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1 Introduction
Nanotechnology is a multidisciplinary technology, which is ca-

pable of providing numerous novel applications (Rai et al., 2012), 
its benefits have been already recognized in many applications, 
such as, pharmaceutical, medical, energy, and aerospace in-
dustries and currently is extended to the field of food industry 
(Fig. 14.1). Even though nanotechnology in the food industry is 
just beginning to be explored compared with other areas, this 
technology is showing a great development in the food industry 
and is expected to grow rapidly in the coming years (Durán and 
Marcato, 2013). Nanotechnology is having an impact on some as-
pects of food science, from the development of food to packaging 
to its consumption (Chaudhry and Castle, 2011). Application of 
nanotechnology in the food industry includes the food sector and 
the agriculture sector. Food nanotechnology is foreseen to have 
an impact on four major areas, including food processing, pack-
aging, preservation, and safety. However, currently food packag-
ing represents the major area for nanometal applications in the 
food sector. The properties of nanoparticles (NPs) in food nano-
technology applications provide the consumer with potentially 
healthier and safer food. However, safety issues concerning food 
nanotechnology applications have also attracted public concerns 
(Tayel et al., 2011).

On the other hand, food poisoning caused by microbial con-
tamination represents major health, social, and economic prob-
lems. Food preservation approaches involve killing or preventing 
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the growth of microorganisms in food; these approaches include 
a variety of natural and artificial preservative strategies (Emamifar 
et al., 2011). However, such approaches have limited use in protect-
ing food, against rapidly evolving and highly resistant foodborne 
pathogens (Kolar et al., 2001). Therefore, there is an increased 
and continuous demand for improved pathogen control meth-
ods with the evolution of resistant microorganisms to multiple 
antimicrobial agents. Nevertheless, nanomaterials possess many 
outstanding properties, such as, large surface area/volume ratio, 
unique quantum size, magnetic, heat conductivity, some catalytic 
and antimicrobial properties; together these properties facilitate 
effective fresh-keeping and pathogen control (Rai et al., 2012). In 
this respect, nanometal could be one of the possible strategies to 
overcome the current microbial resistance, they represent new 
powerful weapons against a broad spectrum of microorganisms 
and can be an alternative for the formulation of a new generation 
of antimicrobial agents; and thus can be used in biological, medi-
cal, and pharmaceutical applications (Sirelkhatim et al., 2015). 
However, further studies should be performed to minimize the 

Figure 14.1. Schematic diagram illustrating nanotechnology applications in different fields, specifying its main 
applications in the food sector.
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nanometals toxicity for their application as proper alternatives 
for disinfectants and antibiotics, especially in the biomedical 
and food applications (Zarei et al., 2013; Sirelkhatim et al., 2015). 
Nanometals have been well documented as effective antimicro-
bial agents against some common pathogenic microorganisms. 
In this respect, silver (Ag), zinc oxide (ZnO), and titanium diox-
ide (TiO

2
) are receiving great attention as antimicrobials, as well 

as, additives in consumer, industrial, and health-related products 
(Llorens et al., 2012). They can be embedded and coated onto the 
surfaces in many applications, such as, water treatment, biomedi-
cal devices, food processing and packaging (Llorens et al., 2012). 
Nanotechnology applications provided novel ideas for the food-
packaging sector, and have helped to secure food products  during  
their transportation and marketing, extended their shelf life, and 
protected them from many pathogens (Chaudhry and  Castle, 2011; 
Llorens et al., 2012). The incorporation of active nanometal with 
antimicrobial activity into polymer matrices improves the per-
formance of food packaging material, with regard to temperature 
resistance, barrier properties, durability, and recycling properties 
(Priya et al., 2014). Overall, the focus of this chapter is to address 
the potential use of nanometals as a food preservative against 
common foodborne pathogens. Successful applications of nano-
metals in food stuffs are summarized. Some of the mechanisms 
proposed for elucidating nanometals antimicrobial activity are 
described. Finally, the biosafety issues and consumers potential 
risks are discussed.

2 Nanometals Application 
as Antimicrobial Agents

The contamination of microbial pathogens is a major threat 
for human health and environment in many fields, such as, the 
food (Llorens et al., 2012), paint (Kaiser et al., 2013), and textile 
industries. Additionally, the development of microbial antibiotic 
resistance and the emergence of infectious diseases has become 
a serious and global concern (Kolar et al., 2001). Therefore, a con-
tinuous demand has risen to search for novel antimicrobial agents 
from both, synthetic and natural materials, to develop new agents 
to control pathogens. Oppositely, heavy metals exhibit antimi-
crobial activities against several pathogens, including, bacteria, 
fungi, and viruses (Lemire et al., 2013). They are considered as ef-
fective microbicidal agents in forms of oxides, salts, colloids, and 
as elemental NPs or complexes (Llorens et al., 2012). They can be 
incorporated in food preservation and for surface disinfection 
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in industrial environments. Metal NPs (1–200 nm in size) have 
recently become extensively studied because of their increased 
antimicrobial properties, as a result of their fascinating physico-
chemical properties, such as, increased surface/volume ratio, cat-
alytic activity, unique quantum size effect, and localized release 
of metal ions when attached to pathogens (Koedrith et al., 2014). 
The selective toxicity in biological systems suggests their potential 
application in various fields, including diagnostics, therapeutics, 
and food nanotechnology (Sirelkhatim et al., 2015). Antimicrobial 
agents that are currently used in the food industry can be classified 
into two main groups: organic and inorganic compounds. Howev-
er, the main advantages of using inorganic composites compared 
with the organics are their robustness, stability, and long shelf 
life (Sawai, 2003). Inorganic metal oxide NPs are known to pos-
sess strong antimicrobial properties, thus increasingly are used 
for antimicrobial applications. In this respect, Ag, copper (Cu), 
Zn, magnesium (Mg), and TiO

2
 are generally classified as nano-

antimicrobials (Cioffi and Rai, 2012) with improved performances 
and controlled toxicity to human. It has already been accepted by 
the scientific community that nanometals generate antimicro-
bial agents with improved and efficient performance (Koedrith 
et al., 2014). Nanometals with antimicrobial activity can be em-
bedded and coated onto the surfaces in many applications, such 
as, water treatment, biomedical devices, food processing, and 
packaging. Currently, silver NPs (Ag-NPs) are the most commonly 
used due to their high antimicrobial capacity. Still, Cu-, Zn-, and 
titanium-NPs are promising in food safety (Llorens et al., 2012).

2.1 silver Nanoantimicrobials
Ag is a noble metal, characterized by high thermal stability, high 

antimicrobial activity with low toxicity; it has been  recognized for 
its antimicrobial activity since ancient Greece (Meng et al., 2010). 
Among metallic cations, it is known to have high capacity against 
a broad spectrum of Gram-positive and Gram-negative bacte-
ria; with low toxicity to eukaryotic cells. Ag has gained popular-
ity because of the spread of antibiotic resistant Staphylococcus 
aureus strains (Deurenberg and Stobberingh, 2008). However, 
nanosized particles with a diameter below 100 nm exhibit opti-
cal and chemical properties that vary with particle size, shape, 
and the surrounding conditions. Ag-NPs interact with oxygen, 
boosting their antimicrobial activity compared to the bulk solid 
or to silver oxide (Llorens et al., 2012). Also, Ag-NPs exhibit strong 
high antifungal activity against both Aspergillus sp. and Rhizopus 
sp. (Medda et al., 2014). Thus, Ag-NPs usage is promising in food 
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nanotechnology applications such as aseptic food containers 
and active packaging systems (Llorens et al., 2012). In food nano-
technology applications, Ag-NPs have been studied to synthesize 
composites used as coating materials (Rai et al., 2009). Compos-
ites of Ag-NPs with polymer resulted in the improvement of their 
antimicrobial activities at lower concentrations (Kumar and Mun-
stedt, 2005). Biobased polymers are being used as carriers of Ag-
NPs. Among the polymers used is chitosan, a cationic nontoxic 
polysaccharide. It has been used to form composite with Ag-NPs 
with high antimicrobial efficacies. The chitosan–Ag-NPs showed 
enhanced antimicrobial activity compared to Ag or chitosan alone 
(Banerjee et al., 2010). Furthermore, Ag-NPs have been evaluated 
for their antimicrobial activities against a wide range of patho-
genic organisms. The highest sensitivity was detected against 
methicillin-resistant S. aureus (MRSA) followed by methicillin-
resistant Staphylococcus epidermidis (MRSE) and Streptococcus 
pyogenes then Salmonella typhi, and Klebsiella pneumoniae (Lara 
et al., 2010; Rai et al., 2012).

2.2 Zinc oxide Nanoantimicrobials
Zinc oxide (ZnO) is chemically stable and almost harmless 

to humans with good bioactivity toward many microorganisms 
(Sirelkhatim et al., 2015). ZnO is a versatile wide band-gap semi-
conductor with tunable, piezoelectric and optoelectronic proper-
ties. Since ZnO NPs are generally recognized as safe (GRAS) by the 
US Food and Drug Administration (Espitia et al., 2012), they have 
been extensively studied for their usage in antimicrobial packag-
ing films for food products. ZnO-NPs have biocidal activity with 
some advantages compared to Ag-NPs, such as, their lower cost 
and ultraviolet (UV)-blocking properties (Sirelkhatim et al., 2015). 
Produced ZnO colloids dispersed into polymeric matrices, have 
been used to preserve food from degradation (Vigneshwaran 
et al., 2008). Most of the biopolymers nanostructured compos-
ites are characterized by ease of processability, multifunctional-
ity, and their application for large-scale manufacturing (Espitia 
et al., 2012). ZnO incorporated in some polymer nanocomposites 
were structured for food packaging applications; Li et al. (2009b) 
coated polyvinyl chloride films with ZnO-NPs, and reported their 
antimicrobial activities against both Escherichia coli and S. aureus. 
ZnO-NPs have been reported to have antimicrobial activity against 
E. coli, S. aureus, and Candida albicans (Stanic et al., 2010). The 
antimicrobial activities of ZnO-NPs have been well addressed in 
research and their potential applications in food processing. ZnO 
has been added into edible food linings used in packaging to avoid 
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spoilage and maintains their color. ZnO-NPs with antimicrobial 
activity are introduced in the polymeric matrix to enhance barrier 
properties of packaging, its mechanical capability, constancy, and 
food safety (Espitia et al., 2012). In addition, ZnO-NPs showed an-
tifungal activity against Pythium spp. (Zabrieski et al., 2015).

2.3 titanium dioxide Nanoantimicrobials
Titanium dioxide (TiO

2
) has been extensively used in the food 

industry as a color additive as listed in Codex General Standard 
for Food Additives, (CODEX STAN 192-2005, 2015). Recently, TiO

2
 

nanostructured materials have received attention because of their 
unique properties, such as, high surface area with low dimen-
sionality and photocatalytic properties; thus it is useful as an an-
timicrobial agent (Nordman and Berlin, 1986). The antimicrobial 
activity of TiO

2
 is due to the photocatalytic generation of strong oxi-

dizing power when irradiated with near-UV light (Chorianopoulos 
et al., 2011). The antimicrobial effect of TiO

2
 photocatalyst against 

E. coli for water treatment and foodborne pathogens has well been 
reported (Chawengkijwanich and Hayata, 2008). TiO

2
 photocata-

lytic activity is particularly useful in water treatment and cleaning 
minimally processed products (Bogdan et al., 2015). One of the 
most promising applications in food processing is using TiO

2
-NPs 

as antimicrobial agents to reduce the risks associated with biofilm 
formation in food-contact surfaces, for example, Listeria mono-
cytogenes biofilms (Chorianopoulos et al., 2011), or to improve 
cleaning of stainless steel (Verran et al., 2010). TiO

2
 nanotubes- 

filling chitosan was structured as UV-blocking semitransparent 
films (Diaz-Visurraga et al., 2010), with bactericidal activity against 
E. coli, S. aureus, and S. enterica. Many studies reported the appli-
cation of TiO

2
- or ZnO-NPs to inactivate many fungal species, such 

as, Fusarium oxysporum, Penicillium expansum, and Aspergillus 
niger (Bogdan et al., 2015), suggesting that they can be success-
fully applied for public health protection, as well as, food hygiene. 
Other developments in the market include nanocoatings for pho-
tocatalytic sterilization of surfaces and water using TiO

2
-NPs, and 

nanosensors for food safety (Chaudhry et al., 2010). Nowadays, 
TiO

2
-NPs are finding wide application as a self-cleaning and dis-

infecting material used for surface coatings in many applications 
in the food industry, such as, disinfecting equipment and edible 
coating (Llorens et al., 2012; Bogdan et al., 2015).

2.4 copper Nanoantimicrobials
Cu has a potential biocidal activity that is lower than that of 

Ag; as a result, fewer studies are available regarding Cu-based 
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nanomaterials compared to Ag-NPs (Varshney et al., 2012). How-
ever, Cu is an essential element, present in most food in the form 
of salts or ions at levels, below 2 mg Cu2+/kg, and up to 39 mg 
Cu2+/kg (Aaseth and Norseth, 1986). At low concentrations, it is a 
cofactor for metalloproteins and enzymes, with outstanding an-
timicrobial properties. Cu2+ are well-known bioactive agents, in-
ducing oxidative stress on lipids, proteins, and nucleic acids, by 
producing reactive hydroxyl radicals with consequent damage 
to the microbial cell (Aaseth and Norseth, 1986). Both elemen-
tal Cu and CuO are suggested as nanostructured antimicrobial 
agents (Rubilar et al., 2013). Cu-NPs were dispersed on the glass 
surface, hence exerting higher Cu release (Aina et al., 2013). Po-
tential application of Cu-NPs was suggested by Zielecka et al. 
(2011) as effective antifungal additives for architectural paints or 
impregnates, Cu-NP additives main advantages include their sta-
bility, as well as nontoxicity to humans. CuO-NPs were effective as 
bactericidal agent against a broad range of pathogens involved in 
hospital-acquired infections; including E. coli and Staphylococcus 
spp. (Ren et al., 2009). However, a high concentration of CuO-NPs 
is required to achieve a bactericidal effect. Significant antifungal 
activities of Cu–Chitosan-NPs against the two phytopathogenic 
fungi, Alternaria solani and F. oxysporum, was reported by Saha-
ran et al. (2015). Synthesized Cu-NPs were also considered in food 
packaging applications (Conte et al., 2013). Cu has been embed-
ded in high-pressure polyethylene nanocomposite used for food 
packaging (Ushakov et al., 2008). Colloidal CuO-NPs were also 
distributed in chitosan films used for food packaging applications 
(Cardenas et al., 2009). CuO-NPs showed a high antimicrobial ac-
tivity against Bacillus subtilis, thus could be useful for preserving 
hygienic conditions in food retail packaging (Stanic et al., 2010). In 
a recent study, the antimicrobial activity of CuO-NPs synthesized 
in a chitosan polymer was effective against some microorganisms, 
including, B. subtilis, MRSA, P. aeruginosa, Salmonella cholerae-
suis, and C. albicans (Usman et al., 2013).

3 Nanometals and Foodborne Pathogens
3.1 Nanometals and their potential against 
foodborne pathogens

Foodborne diseases are prevalent all over the world, and their 
impact poses a significant economic and clinical problem. They 
have represented a serious threat to human life for many decades. 
Foodborne and waterborne diarrheal diseases kill an estimated 2.2 
million people annually, mostly children, according to the World 
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Health Organization (WHO, 2015). However, illnesses and deaths are 
occurring in both developed and developing countries. Therefore, 
the introduction of novel and potent antimicrobial agents is of great 
importance to control pathogens, especially the antibiotic- resistant 
strains. Some major pathogens that cause foodborne diseases are S. 
typhimurium, L. monocytogenes, Clostridium perfringens, Campy-
lobacter spp., E. coli O157:H7, and Vibrio parahaemolyticus. These 
organisms have frequently been related to food products and are 
linked to a number of human illness outbreaks (Jay, 2000).

On the other hand, the bactericidal effects of several nano-
metals including, Ag, Zn, Cu, and Ti have been well documented 
( Llorens et al., 2012). Several studies demonstrated promising anti-
microbial effect of nanometal against some foodborne  pathogens 
(Tayel et al., 2011; Zarei et al., 2013; Akbar and Anal, 2014; Khiralla 
and El-Deeb, 2015). Ag-NPs are considered to be effective broad-
spectrum antimicrobial agents against E. coli, Salmonella typhus, 
Vibrio cholerae, P. aeruginosa, and some antibiotic-resistant bac-
teria (Morones et al., 2005). A novel Ag-NP–cellulose composite 
was structured and it exhibited antimicrobial activity against 
S. aureus and E. coli (Hernane et al., 2011). In a recent study by 
Zarei et al. (2013) Ag-NPs exhibited significant antibacterial activ-
ity against four important foodborne pathogens, including E. coli 
O157:H7, S. typhimurium, L. monocytogenes, and V. parahaemo-
lyticus. Therefore, Ag-NPs are promising as antimicrobial agents 
for applications, such as, cleaning, disinfection of surfaces and 
equipment used in the food industry. In 2011, Tayel and cowork-
ers, reported promising antimicrobial results after exposure of S. 
aureus and S. typhimurium to ZnO-NPs, suggesting using ZnO-
NPs act as a preservative agent in some food applications in stud-
ies for risk assessment. Additionally, a composite of allyl nisin, iso-
thiocyanate, with ZnO-NPs was used as a coating on glass jars and 
effectively inactivated Salmonella spp. in liquid egg albumin (Jin 
and Gurtler, 2011). In a recent study, ZnO-NPs were significantly 
effective against the two common foodborne pathogens, S.  aureus 
and S. typhimurium. An active film of calcium alginate with ZnO-
NPs was prepared for active packaging in ready-to-eat poultry 
meat against the same pathogens; and the produced films de-
creased the number of pathogenic bacteria from log 7 to 0 within 
10 days at 8°C (Akbar and Anal, 2014). Also, photoactivated TiO

2
-

NPs were effective against the foodborne pathogens L. monocyto-
genes, V. parahaemolyticus, and S. choleraesuis (Kim et al., 2003). 
In food packaging applications, ethylene vinyl alcohol films with 
TiO

2
-NPs showed photoactivated antimicrobial activities against 

nine selected microorganisms commonly involved in food con-
tamination and/or its degradation, suggesting they can prevent 
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food poisoning and/or its spoilage (Cerrada et al., 2008). Another 
novel antimicrobial agent selenium-NPs were biosynthesized and 
used to control the growth and biofilm formation by six common 
foodborne pathogens, including, Enterococcus faecalis, Bacillus 
cereus, S. aureus, E. coli O157:H7, S. typhimurium, and Salmonella 
enteritidis (Khiralla and El-Deeb, 2015).

3.2 Nanometals and foodborne 
pathogens detection

Reducing the occurrence of foodborne diseases through the 
use of rapid, cost-effective detection techniques is important to 
control pathogens. Traditional microbial identification methods 
are based on morphological and biochemical tests, but these 
methods are time-, money-, and effort-consuming. Hence, there is 
a need to develop sensitive, rapid, and reliable detection methods 
(Koedrith et al., 2014). Also, it is imperative to have methods that 
are able to detect pathogens in low concentrations, as it may need 
only a few microbial cells in food to cause foodborne illnesses. In 
this respect, NPs are considered as potential sensing substances 
due to their strong physical confinement of electrons, with unique 
activities; such as, electrical and heat conductivity, magnetic-, 
luminescent-, and catalytic activity. Thus, incorporating NPs into 
nanosensors can improve the detection and sensitivity of food-
borne pathogens with rapid detection in different biological mea-
surements (Rai et al., 2012; Koedrith et al., 2014).

Nanosensor detection of foodborne pathogens has given a 
chance to generate a new aspect of biosensor technologies with 
respect to food analysis. The widely used NPs in nansensors in-
clude quantum dot NPs, metal NPs, magnetic NPs, and silica NPs. 
Various metals have been used to prepare nanosensors, including 
zinc (Zn), calcium (Ca), iron (Fe), magnesium (Mg), and potassium 
(K) (Rai et al., 2012; Koedrith et al., 2014). Nanosensors using novel 
techniques, such as, plasmonic shifts in iron oxide NPs, magnetic 
relaxation by gold (Au)-NPs, and changes in magnetic proper-
ties have been reported, with a great sensitivity to detect patho-
gens, antigens, toxins, and nucleic acids (Koedrith et al., 2014). 
 Nanosensors are expected to be easily used, be cost-efficient, and 
rapidly detect toxins and pathogens in food, during processing and 
storage (Koedrith et al., 2014). In general, Salmonella is detected by 
an ISO method 6579, which needs up to 5–7 days to achieve a posi-
tive result. However, Fu et al. (2008) developed a heterostructured 
silicon(Si)/Au nanorod array with  Salmonella antibodies and or-
ganic dye and its detection using this nanosensor is rapid and sen-
sitive (in minutes). The dye molecules attach to Si nanorods and 
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produce fluorescence when they come in contact with  Salmonella, 
and thus they can be used in the food industry. A novel nanobio-
sensor with microgravimetric quartz crystal microbalance with 
DNA for E. coli detection was described by Valdés et al. (2009); 
streptavidin-coated ferrofluid (Fe

3
O

4
-NPs) was used to amplify the 

signal. Vinayaka and Thakur (2010) highlighted the application of 
bioconjugated cadmium telluride quantum dots with antibodies 
for the detection of food contaminants, such as, enterotoxins and 
botulinum toxin, produced by E. coli and S. aureus. Application 
of nanosensors provides both direct and indirect detection of the 
pathogen, where indirect detection is also possible through the as-
sessment of the pathogen’s metabolic activity by monitoring the 
rate of nutrient consumption (Koedrith et al., 2014). In this regard, 
Nath et al. (2008) reported using Au-NPs-based techniques for 
the assessment of the bacterial susceptibility via surface plasmon 
resonance shifts. A patented nanoparticle tracer-based electro-
chemical DNA sensor for detecting pathogens in food products 
was constructed, the sensor uses polymer coated NPs, such as Au-
NPs, metal salt, Si, and polystyrene immobilized with DNA probes 
and antibodies, to act as nanotracers for the detection of specific 
pathogens. These nanoparticle biosensors demonstrated higher 
sensitivity over conventional detectors of the order 1 CFU/mL. In 
conclusion, the potential benefits of these nanosensors will in-
clude microbial and chemical safety of foods to protect consumer 
health. Nanomaterial-based biosensors for the detection of food-
borne pathogens will also have great utility in monitoring the food 
safety (Koedrith et al., 2014).

4 Nanometals and Food Preservation
Food preservation has always been a major global concern. It 

can be defined as the process of treating food to stop or effectively 
reduce its spoilage caused by microorganisms, such as bacteria 
and/or fungi, in order to prevent loss of its quality and nutritive 
value (Emamifar et al., 2011). Some methods to protect food from 
contamination and spoilage go back to the 18th century, which 
include appertization (eg, air tight containers) and pasteuriza-
tion over long periods. In addition, the most commonly used food 
grade antimicrobial agents in edible food or packaging coatings 
are citric acid, sorbic acid, benzoic acid, bacteriocins, and some 
polysaccharides exhibiting natural antimicrobial properties, such 
as chitosan. Such approaches have limited use in protecting food 
against rapidly evolving and highly resistant foodborne pathogens. 
Therefore, there is an increased and continuous demand for im-
proved pathogen control methods with the evolution of resistant 
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microorganisms to multiple antimicrobial agents. On the other 
hand, nanomaterials possess many outstanding properties, such 
as, large surface area, unique quantum size effect, and some cata-
lytic and antimicrobial properties; together these properties facili-
tate effective fresh-keeping and pathogen control. Many studies 
on food packaging reveal that safe and effective nanometals are 
emerging in the field of food packaging due to their effective anti-
microbial properties (Durán and Marcato, 2013). Therefore, nano-
metals can be considered as promising materials in food preser-
vation and scientists have been actively seeking opportunities to 
solve serious concerns of food contamination by exploring the 
nanometals’ unique properties that can be used in the food sec-
tor, especially in packaging and in biosensors applications (Durán 
and Marcato, 2013; Koedrith et al., 2014).

Food nanotechnology applications are the most innovative in 
developing food packaging and materials that come in contact 
with food. Recently, polymer-derived nanocomposites offer novel 
applications and are strong food packaging materials that can 
protect food products during transportation, keep it fresh longer 
during storage, and protect from microbial attacks (Durán and 
Marcato, 2013). On the other hand, great attention is given to the 
exploration and production of package materials, which could, 
by adding nanometals with antimicrobial properties, improve the 
package characteristics in terms of solid mechanics and food pres-
ervation, and still could be biodegradable (Sorrentino et al., 2007). 
The application of antimicrobial nanocoatings on food prepara-
tion surfaces could help to maintain hygiene during food process-
ing (Chaudhry and Castle, 2011). Thus, extending the shelf life of 
postharvested vegetables and fruits and using edible films with 
nanometals is one of the most promising methods for pathogen 
control in food nanotechnology (Emamifar et al., 2011). Current-
ly, active food packaging systems are a novel growing approach 
in food packaging aiming to substitute the conventional packag-
ing systems to achieve effective performance. The conventional 
approach utilizes a passive barrier to protect food against the sur-
rounding environment. Whereas, active packaging contains an ef-
fective antimicrobial agent to protect food from the environmental 
factors. The liberation of the nanometals (antimicrobial agent) 
onto the food surface reduces the bacterial growth, and hence 
prevents food spoilage. This type of active packaging can be also 
called antimicrobial packaging, where direct interaction occurs 
between the food and the nanometals reduce or inhibit the mi-
crobial growth (De Azeredo, 2013). Active packaging systems with 
incorporated antimicrobial agents offer chances to develop novel 
packaging materials with the potential to maintain food quality by 
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improving food safety and product shelf lives (Durán and Marca-
to, 2013). Edible thin film, such as, chitosan, gelatin, polyglycolic 
acid, alginate, and blends of sodium caseinate and starch are used 
in food packaging (Durán and Marcato, 2013). These edible thin 
films are used to protect vegetables, fruit, meats, baked goods, 
French fries, and chocolate, because they act as active packaging, 
increasing barrier protection, preserving the product appearance, 
thus increasing their shelf life (Falguera et al., 2011). Interestingly, 
nanometals with antimicrobial activities such as Ag-, ZnO-, and 
TiO

2
-NPs with great antimicrobial characteristics are added to the 

different packaging materials (De Silva et al., 2015). To date, dif-
ferent types of metal oxides/NPs have been grafted on nanotubes 
used in food packaging applications, such as, Ag, TiO

2
, ZnO, ZnS, 

Cu, and Au (De Silva et al., 2015).
The most frequently used nanoparticle in today’s market is Ag-

NP; it is mainly used for health food and packaging applications, 
it has been used in food packaging to prevent pathogen growth in 
fresh products, meat products, and also in food contact materi-
als, such as, baby bottles, cutting boards, freezers, and cutlery (Iles 
et al., 2011). Ag-NPs can be produced by environmentally friendly 
processes and applied in packaging as antibacterial/ antifungal 
agents (Durán and Marcato, 2013). The shelf life of asparagus was 
extended by 10 days at 2°C when it was coated with Ag-NPs dis-
persed in polyvinylpyrrolidone (An et al., 2008). Among the wide 
range of nanometals with antimicrobial activities, Ag-NPs proved 
their efficiency in extending the food shelf life and so did TiO

2
-NPs, 

a well-known photocatalyst (Gumiero et al., 2013). TiO
2
-NPs have 

been extensively used in the food industry as color additive, at lev-
els ≤1%, as listed in CODEX STAN 192-2005 (2015). Interestingly, 
nanocomposite materials have several advantages over conven-
tional food packaging material owing to their  superior polymeric 
properties enhanced by the addition of NPs. The  nontoxicity of 
chitosan and TiO

2
 make them ideal candidates for active food 

packaging. Díaz-Visurraga et al. (2010) prepared  semitransparent 
composite films from TiO

2
 nanotubes in chitosan matrix. The nov-

el films were effective in reducing the microbial concentration of 
S. typhimurium, S. aureus, and E. coli. Li et al. (2009a) demonstrat-
ed the beneficial effects of Ag–TiO

2
-based polyethylene package in 

quality preservation of Chinese jujube. The incorporation of Ag–
TiO

2
 into plastic or paper polymers used in food packaging efficient-

ly exploits the photocatalytic and antimicrobial properties of both 
nanometals. Nanocomposites of low density polyethylene filled 
with a powder of 95% TiO

2
 and 5% Ag-NPs extended the shelf life of 

orange juice for 28 days, without spoiling juice quality attributes, 
such as, color or ascorbic acid content (Emamifar et al., 2010). 
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Ag–TiO
2
-incorporated matrix provides additional functional value 

due to the antimicrobial properties of Ag against a wide range of 
microorganisms (Duncan, 2011). Furthermore, Zhao et al. (2012) 
described a nanocomposite-based material used for packaging, 
composed of a blend of polyethylene with Ag-NPs, attapulgite 
clay, and TiO

2
-NPs; the novel nanocomposite protected green tea 

for a longer period. In another study, But and Bertoti (2012) used 
Ag–TiO

2
 nanocomposites to preserve meat. Gumiero et al. (2013) 

reported the application of high density polyethylene-based in 
food packaging containing CaCO

3
 and TiO

2
; the novel nanocom-

posite successfully preserved the structural and microbial stability 
of a short-ripened cheese. Moreover, Peter et al. (2013) displayed a 
high efficiency of a nanosensor based on TiO

2
 for oxygen detection 

in damaged vacuum packages. In a recent study, Priya et al. (2014) 
increased the shelf life of grape fruit by 10 days using TiO

2
-NPs and 

chitosan–hydroxypropyl methylcellulose (CS-HPMC) films, plums 
also were preserved using the Ag-doped CS-HPMC films and their 
shelf life was extended for 3 weeks with good textural and sensory 
qualities compared to untreated controls. In general, the nano-
composite CS-HPMC films incorporated with Ag, TiO

2
, and neem 

leaf powder showed better solubility, good antibacterial proper-
ties, increased thermal and mechanical properties, and reduced 
decay index (Priya et al., 2014). Remarkably, ZnO-NPs are reported 
as nontoxic to human cells (Colon et al., 2006), thus their usage as 
antibacterial agents is promising with respect to human safeness. 
Thus, ZnO is listed as a generally recognized as GRAS material by 
the FDA and can be used as a food additive (Espitia et al., 2012). 
A novel nanopackage composed of polyvinyl chloride film with 
ZnO-NPs powder was used for apple conservation, it decreased 
polyphenol oxidase and pyrogallol peroxidase activities, thereby 
delaying the fruit degradation (Li et al., 2011). To increase the shelf 
life of food products ZnO incorporated into polylactic acid films 
has been synthesized as an active material for packaging with re-
markable antimicrobial properties against E. coli, S. aureus, and K. 
pneumoniae (Pantani et al., 2013). Recently, De Silva et al. (2015) 
successfully fabricated ZnO-NPs deposited halloysite nanotubes; 
the nanocomposites exhibited promising antimicrobial activity 
against E. coli and S. aureus reducing the bacteria count by 99%, 
with increased mechanical properties. In general, application of 
food packages based on nanomaterials at the industrial level is 
strictly dependent on the exploration of regulatory aspects, which 
should consider not only their efficiency in preserving the physi-
cochemical, microbial, and sensorial quality of food, but also their 
potential and unforeseen risks on human health and the environ-
ment (Duncan, 2011).
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5 Applications of Nanotechnologies 
in Food-Related Sectors

The applications of nanotechnology in food-related fields could 
provide consumers, producers, and researchers with many valu-
able benefits (Chaudhry and Castle, 2011). These  benefits include 
promising reductions in food additives, for example, preservatives, 
fat, salt, and surfactants in the final products; and  enhancement 
of novel or enriched textures, tastes, colors, and mouth sensa-
tions. Nanoprocessing of food products could also improve the 
bioavailability, uptake, and absorption of  supplements and nutri-
ents in human body. Nanotechnology applications and materials 
provide new insights for food packaging sectors, and strongly help 
in securing food products during marketing and transportation, 
extending their shelf life, and protecting them from microbial 
pathogens. The usage of ‘Smart’ labels is supposed to keep the au-
thenticity and safety of food products in the production, process-
ing, storage, and marketing chains. But, despite these estimated 
advantages, the application levels of nanotechnology in food and 
food-related sectors are still limited in most countries and the ma-
jority of these applications are still in R&D stages. The main targets 
of new nanotechnology applications include focusing on health 
food and food-packaging products. The major  successfully ap-
plied nanotechnologies in food and food-related sectors, from the 
production to the final products, are summarized in Table 14.1.

6 The Antimicrobial Mode of Action 
of Nanometals

Nanometals and their oxides were extensively investigated for 
their antimicrobial activity and modes of action. The antimicro-
bial activity of many conventional metals (regular sized) has been 
recognized and employed for centuries, for example, Zn, Ag, Au, 
Ti, and Cu (Malarkodi et al. 2014). Numerous NPs types and de-
rivatives were screened for their probable antimicrobial effects; 
the in vitro studies indicated that metal NPs have the ability to in-
hibit various microbial species (Seil and Webster, 2012). Generally, 
metal NPs are more active than their normal-size counterparts be-
cause the surface/volume ratio of NPs is considerably increases as 
the particle size decreases (Buzea et al., 2007).

The exact mechanisms that explain NPs antibacterial activities 
are not fully understood; however, two major mechanisms were 
proposed for this issue: (1) the dissolution of some particles from 
NPs surface, might lead to free metal ion toxicity; and (2) the release 
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Table 14.1 List of Current and Projected Nanotechnology Applications 
in the Food and Agriculture Sectors

Nature of Application Advantages Potential Disadvantages Examples for the Application References
Food Production

Agrochemicals containing 
nanoparticles (biocides, 
fertilizers, veterinary 
medicines, pesticides)

Enhanced agrochemicals delivery 
in the field, better control of 
dose/application, better efficacy, 
agricultural spraying with minimum 
use of solvents

Risk of exposure to dangerous 
substances (workers), 
exposure risk via potential 
residue carryover to foodstuffs 
(consumers)

Few products are now available on the 
market. Solid lipid-based nanoparticles 
and nanoencapsulates were suggested 
for agrochemicals delivery, such as, 
controlled-release pesticides and 
fertilizers. The application of this type 
for a veterinary medicine or pesticide 
has to go through premarket check and 
approval.

Bouwmeester et al. 
(2009)

Applications in animal 
feed

Improved bioavailability, less use of 
feed additives, less environmental 
problems, removal of toxins that 
are present in feed

Probable consumers’ exposure 
via residue-carryover from 
animal product consumption, 
for example, meat and milk. 
Animal welfare could also be 
an issue for exposure.

Only few examples from nanosized 
additives were presented and 
specifically designed for animal 
feed. Many of them have targeted 
nanomaterials for binding and removing 
mycotoxins or microbial pathogens in 
feed

EFSA (2009)

Food Processing

Delivery of supplements 
and nutrients using 
nanocarrier systems, 
for example, liposomes 
or biopolymer-based 
nanoencapsulated 
materials

Protection of particular 
ingredients from oxidation during 
processing;masking the taste of 
certain additives/ingredients, 
such as fish aroma; improving 
bioavailability; improving 
optical appearance; improving 
supplements and nutrients uptake; 
improving antimicrobial action

Increasing bioavailability, 
uptake and absorption, 
of definite additives and 
supplements may alter tissue 
distribution of the materials in 
the body. The characteristics 
of some nanoencapsulated 
materials may be dissimilar to 
raw bulk equivalents.

Many nanoencapsulated food 
supplements and additives are currently 
produced and commercially available 
for consumers worldwide via the 
Internet

Luykx et al. (2008), 
Chaudhry et al. 
(2010), Chaudhry and 
Castle (2011)

(Continued)
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Table 14.1 List of Current and Projected Nanotechnology Applications 
in the Food and Agriculture Sectors (cont.)

Nature of Application Advantages Potential Disadvantages Examples for the Application References
Processed nanotextured 
or nanostructured food 
products

Reduced use of fat and emulsifiers, 
more stable emulsions, enhanced 
food products tasting. Such 
products would offer healthy and 
tasty products for the consumer. 
Foodstuff processing at the 
nanoscale is effective for inhibiting 
microbial pathogens.

Nanostructured foods are 
expected to be digested 
or solubilized in the 
gastrointestinal tract; they 
should not carry insoluble 
compounds into circulatory 
system

Distinctive products of this application 
type are nanotextured food (eg, 
mayonnaise, ice cream, spread), 
that are “creamy” as the full-fat 
products but with low-fat content. 
Microemulsions, for example, 
mayonnaise, which is composed 
from an emulsion containing water 
nanodroplets inside it.

Chaudhry et al. 
(2010)

Nanosized additives (from 
organic origins); naturally 
occurring substances, for 
supplementing foodstuff, 
animal feed and health 
food

Water-insoluble additives become 
more dispersible in food products 
without additional emulsifiers or 
fat. Improved bioavailability and 
enhanced absorption in the body, 
more than bulk equivalents. Fewer 
required amounts for biological 
functions or taste characteristics. 
Enhanced tastes and flavors 
because of greater surface areas of 
nanoadditives.

Nanosize additives may cause 
changes in the bioavailability 
and absorption and may alter 
tissue distribution

This application type is estimated to 
be used in a wide variety from food 
and health food divisions. Micronized 
starch, rice, and wheat flour, cellulose, 
wide varieties of spices and medicinal 
herbs. These nanomaterials including 
colorants, flavorings, preservatives, and 
antimicrobials

Sawai and Igarashi 
(2002), CODEX 
STAN 192-2005 
(2015), EFSA (2009), 
Chaudhry et al. 
(2010)

Nanosized additives (from 
inorganic origins); for 
supplementing foodstuff, 
animal feed, and health 
food

Benefits are basically the same as 
presumed for nanosized organic 
additives. Other benefits include 
increased food safety because of 
the high antimicrobial activity of 
nanometal (oxide) particles

Some nanosized inorganic 
additives may contain 
indigestible, insoluble, and 
potentially biopersistent 
particles

A wide range of nanoinorganic additives 
is currently available for food and feed 
supplements, nutraceuticals, and health 
food applications. Examples include 
nanosized zinc, selenium, silver, calcium, 
titanium dioxide, iron, magnesium, 
silica, platinum, and their oxides

EFSA (2008), Tayel 
et al. (2011)



Nature of Application Advantages Potential Disadvantages Examples for the Application References
Food Packaging

Food packaging 
applications, plastic 
polymers containing 
(or coated with) 
nanomaterials for 
improved mechanical or 
functional properties

“Improved” packaging in terms of 
flexibility, gas barrier properties 
and temperature/moisture stability. 
“Active” packaging incorporating 
metal/metal oxide-nanoparticles 
for antimicrobial properties. They 
are claimed to prevent microbial 
growth on the surface of plastic 
packaging and hence keep the 
packaged food fresher over 
relatively longer periods

Potential consumer exposure 
to nanoparticles through 
migration into foodstuffs, or 
ingestion of edible coatings

Despite known R&D activity in 
this area, there is no product 
currently available on the market. 
Nanoencapsulated and solid lipid-
based nanoparticles have been 
explored for delivery of agrochemicals, 
such as slow- or controlled-release 
fertilizers and pesticides. Any 
application of this type for a pesticide 
or veterinary medicine will go through 
premarket approval

Simon et al. (2008), 
Cardenas et al. 
(2009)

Nanocoatings on food 
contact surfaces for barrier 
or antimicrobial properties

For “active” or self-cleaning 
surfaces in food processing 
facilities such as abattoirs

Potential consumer exposure 
to nanoparticles through 
migration into foodstuffs

A number of nanomaterial-based 
coatings are available for food 
preparation surfaces, and for 
coating food preparation machinery. 
Examples include nanosilica coating 
for hydrophobic for self-cleaning 
surfaces; titanium dioxide or zinc 
oxide nanocoating for photocatalytic 
sterilization of food contact surfaces, 
and nanocoating of silver for hygienic 
food preparation surfaces. Also 
reported are nanoscale lipid structures 
for development of water-repellent 
surfaces.

Chaudhry et al. 
(2007), Falguera 
et al. (2011)

(Continued)



Nature of Application Advantages Potential Disadvantages Examples for the Application References
Surface functionalized 
nanomaterials

Processing aids, additives for 
food preservation/ detoxification, 
antimicrobial, and other health 
benefits. The 2nd generation 
nanomaterials that add certain 
functionality to the matrix, such 
as, antimicrobial activity, or a 
preservative action, such as, 
through the absorption of oxygen 
For food packaging materials, 
functionalized engineered 
nanomaterials are used to bind 
with the polymer matrix to offer 
mechanical strength or a barrier 
against movement of gases or 
volatile components (such as, 
flavors) or moisture

Potential consumer exposure 
through migration into 
foodstuffs.

Main uses of surface functionalized 
nanomaterials are currently in food 
packaging. Possible uses are also 
emerging in animal feed. Examples 
include organically modified nanoclays 
that are currently used in food 
packaging to enhance gas-barrier 
properties. As nanotechnologies 
converge with other technologies 
(eg, biotechnology), the use of 
functionalized nanomaterials in food 
and related applications is likely to 
grow in the future. Other examples 
are not yet available, but a number 
of nanobiomaterials are under 
development; some may find use in 
food-related applications

Vigneshwaran et al. 
(2008), Chaudhry 
et al. (2010), Diaz-
Visurraga et al. 
(2010)

Other Applications

Nanofiltration based 
on porous silica, and 
regenerated cellulose 
membranes

Filtration of water, and removal 
of some undesired components in 
food, such as, bitter taste in some 
plant extracts, and clarifying wines 
and beers. Colloidal silica (thought 
to be in agglomerated form) is 
known to be used in clarifying 
beers and wines

Potential consumer exposure 
unlikely unless nanoparticles 
end up in the filtered products

The use of porous silica in 
nanofiltration systems needs to be 
considered differently from the use of 
other nanomaterials in food products

Hernane et al. (2011)

Table 14.1 List of Current and Projected Nanotechnology Applications 
in the Food and Agriculture Sectors (cont.)



Nature of Application Advantages Potential Disadvantages Examples for the Application References
Nanosensors for food 
labeling

Better food authenticity, safety and 
security from the use of “smart” 
packaging, which incorporate 
nanosized sensors that can monitor 
the condition of the food during 
transportation and storage. Also 
under development are “intelligent” 
packaging concepts that will 
release a food preservative only 
when triggered by rough handling 
or transport abuse, or when 
microbial activity initiates in the 
packaged food

Potential migration into 
foodstuffs

Developments include safety and 
quality indicators that can be applied as 
labels or coatings to add an intelligent 
function to food packaging. For 
example, to monitor the integrity of the 
packages sealed under vacuum or inert 
atmosphere by detecting leaks, freeze–
thaw–refreeze scenarios by detecting 
variations in time–temperature, or 
microbial safety by detecting the 
deterioration of foodstuffs. This area 
of application is likely to see a rapid 
growth in the future. R&D work also is 
ongoing to integrate nano(bio)sensors 
with radio frequency identification 
display systems to enable tracking of 
food products in the supply chain

Iles et al. (2011), Rai 
et al. (2012), Peter 
et al. (2013)

Water decontamination Breakdown of organic pollutants, 
oxidation of heavy metals, and 
elimination of pathogens

Potential consumer exposure 
to nanoparticles through 
consumption of treated 
drinking water, or carryover 
from wastewaters used 
in agriculture and food 
processing

Nanoiron and other photocatalysts 
(eg, titanium dioxide) are also finding 
use in water treatment. Nanoiron is 
already available at an industrial scale 
quantities. A number of companies 
are thought to be using the technology 
in developing countries where water 
resources are scarce.

Pantani et al. (2013)
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of reactive oxygen species (ROS), generated from NPs  surfaces 
might lead to oxidative stress (Besinis et al., 2014). Fig. 14.2 shows 
some of the proposed nanometals antimicrobial mechanisms.

6.1 Zinc oxide Nanoparticles
Features and characteristics of ZnO, for example, its safety and 

compatibility to human skin, recommended it as a suitable ad-
ditive for products that come in contact with the human body, 
such as, textiles, lotions, and sunblocks (Rao et al., 2013). ZnO-
NPs exhibited potent bactericidal activity against Gram-positive, 
Gram-negative, foodborne- and spore-forming bacteria (Tayel 
et al., 2011). The increased surface are of ZnO-NPs is the main 
suggested reason for their enhanced antibacterial activity (Xie 
et al., 2011). It was also demonstrated that the antibacterial activ-
ity of ZnO-NPs increased with the decrease in particle size (Zhang 
et al., 2008). ZnO could reduce the viability of bacteria, but no ex-
act mechanism is currently known. One of the proposed mecha-
nisms is hydrogen peroxide (H

2
O

2
) generation, which has a strong 

antibacterial activity (Xie et al., 2011). Another mechanism for the 
ZnO antimicrobial activity is the electrostatic forces that lead to 
the accumulation of these particles on the bacterial cell surface 

Figure 14.2. Some of the mechanisms proposed for elucidating antimicrobial activity of nanometals (dizaj et al., 2014).
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(Zhang et al., 2008). Moreover, ROS generated from the particle 
surface, the release of Zn2+, damaged cell membranes, and subse-
quent NPs uptake, could be considered as some of the possible ex-
planations of the ZnO-NPs antimicrobial action (Rao et al., 2013). 
Additionally, disturbance in the electron transportation in the 
transmembrane space was stated as a possible mechanism for 
some metal NPs including Ag and Zn. Xie et al. (2011) suggested 
that the antimicrobial action of ZnO-NPs could be because of cell 
membrane disruption and ROS generation. They indicated that 
the exposure to ZnO-NPs resulted in alteration of cell morphol-
ogy, leakage in measurable membrane, and an increase in gene 
expression up to 52-fold due to the oxidative stress.

6.2 silver and silver oxide Nanoparticles
Ag could be used as an additive due to its antimicrobial activ-

ity in various branches, such as, plastic products with injection- 
molded, coatings, and textiles, as well as, several biomedical 
applications (Marambio-Jones and Hoek, 2010). Ag-NPs were re-
ported to have a strong antimicrobial activity, which is compara-
ble to their regular sized form (Jo et al., 2009), including powerful 
activity against drug-resistant bacteria (Allahverdiyev et al., 2011). 
The antibacterial action of Ag-NPs was reported to result mainly 
from the damage of the bacterial outer membrane (Lok et al., 
2006). Several investigations presumed that Ag-NPs might induce 
some pits and gaps throughout the bacterial membrane, and 
this led to the cell fragmentation (Iavicoli et al., 2013). Addition-
ally, it has been illustrated that Ag-NP ions could interact with the 
sulfydryl or disulfide groups in microbial enzymes, which cause 
the disruption of the metabolic processes and leads to cell death 
(Egger et al., 2009). The effect of decrease in size on the Ag-NPs’ 
antimicrobial activity, was investigated against different types of 
soilborne fungi (Jo et al., 2009). They reported that Ag-NPs, with a 
particle size of 20–30 nm, could effectively penetrate the cells and 
accumulate within plant tissue. However, they recommended that 
Ag-NPs could be efficaciously used for the control of fungal plant 
pathogens and suggested that the applied NPs would have lower 
toxicity than synthetic fungicides. The antibacterial efficacy of 
Ag

2
O-NPs was proved against foodborne bacterial pathogens, for 

example, E. coli (Sondi and Salopek-Sondi, 2004). They suggested 
that when bacteria were exposed to these NPs, the DNA replica-
tion ability was lost and the cell cycle was halted, in the G2/M 
phase, due to DNA damage. The bacterial cells were harmed by 
the effect of oxidative stress that resulted from the ROS generation 
and remarkable cell apoptosis was demonstrated.
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6.3 Gold Nanoparticles
Au-NPs are generally the most favored as antimicrobial agents 

because of their high performance activity, nontoxicity, wide spec-
tral effects, photothermal activity, and simplicity of their detection 
(Lima et al., 2013). Au-NPs are proved to be safer than other an-
timicrobial nanometals to mammalian cells because their anti-
microbial activity is independent of the ROS mechanism, for ex-
ample, Au-NPs do not induce ROS for microbial inhibition (Cui 
et al., 2012). They demonstrated that Au-NPs antibacterial ac-
tion could be attributable to (1) NP attachment to the bacterial 
cell membrane, which led to morphological modifications of the 
membrane and a decrement in ATP level, and (2) a suppression of 
ribosomic tRNA synthesis.

6.4 titanium dioxide Nanoparticles
The antimicrobial potentiality of TiO

2
 was supposed to be asso-

ciated with their particle size, shape, and crystal structure (Haghighi 
et al., 2013). The ROS generation and subsequent oxidative stress 
was suggested as the main explanation for TiO

2
-NPs’ antimicrobial 

action, as ROS are known to increase DNA damage. Also, the TiO
2
-

NPs photocatalytic properties increase their efficiency for bacte-
rial eradication via membrane fluidity initiation and cell integrity 
 disruption (Carré et al., 2014). On the other hand, their use is re-
stricted under UV light to prevent genetic damage that occurs in 
human tissues and exposed cells (Allahverdiyev et al., 2011).

6.5 calcium oxide and magnesium oxide 
Nanoparticles

The MgO-NPs and CaO-NPs, individually or in combination 
with disinfectants, exhibited potent antibacterial effect, in addition 
to other desirable features, such as, biocompatibility, cost effective-
ness, and material availability (Leung et al., 2014). These charac-
teristics encourage their utilization in environmental preservation, 
medical treatments, and food processing (Sawai and Igarashi, 2002). 
The antibacterial activity of CaO- and MgO-NPs was mainly attrib-
uted to alkalinity and ROS generation (Yamamoto et al., 2010).

6.6 copper and copper oxide Nanoparticles
Due to their unique biological, physical, and chemical fea-

tures along with their low preparation cost, Cu-NPs’ antimicro-
bial activities have great attention from the researchers (Ahamed 
et al., 2014). On the other hand, the fast oxidation of Cu-NPs, when 
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exposed to air, restricts their wide application (Usman et al., 2013). 
It was suggested that Cu-NPs’ and CuO-NPs’ antimicrobial activ-
ity might be attributed to their penetration through the cell mem-
brane, inactivation of vital enzymes, which trigger the death of the 
microbial cell (Ahamed et al., 2014). The bactericidal activity of 
CuO-NPs was reported to depend on particles size, concentration, 
and stability in the growth media (Ahamed et al., 2014).

6.7 silicon and silicon dioxide Nanoparticles
Many studies indicated that Si-NPs could interfere with bacte-

rial cells and interrupt their functions, for example, cell spreading, 
adhesion, and differentiation. They concluded that the combina-
tion of Si-NPs with other nanometals like Ag-NPs increased their 
combined antibacterial activity (Fellahi et al., 2013).

7 Potential Risks From Nanometals 
Application in Food-Related Sectors

Although nanosizing of metals offers many valuable benefits, it 
may bring the hazard of exposure to the insoluble and persistent 
NPs, for example, “hard” nanomaterials, via the consumption of 
treated foodstuff (Chaudhry and Castle, 2011). Processed foods at 
the nanoscale are not supposed to raise any health concerns, but 
there are knowledge gaps currently in our understanding of their 
behavior, properties, and effects, which could be applied in food 
sectors. This leads to the difficulty in assessing the consumer risk. 
Food products that contain natural nanostructure, which are ex-
pected to be degraded/digested in the gastrointestinal (GI) tract 
(eg, soft nanomaterials), do not require an extensive evaluation 
compared to hard nanomaterials. Based on this, nanosize appli-
cations in food could be categorized as follows:
1. Applications with minimum concern: Food products that con-

tain natural nanostructured food, they are not biopersistent, 
and can be solubilized or digested in the GI tract.

2. Applications with medium concern: Food products that con-
tain encapsulated additives in nanosized carriers for food and 
feed, they may not be biologically persistent but could carry 
the encapsulated nanomaterials to the GI tract. In this case, the 
distribution of the nanomaterials within a tissue could be dis-
similar to that of the original materials.

3. Applications with maximum concern: Food products that con-
tain indigestible, insoluble, functionalized nanomaterials, 
and biologically persistent nanoadditives (eg, metals or their 
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oxides). Such applications may depict a consumer exposure 
risk to hard nanoparticles. Currently, their toxicological prop-
erties and adsorption–distribution–metabolism–elimination 
(ADME) profile are not completely recognized. From the prob-
able applications, in this category, are the uses of nanopesti-
cides in the agricultural sector.
The potential risks from nanotechnology-applications, con-

tacting food materials, mainly resulted from nanomaterials 
migration from packaging materials. While some modeling re-
ports suggest that the possibility of nanoparticle migration from 
packaging materials is null or very low (EFSA, 2008; Chaudhry 
et al., 2010), other studies predict that any NPs’ detectable migra-
tion from packaging materials to food could be considered when 
very small NPs are incorporated in a low dynamic viscosity of 
polymer matrix, which leads particles to liberate from polymer 
matrix (Simon et al., 2008).

7.1 potential risks from Nanofood
Research in the application of nanotechnology has become 

more and more interesting, while at the same time a study on the 
impact of nanotechnology on environment and human health lags 
behind. There are many applications of nanotechnology in food; 
of which each requires multiple investigations to assess their im-
pact on human health. The greatest risks from food nanotechnolo-
gies arise from their nature, because of the NPs’ huge surface area, 
nanosize applications in food may have some dangerous impacts 
for the human body and for the environment (Iles et al., 2011). It 
was found that some NPs or nanometals have adverse impacts 
because of their massive surface area, compared to normal-size 
particles, which do not have any toxic impact (EFSA, 2009).

7.2 Nanotechnology in food and regulating laws
The authority of European food safety claimed that  chemical 

NPs are currently impossible to be accurately detected in food 
(EU, 2008). Many potential problems about the application of 
nanofoods rose from the absence of regulatory laws that  regulate 
this application. Current regulations may approve some nanoma-
terial for food or feed applications without special labeling or per-
mission on the food package, when their conventional  normal-size 
materials are approved for usage in food. It was clearly reported 
that, until now, there was no strict nanospecific regulation for 
the EU countries (Chaudhry et al., 2007), or for other countries 
(Hodge et al., 2007).
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7.3 Knowledge Gaps in risk assessment of food 
Nanoapplications

The scientific knowledge gaps, which severely hinder the risk 
assessment of NPs application in food sectors and related prod-
ucts, as well as other potential applications, are illustrated in 
Fig. 14.3 and discussed in the following parts.

7.4 dose metrics
It was reported that NP structure alone is not an efficient met-

ric for describing their possible toxicity (SCENIHR, 2007). It is now 
clear that the particle size is not the most accurate critical factor to 
be considered, total surface area of the NPs may also interfere, as 
well as, the particles number per size unit. Actually, the right met-
rics that should be used as indictors for the dose (eg, number of 
particles/size, particle size distribution, total surface area, particle 

Figure 14.3. Schematic diagram illustrating the knowledge gaps in the risk assessment of food nanoapplications 
(Bouwmeester et al., 2009).



512  Chapter 14 NaNometals appraisal iN food preservatioN aNd food-related activities

charge) are not known, as toxicity assessments should be ana-
lyzed for each case using various parameters for dose-describing 
(Hagens et al., 2007).

7.5 Nanoparticles in food: physicochemical 
characterization

The engineered NPs comprise many forms; for example, 
 bottom-up via molecules assembling into NPs, or top-down via 
conventional substance downsizing. The exact and complete NPs 
characterization is a critical step to understand their possible 
benefits and their potential toxicity within the biological systems 
(Oberdorster et al., 2005). The chemicals’ characterization, for 
their composition and purity, is frequently straightforward in their 
pure form. However, NPs’ characterization in biological systems is 
more complex from the analytical view and is hindered because 
of the lack of knowledge about each characteristic to be identified 
(Powers et al., 2007).

Attempting to make guidance on arrangement of NPs charac-
terization (Oberdorster et al., 2005), three criteria were proposed 
for this manner:
1. The framework, in which a specific material is evaluated  within;
2. The importance of determining specific parameters within this 

framework;
3. The practicability of determining these parameters within the 

specific framework.
Due to food complexity, it is particularly essential that the char-

acterization be accomplished in the NPs-containing matrix as ad-
ministered to the examination systems or the consumer body.

It was evidenced that the NPs functionalities, for example, sur-
face charge, particle size, potential agglomeration, and size dis-
tribution, may vary in diverse biological matrices, depending on 
thermodynamic conditions and presented compounds in the ma-
trix (Borm and Kreyling, 2004). Furthermore, interactions of NPs 
with the matrix can be varied because of dilution (Oberdorster 
et al., 2005). Practically, the NPs form and appearance are expected 
to change the food sample processing characteristics, for example, 
heating, freeze/thaw cycles and dilution (Tiede et al., 2008).

Presently, there is a wide collection of applied analytical tech-
niques for NPs’ characterization (Thomas and Sayre, 2005), but 
there is a lack of methods that could be specifically applied for 
characterizing NPs in situ and for the detection of NPs delivery 
systems (Luykx et al., 2008).

The presence of NPs in biological system can be detected 
 using advanced assay systems only that evaluate the biomarkers 
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of exposure or consequences. In vitro assays may be applied in 
the first step of NP detection in food. Then, suspected samples 
should be characterized by advanced analytical techniques 
( Bouwmeester et al., 2009).

7.6 valuation of consumer exposure 
to Nanoparticles

The “Assessment of Exposure” is defined as qualitative/quanti-
tative evaluation of the probable intake from chemical, biological, 
or physical agents through food products or exposure from other 
relevant sources (FAO/WHO, 1997). The basis of NPs’ exposure as-
sessment, through food products, is related to the assessment of 
conventional chemicals exposure.

7.6.1 Information About Consumption
Nowadays, several sources of consumption information could 

be achieved, from the premarketing authorizations to postmar-
keting studies, including individual or family dietary surveys 
(Kroes et al., 2002). No additional requests are needed for con-
sumption information to be used in exposure assessment of NPs. 
However, the applications of NPs in food products or as additives 
may require added information on the consumption of these food 
products, as this information is regularly lacking in the ordinary 
consumption databases (Bouwmeester et al., 2009).

7.6.2 Determination of Engineered Nanoparticles in Food
The definite amount determination and NPs’ characteriza-

tion in the consumable food is relatively difficult due to the 
previously mentioned lack of detection methods for the NPs 
in food matrices. Sensitive protocols are needed for the as-
sessment of nanosize delivery systems, which are loaded with 
bioactive compounds, or for the determination of these bioac-
tive compounds in the nanosize formulations. The NPs’ occur-
rence in a food matrix may result in increase in bioavailability of 
other substances (eg, nutrients or contaminants) that normally 
are found in food. For instance, NPs with actively charged sur-
faces can absorb biomolecules and pass them through the GI 
tract (Govers et al., 1994). The term “Trojan horses” was coined 
(Lomer et al., 2002) to describe biomaterials that could car-
ry toxins to the intestinal mucosa, and therefore result in the 
transformed exposure of the intestine cellular lining (Borm and 
 Kreyling, 2004). Thus, it is rational to consider these nutritional 
implications with the presence of NPs in food.
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It is difficult to measure NPs and chemicals in the consumed 
food matrix. Moreover, in the case of chemicals measurement 
at an early stage from food chain or at the production site, the 
consequence of processing has to be considered in the exposure 
assessments (Kroes et al., 2002). An alternative attitude, for NPs 
measuring in food products, could be the collection of trusted 
information from producers; this approach may be useful as an 
early exposure assessment, and also to prioritize the most fre-
quently used NPs in order to complete health effects predicting 
( Bouwmeester et al., 2009).

7.6.3 Exposure Assessment
The last stage for the execution of the exposure assessment is 

the incorporation between food consumption and the amount of 
NPs or chemicals, which were added to food. Generally, one of the 
following approaches would be applied for data integration: (1) 
point estimation; (2) probabilistic analyses; (3) simple distribu-
tions (Kroes et al., 2002). At the end of assessment, the exposure 
is regularly compared to a reference value from toxicological stan-
dards (eg, acceptable daily intake, tolerable daily intake, or acute 
dose reference) or to a reference value for nutrition (eg, upper safe 
intake levels or recommended daily intake). The aforementioned 
references are presently lacking specifications for NPs and more 
specified values are required.

7.7 toxicokinetics
The NPs’ experimental characteristics (eg, surface charge, par-

ticle size, functionalized groups) mostly influence their ADME 
profiles in food (Singh et al., 2006). However, little is known about 
the relationship between the behavior of NPs in the body and their 
physicochemical characteristics (Hagens et al., 2007). The ADME 
characteristics after human exposure to NPs, with special focus 
on food-related NPs, are discussed in the following section, with 
emphasize on knowledge gaps, which currently obstruct NPs’ risk 
assessment in food.

7.7.1 Gastrointestinal Absorption
The NPs uptake in the GI tract is dependent on accessibility, 

diffusion through mucus, contact with the epithelium of gut, and 
translocation processes. Smaller particles generally diffuse faster 
through mucus than larger particles. The rate of NPs diffusion 
also depends on the particles charge; for example, cationic par-
ticles are trapped in mucus and anionic particles can reach the 
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epithelial surface (Szentkuti, 1997). The mucus layer could be 
considered as the first barrier encountered by the NPs to enter 
the body, whereas the GI epithelium is characterized as the sec-
ond barrier. The GI epithelium was suggested to be permeable to 
large polypeptides and proteins. The GI epithelial cells are firmly 
connected by tight junctions; the permeability of these junctions 
could be tempered by specific biopolymers. These polymers can 
expand the junctions and serve as ports for particles entry, for 
example, toxins, immune-proteins, and bacteria (Salamat-Miller 
and Johnston, 2005).

Another route of NPs uptake is the transcellular route, in which 
particles are taken up by the apical side of the GI epithelium (en-
docytocis), transported within the Peyer Patches through M-cells, 
and are subsequently liberated at the GI basolateral side (Hoet 
et al., 2004). Definite NP features, for example, surface charge, 
particle size, ligand attachment, and coating with surfactants, 
could influence transcellular particle uptake in the GI tract (Hoet 
et al., 2004). If the NPs are protected from indigenous degradation 
because of their modification, they can be distributed widely in 
body via the blood/lymphoid circulation (Gabor et al., 2004).

7.7.2 Nanoparticles Risk Assessment: The Importance of Kinetics
Many studies investigated the NPs’ kinetics after oral exposure, 

but more research is still needed on the ADME aspects of these 
food-related NPs to explain the mechanisms and driving forces of 
these processes (Bouwmeester et al., 2009). The growing knowl-
edge about these kinetics will drive researchers to specify target 
tissues where NPs may have adverse effects; this is very important 
for the NPs’ risk assessment. Special attention is needed about the 
NPs’ possibility to cross the barriers, such as, placental barrier, 
gastrointestinal barrier, cellular barrier, blood/milk barrier, and 
blood/brain barrier (Letchford and Burt, 2007).

7.7.3 Distribution–Metabolism–Excretion
Once NPs pass through the GI epithelium and move into the 

blood circulation, they may interact with several blood com-
ponents (eg, red–white blood cells, plasma proteins, platelets, 
and coagulating factors) based on the particle surface chemis-
try (Nemmar et al., 2002). A wide distribution of NPs inside or-
gans of experimental animals was detected, the smallest NPs 
were found to be more concentrated in the brain, spleen, liver, 
and bone marrow as compared to larger particles (Letchford 
and Burt, 2007). Diverse NPs, for example, TiO

2
 and Au, were de-

tected inside the red blood cells of humans, although these NPs 
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cellular uptakes may cross cell membranes via other processes, 
such as, endocytosis or phagocytosis. The permeability of the 
blood/brain barrier is highly specific for small lipophilic, soluble 
molecules (<500 Da), this may be a strong defense system for 
protection from transferred NPs from blood to the brain. How-
ever, some distribution was detected for certain NPs to the brain 
(Nemmar et al., 2002).

7.8 Nanoparticle toxicity
The knowledge about the potential toxicity of consumed 

NPs is still limited. Numerous studies suggest that NPs might 
have a differing toxicity profile, compared with their conven-
tional analogs (Nel et al., 2006; Donaldson and Seaton, 2007). 
Although there are a great number of studies dealing with NPs’ 
toxicity, many obstacles are present for their risk assessment. 
From them, most studies investigate only one size and type of 
NPs. Moreover, the experimental animals are usually exposed 
to high NP levels under simulated conditions. These problems 
would limit the value of obtained data to be used for NPs risk 
assessment.

7.8.1 In Vitro Toxicity
In vivo studies for NPs toxicity could provide appropriate data 

for the identification of resulted hazards from the investigated 
NPs, but attention should be paid to inferring results or mecha-
nisms of these threats, characterization, and their risk assessment 
for humans (Oberdorster et al., 2007). Thus, the in vitro studies are 
highly important to investigate NPs’ toxicity. Various NPs have the 
ability to release the ROS, trigger oxidative stress and inflamma-
tion via their contact with the reticulo–endothelial system (Ober-
dorster et al., 2007; Donaldson and Seaton, 2007). Cellular inter-
action investigation is very critical to predict and understand the 
toxicity and validity of the used in vitro models, for example, GI 
absorption. It was recommended that validated assays and sub-
lethal change assessment, and the use of profiling studies, have to 
be developed (Lewinski et al., 2008).

7.8.2 Acute Toxicity
Many investigations about acute, subacute, and subchronic 

NPs toxicity, after oral exposure in rodents, have been carried out 
for various NP types (Wang et al., 2008; Zhang et al., 2005). The 
observations of the oral toxicity indicated that acute toxicity might 
occur at high doses, depending on the NPs size, chemical compo-
sition, and coating.
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7.8.3 Long-Term Toxicity
The descriptive information about NPs’ toxicity, after oral ex-

posure to a low dose, is now accessible. Data indicated that many 
organs and systems, for example, inflammatory, immune, and 
cardiovascular systems could be harmed after long-term exposure 
to NPs. Possible consequences on the inflammatory and immune 
systems include oxidative stress in addition to the stimulation of 
proinflammatory cytokines in liver, heart, lungs, and brain. Pos-
sible consequences on the cardiovascular system include adverse 
effects on the cardiac function, for example, on heart rate and 
acute myocardial infarction. Moreover, potential carcinogenesis, 
teratogenicity, and genotoxicity may occur, but more detailed re-
search is required for these issues.

7.8.3.1 mutagenicity
NPs, within the cell, could be directly interacting with the in-

tracellular proteins, DNA, and organelles; this might lead to an 
increased toxicity risk (Kabanov, 2006). However, the potential in-
teractions between NPs and cell components are not sufficiently 
specified; more specialized assays are needed with significant 
genotoxicity endpoints (SCENIHR, 2007).

7.8.3.2 allergenicity
The food allergy initiation due to conventional chemicals or 

NPs addition is poorly understood; the exposure type and the 
required dose for such responses are not yet specified (Bouw-
meester et al., 2009). For the NPs, food allergy becomes extra pro-
truding because of: (1) the high adjuvant activity, which could lead 
to additional insecurity, and (2) NPs actively charged surfaces, 
which could lead to the absorption of biomolecules while pass-
ing through the GI tract (Govers et al., 1994). This could lead to 
the altered exposure of the GI cellular coating (Borm and Krey-
ling, 2004), for example, applied lectins for coatings are extremely 
cytotoxic, immunogenic, and can induce GI irritation and inflam-
matory responses (Gabor et al., 2004).

7.8.3.3 Neurotoxicity
The ADME studies prove that many NPs can pass across the 

blood–brain barrier after exposure for long periods (Silva, 2007), 
but this is not a common effect of all NPs types and sizes. More ki-
netic studies are needed, for NPs’ neurotoxicity and their potential 
consequences in target tissues. The toxicological effects, because 
of NPs’ presence or accumulation in the brain, are not sufficient-
ly covered so far; risk assessors have to investigate the potential 
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neurological effects while conducting toxicology experiments. 
The currently available test guidelines are required to be adapted 
to include more specific examination for NPs’ neurotoxic effects.

7.8.3.4 reprotoxicity
The diffusion of NPs through the placenta and breast milk, via 

blood/milk barrier, may be considered as a certain fact (Fujimoto 
et al., 2005). This could cause embryotoxicity because of NP expo-
sure (Bouwmeester et al., 2009). The information of NPs’ distribution 
to reproductive cells is still limited; no confirmatory data are avail-
able to demonstrate NPs’ distribution to the fetus (Tran et al., 2005).

7.9 significances of Nanometal risk assessment
Due to NPs’ distinct or novel properties, for example, their 

minute size, surface structure, and physiochemical properties 
(Nel et al., 2006), they become different from conventionally sized 
particles in their functionality and bioactivity with many unex-
pected toxicological consequences.

To develop the present regulatory guidelines, for NPs’ applica-
tion in food and methodologies of risk assessment, the following 
matters should be considered:
•	 Developing	the	tools	of	NPs’	detection,	analysis,	and	specifica-

tion in food matrices to evaluate kinetics, exposure, and toxi-
cology of dose/response interactions.

•	 Setting	 up	 definite	 dose	 metrics	 to	 enable	 scientific	 studies’	
elucidation and regulatory guidelines.

•	 Establishing	 specified	 definitions	 for	 NPs’	 risk	 assessment	 to	
expedite researches prioritization and exchange of results and 
recommendations.

•	 Identifying	 NP-containing	 products	 in	 the	 market,	 in	 a	 clear	
manner, including NP type and the recommended dose or ap-
plication of these products.

•	 Investigation	of	NPs’	kinetics,	for	example,	oral	bioavailability	
and toxicity, focusing on the protection of body barriers, such 
as, the placenta and blood/brain barrier.

•	 Evaluating	the	accuracy	and	validity	of	currently	applied	toxi-
cological protocol, which is used for assessment of NPs’ ad-
verse effects.

8 Conclusions
The continuing expansion in the activities of the food industries 

and food-related sectors forced the research and development 
of novel characteristic materials, for example, nanomaterials. 
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Nanometals were promisingly applied as antimicrobial agents 
against a wide variety of microbial species. Ag-, Zn-, Ti-, Cu-, and 
Au-NPs and their oxides were employed for the prevention of mi-
crobial pathogens, especially foodborne microbial species. The 
nanometals can be used as direct antimicrobial agents, with an 
effective broad-spectrum, or for the fabrication of rapid, cost-
effective, and accurate approaches for foodborne pathogens de-
tection, that is, nanosensors. The applications of nanotechnology 
in the food-related fields have many advantages for improving 
public nutrition, health, and economy all over the world. Success-
fully applied nanotechnologies are in the field of agrochemicals 
offer multiple benefits, such as, savings and improvements, re-
ductions in the intake from food additives—salt and fat, improve-
ment of nutrient and supplement absorption, quality preserva-
tion, shelf life extension, food security, traceability enhancement, 
food hygiene insurance, and water desalination and decontami-
nation. The antimicrobial modes of action of nanometals and 
their oxides were addressed in this chapter. These mechanisms 
included the dissolution of some particles from NPs surface, the 
release of ROS, which were generated from NPs surfaces and led 
to oxidative stress, the interaction and disruption of microbial cell 
wall, electron transport interruption, and disruption of DNA and 
protein synthesis and associated functions. However, many ma-
jor knowledge gaps exist, regarding nanomaterials characteristics, 
performance, and effects; these gaps might restrict the wide appli-
cation of nanomaterials until complete assurance regarding their 
safety for health and the environment is received.
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