-Temperature Indicator

The PDA and silica nanoparticles can be used to develop a novel TTI. PDA mole-
cules are well-polymerized vesicles that change color from deep blue to red under
external stimuli like temperature, pH, and biological molecules. It can monitor,
record, and translate the overall effect of temperature history on food quality in the
chilled products and helps to assess the color change of all treatments upon tem-
perature and time [28].
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11.4.3 Detection of Microorganisms

Microbial growth can contribute to food deterioration in two possible ways- micro-
bial growth of the organisms typically present in food which determines the food
spoilage, and pathogenic microorganisms growth that can occur at any stage during
logistics network [2].

Conventional biological detection methods are based upon immunological
assays, which take advantage of Ab-Ag interaction. Nanomaterial-based sensors
generally follow the same strategy. However, due to their unique optical and electri-
cal properties combined with capacious, effortless functionalized surfaces, nanoma-
terials offer significant refinement in selectivity, speed, and sensitivity in contrast to
chemical or biological methods based on macroscale materials. Along with this, one
of the most outstanding advantages of the highly sensitive nanotechnology-based
technique is the reduced incubation and evaluation time required to precisely detect
bacterial pathogens [10, 17].

For instance, nanosized magnetic iron oxide particles attached with sugar mole-
cule using a fluorescent dye (staining) were able to isolate ~88% E.coli in the sam-
ple with only 45mins of incubation time [17, 29]. Scientist [rudayaraj and his team
improved this technique by using species and strain-specific antibodies to replace
sugar molecules to isolate and detect target organisms in spinach extract and 2%
milk. In another series of studies, they used magnetic nanoparticles in conjugation
with gold nanorods (AuNRs) to separate and detect foodborne bacteria; in this case,
magnetic nanoparticles facilitate separation, and AuNRs is used for optical detec-
tion. AuNRs have significant light-dependent absorption properties and efficient
light-to-heat energy, hence offering simultaneous detection of multiple organisms
[30, 31]. These optical calorimetric-based sensors are useful in the rapid detection
of microorganisms.
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11.4.4 Electrochemical Sensor for Detection
of Microorganisms

Electrochemical detection of microorganisms using nanomaterials is impedance-
based detection of bacteria- in this, TiO, nanowires bundles are coated with antibod-
ies selective for targeted bacterium and placed between two gold electrodes
protected by n-butythiol ligands. When the sensor is exposed to a complex matrix
containing the targeted organism, a change in impedance (electrical) properties of
the bundle due to bacterium-antibody binding can be observed [17] (Fig. 11.5).

11.5 Detection of Food-Contaminating Toxins, Pesticides
and Chemicals

Toxins such as food-borne toxins, pesticides, chemicals and heavy metals in food
are harmful to human health [10]. Nanotechnology-Based biosensors for toxin
detection have been exploited (Table 11.1); the most common nanomaterials used
for the detection are (1) Gold nanoparticles (GNPs), silver nanoparticles (AgNPs)
as they possess surface platform resonance (SPR) characteristics and have high con-
ductivity, which is essential in optical and electrochemical sensors, (2) magnetic
NPs, e.g., Fe,0; NPs which can provide magnetic functions that can be employed
for the separation of the analytes reliably (3) carbon nanotubes (CNTs) and all the
graphene-based nanomaterials which can amplify the electrochemical signals due
to its high electrical conductivity [10, 32].

11.5.1 Gold Nanoparticles-Based
Immunochromatographic Strip

Milk and dairy products are among the best sources of protein, fat, nutrients, and
minerals for humans. The toxin involved in milk products is aflatoxin, Bacillus
cereus, bisphenol A, and melamine. Aflatoxin B1 (AFB1) is a carcinogenic com-
pound, the most common product of the Aspergillus species, and it is harmful to
human health [33, 34]. The immunochromatographic strip that consists of AuNP’s,
along with anti-aflatoxin antibodies, has been used to detect aflatoxin B1, based on
the classical indirect and direct competitive Enzyme-Linked Immunosorbent Assay
(ELISA). The milk containing aflatoxin M1 appears to be a colorless zone on the
strip, whereas the absence of aflatoxin M1 shows red bands on the strips. Likewise,
using superparamagnetic beads consisting of aflatoxin M1 and gold nanoprobes
reduced the detection time in milk samples containing aflatoxin M1 [32, 35]. Toxins
such as food-borne toxins, pesticides, chemicals, and heavy metals in food are
harmful to human health. Pesticides are intensely used in agriculture to protect
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crops and increase food production, but their toxicity causes human health risks.
Pesticides are of various chemicals, such as fungicides, insecticides, herbicides, and
plant growth regulators. After application, residual pesticides endure in soil, plants,
and water, which may cause long-term health effects, including cancer, acute poi-
soning, and effect on reproduction health [1, 36]. Among the various pesticides,
organophosphate pesticides such as chlorpyrifos, fenthion, and methyl parathion are
the most common [10].

11.5.2 CuO Nanosensor for Detection
of Organophosphate Pesticides

Organophosphate pesticides were detected by a non-enzymatic approach using CuO
nanostructures grown in situ over indium tin oxide (ITO). The basic detection prin-
ciple is the inhibition of pralidoxime chloride (PAM) coated over the pimelic acid-
functionalized CuO nanostructures on the ITO surface. The in situ assemblies of the
nanostructure provided enhanced surface area and loading, hence enhanced signal.
Chlorpyrifos was detected using this method in cabbage and spinach extract [37,
38]. In recent advancement, disposable graphene-based biosensor has been devel-
oped for the detection of organophosphates [39].

11.6 Electronic Tongue and Electronic Nose for Artificial
Taste and Smell Sensing

Electronic tongues and electronic noses have human-like efficiency used for artifi-
cial detection of taste and smell of food products, which helps monitor desired qual-
ity and taste food. Nanoparticles have been extensively studied for designing
electronic noses and electronic tongues [35].

11.6.1 Electronic Tongue

The electronic tongue is defined as an analytical instrument comprising an array of
nonspecific, low-selective, chemical sensors with high stability and cross-sensitivity
to different species in solution and an appropriate method of PARC and/or multi-
variate calibration for data processing” [40]. Electronic tongues discriminate, iden-
tify or quantify the sample through chemometric methods and artificial intelligence
[41, 42]. Usually, electronic tongue is composed of sensors such as electrochemical
(amperometric, potentiometric, voltammetric, impedimetric and conductometric),
gravimetric and optical (absorbance luminescence and reflectance). A wide range of
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sensor arrays has been developed to analyze and classify flavors of multicomponent
mixtures making a versatile tool used in food analysis. The food quality and fresh-
ness can be continuously monitored using E-tongue, which can be carried out with
the help of a sensory panel through evaluation of the aroma and taste properties [40].

11.6.2 Nanobioelectronics Tongue Sensor

Nanobiolectrnic tongue sensor has been developed by functionalization of carbox-
ylated polypyrrole nanotube field-effect transistor along with human taste receptor,
hTAS2R38 for better taste detection in a food sample. This device could detect tar-
get bitter tastants with high selectivity. Taster type (PAV) and nontaster type (AVI)
hTAS2R38s are immobilized on a CPNT-FET sensor platform. PAV-CPNT-FET
exclusively responded to the target bitterness compound. However, no notable
changes were observed in the AVI-CPNT-FET with response to the target bitterness.
Nanobioelectronics-tongue developed by the combination of human taste receptors
with CPNT and allowed for high selectivity and sensitivity in the detection of target
bitter tastants in mixtures and real food samples [43].

11.6.3 Electronic Nose

An electronic nose is an instrument that comprises an array of electrochemical sen-
sors with partial specificity and an appropriate pattern recognition system capable
of recognizing complex or straightforward odors. The more appropriate definition
can be “an intelligent chemical-array sensor system that mimics the mammalian
olfactory system.” Electronic nose functions are less than human nose applications
as they have been mainly developed for desired applications and consist of gas sen-
sors that sense any odor. E-nose consists of components such as chemical array
sensors, electronic circuitry, and software for data analysis. Besides this, it may also
consist of a sampling, filtering, and conditioning system (for reproducible collection
of mixture) [44, 45] (Fig. 11.6).

The incorporation of nanomaterials in sensors enhances the sensing ability as
nanomaterial offer various advantages such as, (1) high surface area to volume ratio;
(2) enhanced and tunable surface reactivity; (3) faster response kinetics; (4) size and
effective Debye length comparable to the size of analytes; (5) crystalline dislocation-
defect free structure with precise chemical composition, surface, and terminations;
(6) high crystallinity implies superior stability; (7) easy to incorporate into micro-
electronic devices; (8) smaller size infers low power consumption; (9) and low cost.
This nano-based EN sensor can be efficiently used to detect and monitor food spoil-
age during the packaging and storage of food products [44].
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Fig. 11.6 Use of nanostructures in E-nose

11.6.4 Gold Nanoparticles Conjugated Oligopeptides
Based E-Nose

The electronic nose comprises seven array quartz crystal micro balanced sensors
modified with Gold Nanoparticles (GNP’s) conjugated with oligopeptides used for
quality assessment of extra virgin, virgin and non-edible lampante olive oil.
Commercially olive oils are categorized as extra virgin, virgin, and lampante olive
oils, which is strictly dependant on the sensory analysis that evaluates the presence
and the level of sensory defects such as muddy, fusty, vinegary, moldy, and rancid.
As the sensory perception depends upon the chemical composition of the olive oil
sample and mainly on the headspace composition, the use of dynamic headspace
(HS) high-resolution gas chromatography coupled with mass spectrometry (GC-
MS) along with chemical and sensory evaluation has been used in the sensor. This
gold nanoparticle-based electronic nose sensor can be used as a low-cost, easy-to-
use, and rapid system for the quality check of extra virgin, virgin, and lampante
(non-edible) olive oil [46].
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11.7 Conclusion and Future Perspectives

This chapter has focused on possibilities to develop intelligent packaging for moni-
toring the quality of food through nanosensing technologies. The causes of food
wastes and losses in medium and high-income countries are mainly related to con-
sumer behavior. Often there is a lack of coordination between different players in
the food industry and in the supply chain. Unfortunately, it is in these steps in the
supply chain (consumer and supermarket retailer) where quality monitoring has
become difficult to achieve. This is dues to a paucity in the non-destructive methods
to monitor the food putrefaction. With the advent of nanotechnologies and extensive
research into nanosensing systems, this loss is likely to be minimized. These nano-
sensing technologies provided by smart packaging systems give guidelines for the
management of expensive and highly perishable foods as the intrinsic quality attri-
butes of these change rapidly after processing causing economic loss.

Although, research into food nanosensors is still nascent, it has attracted poten-
tial interests among the scientific community for developing potential nanosensing.
Further, nanosensor should be miniaturized, so that it could meet the supply chain
demands. Although this part of the science is out of scope in food science with lim-
ited recommendations, research is warranted in collaboration with electronic engi-
neering and artificial intelligence scientists. An ideal recommendation of
miniaturized food sensor should be integrated into the package for food units, cost-
effective relative to a food product, accurate and reliable, easy to scale up, and
sustainable.
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Chapter 12
Active, Smart, Intelligent, and Improved
Packaging

Chinaza Godswill Awuchi and Terwase Abraham Dendegh

12.1 Introduction

Globally, food industries are under intense demand to attain customer needs for
fresh, well, and safe foodstuff, besides the challenges of meeting updated and strict
food safety regulations by the regulatory body(s). The binary broadcast organiza-
tions had stimulated and enlightened the end-users to ask for fresh, nutritious, safe,
marginally prepared, and convenient food produce with properly-attached labels for
easy access. To ensure the safety and credibility of foods all through the food supply
chain, food producers, consumers, traders, manufacturers, and regulatory bodies
must develop new methods that are fast, cost-effective, and consistent in observing
the quality food packaged; more efficiently than its conventional submissive barrier
abstraction, since packaging is a vital section of each part of the food processing
industries [1]. The art, science, and technology of preparing food for sale, storage,
distribution, and transportation from the manufacturing house to the end-users is
known as food packaging. This conventional method tends to give preservation by
changing the persistent and exceptional chemical, biological, and even physical
needs. Conventional containers or packages like plastic, paperboard, metal, glassy
materials, and a combination of substance of various physical and synthetic natures
and shapes, was applied to make certain the idea (reason) and importance of food
packaging depending on the type. The development of different types of packaging
has been on the increase to help meliorate its efficacy in food standards with good
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convenience of preparation and end-use [2]. These efforts are aimed towards nano-
technology to include active, smart/intelligent, and improved packaging material.
Bio-nanotechnology has now become a vital practical application of science in food
processing. The science of food packaging is a branch that deals with many aspects
involving technology which also doubles as a way of manipulating, fabricating,
and/or examining facts regarding nanoscale attributes [3].

Nanotechnology is the science that involves the fabrication, manipulation, and
characterization of structures, devices, or materials of very small size (approxi-
mately 1-100 nm) that have at least one dimension of materials [4-7].
Nanotechnology is been adopted much more rapidly in the domain of food packag-
ing [8]. However, challenges concerning the rate that these nanomaterials could
possibly permeate into foods, and the possible health problems that these may have
on the consumers are there. The efforts are quite motivating, and the assistance is
extremely perceived—various nano-amplification for packages are readily available
in markets, aid in prolonging the storage quality of the food, therefore eligibly ease
of manufacture, preparation, and management [2]. There are many varieties of
nanomaterials such as nano-clay, titanium nitride nanoparticles, and nano-titanium
dioxide, nano-zinc oxide, and silver nanoparticles are introduced as functional addi-
tives to food packaging [9]. Nanotechnology-enabled food packaging can be divided
into three major categories; improved packaging, active, and intelligent/smart pack-
aging [10]. This chapter presents the latest information on the active, improved,
intelligent, and smart packaging commonly used in food and nutraceutical indus-
tries, with an emphasis on nanotechnological applications.

12.2 Improved Packaging Through Nano-Composites

Nano-composites are a combination of both the conventional food packaging mate-
rial and nanoparticles which are drawing high attention in the packaging industries.
Furthermore, to the striking antimicrobial spectrum it has, it also tends to display
great mechanical efficiency and tough resistant properties [1]. It also tends to pro-
vide better gas inhibition properties, and also to, moisture protection and tempera-
ture of the packaging. The USDA has authorized the application of nano-composites
to be in close interaction with the food [7]. These materials (nano-composites) are
composed of polymer matrices that are in a nonstop or discontinuous phase. Based
on the nanomaterial, the nano-dimensional phase is generally made up of nano-
particles or nano-spheres, and/or nano-whisker(s), nano-sheets and nano-rods,
nano-tubes, or nano-platelets. The mechanical attributes of polymers are made up of
nano-phases in which its flexibility strain is selected to nano-reinforced material.
Due to these attributes, nano-composite had been identified as a yardstick for impre-
cision of both the barrier and mechanical properties of nanocomposites (polymers).
Asides from enhancing the mechanical and barrier properties, nano-particles do add
smart/intelligent or active attributes to the packaging Scheme [1]. Bio-polymers are
degradable compounds and are capable of improving the potential and protecting
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the foods while also ensuring their safety and quality. However, some great chal-
lenges of these types of packaging materials are their weak resistance barrier and
weaker mechanical properties they have as it measured against petroleum-based
equivalent. These shortcomings tend to hinder the application of these materials
(biopolymer) in a variety of food packaging uses. Nano-composite technology has
proven to help improve these materials (biopolymer) properties, as well as artificial
thermoplastics [11]. The mechanical attributes such as toughness, fatigue, thermal
stability, stiffness, delamination resistance, barrier features, shear strength, and ten-
sile strength (TS) properties of polymeric materials could be improved by adding
nanomaterials in their matrices [11].

12.3 Clay and Silicate Nano-Platelets (Nanoparticles
and Nano-Crystals)

Sequel to the accessibility, low cost, and relatively easy processing ability, it has
attracted the focus of scientists and technologists as potential nano-particles. The
silicates layer is barely 1 nm thick to a couple of p in length and is often engaged in
nano-composites of a two-dimensional structure. However, the collation of these
materials (polymers/silicates) tends to bestow good barrier properties to foods. The
combination tends to enhance the diffusive pathway for infiltrating molecules [1].
Furthermore, to the tactoid structure of micro-composites, the relationship amid
films of polymers and silicates could be an outcome in inserting or spreading nano-
composites. These added nano-composites occupy the space of multiple layered
structures with cyclic inanimate films laid further apart by nano-meters. The forms
occur when the foray of polymer chains into the interlayer region of the clay lead
[11]. The exfoliated nanocomposites are composed of large polymer penetrations
with haphazardly driving off of clay layers. The use of silicate clay as a nano-
component in large polymers such as, polyvinyl chloride, starch, polyethylene, and
nylon dates back to 1990s [12]. This group of silicate aluminum (montmorillonite)
has been the major fillers. This is an octahedron layer of aluminum (OH) oxide
within silica nine-sided (tetrahedral) bi-layers [11]. They are connected by delicate
electrostatic pressure [11]. The disequilibrium within the outer anions charges is
provided for by the existence of interchangeable cations, Ca** and Na*. A Clay layer
offers more barrier resistance to water vapor permeability and gases [11].
Furthermore, the addition of clays as nano-composite tends to improve the mechan-
ical strength of biopolymers. Five (%w/w) applications of montmorillonite in ther-
mosetting starch (TPS) improve the impulsive traits and decreases H,O vapor
transmission of the biopolymer starch. These montmorillonites also tend to influ-
ence the thermo-decomposition temperatures and glass transition [11]. The prospect
of nano-clays materials with regards to their applications in intelligent/smart food
packaging is great. Studies have suggested a nanotechnological packaging system
that is formulated by the introduction of extracts of blueberries within silicate
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inter-layers of clays. These fruits are mostly characterized by anthocyanins which
change color as a result of pH, are tied to a shift within flavylium and quinoidal
forms. The addition of these fruits (blueberry) juice could transform these materials
into smart/intelligent and active nano-composites [11]. Two types of ideal nano-
scale composites are produced when silicates and polymer layered chains react
together. The polymer chain raid occurs as a result of the insertion of nano-
composites into the inter-layer region of the clay, and this, in turn, results in an
organized complex form having a shifting inorganic/polymer sheet at recurring
space of small nano-meters [13].

Barrier materials that are majorly used are the aluminum thin layer covering on
thermoplastic films which are void-fixed, in packaging snacks, candy foods amongst
others. Aluminum thin layer covering is made 50 nm thick and is proven capable as
ananomaterial, (a one-dimensional nanoscale). Also, the outer boundaries of glasses
used as beverages containers are treated with organo-silanes, with plasma or high
temperatures, which are very popular. The rate of accumulated molecules of gas in
the material from surroundings/polymer border and the saturation rate of adsorbed
gas molecules crossing the network makes the pervasion of polymeric compounds
[14]. There are recent developments regarding the incorporating of nano clays
(platelet) in polymers. They are used to decrease pervasion magnitude by prevent-
ing the movement of aroma and tainting substances, water, and oxygen into the
package. Usually, incorporation of a small mass fraction, (small percent) into nano-
composites, tends to improve barrier properties when compared to polymer materi-
als alone [15]. Furthermore, these nanofillers enhance the barrier properties of the
polymers by activating the polymer matrix in interfacial regions. If the reciprocal
actions of polymer—nanoparticle are encouraging, the polymer patterns will be in
part immobilized which are close to each nano-particle. These results could be that
the molecules of gas going through the interfacial layer reduce their rate of flow
between altered density, size of holes, and or free volume opening, a situation that
is observed directly with the help of positron annihilation lifetime spectroscopy
(PALS) [2]. Nanoplatelets can be illustrated through to the tortuous pathway [2];
with evolving gas molecules making a path that is straight to the film orientation;
and, nanocomposite, evolving molecules tends to meander about tight platelets and
passes the surface intentioned zones with a variety of absorbance attributes to the
polymer. The path adds to the keeping quality of perishable foods through an
increase in the time of the gas movement.

12.4 Nanotechnology in Active Packaging

The inculcation of nanomaterials in active packaging development is useful to relat-
ing directly with food and its environment to bring about excellent protection of the
food products. Varieties of nanomaterials like carbon nanotubes, nano-magnesium
oxide, nano-titanium dioxide, nano-silver and nano-copper oxide gives good inhibi-
tion traits against microorganisms. The application of silicate nano-particles as an
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anti-bacteria substance in the packaging of food is currently an increase [7]. Unlike
the traditional packaging systems, active packages are purposefully made package
system to inculcate components (bioactive NPs or bio-activated NPs) that can dis-
charge substances the destroys microorganisms, substances that inhibit oxidation,
imbued water vapor or oxygen substance in or from the food packaged and its envi-
ronment. A combination of active forms such as ethylene removers, absorbers, pre-
servatives, water vapor, and O,, antimicrobial agents, etc. with polymer causes the
package more capable of boosting the keeping quality and quality of the food prod-
uct [1, 16]. The existence of active packaging concepts occurs where packages are
visualized to alter the content, the kind of food, the surrounding condition the heri-
tage of the food in packages [2]. The presences of nanoparticles are very high in
surface areas and hold a lofty likelihood for containing or removing chemicals. For
example, when enhancing agents like preservatives, colors are added, nanoencapsu-
lation is applied to remove these enhancing agents from the food surface. The amal-
gamation of food packaging materials and active substances are new approaches to
prevent surface microbial food contaminations. Without a doubt, some nanomateri-
als, like gold, zinc, and silver show antimicrobial effects. Silver nanoparticles have
many applications commercially. Owning to its high-temperature stability and low
volatility, silver at the nano-scale is established as a good anti-fungal and antimicro-
bial agent and claimed to be effective against many different bacteria [2].

12.4.1 Inorganic Nanoparticles

Metals such as zinc (Zn), silver (Ag), and gold (Au), and metal oxides, such as
magnesium oxide (MgO), silicon oxide (Si0O,), zinc oxide (ZnO), and titanium
dioxide (TiO,), are nanomaterials which have seen application in various active
package usage [17, 18]. These nanomaterials may perform on direct contact with
the food sample or move consciously and respond to choice food components. Anti-
microbiological property of nanomaterials might be because of one of the following
mechanisms: oxidizing cell components; contact with microbial cells (bursting/
breakthrough the cell-wall or membrane, temporarily stopping trans-membrane
electron transfer) and foliation by-products (e.g., dissolved heavy metal ions or
reactive oxygen species—ROS), leading to cell damage [1].

12.4.2  Silver Nanoparticles (AgNPs)

They are one of the most used nanomaterials, due to its strong antimicrobial proper-
ties against various pathogenic and commensal strains [1]. In addition to inhibiting
bacteria strains, nanoparticles, e.g., AgNPs, are known to inhibit a variety of fungi
and probably several viruses. Silver nanoparticles bind to proteins, enzymes, and
DNA during the microbial metabolic process; resulting in bacterio-static effects
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[19]. It tends to become unstable and break both the cytoplasmic membranes and
cell walls. The respiratory chain enzymes are inhibited leading to the production of
reactive oxygen species [1, 20]. Films containing silver microparticles tend to kill
up to 80% of bacteria cells. Busolo et al. [21] reported an earlier study, that recorded
the effective antibacterial activity of silver-OMMT/PLA nano-composite as it
affects Salmonella spp. Antibacterial properties of PVA combined with cellulose
nanocrystals and silver (Ag) nano-particles had been shown to act against
Staphylococcus aureus and E. coli [1, 22-24]. Silver glassy materials are employed
also to assemble anti-bacterial polymer composites. They are resistant and provide
a gradual discharge of silver-ion into stored foods, resulting in antimicrobial activ-
ity. Other study shows the antimicrobial properties of AgNP-having cellulose sheets
were shown in freshly foods, with gradual respiration rates and longer shelf-life
[25]. Furthermore, these cellulose sheets having silver-NPs has been used with suc-
cess for beef thin-coating, resulting to important decline in the micro-organisms
load as reported [26].

12.4.3 Enzyme Immobilization

Enzymes generally play multiple roles in the food manufacturing industry but have
a few challenges which include enzyme inhibitors and/or intolerance to production
conditions such as temperature and pH amongst others may sometimes reduce their
applicability in food systems. Fixation (Immobilization) and inclusion of these
organic catalysts in packages give options to straight application of these organic
catalysts to food systems [27]. This at a nano-scale tends to increase the surface and
improve the effectiveness by enhancing it to stabilize to temperature, resistance to
proteases, and pH; besides aiding to control the discharge of catalysts into the food
system [28, 29]. Lopez-Rubio et al. [30] conducted research that shows that fixation
is a very effective technique to enhance enzyme order to temperature and pH,
opposed to protease-enzymes, and also gives ample condition for re-use and other
denaturing components or restrained execution in foods. Fernandez et al. [31]
reported that introducing catalyst such as lactase or cholesterol reductase into con-
taining materials might improve the product (food) positively to also meet the end-
user standard that has enzyme deficiencies. Rhim and Ng [32] made an inquiry
toward enzyme adsorption into nano-clays addition to polymers were further aided
by Gopinath and Sugunan [33] who also reported that nano-clay has excellent traits
for protein uptake which may be applied as the basis of enzyme immobilization.
However, Sharma et al. [34] established this through the fixation of glucose oxidase
onto layers of anilineco- fluoroaniline. Modification of SiO, nano-particles as
reported by Qhobosheane et al. [35] to fix lactate dehydrogenase and glutamate
dehydrogenase shows greater enzymatic characteristics aft fixation.
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12.4.4 Titanium (TiO,) Dioxide

Titanium (TiO,) dioxide exists in nature in the major forms of brookite, anatase, and
rutile respectively; it possesses varied size crystals. It contains photo-catalytic abili-
ties and at nano-scale, it shows surface reactivity which tends to fasten it with bio-
logical molecules such as phosphorylated proteins and peptides, and DNA. The
surface energy of TiO, nano-particles also tends to amplify with mass and it is an
important aspect in filler interaction/polymer. The outer strength consisting of tita-
nium particles is larger than those of anatase particles of the same size. Titanium
dioxide is largely inquired in the arrangement of many nanomaterials such as meso-
porous, nanotubes, nanowires, nanorods, nanoparticles, and nano-porous TiO,
accommodating materials [1]. Titanium dioxide antibacterial properties are well
known as reported by [36, 37]. However, it is restricted to the risk of ultraviolent
emission [1]. Though, Titanium (TiO,) dioxide biocidal activity is not fully under-
stood yet. It could be linked to its inceptive oxidative strike on the inner/outer cell
membrane of bacterial, destruction to the DNA by means of hydroxyl radicals, and
altering of Co-enzyme A-dependent enzyme activity. Examination of the photo-
active biocidal attributes of Titanium (TiO,) dioxide NPs based EVOH layers
against some organisms such as E. coli, L. plantarum, P. fluorescens, S. aureus,
Bacillus sp., E. caratovora, P. jadinii, B. stearothermophilus, Z. rouxii was done by
Cerrada et al. [38]. The nano-particles of Titanium (TiO,) dioxide were uniformly
dispersed rapidly. Five (5) logarithm reductions for P. jadinii, L. plantarum, Bacillus
sp, and B. stearothermophilus were reported in duration of 30 min of emission
exposure within the aura of EVOH/Titanium (TiO,) dioxide materials.

In other studies, Titanium (TiO,) dioxide nanoparticles which are thin-layered
with plastic films were measured counter to spoilage in apples, lemons, and toma-
toes by Penicillium expansum. The result shows growth performance of P. expan-
sum was suppressed because of the photocatalytic activity of Titanium dioxide
particles when subjected to light [39]. An amalgamation of Titanium dioxide
nanoparticles and silver is proven to improve anti-microbiological activities at a
significant level [1]. New materials used for food packaging with enhanced func-
tional properties tend to render longer keeping quality of food commodity. Novel
active packaging materials used for foods involve a variety of absorbers, coatings,
emitters, and scavengers. The substances could likely be enveloped in the traditional
non-degradable (plastics, etc.) packaging. However, they are employed in connec-
tion with bio-degradable parts. Table 12.1 shows the functional Characteristics of
active food packaging to prolong the keeping quality and enhance the safety
of foods.
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Table 12.1 Functional characteristics of active food packaging to prolong the keeping quality and
enhance the safety of foods

Functional agents Types Functions References

Organic (ascorbic acid, catechol, tocopherol), Oxygen Preventing [3]
metallic (iron powder, Zn, activated iron), inorganic | scavengers lipid oxidation
(ZnO, thiosulfate, sulfite,), enzyme-based (glucose

oxidase, laccase), polymer-based (polymer metallic

complex), KMnO,, SiO,, Ag, TiO,

PdCl,, Pd-impregnated zeolite, polyvinyl chloride | Ethylene Fruit and [8]
films containing ZnO nanoparticles scavengers vegetables

ripening

reduction
Inorganic (non-synthetic clay (zeolite, Moisture Microbial [40, 41]
montmorillonite), silica gel, chlorides (Mg, Na, Al, | absorbers growth
Ca, K,), organic (fructose, sorbitol, cellulose, reduction

xylitol, and their derivatives), oxides (Ca, Ba),
bentonite, polymer-based (polyvinyl alcohol,
absorbent resin, starch copolymers)

Ascorbate and citric acid, sodium bicarbonate Carbon Inhibition of | [3]
dioxide microbial
(CO,) spoilage
emitters

12.4.5 Various Antimicrobial Nanoparticles

Nano-particles of Copper were also shown to have an inhibitory effect on expansion
of E. coli, Saccharomyces cerevisiae, L. monocytogenes, and S. aureus on poly-
meric materials after subjecting it to a 4 h culture test [42]. Reports as observed by
Sheikh et al. [43] show that copper nanoparticles possess good bacterio-static prop-
erties when tested on B. subtilis and E.coli in polyurethane nano-fibers with copper
nanoparticles. Copper nanoparticles result in various poisonous characteristics
which include lipid peroxidation, DNA degradation, protein oxidation, and genera-
tion of reactive oxygen species (ROS); this could possibly be the reason for the
antimicrobial properties [44]. Zinc nano-crystals are used also as an antifungal and
antimicrobial agents. This happens if it is combined along with plastic materials
[45]. Various nano-particles oxide(s) including zinc oxide (ZnO), magnesium oxide
(MgO), titanium dioxide (TiO,), and silicon oxide (SiO,) are useful in the packag-
ing of food, partly because of their capability to behave as a UV barrier and disin-
fecting agents (photo-catalytic) [46]. Titanium (TiO,) dioxide particles are very
much promising [47, 48]. Titanium dioxide nanoparticles’ antimicrobial activities
are photo-catalyzed and are active only in the existence of UV rays. It also shows
good inhibitory properties when applied to L. monocytogenes, Vibrio parahaemo-
lyticus, and S. choleraesuis in the existence of UV illumination [49].
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12.5 Smart and Intelligent Packaging System

Intelligent/smart packages are designed basically in sensing microbial or biochemi-
cal variation in food products. An intelligent/smart package has the ability to detect
specific pathogens that are growing in the food and/or some gases produced during
food spoilage. Few smart packaging had been made to use RFID gadgets for food
security. Supermarkets such as MonoPrix Supermarket and other organizations like
British Airways and Nestle are applying sensors (e.g., chemical sensors) that could
easily discover color changes. Nanomaterial integrated packages could be “smart”,
that is, they can respond to their surrounding situations, mend themselves or give
impairs alert to consumers and pathogens that may present [2, 41, 50]. According to
reports, smart or intelligent packaging tends to protect food quality along the food
distribution chain [50].

However, because of the variation in the optical nature and greater outer irritabil-
ity of nanomaterials which includes photonic nanocrystals or metal nanoparticles,
its high act as compared to conventional colorimetric indicators could be observed.
The use of optical marks, among nano-sensors, is mostly seen in the commercial
market because of their suitability and ease of use [3]. With nano-sensors, the reac-
tion inside or outside framework tends to change within the food package or in its
surrounding is carried out with report back data to the customers, to guarantee food
safety and quality. Various nanomaterials are applied to ameliorate and reform the
performance of the package. These nano-sensors have great potentials for fast quan-
tification, identification, and detection of allergy-causing proteins, decaying sub-
stances, and pathogenic microorganisms. E Custom-made nano-sensors used in
intelligent/smart packages are applied for food analysis (detecting food pathogens,
toxins, unwanted chemicals) and in the identification of colors, flavors, etc. [3, 50].
The Food packaging material could be equipped with these nano-sensors that are
perceptive to gas formation, temperature, or humidity variations and for instance,
gasses which are formed as a result of festering of food, the package will then tends
to change the color of the indicator and therefore alerting consumers to the unsuit-
ability of the product(s). Packages that are equipped with nano-sensors, could be
used successfully to cut down the standard for deciding the keeping quality of the
food and also, real-time monitoring of food freshness since the nano-sensors could
react to some chemical indicators, toxins, and pathogens in food [1, 3, 51]. Bio-
nano-sensors are a combination of biosensors and nanotechnology. There are vari-
ous uses of bio-nano-sensors in food packaging. Nano-sensors also are designed to
trace either the internal or external conditions of food commodities, pellets, and
containers, all through the supply chain. These packages have the ability to monitor
temperature or humidity over time and provide feedback on these food commodities
such as color change. Nano-sensors can sense gases evolving from food when it is
spoilt. The packaging itself changes color which alerts consumers. Recent studies
on active, intelligent, smart, and improved packaging are shown in Table 12.2.
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Table 12.2 Recent studies on active, smart, and improved packaging

Type of
Reference Title of study study Relevance
Wu et al. “Development and Characterization | Research | Presents interesting area of
[52] of an Enzymatic Time-Temperature smart packaging
Indicator (TTI) Based on Aspergillus
niger Lipase”
Shivraj et al. | “Nanotechnologies in Food Science: |Review | Relevant to areas of active,
[53] Applications, Recent Trends, and improved, and smart
Future Perspectives” packaging
Egbuna et al. | “Toxicity of Nanoparticles in Review | This review summarizes the
[18] Biomedical Application: toxicity of nanomaterials
Nanotoxicology”
Awuchi et al. | “Nanotechnology Application in Review | The review presents
[8] Food Science and Nutrition and Its interesting areas of
Safety Issues; A Review” nanotechnology application in
food and nutrition, including
active and smart packaging
Spielman “Smart Packaging: Connecting the Online Presents interesting area of
[54] Physical with the Digital” resource | smart packaging using
digitalization
Cammarelle | “Intention to Purchase Active and Research | Presents interesting area of
et al. [55] Intelligent Packaging to Reduce active and intelligent
Household Food Waste: Evidence packaging
from Italian Consumers”
Salgado et al. | “Recent Developments in Smart Food | Review | This review summarizes the
[56] Packaging Focused on Biobased and advancement in smart
Biodegradable Polymers” packaging based on
polymeric materials
Eghbal et al. | “Antimicrobial Films Based on Research | Presents interesting area of
[57] Pectin and Sodium Caseinate for the smart packaging using
Release of Antifungal Natamycin” antimicrobial films
Ehsani et al. | “Comparative Evaluation of Edible | Research | Presents a comparison
[58] Films Impregnated with Sage between edible films infused
Essential Oil or Lactoperoxidase with sage essential oils or
System: Impact on the Chemical and lactoperoxidases
Sensory Quality of Carp Burgers”
Bhargava “Active and Intelligent Biodegradable | Review | Presents interesting area of
etal. [59] Packaging Films Using Food and active and smart packaging
Food Waste-Derived Bioactive
Compounds: A Review”
Assisetal. | “Active Biodegradable Cassava Research | Presents the application of
[60] Starch Films Incorporated Lycopene lycopene nanocapsules and

Nanocapsules”

cassava in active and smart
packaging

12.6 Conclusion

Packaging in recent times has not just been the enclosure of foods in a package to
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make certain that the product is delivered in its highest form to consumers.
Incorporating nano-sensors amongst other technology has provided useful feedback
on the condition of the food inside the packages. These packages are made in such
a way that it releases antioxidants, nutraceuticals, flavors, antimicrobials, and
enzymes to prolong the keeping quality of the food products. Active and smart/intel-
ligent packaging has become more important in adding value to foods. The impor-
tance of preserving the nutritional components of food, to counteract the deterioration
of food, and to prevent bacterial contamination has brought about the development
of these novel preservative methods and also conceptualization of natural or artifi-
cial adjuvant, and also to the manufacturing of ingenious packages. The introduc-
tion of nanomaterials in the formulation of food packaging has presented a new
preformat and the likelihood in keeping food quality and prolonging the keeping
quality food and substantial useful effect its organoleptic acumen of end-users,
thereby leading to a decrease in post-harvest losses and hence, improvement in the
economy.
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Chapter 13

Application of Nanoformulations

in Improving the Properties of Curcuma
(Curcuma longa L.).

Sirley Gonzalez Laime, Claudia Chavez Hernandez, Ariel Martinez Garcia,
and Juan Abreu Payrol

13.1 Introduction

Turmeric (Curcuma longa L.) belongs to the Zingiberaceae family, native to India,
and currently cultivated in various other parts of the world, including Southeast
Asia, China, and Latin America [1, 2]. Turmeric is a common spice used in curry
preparation in India and other Asian countries due to its taste and color [3], it has
been recognized for its medicinal properties. Aside from its use as a curry spice and
dietary supplement, it has historically been used as a natural colorant (food, cosmet-
ics, and textiles), an insect repellent, and an antimicrobial agent. According to
Ayurvedic medicine, turmeric has been used for various medical purposes, such as
wound healing, respiratory problems, liver and dermatological disorders. It has
been used as a component of many traditional medicines in the Eastern world for
many centuries [3-6].

Curcumin (CUR), demethoxycurcumin (DMC) and bisdemethoxycurcumin
(BMC) are the main bioactive polyphenolic compounds identified in turmeric
(Fig. 13.1) [7, 8], they are collectively called curcuminoids (CCM). Commercial
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Fig. 13.1 Chemistry of curcumin

curcuminoid powder is a mixture of curcumin, demethoxycurcumin, and bisdeme-
thoxycurcumin in a ratio of approximately 77:17:3 [5]. Curcumin is a yellow poly-
phenol extracted from the rhizome of the turmeric root (Curcuma longa). According
to the US Food and Drug Administration (FDA), curcuminoids are generally recog-
nized as safe (GRAS, Generally Recognized as Safe) [3, 8].

Curcumin has attracted much attention in recent decades due to its therapeutic
potential, supported by several in vitro studies, clinical trials, and in vivo [1, 7, 9-
11]. Curcumin has shown promise in treating wound healing, arthritis, Alzheimer’s
and has been shown to exhibit effects as antibacterial, anti-fungal, etc. [12-15].

However, the therapeutic potential of curcumin is limited by its extremely low
solubility in aqueous media, its low bioavailability, and its pharmacokinetic pro-
files, characterized by its instability in body fluids and its rapid metabolism [16—18].
To address these problems, several different formulations (materials/mixtures that
combine curcumin with other elements, including polymers, lipids, and nanoparti-
cles in appropriate proportions) have been produced and used in multiple studies [1,
7, 9-11]. In particular, the researchers encapsulate curcumin in nanocarriers, such
as liposomes, polymeric micelles, polymeric nanoparticles, mesoporous silica
nanoparticles, protein-based nanocarriers, solid lipid nanoparticles, cyclodextrins,
nanogels, nanocrystals, etc. [19]

These facts have motivated a significant increase in research on curcumin. The
Pubmed database shows the progress of published research in the last 30 years,
which shows that research on this topic is an active field at the moment (Fig. 13.2).
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13.2 Curcuminoids

The chemical composition of turmeric consists of approximately 70% carbohy-
drates, 13% moisture, 2 to 7% fiber, 6% protein, 6% essential oils (phelandrene,
sabinene, cineole, borneol, zingiberene, and sesquiterpenes), 5% fat, 3% minerals
(potassium, calcium, phosphorus, iron, and sodium), 3 to 5% curcuminoids and
traces of vitamins (B1, B2, C and niacin) [18].

Curcumin is a symmetric molecule, also known as diferuloylmethane. Its name
according to IUPAC rules is (1E, 6E)-1,7-bis (4-hydroxy-3-methoxyphenyl)-
1,6-heptadiene-3,5-diona. Three chemical units stand out in its structure: two aro-
matic ring systems containing o-methoxyphenolic groups, connected by a chain of
seven carbon atoms consisting of an a, f-unsaturated 3-diketone residue (Fig. 13.1).

The dikete group exhibits keto-enolic tautomerism (Fig. 13.1), which can exist in
different types of conformers depending on the environment. In the crystalline state,
it takes a cis-enol configuration, stabilized by resonance-assisted hydrogen bonds,
in a structure of three substituted planar groups conjugated through two double
bonds. Curcumin is practically insoluble at room temperature in aqueous solutions
at neutral and acidic pH. It has a ground state dipole moment of 10.77 D, it is a
hydrophobic molecule with a logP value of ~3.0; It is easily soluble in polar organic
solvents such as methanol, ethanol, acetone, dimethylsulfoxide, acetonitrile, chloro-
form, and ethyl acetate. It is poorly soluble in hydrocarbon solvents such as
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cyclohexane and hexane. Curcumin is a weak acid, it has a pKa of 8.54 and three
acidic protons at neutral pH, one enolic and two phenolics, which provide three
pKas, corresponding to three ionic equilibria (Fig. 13.1). At neutral and acidic pH
the keto form predominates, under alkaline conditions exclusively the enolic tauto-
mer is present. The solubility of curcumin in an aqueous solution increases at alka-
line pH, but it degrades rapidly (greater reactivity) both at that pH and under neutral
conditions. At pH > 10, curcumin is completely deprotonated, is red in color, shows
a maximum absorbance at 467 nm and a molar extinction coefficient is
53,000 dm? mol~! cm™! [4, 20].

With the first pKa, pH range 7.5 to 8.5, curcumin changes from yellow to red. It
is not clear whether enolic OH or phenolic OH is the more acidic, although calcula-
tions indicate that enolic OH is the more acidic group [20].

13.3 Pharmacological Potentialities of Turmeric

Curcumin is a significantly pleiotropic molecule, it is a polyphenol with anti-
inflammatory, hypoglycemic, antioxidant, wound healing, and antimicrobial activi-
ties. Many preclinical studies in the last three decades reveal its therapeutic potential
against a wide range of human diseases. How a single agent can have so many
diverse effects has been an enigma over the years for both basic scientists and physi-
cians [4] Clinical trials conducted so far have indicated the therapeutic potential of
curcumin against a wide range of human diseases, including cancer, cardiovascular
disease, neurological and autoimmune diseases [9] (Fig. 13.3).

The combination of hydrophobic interactions, including ® — & interactions,
extensive hydrogen bonding, metal chelation, and covalent bonds, covering such a
large area of the molecule, provides curcumin with many possible mechanisms for
interacting with target proteins. Curcumin has been shown to modulate a wide range
of signaling molecules at the molecular level. It can cause positive or negative regu-
lation, depending on the target and the cellular context. These goals fall into two
categories [21, 22]:

1. those to which it binds directly (inflammatory molecules, cell survival proteins,
protein kinases, protein reductases, histone acetyltransferase, histone deacety-
lase, glyoxalase I, xanthine oxidase, proteasomes, HIV1 integrase, HIV1 prote-
ase, sarco/reticulum endoplasmic Ca**-ATPase, DNA methyltransferase 1, FtsZ,
carrier proteins and metal ions);

2. those whose activity is indirectly modulated (transcription factors, enzymes,
inflammatory mediators, protein kinases, drug resistance proteins, adhesion mol-
ecules, growth factors, receptors, cell cycle regulatory proteins, cell survival pro-
teins, chemokines, and chemokine receptors.

A full review of the topic can be found in numerous published articles. The safety,
tolerability, and non-toxicity of high-dose curcumin are well established by human
clinical trials. Although it has shown efficacy against numerous diseases, low
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bioavailability resulting from malabsorption, rapid metabolism, and rapid systemic
elimination limit its therapeutic efficacy. That is why many efforts have been made
to improve bioavailability by altering these characteristics [8, 21, 22].

It should also be noted that there is still uncertainty about the efficacy of cur-
cumin, due to the poor quality of primary clinical trials (in relation to the number of
trials for each review, design, participants and systematic duration of treatment) and
the methodology of analysis used [4, 23].

13.4 Curcumin and Nanoformulations

Curcumin has the following limitations for its use in clinical settings: (1) low hydro-
philicity and dissolution rates, (2) physicochemical instability, (3) rapid metabo-
lism, (4) low bioactive absorption, (5) pharmacokinetics and bioavailability
deficient, and (6) low penetration and targeting efficiency. All of these factors sig-
nificantly affect the efficient use of curcumin as a therapeutic molecule [24, 25].
Curcumin’s poor bioavailability (demonstrated by many preclinical and clinical
studies in mice and humans), its extremely low solubility in aqueous buffers (only
0.0004 mg/mL at pH 7.3), its instability in body fluids, and its rapid metabolism
have hampered its therapeutic applications. After orally administering 12 g of
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curcumin to humans, a still safe range, the final curcumin level in serum was
approximately only 50 ng/mL, a minimal availability in the systemic circulation to
achieve its therapeutic effects [5, 26]. So to maintain the required therapeutic con-
centration, a high dose of curcumin is needed along with repeated administration; a
person will need to take between 12 and 20 g of curcumin every day to reach the
therapeutic threshold, this is not feasible from the perspective of clinical trials [27].

The best solution to this problem has been to encapsulate curcumin in nanofor-
mulations (nanocurcumin). Numerous studies address the development and evalua-
tion of nanocurcumin aimed at the specific delivery of curcumin with high
permeability, a longer circulation, greater biodistribution, solubility, stability, cel-
lular absorption, internalization efficiency, tolerability, and therapeutic index, over-
coming the physiological barriers of curcumin and generating significant effective
responses. These formulations can also reduce unwanted toxicity on surrounding
normal cells or tissues and enhance the sustained release of curcumin at cell targets
giving greater therapeutic benefit [28-30].

Nanotherapeutics is a novel field of pharmaceutical sciences that studies the for-
mulation of drugs based on nanoparticles (nanopharmaceuticals) and their con-
trolled administration for the treatment of a wide variety of diseases.
Nanopharmaceuticals are very stable due to their surface characteristics and optimal
size, they have a high loading capacity and can overcome limitations such as those
mentioned for curcumin [27].

The most used techniques for the synthesis of nanocurcumin include nanopre-
cipitation, single emulsion, microemulsion, spray drying, emulsion polymerization,
solvent evaporation, antisolvent precipitation, ultrasound, coacervation technique,
ionic gelation, wet milling, solid dispersion, hydration of thin film and Fessi method,
each with its advantages and peculiarities [31, 32]. The synthesis of curcumin
nanoparticles by ionic gelation and antisolvent precipitation have been the most
efficient, since they show better solubility and stability than with other techniques.

The ionic gelling technique is based on the ability of polymers to crosslink in the
presence of counter ions, it is used in the preparation of non-toxic, biocompatible,
and biodegradable natural polymers (chitosan/alginate) [33-35]. Antisolvent pre-
cipitation, a promising and profitable technique, simple and easy to apply, is widely
used to prepare curcumin nanoparticles, its effectiveness depends on the time inter-
val, temperature, and stirring speed, providing better solubility and stability of the
nanoparticles [36].

Nanocarriers are generally pharmaceutical materials and products between 1 and
100 nm, although the US Food and Drug Administration (FDA) often considers
1000 nm as an upper limit [37]. They offer a high surface/volume ratio and increase
the solubility and dissolution rate of drugs. Furthermore, the small particle size can
prolong the maintenance of the drug in the systemic circulation, modify the distri-
bution of the drug and allow the transport and selection of drugs across barriers.
Therefore, nanoformulations can improve the solubility and bioavailability of cur-
cumin [38]. Curcumin is encapsulated in nanocarriers such as liposomes, polymeric
micelles, polymeric nanoparticles, mesoporous silica nanoparticles, protein-based
nanocarriers, solid lipid nanoparticles, cyclodextrins, nanogels, nanocrystals, den-
drimers, etc. [5, 19, 24, 36].
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Different curcumin nanoformulations have been designed, produced as emul-
sion, cream, solution, pill, gel, band-aid, etc. [8] for conventional or exploratory
administration in vitro and in vivo studies, using both active and non-invasive, inef-
fective local, circulatory, affinity, or active targeting applications, some have
improved the results of clinical applications against various diseases. Many of these
efforts were initially aimed at improving bioavailability, but later attention is being
paid to the efficient targeting of curcumin in the diseased area with the help of the
mediation of antibodies, aptamers, and peptides [24, 36, 39].

13.5 Nanocarriers Platforms in Curcumin Nanoformulations

There are numerous strategies for creating carrier nanoparticles that improve drug
delivery regimens [5, 36]. Impressive pharmacokinetic data are accumulating for
drug-loaded nanoparticles ranging from 10 to 200 nm in diameter, noting multiple
enhancements in the prolonged systemic circulation, biodistribution, sustained drug
release profile, and specific orientation [27].

13.5.1 Physical and Chemical Properties of Nanocurcumin

Not only does the chemical composition of nanocurcumin determine its character-
istics, its physical and chemical properties also influence it. Particle size, surface
area, surface charge, and hydrophobicity are key physicochemical properties as they
influence solubility and bioavailability, pharmacokinetic profile, and active target-
ing [40].

The smaller the particle size, the greater the efficiency of nanocurcumin, due to
its greater intracellular absorption capacity, high systemic bioavailability, and in
vivo distribution in plasma and tissues. It is generally used between 10-100 nm for
medicinal applications and clinical trials, managing to enter organs that free cur-
cumin hardly achieves [27, 41, 42]. Its circulation time, retention time, and mean
residence time within the body are also increased.

Surface area is another primary property of nanoparticles. A greater relative sur-
face area increases its degradation rate and aqueous solubility, the drug is exposed
to the surface of the particle, which promotes its rapid release, inducing an increase
in bioavailability and therefore a better response of the drug to a specific molecular
target and increased pharmacological activity [43].

The electrical potential of the nanoparticles is defined by the surface charge, it
depends on their chemical composition. Negative and positive zeta potentials pre-
vent nanoparticle aggregation, therefore nanoparticles are very stable in suspension.
Nanocurcumin dissolves completely in aqueous media without forming aggregates
thanks to its zeta potential, while curcumin, poorly soluble in water, forms aggre-
gates and is susceptible to opsonization. Small positive zeta potential is very good
because the nanoparticle can penetrate deep into cell membranes and have a high
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absorption rate compared to negatively charged particles. A higher positive charge
leads to toxicity to cells [24]. The negatively charged nanoparticle does not enter the
cell wall, but prevents it from being destroyed under certain conditions and increases
the stability of the particle in circulation.

The hydrophobicity of nanomaterials intervenes in the stability and biodistribu-
tion of nanocarriers. Curcumin, hydrophobic in nature, tries to reach the cell mem-
brane and bind via hydrogen bonds and hydrophobic interactions to the fatty acid
chains of membrane lipids. Many biological processes depend on this property:
protein adsorption and denaturation, immune cell activation, cell uptake, and toxic-
ity depend on the hydrophobicity of the surface. The method of preparation and the
type of carrier system used to produce nanocurcumin also greatly influence the
loading and entrapment efficiencies of the nanopharmaceutical.

13.5.2 Liposomes

Liposomes were the first nanocarriers to be approved by the FDA for clinical appli-
cation. They consist of spherical vesicles composed of single or multiple phospho-
lipid bilayers that surround aqueous units that closely resemble the structure of the
cell membrane. They are classified into single unilamellar vesicles (SUV), large
unilamellar vesicles (LUV), and multilamellar vesicles (MLV) according to their
structure. Among the methods to prepare them are the thin film dispersion method,
ultrasonic dispersion method, injection method, reverse phase evaporation method,
etc. [44].

They are ideal delivery systems as targeted drug carriers, both in vitro and in
vivo, since their composition is identical to that of human cell membranes. They
have many advantages: high biocompatibility and biodegradability, non-
immunogenicity, high stability, low toxicity, better solubility, target to specific cells,
controlled distribution, varied loading capacity, flexibility, and easy preparation [45,
46]. Therefore, they are the solid drug carrier system of choice for researchers,
although low encapsulation efficiency, easy melting, and leakage have been obsta-
cles to their application.

The size of the vesicle varies between 25 and 1000 nm [47], it is an important
factor in deciding the circulation time of the liposomes and impacts, together with
the number of bilayers, on the amount of the drug to be encapsulated. The liposome
solubilizes curcumin in the phospholipid bilayer, facilitating its distribution in an
aqueous medium and increasing its effect [48], the therapeutic index, and reducing
side effects.

Many studies have revealed that liposomes could be the best carrier of curcumin,
with effective effects on cancer [49-51], in addition, they are effective nanocarriers
for combined drug administration due to the ability to encapsulate both hydrophilic
and lipophilic drugs [52, 53]. Liposomes accumulate mainly in the liver, spleen,
lungs, bone marrow, or other tissues and organs, Chen et al. (2020) cites numerous
examples of the effectiveness of these nanocarriers [5].
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13.5.3 Polymeric Nanoparticles

Polymeric nanoparticles are solid colloidal particles of approximately 1 to 100 nm
in diameter, formed from polymeric materials designed at the atomic or molecular
level. They are 1000 times smaller than an average human cell. There is a growing
interest in them due to their controllable structure and easy industrial production,
their good biodegradability, and excellent biocompatibility, thus they can last longer
in the blood circulation [40, 54-57]. They improve pharmacokinetics and drug solu-
bility which makes them suitable for both controlled and targeted drug delivery
systems [58]. Various natural and synthetic polymers have been used to prepare
curcumin nanoparticles.

13.5.3.1 Poly (Lactic-Co-Glycolic) Acid, PLGA

PLGA, polymerized from lactic acid and glycolic acid, has good biocompatibility
and biodegradability [59]. There are multiple reports of PLGA nanoparticles loaded
with curcumin. They have been obtained by various methods: solvent evaporation,
nanoprecipitation using stabilizers such as PVA, a particle size of up to 76.2 nm has
been achieved; zeta potential value close to 0 mV (better stability), curcumin load-
ing capacity 5.75%, and encapsulation efficiency of 91.96%; the solubility of CUR-
PLGA-NP was 4.35 mg/mL (that of free curcumin was 6.79 pg/mL, 500 times
lower). The half-life was longer and oral bioavailability improved between 5 and
9 times.

PLGA nanoparticles loaded with curcumin have been widely evaluated in cancer
therapy due to their good biocompatibility and stability, showing good efficacy,
with better bioactivity under in vitro conditions and higher bioavailability under in
vivo conditions than native curcumin [60-62].

13.5.3.2 N-Isopropylacrylamide, NIPAAM

It is a temperature-sensitive polymer, with a low critical solution temperature
(LCST) at 32 °C [63], hydrophobic at a temperature above the LCST, and hydro-
philic at a temperature below the LCST; this reversible sensitivity to ambient tem-
perature stimuli makes it very useful in drug administration, chromatographic
analysis, and other fields [64, 65]. Good results have been reported on its utility, it
significantly inhibits the growth of brain tumor cells, reduces the clonogenicity of
brain tumor cells [66], it could modulate the signaling pathways that affect both
survival and the phenotype of neoplastic stem cells, increased cytotoxicity against
breast cancer cells [67], etc.
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13.5.3.3 Other Formulations

PBCA nanoparticles [(poly (butyl cyanoacrylate)] have been widely used due to
their good biocompatibility, biodegradability and non-immunogenicity, prepared
mainly by the emulsion polymerization method and the interfacial polycondensa-
tion method, loading the drugs into the structure porous nanoparticles. They can
enhance curcumin transport, inhibit the growth of hepatocellular carcinoma in mice,
and suppress tumor angiogenesis.

Chitosan is a semi-synthetic linear polysaccharide derived from chitin. Due to its
properties: good biodegradability, biocompatibility, non-immunogenicity, non-
irritating, non-polygenic and non-toxic, it is valuable as an ideal carrier material for
drug delivery [68], there are multiple reports of chitosan nanoparticles, including
curcumin, for pharmaceutical and biomedical applications [69, 70].

13.5.4 Polymeric Micelles

They are thermodynamically stable colloidal solutions, formed by self-assembly of
amphiphilic compounds in water over the critical micellar concentration (CMC),
the micelles are formed of a hydrophilic layer [polyethylene glycol (PEG), chitosan,
polyvinylpyrrolidone (PVP)] and a hydrophobic nucleus [distearoylphosphoetha-
nolamine (DSPE), poly-lactic acid (PLA), dioleoyphosphatidylethanolamine, poly-
(e-caprolactone) (PCL), poly-(lactic-co-glycolic) (PLGA)] that can load
hydrophobic drugs and its size ranges between 20 and 100 nm.

Numerous curcumin-loaded polymeric micelles have been developed [71], with
good results in terms of drug loading capacity, zeta potential, encapsulation effi-
ciency, and sustained release behavior [72]. Furthermore, pharmacokinetic param-
eters, chemotherapeutic efficacy [73], inhibition of cell proliferation, induced
apoptosis, and stimulation of antitumor immunity were significantly improved.

Systems were synthesized to increase intracellular uptake and improve therapeu-
tic efficacy [74], the surface of the micelles was modified with several specific
ligands to recognize the receptors on the tumor surface [75, 76], significantly
improving the anticancer effect both in vitro and in vivo [77-81].

13.5.5 Mesoporous Silica Nanoparticles

Porous materials, such as silica mesoporous nanoparticles (SMNs), metal-organic
systems [82], and iron oxide-gold nanoparticles, have been widely used in drug
delivery. SMNs have been studied extensively due to their particular properties:
good biocompatibility, large specific surface area, adjustable pore sizes, and vol-
umes, and easily modifiable surface area. They are usually prepared by microwave
synthesis, hydrothermal synthesis, sol-gel method, and template synthesis using
surfactants, the most widely used due to convenience and milder conditions.
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The characteristics of SMNs: high loading efficiency, biocompatibility, pH sen-
sitivity, penetrability, better solubility, in vitro release, and cytotoxicity make them
a valuable system for curcumin release [83—88]. Modifying the surface with poly-
mers plays an effective role in improving biocompatibility, providing controlled
drug release, improving transport and therapeutic effect, and decreasing systemic
toxicity [89-91], while increasing efficiency. Curcumin anticancer.

13.5.6 Protein-Based Nanocarriers

Proteins are a natural biomaterial with unique advantages, excellent non-
immunogenicity, biocompatibility, biodegradability and low cost. Protein-based
nanocarriers have been widely used in the field of biomedicine [92] for the admin-
istration of curcumin, many forms have been developed from bovine serum albumin
(BSA), human serum albumin (HSA), ovalbumin (OVA), zein, casein and silk
fibroin (SF). There are reports of stable long circulation and better solubility, stable
controlled release, reduced cytotoxicity in normal cells, and strong anticancer effect
[5, 93, 94].

13.5.7 Various Nanoformulations

Other formulations have been used to enhance curcumin activity: nanogels,
nanodisks, yeast cells, and metal complexes. A nanogel is a hydrogel synthesized by
physical or chemical crosslinking of polymers under controlled conditions, with a
size between 10-100 nm. The release of drugs to the cells is achieved with better
stability, maintaining their activity and avoiding their immunogenicity [95].
Solubility and cytotoxicity have been improved, killing tumor cells [96], with anti-
malarial activity in mice, always with values higher than free curcumin [97, 98].

Nanodisks are disc-shaped bilayers, stabilized by apolipoproteins and self-
assembled, achieving an increase in the solubility of curcumin. It is an effective
strategy to treat mantle cell lymphoma or other cancers, some combinations showed
potent activity against Alzheimer’s disease in vivo [99] and a strong antitumor effect
against tumor cells in vitro [100].

13.6 Conclusions

Systems for delivering curcumin as nanopharmaceuticals has yielded very encour-
aging results. Nanocurcumin disperses in water much more than free curcumin,
giving greater systemic availability. Nanoencapsulated curcumin favors better cir-
culation and retention of the drug, allowing lower doses to be applied and maintain-
ing the threshold level of curcumin. Food grade formulations, including proprietary
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formulas, have been developed, changing the image of turmeric from a nutritional
spice to clinical medicine. Larger and well-controlled human studies are required to
demonstrate the safety and efficacy of this polyphenol and the nanoformulations
based on it. That should be the focus of future research on this topic.
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14.1 Introduction

The majority of the nutrients that feed the world’s population come from agricul-
tural systems, and nutrient sufficiency is the foundation of excellent health, produc-
tive life, and longevity for everyone. In 2020, the global population reached
7.7 billion people, with a projected increase to 9.7 billion by 2050. As a result, total
demand for agricultural products is predicted to rise by 50% to 80%. Meanwhile,
traditional agricultural technology’s efficiency has been steadily declining since
2000, with flattening yield curves, decreased crop resiliency, increased environmen-
tal harm, and rising global food demand necessitating the development of new agri-
cultural technologies [1].
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More engineered nanomaterials (NMs), such as nano-fertilizers, nano-pesticides,
and nano-sensors, have been successfully applied in agricultural production and
management for the enhancement of soil nutrient bioavailability and food quality
for the past 10 years due to their high ratio of surface-volume area, unique physico-
chemical, mechanical, and electronic properties in comparison to their bulk coun-
terparts. Nanotechnology-based agricultural inputs will reach $75.8 billion by 2020,
contributing to $3.4 trillion in global economic growth. According to Kah et al. [2]
the efficacy of nano-agrochemicals is 30% higher than that of conventional goods,
and nanotechnology has the potential to change the agricultural output. Despite a
large number of articles on the interaction of NMs with food plants, our understand-
ing of how NMs alter the nutritional value of edible food plant tissue is still
restricted [2].

The potential influence of NMs translocating into edible food tissues on food
quality and safety has been a major societal concern. NMs interact with soil compo-
nents (such as minerals and organic matter) before entering plants, and hence their
bioavailability may be influenced by soil physicochemical parameters, particularly
the pH and ionic strength of soil pore water. In the rhizosphere, large numbers of
microbes (e.g., bacteria and fungi) and soil fauna (e.g., earthworms) congregate
around plant roots, ultimately shaping a unique biotic and abiotic environment
through rhizosphere processes, such as root secretion, microbial growth, and earth-
worm activity in soils. These rhizosphere mechanisms could affect NM geochemi-
cal processes as aggregation, anti-aggregation, redox reaction, and transformation,
and hence influence NM translocation into plants and NM-mediated physiological
and biochemical responses in edible crop tissue.

Up to the present time, there is a dearth of understanding of the rhizosphere pro-
cesses that regulate geochemical activity and NM bioavailability, thus boosting food
nutritional quality. By doing so, we hope to examine the main geochemical behav-
iors caused by rhizosphere processes and assess the enhancing impacts of NMs on
nutritional quality in food plants by meta-analysis. Nanoencapsulation-based tech-
nologies are a new and innovative topic of research in the food and pharmaceutical
industries, with advantages such as enhanced bioavailability, shelf stability, and
controlled release of active substances as shown in Fig. 14.1.

Any novel technological approaches have the potential to cause ethical dilemmas
and raise ethical concerns among stakeholders, albeit whether or not this happens
depends on the technology’s qualities. Food safety, dangers and advantages (to
human health, the environment, and socioeconomic repercussions), and consumer
choice are all important concerns to consider when discussing ethics, food, and new
technology. It’s important to consider how equitably the advantages (and hazards, if
any) are spread (for example, among food producers in various countries or between
farmers and consumers). These can be viewed from an ethical standpoint in terms
of how they affect basic ethical concepts such as non-malfeasance, beneficence,
autonomy, and fairness. The purpose of this review is to examine potential ethical
and regulatory challenges linked with existing and future nanotechnology-related
food and agriculture applications [3].
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Fig. 14.1 Applications of nano-encapsulation

14.2 Classification of Nano Nutrients

Nutraceuticals are a part of Nano nutrients which are categorized based on foods
available in the market [4, 5]. Figure 14.2 shows the classification of
nutraceuticals.

e Traditional nutraceuticals
¢ Non-traditional nutraceuticals.

14.2.1 Traditional Nutraceuticals

Traditional nutraceuticals are merely natural with no changes to the food. Food
contains several natural components that deliver benefits beyond basic nutrition,
such as lycopene in tomatoes, omega-3 fatty acids in salmon, or saponins in soy.

14.2.1.1 Nutrients

Chemical constituents such as vitamins, minerals, amino acids, and fatty acids are
examples of substances with well-established nutritional activities. Vitamins are
found in most vegetables, wholegrain cereals, dairy products, fruits, and animal
products such as meat and chicken, and are beneficial in the treatment of heart dis-
ease, stroke, cataracts, osteoporosis, diabetes, and cancer is illustrated in Fig. 14.3.
Minerals found in the plant, animal, and dairy products aid in the treatment of
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Table 14.1 Important nutrients, their sources, and their role

Nutrients Source Used in treatment of

Vitamins Most vegetables, wholegrain Heart disease, stroke, cataracts,
cereals, dairy products, fruits, | osteoporosis, cancer, and diabetes [4]
and animal products like meat
and chicken

Minerals Plant, animal, and dairy Osteoporosis and anemia, development
products of strong bones, teeth, and muscles,

improvement of nerve impulses, and
heart rhythm [5]

Omega-3 Flaxseed and salmon Effective controllers of inflammatory
polyunsaturated fatty processes, maintain brain function and
acids (PUFAs) lower cholesterol deposits [5]

osteoporosis and anemia, as well as the development of strong bones, teeth, and
muscles, also in the improvement of nerve impulses and heart rhythm [5].

Omega-3 polyunsaturated fatty acids (PUFAs) found in flaxseed and salmon are
effective controllers of inflammatory processes, maintain brain function, and lower
cholesterol deposits. The source of important nutrients and their role in the treat-
ment of various diseases are described in Table 14.1.

14.2.1.2 Herbals

Nutraceuticals have a lot of promise for improving health and preventing chronic
diseases. Willow bark (Salix nigra) contains salicin, an anti-inflammatory, analge-
sic, antipyretic, astringent, and antiarthritic active component. Peppermint (Mentha
piperita) includes the key ingredient menthol and is used to treat colds and flu [18].
Lavender (Lavandula angustifolia) contains tannin, which can assist with depres-
sion, high blood pressure, stress, colds, coughs, and asthma [6].

14.2.1.3 Phytochemicals

Phytochemicals are a type of nutraceuticals. They are categorized based on the chem-
ical names assigned to them and their phytochemical features. Non-flavonoid poly-
phenolics, which can be found in dark grapes, raisins, berries, peanuts, and turmeric
roots, are powerful anti-inflammatory, antioxidant, and anti-clotting agents that help
lower cholesterol. The antioxidant activity of phenolic acids, which can be found in
blueberries, tomatoes, and bell peppers, reduces the mutagenicity of polycyclic aro-
matic hydrocarbons. Nutraceutical Enzymes, Part III Enzymes are vital components
of life; without them, our bodies would stop working. Those suffering from medical
illnesses such as hypoglycemia, blood sugar imbalances, digestive issues, and obe-
sity might reduce their symptoms by adding enzyme supplements to their diet. These
enzymes come from a variety of sources, including bacteria, plants, and animals [7].
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14.2.2 Non-Traditional Nutraceuticals

Biotechnology-assisted artificial foods are known as non-traditional nutraceuticals.
Bioactive components in food samples have been developed to create products for
human wellness. They’re divided into two categories:

(a) Fortified nutraceuticals and
(b) Non-fortified nutraceuticals.
(c) Nutraceuticals made from recombinant DNA.

Nutraceuticals with added nutrients consist of food that has been fortified with
increased nutrients and/or additives as a result of agricultural breeding. For exam-
ple, calcium-fortified orange juice, vitamin- and mineral-fortified cereals, and folic
acid-fortified flour. Some examples include cholecalciferol-fortified milk, which is
used to treat vitamin D insufficiency. In children 24, prebiotic and probiotic fortified
milk with Bifidobacterium lactis HNO19 was utilized to treat diarrhea, respiratory
infections, and severe illnesses [8]. Kumar 25 identified banana enhanced with soy-
bean ferritin gene in iron deficit. Recombinant nutraceuticals Biotechnology is used
to generate energy-giving foods such as bread, alcohol, fermented starch, yogurt,
cheese, vinegar, and others. Biotechnology allows for the manufacture of probiotics
and the extraction of bioactive components using enzyme/fermentation methods, as
well as genetic engineering.

14.3 Commercial Nutraceuticals

Finding a new chemical is difficult, expensive, and risky than ever before. Many
pharmaceutical companies are now attempting to create nutraceuticals due to the
enormous and rapidly growing market. Anti-arthritic, cold and cough, sleeping dif-
ficulties, digestion, and the prevention of some malignancies, osteoporosis, blood
pressure, cholesterol management, pain relievers, depression, and diabetes are just
a few of the therapeutic areas covered by nutraceuticals. One of the most promising
advances in human nutrition and disease prevention research in the last three
decades is the recognition of health benefits from eating omega-3 rich seafood.

14.4 Importance of Measuring Bioavailability

The importance of bioavailability in determining dietary requirements and using
those requirements in food labeling is critical. The amount of a nutrient in a diet that
the body can use varies by age and physiologic situation, such as pregnancy. In
addition to infant foods, nutritional supplements, and enteral formulas (for patients
who can’t digest solid foods), nutrient availability is critical in the testing and mar-
keting of these products [9].
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Knowing bioavailability is particularly important since consumers’ eating pat-
terns change frequently for a variety of reasons, including health, economics, and
personal preference, and knowledge of nutrient bioavailability may affect their deci-
sions. Furthermore, as the number of food products available to customers grows
(particularly with the introduction of new and unusual convenience meals), the food
processing sector is increasingly interested in the impact of food processing and
preparation on nutrient bioavailability [10].

Food options are also expanding as a result of demographic shifts henceforth
determining the nutrient availability and adequacy of ethnic foods has become more
important. With as many as 50% of Americans using vitamin and mineral supple-
ments, there is a need for precise data on the nutrients available in these supple-
ments. Finally, nutrient-drug interactions can influence nutrient absorption and
consequently nutritional status in those taking specific medications.

14.5 Bioavailability Analysis and Measurements

The amount of a nutrient in a diet that the body can use to execute specified physi-
ological processes is referred to as bioavailability.
The bioavailability of a nutrient is influenced by several factors.

. Digestion

. Absorption

. Distribution of the nutrient by circulating blood and

. Entry of the nutrient into the specific bodily tissues and fluids where it may be
physiologically useful

AW N —

Bioavailability can be measured to some extent by assessing the quantity of the
nutrient in multiple body tissues and fluids, or the nutrient-dependent growth or
enzyme activity. However, because a nutrient is rarely retained in a single human
tissue, measuring nutrient levels in individual tissues may not correctly reflect real
bioavailability. For example, nutrient levels in the blood, which may be measured,
may not reflect nutrient levels in other tissues that serve as primary storage, such as
the liver.

Modifications in response factors like growth, immunological competence, or
enzyme activity must be confirmed by comparing them to other conditions, as they
may not indicate actual bioavailability on their own. The activity of selenium-
dependent glutathione peroxidase in the liver may not reflect selenium bioavailabil-
ity for other proteins that require it. Furthermore, none of these functional responses
talk much about how a nutrient is processed at different stages of digestion, absorp-
tion, and use [11].

Each step in the bioavailability process is influenced by a multitude of elements
in the food as well as the individual’s nutritional state. When nutrients are present in
a variety of forms in foods and tissues, determining bioavailability is very difficult.
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Fig. 14.4 Techniques used for analyzing nutrients

The evaluation of nutrient bioavailability, as difficult as it may look, is still vital
to our insights into how people utilize vital nutrients from eaten foods and our
appreciation of how foods meet our nutritional needs.

Researchers have discovered new analytic tools that allow for more precise iden-
tification and quantification of nutrients in foods and tissues, and they’ve used these
techniques to increase our knowledge of observed variations in nutrient bioavail-
ability from different types of food.

Methods to measure vitamins and minerals include affinity and high-performance
liquid chromatography for separating and isolating individual nutrients; mass spec-
trometry for separation and identification with high specificity; and the use of
“tagged” nutrients (or isotopes that can be chemically identified at various stages)
as tracers to monitor the effects of nutrient handling at each step that may affect
bioavailability. Different techniques used for the analysis of nutrients are outlined in
Fig. 14.4.

In certain cases, food can be intrinsically labeled with tagged nutrients by culti-
vating plants and animals under the influence of tagged nutrients. This empirical
strategy is more relevant or practical for investigating nutrient bioavailability than
one that involves adding the tracer form of the nutrient to ingested foods [11].

14.6 Individual Nutrients and Food Factors That
Affect Bioavailability

The bioavailability of nutrients can be reduced or increased by a variety of food
components. Some components can create complexes with nutrients, preventing
them from being digested or absorbed, or even degrading them, as is the case with
foods containing an enzyme that breaks down the vitamin B (thiamine) as depicted
in Fig. 14.5. Cooking generally destroys protein inhibitors, which restrict nutritional
absorption. Other complexes can help with absorption by increasing solubility [12].
The following is a summary of recent changes in the availability of specific nutrients:
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Nutrients and their Bioavailability
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14.7 Role of Nanotechnological Applications in Enhancing
Nutrient Bioavailability in the Human Body

The absorption rate or extent to which the body absorbs bioactive compounds such
as functional foods or pharmaceutical products e.g. vitamins, minerals, fatty acids,
flavonoids etc. depends on many factors involved in the metabolic cycles [13, 14].
The reduction in the bioavailability of any particular compound is due to several
barriers arising inside the human body. These barriers include absorption rate, cel-
lular barriers, and competitive biochemical present in the body. Delivering targeted
nutrient to programmed location by passing the barriers such as escaping from the
blood-brain involves careful consideration. Recent developments in nanotechnol-
ogy have shown interest in developing nano-based products for efficient nutrient
delivery [15-17]. Nanotechnology-based methods can be employed for enhancing
the bioavailability of nutrients and functional foods. The use of food grade nanoma-
terial can enhance the efficacy and stability of bioactive compounds [18-21].
Table 14.2 depicts nanomaterial used for effective deliver of bioactive molecules
and carriers used along with these nanomaterials [19].

14.7.1 Lipid Nano Carriers

Nanoencapsulation is one of the advanced and most reliable methods for delivering
functional foods. High pressure homogenization and micro fluidization techniques
can be used for the production of lipid-based nanoparticles [22]. Several dietary
grade nutraceuticals are hydrophobic in nature; hence they have to be encapsulated
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Table 14.2 Nanomaterial and carriers used for delivery of nutraceuticals

Material Carrier

Nano-fibres Liposomes

Nano-sheets Solid lipid nanoparticles
Nano-whiskers Cubosomes

Nano-tubes Micro-emulsions

in the lipid based nanocarriers to incorporate them in the beverages. These dietary
nutraceuticals include flavours, preservative, carotenoids, and vitamins. It is
observed that small intestine absorbs nutraceuticals rapidly when they are combined
with digestible lipids, reason being that digestible lipids enhances the quantity of
micelles for solubilisation and transporting. Hence lipid-based nanoparticles has
attracted interest of many research teams to optimize the production and character-
ization parameters [23].

14.7.2 Protein Nanoparticles

The advancement in the field of proteomics has helped us to utilize proteins as
therapeutics. Protein nanoparticles offer many advantages, such as biocompatibility
and biodegradability [24]. There are several techniques available for producing pro-
tein nanoparticles using single biopolymer. These techniques include:

(a) Desolvation,

(b) Precipitation,

(c) Thermal gelation,
(d) Self-assembly.

14.7.3 Polysaccharide Nanoparticles

In parallel to the production of lipid and protein nanoparticles, researchers focussed
on polysaccharide nanoparticles. Polysaccharide nanoparticles are being produced
using starch for targeted delivery of functional foods and nutraceuticals. Under opti-
mized conditions, nanoparticles of various size, shape and compositions can be pro-
duced using naturally available starch. Nanoparticles produced using starch acts as
shield to cover the pharmaceutical compounds and helps in the regulated release in
the aqueous medium of gastro intestinal environment. Nanogels prepared using
starch has three dimensional networks which holds large quantity of water. These
self-assembled starch based nanogel formation is based on their interaction with
other molecules covalently or by electrostatic binding. Polysaccharide nanogels
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typically consist of a three-dimensional network of cross-linked polysaccharide
molecules that trap relatively high amounts of water [25].

14.7.4 Natural Nano Carriers

Nature has its own way of drug delivery, either it may be in the case of macro scale
or in nano scale. There are many naturally available substances which can be used
as carrier of our targeted nutraceuticals, functional foods, and pharmaceuticals.
These naturally available carriers have gained much attention due to lower cost of
production, easy availability, less toxic when compared to synthetic compounds.
Some of the common natural nano carrier systems are casein micelles, nanocrystals
and cyclodextrins [26].

14.8 Conclusion

Pharmaceutical and food industry has awakened the knowledge of nanomaterials to
use them as carriers for nutraceuticals. Delivery method of the bioactive compound
to the target organ and its bioavailability affects its efficacy. Also, physico-chemical
property of any functional food or pharmaceutical compound play role in its bio-
availability. Not all nutraceuticals bear the same properties; hence it is necessary to
use an effective carrier system. This chapter emphasizes on the importance and clas-
sification of nutrients. Traditional, non-traditional and commercial available nutri-
ents and their bioavailability using engineered nanomaterial technology like
nano-encapsulation, desolvation, natural nano-carrier that can help overcome deliv-
ery issues. Nanotechnology has been successfully applied to enhance the food qual-
ity, nutrient bioavailability, and shelf life stability. Thus, the number of nano-food
products and nano-pharmaceuticals available in the market is rapidly increasing due
to its demand.
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Chapter 15 )
Prospects and Toxicological Concerns e
of Nanotechnology Application in the Food
Industry

Abeer Mohamed Ali El Sayed, Chukwuebuka Egbuna,
Kingsley C. Patrick-Iwuanyanwu, Chukwuemelie Zedech Uche,
Johra Khan, and Eugene N. Onyeike

15.1 Introduction

In the food industry, nanotechnology can be applied to enhance food quality, shelf
life, safety, and nutritional benefits [1]. Some nanomaterials used in the food indus-
try are not intended to find their way into the final food product, e.g., those utilized
in sensors, packaging, and antimicrobial treatments intended for sterilizing food
manufacturing plants. Other nanomaterials are precisely constructed to be inte-
grated into food products, such as nanoparticles used as delivery systems or to
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modify optical, rheological properties. Herein, we focus on the properties and
potential safety of ingested nanomaterials since they are most likely to cause health
concerns. Nanoscale materials are naturally present in many commonly consumed
foods, such as the emulsion micelles in milk or certain organelles found in plant or
animal cells [2]. Artificial nanomaterials can be divided into four categories—
Carbon-based, metal-based, dendrimers, and composites. Intentionally added to
foods (such as nanoparticle-based delivery systems), or they may inadvertently find
their way into foods (such as nanoparticles in packaging materials that leach into the
food matrix) [3]. Silver is the most common nanomaterial used in products, fol-
lowed by carbon-based nanomaterials and metal oxides such as TiO,. Different
types of nanoscale materials that may be found in foods and their potential origins
are highlighted in Table 15.1.

Few Information concerning the safety of used nanomaterials in food and nutri-
tion industries is available. The British Royal Society report notes that we may face
a nanotoxicity crisis in the future. It advises that avoiding nanotechnology in prod-
ucts until there is a comprehensive understanding of the environmental and health
risks of exposure to nanoparticles [4, 5].

The main concern regarding human exposure to nanoparticles is that there are
different entry routes such as digestion, inhalation, or skin absorption. After absorp-
tion, nanoparticles may enter the bloodstream and settle in different tissues such as
the brain or trigger immune responses [6]. Despite all these debates, nanotechnol-
ogy has already been applied in food packaging, agriculture technologies, and food
processing, as well as the nature of food, so the public is seeking safety assurances
from governments and food producers [7].

Table 15.1 Different types of nanoscale materials that may be found in foods, and their
potential origins

Nanoscale

material Origin | Features

Casein micelles | Natural | Protein—mineral clusters

Cell organelles Natural | Ribosomes, vacuoles, lysosome etc.

Oil bodies Natural | Phospholipid/protein-coated triglyceride droplets

Lipid Artificial | Solid particles or liquid droplets coated by emulsifiers

nanoparticles

Protein Artificial | Clusters of protein molecules held together by physical or

nanoparticles covalent interactions

Carbohydrate Artificial | Small solid fragments extracted from starch, cellulose, or

nanoparticles chitosan. Clusters of polysaccharide molecules are held together
by physical or covalent interactions

Iron oxide Artificial | Nanoparticles used to fortify foods with iron.

Titanium dioxide | Artificial | Nanoparticles used as whitening agents

Silicon dioxide Artificial | Nanoparticles used to control powder flowability

Silver Artificial | Nanoparticles used as antimicrobials in foods, coatings, and

packaging
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Recently, investing in food industry products was devoted to nanotechnology [8],
in agriculture and food processing. Advocates emphasize that this can improve the
quality, nutritional value, safety, and quantity of food to meet the needs of a growing
population [9]. Herein we describe some of nanotechnology’s possible effects on
humans and the environment. The use of nanotechnology in food irrespective of its
wide benefits confers the possible adverse environmental, social, and health risks as
these particles are believed to enter the ecosystem through the delivery of pesticides
in agriculture or through application in processed food such as the packaging sector,
thus raising the toxicity concerns about their usage [10]. The enhanced risk of arti-
ficial nanoparticles is due to the higher reactivity of these nanoparticles and
increased bioavailability of smaller particles to our bodies leading to long-term
pathological effects.

Nanomaterials can be introduced to food through:

1. Direct incorporation of nanoparticles in novel food as nanoemulsions, nanocap-
sules, and nano antimicrobial films.

2. By use of nanomaterials in food manufacturing, processing, preservation, and
trackings such as the use of nanolaminates, nanosensors, and CNTs.

The level of human exposure to nanoparticles greatly depends on the specific area
where it is used in the food industry and the concentration of usage with exposure
risk being higher in the fields where nanomaterials are added directly to food prod-
ucts as carriers of novel food ingredients. Some of the toxic effects of nanoparticles
used in food are presented in Table 15.2. The migration of nanoparticles from food

Table 15.2 Some toxic effects of nanoparticles used in food

Nanoparticle | Toxicity Purpose in food
TiO, Little impact as assessed by bacterial As food additives (E171-1 and
respiration, fatty acid profiles, and E171-6a)

phylogenetic composition
Oxidative stress, DNA damage
Suppressed IDO activity and IFN-c production
Nanoclay Released nanoclays did not show toxicity Food packaging
ZnO Cytotoxicity on human pulmonary Food packaging
adenocarcinoma cell line LTEP-a-2
Delay in human neutrophil apoptosis

Ag Oxidative stress, cytotoxicity endothelial cell | Food packaging and coating
injury and dysfunction
NiO Inflammation and genotoxic effect in lung Biosensors
epithelial cells
FeO Decrease the cell viability Enzyme immobilization, protein
purification, and food analysis
Silica Increase ROS, LDH, malondialdehyde Packaging, additive (E551)
oxidative stress, and mitochondrial damage
CuO Decrease in cell viability, increase in LDH, Antimicrobial agent in
and lipid peroxidation packaging

Al,O4 DNA damage Packaging



238 A. M. A. El Sayed et al.

packaging materials and the behavior of nanoparticles upon entering the body are
still being evaluated at an extensive level [11].

Food, by its nature, is a pool that presents enormous possibilities for biochemical
interactions, and the incorporation of a highly reactive species of nanoparticles into
food may trigger different reactions. The interaction of nanoparticles with such
functional ingredients and other constituents is unclear and needs to be explored.
Besides a lot of advantages of nanotechnology to the food industry, safety issues
associated with the nanomaterial cannot be neglected. Safety concerns associated
with nanomaterial emphasizing the possibility of nanoparticles migrating from the
packaging material into the food and their impact on consumer’s health are dis-
cussed by many researchers [12, 13]. The physicochemical properties in nanostates
are completely different from that are in macrostate. Moreover, the small size of
these nanomaterials may increase the risk for bioaccumulation within body organs
and tissues [14]. For instance, silica nanoparticles which are used as anti-caking
agents can be cytotoxic in human lung cells when subjected to exposure [15]. There
are a lot of factors that affect dissolution including surface morphology of the par-
ticles, concentration, surface energy, aggregation, and adsorption. Since every
nanomaterial has its individual property, therefore, toxicity will likely be estab-
lished on a case-by-case basis [16]. Further, regulatory authorities must develop
some standards for commercial products to ensure product quality, health and
safety, and environmental regulations. The transparency of safety issues and envi-
ronmental impact should be the priority while dealing with the development of
nanotechnology in food systems and therefore compulsory testing of nano foods is
required before they are released to the market.

15.1.1 Is Nano Safe in Foods?

Credits to nanotechnology, plenty of new products, and nanomaterials for food can
be developed. Nano-iron, for example, could be added to foods to fight anemia and
nano-packaging methods can be developed to improve the shelf life of products. In
principle, nanoparticles in packaging may leach into food products and therefore be
ingested as part of the human diet.

Are there specific health risks from nanoproducts? Out of three human studies,
only one showed a passage of inhaled nanoparticles into the bloodstream. Materials
which by themselves are not very harmful could be toxic if they are inhaled in the
form of nanoparticles. The effects of inhaled nanoparticles in the body may include
lung inflammation and heart problems.

What are the possible dangers of nanotechnology?
* Nanoparticles may damage the lungs.
* Nanoparticles can get into the body through the skin, lungs, and digestive system.
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15.2 Factors Affecting the Gastrointestinal Fate and Toxicity
of Food-Grade Nanoparticles

A major factor that has been frequently ignored in the studies of the biological fate
of ingested food nanoparticles is their interactions with various components within
complex food matrices and GIT. These interactions may occur within the food
itself, or during the passage of the food nanoparticles through the GIT. The interac-
tion of a food or GIT component with nanoparticles may alter their physicochemi-
cal properties in the GI tract and therefore their biological fate and function. Indeed,
the results of many previous studies have been highly limited because they used
unrealistic test systems that ignored food matrix and GIT effects [3, 17].

15.2.1 Food Matrix Effects

Prior to ingestion, nanoparticles are typically dispersed within food matrices that
vary considerably in their compositions, structures, and properties. The physico-
chemical and structural properties of nanoparticles may therefore be changed con-
siderably when they are dispersed in food products, which would play an important
role in determining their subsequent GIT fate and toxicity. For example, the interfa-
cial composition and properties of food-grade nanoparticles changes appreciably
when they are added to foods or when they enter the GIT because of the adsorption
of surface-active molecules from the surrounding environment [18]. Moreover, it
has been reported that certain flavonoids in foods can be tightly bound to the surface
of inorganic nanoparticles [19]. The interaction between these food components and
nanoparticles may significantly alter the biological fate of these nanoparticles.
Although knowledge of food matrix effects is critical for understanding the gastro-
intestinal fate of food nanoparticles, this important factor is currently ignored in
most studies. Consequently, this should be an important focus for future research in
this area.

15.2.2 GIT Effects

After ingestion, nanoparticles travel through the complicated environment of the
GIT before they are absorbed or exhibit their toxic effects [20] (Fig. 15.1). If the
nanoparticles are not absorbed in the upper GIT, then they will reach the colon
(pH 6-7) where they will encounter colonic bacteria and undigested food compo-
nents. If the nanoparticles are originally trapped within a food when they are
ingested, then they may be released into the GIT fluids as the food matrix is dis-
rupted and digested [21]. The GIT region where they are released will therefore
depend on the composition and structure of the food.



240

A. M. A. El Sayed et al.
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PH and ionic strength: The pH and ionic composition of the gastrointestinal
fluids depends on the nature of the food consumed and the specific GIT region
(mouth, stomach, small intestine, or colon). These parameters determine the
surface potential and electrostatic interactions of nanoparticles, which influ-
ences their aggregation state and interactions with other components.
Surface-active components: Gastrointestinal fluids contain surface-active
components that may arise from the ingested food or the GIT, such as surfac-
tants, proteins, bile salts, phospholipids, and FFAs. These surface-active com-
ponents may adsorb to nanoparticle surfaces and alter their interfacial properties
and subsequently their biological fate [22].

Enzyme activity: Gastrointestinal fluids contain digestive and metabolic
enzymes that may change the properties of certain types of nanoparticles. For
example, nanoparticles containing starches, proteins, or lipids may be digested
by amylases, proteases, or lipases. Consequently, the properties of the nanopar-
ticles reaching specific regions within the GIT may be very different from those
of the ingested nanoparticles.

Biopolymers: Gastrointestinal fluids contain biopolymers that may also alter
the properties of nanoparticles. These biopolymers may arise from the ingested
food or be secreted by the GIT, e.g., proteins, polysaccharides, and glycopro-
teins. Biopolymers may adsorb to nanoparticle surfaces and change their inter-
facial properties, or they may alter their aggregation state by promoting or
opposing flocculation [23].

Mechanical forces: Ingested nanoparticles are contained within gastrointesti-
nal fluids that are subjected to various kinds of mechanical forces as they pass
through the GIT which may alter the properties of the nanoparticles. Mechanical
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forces may alter the aggregation state of nanoparticles by breaking down weakly
flocculated systems.

As a result of these factors, the properties of nanoparticles are changed appreciably
as they pass through the GIT, which will alter their GIT fate and potential toxicity.
For example, there may be changes in the composition, dimensions, surface proper-
ties, physical state, and aggregation state of nanoparticles, which should be consid-
ered when establishing their potential toxicity. The interfacial properties of inorganic
(magnetite) nanoparticles co-ingested with bread were altered in a way that pro-
moted their uptake by intestinal epithelium cells [24]. The presence of a digested
food matrix enhanced the absorption of silver nanoparticles by intestinal epithelium
cells [25]. These findings demonstrated that the characteristics of the nanoparticles
inside the GIT may be appreciably different from those of the original nanoparti-
cles, which is often ignored in biological fate and toxicity assessments of food
nanoparticles potentially leading to unrealistic and misleading results.

15.3 Mechanisms of Action of Nanoparticle Toxicity

This section highlights some of the most important mechanisms of nanoparticle
toxicity. Ingested nanoparticles may cause toxicity due to numerous physicochemi-
cal and physiological mechanisms depending on their compositions, structures, and
properties.

The direct contact of nanomaterials used as food additives/functional/nutritional
ingredients may pose threats to human health. The production of reactive oxidative
species (ROS) acts as one of the main toxicological mechanisms causing cellular
damage and death [26]. Overproduction of ROS can lead to autophagy [27], neuron
damage [28], and severe damage to DNA [29], and potentially mutagenesis, carci-
nogenesis, and aging-related diseases in humans. Allergic reactions and damage
from metal ion release from nanomaterials are also possible adverse outcomes upon
exposure to food nano-products [30]. Additionally, the accumulation of nanomateri-
als in the edible parts (seeds) of plants [31] and the human body [32] may cause
severer problems at a higher concentration and long-term interactions.

15.3.1 Interference with GIT Normal Function

The small size of nanoparticles means they have a high specific surface area, which
offers a large area for adsorption of any surface-active components in the
GIT. Consequently, high levels of nanoparticles could reduce the rate or extent of
starch, lipid, or protein digestion within the GIT. For example, digestive or meta-
bolic enzymes could adsorb to nanoparticle surfaces thereby altering their normal
GIT function. Many globular proteins are denatured after adsorption to particle
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surfaces due to the change in their thermodynamic environment, which could lead
to a reduction in the catalytic activity of some enzymes.

The concentration of inorganic nanoparticles in the small intestine is likely to be
a fraction of a percent, and so this effect is only likely to be important for relatively
large lipid droplets at relatively low concentrations. In addition, the effect of a
nanoparticle is likely to be difficult to be predicted for several reasons: first, the
inorganic nanoparticles may aggregate in the GIT; second, the lipase molecules may
adsorb more strongly to the lipid droplet surfaces than to the inorganic nanoparti-
cle’s surfaces; third, there may be other surface-active substances in the GIT that
compete with the lipase for the surfaces of the inorganic nanoparticles.

There has been little research in this area, and so it is difficult to assess any
potentially harmful effects associated with this mechanism. At the worst, one might
expect that there would be a reduction in the rate of lipid, protein, or starch diges-
tion, but that these components would eventually be fully digested due to the bod-
ies’ ability to secrete additional enzymes and other digestive components when
needed. Due to the relatively low levels of inorganic nanoparticles normally
ingested, the authors do not anticipate that this mechanism will be a major health
concern.

Some types of inorganic nanoparticles may also be able to physically disrupt
important structures within the GIT, such as the tight junctions or microvilli, thereby
altering normal nutrient absorption and the protective function of the epithelium
cells [33]. The presence of nanoparticles in the GIT may also stimulate an immune
response, which could have adverse effects on human health, and so this possibility
should be tested for food-grade nanoparticles [34].

15.3.2 Accumulation Within Specific Tissues

Certain types of ingested nanoparticles are absorbed within the GIT and accumulate
in numerous tissues [35]. Apparently, these nanoparticles travel across the mucus
layer and are then absorbed by active or passive transport mechanisms. After they
have been absorbed into the cells, the nanoparticles may be metabolized, transferred
out of the cells, or accumulate within the cells. The accumulation of nanoparticles
within specific tissues may lead to long-term problems if they exhibit toxic effects
above a certain accumulation threshold. This mechanism of action is likely to be
most important for inorganic nanoparticles that are biopersistent.

15.3.3 Cytotoxicity and Cellular Malfunction

Nanoparticles may produce toxicity in cells through a variety of different mecha-
nisms, depending on their composition and structure [33]. One of the most impor-
tant factors contributing to the toxicity of inorganic nanoparticles is their ability to
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generate ROS, such as singlet oxygen, superoxide, hydrogen peroxide, and hydroxyl
radicals [36]. These ROS may then cause damage to cell membranes, organelles,
and the nucleus by interacting with lipids, proteins, or nucleic acids [37, 38]. As a
result, many biochemical functions required to maintain cell viability, such as ATP
production, DNA replication, and gene expression, may be adversely affected [39].
Several studies have reported the ability of inorganic nanoparticles to increase the
generation of ROS in cells and to produce cytotoxicity, including silicon dioxide
nanoparticles, [40] ZnO nanoparticles, [41] and silver nanoparticles [35]. Some
inorganic nanoparticles produce toxicity by generating ions (such as Ag + from sil-
ver nanoparticles or Zn 2+ from zinc oxide nanoparticles) that interact with the
normal functioning cellular components (such as proteins, nucleic acids, or lipids)
required to maintain biochemical processes. These mechanisms of action are most
likely to be important for inorganic nanoparticles that are absorbed by the intestinal
cells since most organic nanoparticles are digested before being absorbed. However,
it is still unclear about the extent to which inorganic nanoparticles would produce
cytotoxicity when they are consumed as part of a complex diet under normal
conditions.

15.3.4 Altered Location of Bioactive Release

The encapsulation of bioactive agents within nanoparticles may alter the location of
their release and absorption within the GIT. For example, a bioactive agent that is
normally released in the mouth, stomach, or small intestine could be released within
the colon. As a result, the physiological response and biological impact of the bioac-
tive agent may be altered by nanoencapsulation, which could have potentially
adverse health effects. For example, the encapsulation of digestible lipids within
nanolaminated dietary fiber coatings may inhibit the rate and extent of lipid diges-
tion in the upper GIT, [42] so that high levels of undigested lipids reach the colon.
These lipids may then be fermented by the colonic bacteria, which could cause
gastrointestinal problems. Alternatively, an antimicrobial agent may be encapsu-
lated within a nanoparticle that is not digested within the upper GIT, so that it
reaches the colon, where it could alter the nature of the colonic microflora, which
could again have adverse health effects. These effects are likely to be highly system-
specific, depending on the nature of the encapsulated bioactive and nanoparticle
used, and would therefore need to be established on a case-by-case basis.

15.3.5 Enhancement of Oral Bioavailability

One of the most widely studied applications of nanotechnology in the food industry
is for the encapsulation and delivery of hydrophobic bioactive agents, such as cer-
tain nutrients and nutraceuticals [43]. Numerous in vitro and in vivo studies have
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shown that delivering these bioactive agents within nanoparticles can greatly
increase their bioavailability. For illustration, nanoemulsions have been shown to
increase the bioavailability of carotenoids, curcumin, coenzyme Q10, ®-3 fatty
acids, and fat-soluble vitamins [43, 44]. There are a few different physicochemical
mechanisms that may be responsible for this improvement.

In particular, the nanoparticles may increase the bioaccessibility, chemical sta-
bility, and/or absorption of the encapsulated bioactive agents [45]. In general,
nanoparticles tend to be digested or dissolved more rapidly in the GIT and/or release
any encapsulated components more rapidly because of their small size and high
surface area. A change in the exposure level of bioactive agents within the blood
could have potentially adverse health effects. The biological effects of many bioac-
tive agents depend on their exposure levels in the blood and specific tissues. If the
exposure level is too low, then the bioactive agent will have a little biological impact.
If the exposure level is too high, then it may be toxic. Thus, the concentration should
be within a certain intermediate level to have the most beneficial biological effects.
This effect is likely to be highly system-dependent. It will depend on the toxicity
profile of the bioactive agent. Some bioactive agents can be consumed at relatively
high levels and have little toxicity, and therefore the ability of nanoparticles to boost
their bioavailability should not have any adverse consequences. On the other hand,
boosting the bioavailability of some bioactive agents could cause health problems.
Vitamin E (a mixture of tocopherols and tocotrienols) is essential for maintaining
human health and performance. However, the consumption of high doses of vitamin
E may increase the risk of various chronic diseases [46]. Much of the studies estab-
lishing the upper limits for the adverse health effects of bioactive agents have not
considered the nature of the delivery systems used. Consequently, the level where
toxic effects are observed could be appreciably lower in cases where nanoparticle
delivery systems greatly increase the bioavailability of the bioactive agents
being tested.

Nanoparticles may increase the bioavailability of bioactive agents through two
different approaches: delivery systems or excipient systems [40]. In both cases, the
delivery or excipient system is specifically designed to increase the bioavailability
of the bioactive agents by increasing the bioaccessibility or absorption, or by modu-
lating any transformations (such as chemical or biochemical reactions) of the bioac-
tive agents in the GIT.

15.3.6 Interference with Gut Microbiota

Nanoparticles that reach the colon may interact with colonic bacteria and alter their
viability, thereby changing the relative proportions of different bacterial species
present [33]. The type of bacteria populating the human colon is known to play a
major role in human health and wellbeing [47]. Consequently, any change in the gut
microbiota due to the presence of food-grade nanoparticles could have adverse
health effects. This is an important area that requires further research to determine
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the impact of specific nanoparticle characteristics on the gut microbiota and the
resulting health implications.

15.4 Toxicity Measurement of Nanoparticles Used
in the Food Industry

Nanomaterials have unique properties such as high surface area, which make them
more chemically active than bulk material so they could participate in most biologi-
cal reactions that may have a harmful effect on human health or the environment.
Nanostructures in nutrition or related industries must not create any direct or indi-
rect damage to human health. Some features of nanoparticles are more important in
unintentional side effects observed.

15.4.1 Size

Size is an important characteristic of the irreplaceable properties of nanoparticles.
Size determines the surface area of nanoparticles. The effect of surface area on the
respiratory response has been shown [48]. It has been reported that the size of par-
ticles is an important factor in observed dermal-cell in vitro cytotoxicity [49].
Absorbed nanoparticles in different absorption routes could trigger an immune sys-
tem response [50]. The small size of these particles allows them to pass through
different biological barriers and settle in tissues like the central nervous system [51].
The size of the nanoparticles in different routes of exposure should be considered in
assessing the safety of nanomaterials that are to be used in food and food-related
industries.

15.4.2 Chemical Composition

During the production of nanoparticles, many reagents are used that could be toxic.
Some may remain in the final product and result in exposure to toxins that are unre-
lated to the nanomaterials themselves. For instance, some observed toxic effects of
carbon nanotubes and semiconductor nanoparticles are related to residual reagents
during synthesis. The remaining reagents and impurities may hinder our under-
standing of the possible side effects of carbon nanotubes. Iron ions and impurities
can accelerate oxidative stress in cells [52]. Crystallinity is another important aspect
of chemical composition. Titanium oxide has three different levels of crystallinity
that each has different cytotoxic effects [53].
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15.4.3 Surface Structure

There are many factors in the surfaces of nanostructures that could affect their cyto-
toxicity. Hydrophobicity, charge, roughness, and, most importantly, surface chemis-
try are factors that could change the toxicological effects of absorbed nanoparticles
in the human body [54]. The coating of nanoparticles with hydrophilic polymer-like
polyethylene glycol decreases the toxic effects of bare particles [55]. Evidence indi-
cates that positively charged nanoparticles are more toxic than negative or neutral
nanoparticles [56]. Different types of coatings or functionalization groups on the
surface of nanoparticles are referred to as surface chemistry. Surface chemistry is
one of the most important factors affecting the interaction of nanoparticles and bio-
logical systems [57].

15.4.4 Solubility

Solubility is also important in the toxicity of nanoparticles. For instance, soluble
(hydrophilic) titanium oxide nanoparticles are more toxic than insoluble titanium
oxide nanoparticles [58]. Some soluble nickel compounds are recognized as carci-
nogenic agents [59]. A detailed report on the solubility of the oxide nanoparticle’s
toxicity has been published [60]. Thus, understanding the toxicity and biological
activity of nanoparticles requires an understanding of these factors and many others
that must be considered in applying nanotechnology in food and related industries.
In other words, all factors regarding the toxicity and environmental activity of
nanoparticles should be investigated. Nanoparticle uptake routes and pathways are
also important and must be considered in nanosafety investigations [61].

15.5 Harmful Effects of Nanoparticles on Humans

The use of nanotechnology in food irrespective of its wide benefits confers the pos-
sible adverse environmental, social, and health risks as these particles are believed
to enter the ecosystem through the delivery of pesticides in agriculture or through
application in processed food such as the packaging sector, thus raising the toxicity
concerns about their usage [10].

The level of human exposure to nanoparticles greatly depends on the specific
area where it is used in the food industry and the concentration of usage with expo-
sure risk being higher in the fields where nanomaterials are added directly to food
products as carriers of novel food ingredients. The migration of nanoparticles from
food packaging materials and the behavior of nanoparticles upon entering the body
are still being evaluated at an extensive level [11]. Nanoparticles can cause oxida-
tive stress to human body cells and can traverse from lungs to blood, cell nuclei, and
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central nervous system leading to the inflammation of the gastrointestinal tract,
Parkinson’s syndrome, Alzheimer’s disease, as well as the impairment of the
DNA. Adverse effects on the kidney, liver and other vital organs have been reported
due to long-term exposure to nanoparticles [62].

15.6 Prospects in Nanotoxicology Research

As one of the main characteristics of a nanoparticle is the enhancement of its reac-
tivity, it is quite possible that, when a nontoxic nanoparticle is incorporated in food,
it may get converted to a harmful form or vice versa.

Food has different roles in the body and the composition of the food is important
with respect to that role. A food may contain a functional ingredient that is specific
to that food; for instance, beef contains vitamin B12. During the processing of such
food, the main aim is to reduce the loss of such functional ingredients. Food, by its
nature, is a pool that presents enormous possibilities for biochemical interactions,
and the incorporation of a highly reactive species of nanoparticles into food may
trigger different reactions. The interaction of nanoparticles with such functional
ingredients and other constituents is another area of research that needs to be
explored.

15.7 Conclusion

The transparency of safety issues and environmental impact should be the priority
while dealing with the development of nanotechnology in food systems and there-
fore compulsory testing of nano foods is required before they are released to the
market. The main role of nanotoxicology is to provide clear guidelines and road-
maps for reducing risks in the optimal use of nanomaterials. Exposures routes in
industrial workers and consumers of food products that contain nanomaterials must
be studied carefully. With a precise understanding of the properties of nanomaterials
such as size, dose, surface chemistry, and structures, we will have useful and safe
food products.
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