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Abstract: Background: Bionanotechnology, as a tool for incorporation of biological molecules into
nanoartifacts, is gaining more and more importance in the field of food packaging. It offers an
advanced expectation of food packaging that can ensure longer shelf life of products and safer
packaging with improved food quality and traceability. Scope and approach: This review recent
focuses on advances in food nanopackaging, including bio-based, improved, active, and smart
packaging. Special emphasis is placed on bio-based packaging, including biodegradable packaging
and biocompatible packaging, which presents an alternative to most commonly used non-degradable
polymer materials. Safety and environmental concerns of (bio)nanotechnology implementation in
food packaging were also discussed including new EU directives. Conclusions: The use of nanopar-
ticles and nanocomposites in food packaging increases the mechanical strength and properties of the
water and oxygen barrier of packaging and may provide other benefits such as antimicrobial activity
and light-blocking properties. Concerns about the migration of nanoparticles from packaging to food
have been expressed, but migration tests and risk assessment are unclear. Presumed toxicity, lack of
additional data from clinical trials and risk assessment studies limit the use of nanomaterials in the
food packaging sector. Therefore, an assessment of benefits and risks must be defined.

Keywords: nanotechnology; (bio)nanotechnology; food; food packaging; improved packaging; active
packaging; smart packaging

1. Introduction

In recent decades, (bio)nanotechnology has become increasingly important as an
appealing technology for the food industry. Nanotechnology is a discipline composed
of several fields of technology, and serves as a tool for creating, studying phenomena, or
manipulating matter in nanoscale dimensions [1]. Development of novel nanomaterials
makes possible to improve food quality and safety, crop growth, and monitoring envi-
ronmental conditions [2]. The obtained materials have unique properties such as high
surface-to-volume ratio and their other physiochemical properties such as color, solubil-
ity, strength, diffusivity, toxicity, magnetic, optical, thermodynamic properties, etc. are
improved [3,4]. Therefore, nanotechnology has brought a new industrial revolution as it
offers a wide range of possibilities for the development and use of structures, materials,
or systems with new or improved properties in various fields such as agriculture, food
and medicine, etc. Besides, it is also one of the fastest growing fields in agriculture and
food sector. Bionanotechnology is a tool for integrating biological molecules into nanos-
tructures [5]. The growing desire of consumers for quality food and awareness of a healthy
lifestyle is encouraging researchers to find a way to improve food quality while least
compromising nutrition product value. Therefore, new studies are focused on developing
novel methods, techniques, and procedures for the purpose of processing, packaging, func-
tionalization, and quality control implementation of food, and also the for nutraceutical
products delivery system [6]. Recently, the demand for nanoparticle-based materials for the
different applications e.g., food industry has increased, especially in the EU. The European
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nanomaterials market generated more than $2.5 million in 2015 and is expected to reach
around $9 million in revenue by 2022. Many of these materials contain essential elements,
some of them non-toxic [7] that can be stable at high pressures and temperatures [8,9]. The
improved properties of nanomaterials have enabled and prompted the development of
technologies that extend the shelf life and freshness of products, the design of methods and
tools for rapid in situ analysis and the production of environmentally safe and degradable
food packaging. With the use of nanotechnology, remarkable lifestyle improvements can be
achieved. Nanomaterials can contribute to the development of improved products, wealth,
health, and quality. Besides, this could also reduce the impact on the environment due
to their nano size [10]. Nevertheless, the usage of nanotechnology in food packaging is
still in the infancy stage. Nevertheless, the use of different functional nanomaterials can
improve materials for packaging, the development and application of these nanomaterials
is increasing presently also in the packaging industry for food increasing the shelf life and
safety of packaged food [11].

Using nanotechnology, the nanoparticles can be incorporated in film to form nanofilm
that could increase certain gases permeability with the aim to reduce the concentration
of harmful gases, such as carbon dioxide (CO2) or oxygen (O2), which negative affect
the foods shelf life and can be also used as barrier materials to prevent spoilage by mi-
crobes [12–14]. Since, the most widely used materials in food packaging industries are
plastic polymers which are non-biodegradable and represent a serious threat to human and
the environment [15], scientific research is also focused on synthesis of edible coatings and
films from bionanocomposites or employed as matrixes for incorporating antimicrobial
nanoparticles to prolong shelf life and enhance storage quality of fruit and vegetables [16].
With the use of biomaterials, packaging materials may be reduced and at the same time the
tremendous problem of waste may be solved. Additionally, biomaterials can contribute to
prolongation of the shelf life, as well as safety and quality of food during the distribution,
storage and consumption period may be extended [17,18]. However, the use of biomaterials
in food packaging is still very limited.

The application of nanotechnology in food industry can be divided into two major
groups: food nanosensing and food nanostructured ingredients [3]. Nanostructured food
ingredients cover a wide range including food processing and food packaging whereas the
field of food nanosensing provides improved food quality and safety (Figure 1).

Figure 1. Application of (bio)nanotechnology in different fields of the food industry.
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In the field of food processing, nanostructures and nanostructured materials can
be used as: (a) food additives and carriers for smart delivery of nutrients; to improve
nutritional value of food, (b) anticaking agents; to improve the consistency of food and
to prevent the lump formation, (c) gelating agents; to improve the food texture and (d)
nanocapsules and nanocarriers; to protect aroma, flavor and other ingredients in food.
While, in the field of food nano-packaging, improved packaging, active packaging, smart
packaging and bio-based packaging are considered.

In this review, the role of (bio)nanotechnology in food science with emphasis on
application of (bio)nanomaterials in the field of packaging is summarized and also some
negative acts associated with application of nanotechnology in the field of food applica-
tion are discussed. Future perspective and aspects of nanotechnology in food industry
are included.

2. Food Packaging

Food packaging is one of the most critical steps in terms of food safety. The purpose of
food packaging is primarily to prevent spoilage and contamination, increase sensitivity by
enabling enzyme activity, and reduce weight loss [2]. In functional foods bioactive compo-
nent often gets degraded and inactivated due to the hostile environment and consequently
the shelf life of the product is shortened. The use of nanostructured or nanomodified
materials is a promising way to prolong and ensure the shelf life of a food product [19].

Food packaging can be improved by usage of functional nanomaterials with physico-
chemical improvement, such as temperature and moisture stability, barrier properties,
mechanical strength, durability, and flexibility (Improved packaging). The packaging can
be also improved using nanomaterials with active functions, e.g., antimicrobial, antiox-
idative, UV protective etc. (Active packaging), nanosensors with their smart or intelligent
functions for the detection of gases and small organic molecules, active stage, and product
identification (Smart packaging). Bio-based improvement such as biodegradability, bio-
compatibility, low-waste and eco-friendly packaging (Bio-based packaging) can also be
achieved with incorporation of bionanomaterials [20]. Non degradable plastic polymers
which usually serve as actual packaging may be replaced by bio-based packaging, includ-
ing biodegradable packaging and biocompatible packaging [18]. Improvements of food
packaging properties based on functional nanomaterial are presented in Figure 2.

2.1. Improved Food Packaging

The basic goal of improved food packaging by incorporation of functional nano-
materials into polymer material is to increase the mechanical and physical properties of
the packaging such as gas barrier properties, resistance to temperature and humidity,
mechanical strength, and flexibility. Various nanocomposites or nanoparticles incorpo-
rated in polymers and nanostructures are already manufactured for the purposes of the
various beverages and oils industry, where the proportion of nanoparticles such as clay
nanoparticle composites is up to 5% (w/w). These nanomaterials improve barrier proper-
ties of packaging such as reduction in oxygen and carbon dioxide permeation for up to
80–90% [21]. Kim and Cha [22] reported that excess clay loadings in ethylene-vinyl alcohol
(EVOH) copolymer-based nanocomposite films lead to the reduction of tensile properties
and optical transparency due to the formation of clay agglomerates. With the addition
of only 3% (w/w) clay, the oxygen (by 59%) and water vapor barrier (by 90%) properties
of the nanocomposite films were improved in comparison to the material without added
montmorillonite clay nanoparticles.
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Figure 2. Classification of food packaging based on functional nanomaterials [10].

Arora et al. [23] reported that the inclusion of 4% (w/w) nano clay resulted in an
increase in oxygen barrier properties of polystyrene (PS) by 51%. Different nanotechnology
methods for improvement of mechanical and physical properties of the packaging are
depicted in Figure 3.

Figure 3. Nanotechnology methods for improvement of mechanical and physical properties of food packaging.

Nanomaterials suitable for food packaging have many advantages over conventional
packaging materials. The most widespread nanotechnology method for improving food
packaging properties is nano-coating. Different forms of food coating such as thin layer or
film can be used to cover the food to provide mass transfer barrier. These coatings can be
also from edible material (Figure 4). Edible food coatings are suitable for direct application
on the product, while nonedible coatings have a role of protective container with or without
being part food product [12]. The application of edible nano-coatings (~5 nm thin coatings)
can be found in meat processing industry, agriculture industry (for protection of fruit,
vegetables products), cheese and bakery industry etc. to provide flavor, color, enzymes,
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antioxidants, and anti-browning compounds to the products [24,25]. Additional, nano-
clays as nanomaterials are also significantly used and studied for food packaging because
of their mechanical, thermal, and barrier properties, and low cost [26]. Various adsorbing
substances such as natural polyelectrolytes (proteins, polysaccharides), charged lipids
(phospholipids, surfactants), and colloidal particles (micelles, vesicles, droplets) can be
used to form different layers for the preparation of nanolaminates for food packaging [27].

Figure 4. Materials used for production of edible coating films in food industry.

The biopolymers for biodegradable film preparation for food packaging should be re-
newable, cheap and, if possible, produced from wastes. Among the materials for biodegrad-
able coatings films preparation, polysaccharides such as cellulose, chitosan, starch, pectin,
alginate, carrageenan, pullulan and kefiran are mostly studied [28]. They can form coating
films with good barrier properties against the transport of O2 and CO2. Their tensile
strength values are similar to those observed in synthetic polymers [29]. For example,
tensile strength values of films based on high amylose starch are comparable to those values
found in low-density polyethylene films [30]. The combination of polysaccharides with
other materials to improve the barrier and mechanical properties of coating films for food
application are often studied presently. Usually, the addition of plasticizers (hydrophilic to
increase and hydrophobic to decrease water vapor permeability) is required in order to
obtain protein- and polysaccharides-based films [31]. Plasticizers improve the mechanical
properties of films. Addition of plasticizers enables the reduce in tension, hardness, density,
and viscosity of materials. Besides, the polymer chain flexibility as well as the resistance to
fracture can be improved [32]. Commonly used plasticizers are depicted in Table 1.

Table 1. Commonly used plasticizers in food application [31,32].

Type Representative E Number ADI Value

polyols

glycerol E422 not specified

sorbitol E420 not specified

polyethylene glycerol E1521 0–10 mg/kg body weight

sugars
glucose - -

sucrose - -

lipids
monoglycerides E471 not specified

phospholipids (lecithin E322) not specified

natural source

triglycerides from
vegetable oil

(sorbitan tris tearate
E492) 0-25 mg/kg body weight

fatty acid esters - -
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Edible nano-coatings are easy to apply by spraying, immersion, or rubbing [33].
They usually consist of environmentally friendly materials and they do not need to be
eliminated from food before consumption [34]. Presently, these nano-coating films present
nanostructures in which natural ingredients with antimicrobial and antioxidant activity
can be incorporated to increase their beneficial effects on the fresh produce quality [35].

Nano-laminate films are usually consisted of two or more layers with nanolayer,
whose interlinkage may be physical or chemical. The most common technique for their syn-
thesis is layer by layer deposition. This method enables surface lamination with multiple
nano-layers as interfacial films based on various nanomaterials [36]. Different adsorbing
compounds such as natural or biobased polyelectrolytes (polysaccharides, proteins), col-
loidal particles (vesicles, micelles, droplets), and charged lipids (phospholipids, surfactants)
could be used to provide and improve different layers properties [10]. Additional, differ-
ent active compounds (e.g., antimicrobials, antioxidants, anti-browning agents, enzymes,
flavors, odor etc.) can be incorporated into the films [37] with the aim to extend the quality
and shelf life of packaged food products [38]. Nano-laminated coatings could be also
prepared from edible or biobased ingredients as edible nano-coated films (See Figure 4).

Polymer/clay nanocomposites also represent the promising classes in food packaging
due to the significant increase in the mechanical and barrier properties of these packaging
owing to the synergism between the matrix polymer and nano clay, as a small amount
of nanofiller is incorporated in the polymer matrix [39]. Food packaging materials based
on clay nanocomposite provide enhanced shelf life, lightweight, heat resistant and are
shatterproof. In a nanocomposite with included clays, transport of diffusing molecules
is obstructed due to impenetrable particles/clays. Consequently, interfacial zones that
have different permeability characteristics than those of the basic polymer are formed
(Figure 5). Consequently, the nonlinear pathway increases the mean gas diffusion length,
which contributes to the prolongation of shelf life of quick spoiled foods.

Figure 5. Nonlinear and prolonged pathway of oxygen and water vapor permeability formed due to
the incorporation of clay into a polymer matrix film [40].

Presently, research is focused on the use of biocomposites reinforced with natural fibers
whose advantage depends on the behavior and properties of natural fibers as reinforcing
fillers [41]. The most interesting aspect of natural fibers is their positive impact on the
environment [42]. The poor interface quality between the fiber and matrix polymer leads to
the poor stress-transfer efficiencies and water absorption properties of natural fibers, thus
represent also a negative aspect for the possible industrial application of these materials in
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the food industry [43]. In Table 2 some examples of different nanotechnology methods for
preparation of nanomaterials with improved properties are presented.

Table 2. Different nanotechnology methods for the preparation of nanomaterials suitable for improved food packaging.

Nano-Technology
Method Composition of Nanomaterial Function/Properties Reference

NANO-
COATING FILMS

waxy maize starch nanocrystals Reinforcing agent in a thermoplastic waxy maize
starch matrix plasticized with glycerol. [44]

starch nanoparticles Corn starch-based edible films [45]
rice starch nanocrystals Rice starch edible films [46]
corn starch/orange-peel oil/zein
nanocapsules Edible films [47]

carboxymethyl cellulose/sodium
montmorillonite clay/titanium dioxide
(TiO2)

The addition of NPs decremented water vapor
permeability, while moisture content, density,
and glass transition temperature were
incremented slightly.

[48]

whey protein isolate/cellulose
nanofibers/TiO2/rosemary essential oil

Improved physico-mechanical, antibacterial and
antioxidant properties. [49]

potato starch/sodium montmorillonite
clay/TiO2

Water vapor permeability and UVA, UVB and
UVC lights transmittance decrease upon TiO2
and sodium montmorillonite content increase.

[50]

keratin/polyvinyl
alcohol/tris(hydroxymethyl)
aminomethane
/sodium montmorillonite clay/TiO2

Water vapor permeability, oxygen permeability,
and light transmittance decrease with increase in
TiO2 and montmorillonite contents.

[51]

starch/ polyvinyl
alcohol/Ag nanoparticles

High exhibited activity against bacteria and
fungi was obtained. Ag release into the
non-polar food simulants was lower than into
polar simulants.

[52]

NANO-
LAMINATES

alginate/chitosan/folic acid Improved stability under ultraviolet light
exposure after folic acid encapsulation. [53]

polyethylene terephthalate/aluminum
oxide (Al2O3)/Zinc oxide (ZnO) Good barrier properties [54]

chitosan/alginate/
polyethylene terephthalate

Increase in melting energy of 39.2% in
comparison to the PET film used as support, and
a decrease in the decomposition temperature.

[55]

NANO-
CLAYS

clay montmorillonite/pectines Diffusion of water vapor and oxygen
was reduced. [56]

chitosan-clay nanocomposites
Addition of clay significantly increased the
strength and stiffness of neat
chitosan nanocomposite.

[57]

polypropylene/montmorillonite/
pro-degradant additive (TDPA®)

Permeability of oxygen decreased with
increasing montmorillonite nano clay content. [58]

polycaprolactone/organo
nanoclay/chitosan

Antimicrobial effect on E. coli, Pseudomonas
aeruginosa, and Candida albicans. [59]

corn starch/natural montmorillonite/
anthocyanin

Active and pH-sensitive bionanocomposites
with improved mechanical and
thermal properties.

[60]

2.2. Active Packaging

Third of food produced for human consumption (approx. 1.3 billion tons/year) is
discarded globally every year. As a major contributor, food spoilage represents a serious
environmental problem [61] and consequently affect human health. Besides, it leads in a
large economic deficit and raising medical care expenses. Therefore, the development of
new technologies and materials for food waste reduction and for improvement of food
safety is required. One of the possible strategies to reduce spoilage of food and related
increasement in food waste is development of active materials for active packaging to
extend the product shelf life. Traditional materials for food packaging are made from
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non-degradable polyethylene (PE), polypropylene (PP) and polyethylene terephthalate
(PET), where molecules penetration of O2 and H2O is prevented.

Presently, new materials with improved functional properties enable prolonged shelf
life of food products. New active food packaging includes different scavengers, ab-
sorbers, emitters, coatings (Table 3). These agents could be included in conventional
non-degradable packaging, but more and more often they are used in conjunction with
biodegradable components.

Table 3. Functional properties of active food packaging to extend shelf life and improve food safety.

Type Function Agents Reference

oxygen scavengers prevention of fat oxidation

metallic (iron powder, activated iron, Zn . . . ),
organic (ascorbic acid, tocopherol, catechol . . . ),

inorganic (sulfite, thiosulfate, ZnO . . . ),
polymer-based (polymer metallic complex . . . ),

enzyme-based (glucose oxidase, laccase . . . )

[62]

ethylene scavengers
fruit

and vegetables
ripening reduction

SiO2, KMnO4,
TiO2, Ag,

PdCl2, Pd-impregnated zeolite, polyvinyl chloride
film containing ZnO nanoparticles . . .

[63,64]

moisture absorbers microbial growth reduction

inorganic (silica gel, natural clay (montomorillonite,
zeolite), chlorides (Ca, Mg, Al, Na, K), oxides (Ca,

Ba), bentonite . . . ), organic (sorbitol, xylitol,
fructose, cellulose and their derivatives),

polymer-based (starch copolymers, polyvinyl
alcohol, absorbent resin)

[65]

carbon dioxide
emitters

inhibition of
spoilage by microbial action sodium bicarbonate/ascorbate and citric acid [66,67]

Additional, emitting sachets or coatings containing antimicrobial agents, antioxidants,
flavors, and preservatives with the aim to improve food quality and safety are often part of
new generation active packaging.

Antimicrobial Active Packaging

The purpose of antimicrobial packaging usage is preservation of foods and extending
their shelf life by inhibiting the microorganism’s growth. This could be achieved either
by incorporation of an active agent onto or applying a coating layer within the packaging
material [61]. Due to different physiologies, antimicrobial agents act differently depending
on the pathogenic microorganism.

Characterization of microorganisms such as cell wall composition (Gram-negative or
Gram-positive), oxygen requirements (aerobes or anaerobes), growth stage (spores or/and
vegetative cells), acid/osmosis resistance, optimal growth temperatures (mesophilic, ther-
mophilic . . . ) is basic criterion for the choice of proper antimicrobial agent [68]. Different
microorganisms such as Salmonella spp., Staphylococcus aureus, Listeria monocytogenes, Bacil-
lus cereus, Escherichia coli O157:H7, Pseudomonas, Klebsiella, Lactobacillus spp. (spoilage
microorganisms bacteria); Rhizopus, Aspergillus (molds); and Torulopsis, Candida (yeasts) are
responsible for food spoilage [67]. There are two mechanisms of antimicrobial agent action:
inhibition of the essential metabolic pathways of microorganisms (e.g., EDTA and lactoferin
as coupling agents of charged polymers) or destruction of cell wall/membrane structure
(e.g., lysozyme). Various antimicrobial substances with the possibility of incorporation into
food packaging systems are presented in Figure 6.
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Figure 6. Different antimicrobial substances for antimicrobial active packaging application.

Nanomaterials are often used to improve the properties of food packaging due to their
antimicrobial, UV protection activity, and possibility of oxidation prevention, etc. Antimi-
crobial nanomaterials such as Ag, TiO2, ZnO, magnesium oxide (MgO) etc. nanoparticles
are due to their high antimicrobial activity very suitable agents for antimicrobial active
packaging systems [69]. TiO2 nanoparticles as non-toxic to human body and approved
as a food additive and for food contact material are often applied to food packaging [70].
Further studies on the post digestion and adsorption effect to the body are required to
ensure its safe use in the food industry [71].

Metal-based nanoparticles, as active agents, are often used in the combination with
other antimicrobial agents and in the combination with other various metal nanoparti-
cles [72–74]. Nanoencapsulation techniques can be also used for entrapment of essential
oils with the aim of their stabilization during processing and to improve their physico-
chemical properties as well as to enhance their health-promoting effects. Herbs and spices
present potential high valuable sources of renewable and biodegradable chemicals, such as
polyphenols, which show high antioxidant/antimicrobial properties. Therefore, they are
desirable substances for incorporation in active food packaging [75]. In particular, essen-
tial oil-loaded biopolymeric nanocarriers show promising antimicrobial and antioxidant
activity and are suitable material for active food packaging due to inhibition of microbial
growth in different food products [76]. Plasticized polylactide (PLA) with loaded bimetallic
silver-copper (Ag-Cu) nanoparticles and cinnamon essential oil (CEO) film was used for
packaging of chicken meat. The composite films for chicken samples packaging were
tested against Salmonella Typhimurium, Campylobacter jejuni and L. monocytogenes. Active
packaging film with Ag-Cu nanoparticles and 50% CEO showed maximum antibacterial
action over 21 days when the samples were stored in the refrigerator [77]. Buckwheat
starch (BS) films containing ZnO nanoparticles showed very good antimicrobial activity,
when the concentration of ZnO nanoparticles was 3%, since the obtained film for fresh-cut
mushroom packaging demonstrated antimicrobial activity against L. monocytogenes, since
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the reduction of 0.86 log CFU/g after 6 days of storage was detected [78]. Maximum CFU
reductions of 96% and 64.1% on E. coli growth were obtained using 50/50 ratio of TiO2/ZnO
nanoparticles-coated low-density polyethylene (LDPE) films at the presence of UV light
for film alone and fresh calf minced meat packed, respectively [79]. Montmorillonite clay
and ginger extract mediated Ag nanoparticles were used to prepare antibacterial polyvinyl
alcohol-based nanocomposite with improved film properties. The nanocomposite clay
blend film which had in situ generated Ag nanoparticles, showed clear antimicrobial ac-
tivity against both S. Typhimurium (Gram-negative bacteria) and S. aureus (Gram-positive
bacteria), with significant action in the case of S. Typhimurium [80]. Different polyethylene
films containing Ag, clay, and TiO2 nanoparticles were produced as a potential active
packaging film with the aim to improve fresh chicken shelf life stored at 4 ◦C. The results
demonstrated that a film containing 5% Ag and 5% TiO2 nanoparticles had the greatest
antimicrobial effect on gram-positive (S. aureus) and gram-negative bacteria (E. coli) [81].
Polylactide/poly(ε-caprolactone)/ZnO/clove essential oil (PLA/PEG/PCL/ZnO/CEO)
composite antimicrobial films were successfully used for scrambled egg packaging with
high antibacterial activity for 21 days storage at 4 ◦C against S. aureus and E. coli. The
complete inhibition of E. coli was found for the PLA/PEG/PCL/ZnO/CEO film which
indicates the synergism between eugenol–the active compound from the clove oil and the
ZnO [82]. Nanocomposite poly (ethylene oxide) films functionalized with Ag nanoparticles
and Acca sellowiana extracts also demonstrated antimicrobial activity against E. coli and
S. aureus [83]. Biodegradable chitosan-whey protein-based film containing 2% TiO2 and
Zataria multiflora essential oil exhibited strong antimicrobial properties against S. aureus,
E. coli, and L. monocytogenes [84]. Gelatin-based nanocomposite with incorporated chitosan
nanofiber and ZnO nanoparticles (G/CHINF/ZnONPs) were tested as active packag-
ing for chicken fillet and cheese. High antibacterial activity of tested nanocomposites
against foodborne pathogenic bacteria was detected. Neat gelatin film for packaging shows
1.4- fold lower antibacterial activity against P. aeruginosa (5.6 ± 0.1 log CFU/g) and E.
coli (5.6 ± 0.3 log CFU/g) after 12 days of storage in comparison to G/CHINF/ZnONPs
packaging. [85]. Tragacanth/hydroxypropyl methylcellulose/beeswax biocomposite film
reinforced with Ag nanoparticles for potential use as food active packaging was tested
against pathogen bacteria. The results show that the prepared biocomposite film inhibited
the growth of gram-positive pathogen (B. cereus, S. aureus, Streptococcus pneumoniae and
L. monocytogenes) and gram-negative (E. coli, S. typhimorum, P. aeruginosa and Klebsiella
pneumoniae) in a dose-dependent manner. The addition of a higher amount of AgNPs to
the biopolymer matrix resulted in higher inhibition growth of bacteria [86]. Additional,
polyethylene coated with chitosan-ZnO nanocomposite films shows very high antimicro-
bial activity. Completely inactivation and additional prevention of food pathogens growth
such as Salmonella enterica, E. coli and S. aureus after 24-h incubation was observed [87].
Antimicrobial activity of polyvinyl alcohol-chitosan films with incorporated biogenic Ag
nanoparticles showed bactericidal effects against E. coli O157:H7, L. monocytogenes, S. au-
reus, and B. cereus with >99.9% reduction [88]. Antimicrobial properties of biodegradable
film based on wheat gluten/ZnO nanocomposites (WG/ZnO) for the active packaging
of food products were investigated. Pure gluten film possessed no antimicrobial activity
against E. coli and Aspergillus niger, but films with incorporated ZnO nanoparticles showed
a significant antimicrobial activity against bacteria and fungi [89]. Promising antibacterial
activity of film composed with cellulose nano whisker (0.5%)-sodium alginate (3%)-copper
oxide nanoparticles (5 mM) against various pathogens in terms of higher zone of inhibition
against S. aureus (27.49 mm), E. coli (12.12 mm), Salmonella sp. (25.21 mm), C. albicans
(23.35 mm) and Trichodenna spp. (5.31 mm) was detected [90]. Additional, essential oil
of clove buds was extracted and encapsulated in chitosan nanoparticles, which possess
high antibacterial activity against L. monocytogenes and S. aureus [91]. Cellulose nanofibrils-
soybean oil composite with excellent flexibility, optical transparency, thermal stability, and
biodegradable properties films were developed. Nanocomposite film with encapsulated
curcumin were prepared to obtain nanocomposite with antioxidant (radical scavenging)
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properties and antibacterial activity against E. coli [92]. Nanocomposite film of chitosan
with incorporated TiO2 nano-powder showed improved mechanical properties and a very
high antimicrobial activity (100% reduction in growth after 12 h) against pathogenic fungi
C. albicans and A. niger and bacteria E. coli and S. aureus [93].

The presented studies demonstrated that metal/metal oxide nanoparticles as active
agents included in the polymer matrix showed a broad antimicrobial activity against
pathogenic microorganisms accountable for microbial quality of food product limitation.
Furthermore, using such active packaging, the amount of preservatives commonly added
directly into the bulk of food can be reduced [74,94]. Active packaging technology passively
protects food items, since inhibits the pathogenic growth, provides an extended shelf life
combating a variety of environmental factors [68]. Higher surface area-to-volume ratio
of nano material antimicrobial agents in comparison to classical material, enables their
efficient inhibitory activity against food pathogens. Additional, active food packaging with
incorporated antimicrobial agents have shown also enhanced thermal, physicochemical,
mechanical, and optical properties [95–98].

The great antimicrobial and antioxidant potential of enzymes makes them prone to be
used as agents for active packaging materials. The major drawbacks of easy usage of native
enzymes for active packaging preparation is in the reduction of protein stability when
they are in solution. Immobilization of enzymes on solid supports to create biocatalytic
interfaces has instead been proven to increase their stability and efficiency [99–104]. A
recombinant fungal laccase isoform was immobilized into hydrogel films and was tested
as potential antitoxin (aflatoxin M1 and B1) agent for food packaging. The overall catalytic
efficiency of the new antimicrobial biofilm increased by a factor two compared to the pure
enzyme dissolved in solution with 60-times lower amount of lysozyme needed to achieve
a comparable antimicrobial activity [105]. Lysozyme was immobilized onto nanocellulose
as a potential nano-biopolymer for food packaging application. Lysozyme-conjugated
nanocellulose (LCNC) possessed antifungal and antibacterial effects against C. albicans,
A. niger, S. aureus, and E. coli [106]. The antimicrobial proteins lysozyme and lactoferrin
were incorporated into paper containing carboxymethyl cellulose for thin cuts of raw meat
packaging. The prepared food packaging paper exhibited good antimicrobial effect against
Listeria [107]. β-Galactosidase from Aspergillus oryzae was electrospuned into polyethylene
oxide (PEO) nanofibers with polyethylene oxide/polypropylene oxide block copolymer
(Pluronic F-127) to enable dry storage stability for bioactive packaging [108].

2.3. Smart Packaging

The improvement of food packaging with smart or intelligent functions can be per-
formed using nanoparticles to monitor chemical or biochemical, or even microbial develop-
ment inside the food and or the environment surrounding the product. Therefore, specific
pathogens and specific gases nanosensors can be used for food spoilage detection [18,109].
Due to unique optical properties and high surface reactivity of nanomaterials such as metal
nanoparticles or photonic nanocrystals, their superior performance in comparison to the tra-
ditional colorimetric indicator can be detected. The application of optical indicator, among
nanosensors, is often present in the commercial market due to the convenient and easy
use [110]. Using nanosensors, the response to internal or external parameter changes inside
the food and/or in his surrounding environment is performed, with feedback information
to the customer, to ensure food quality and safety. Therefore, different nanomaterials are
used with the aim to improve and upgrade the functionality of packaging (Figure 7).
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Figure 7. Nanosensors used in smart packaging for food applications [111,112].

Nanosensors have great potential to fast detection, identification, and quantification
of pathogen microorganisms, decaying substances, and allergy-causing proteins E Custom-
made nanosensors used in smart packaging are used for food analysis (detecting toxins,
chemicals, and food pathogens) detection of flavors or colors etc. [113]. Food packaging
can be equipped by nanosensors which are sensitive to humidity, gases formation, or
temperature changes and for example when gas is formed due to spoilage of food, the
packaging change color of the indicator and thus alerting the customer to the unsuitability
of the product. Food packaging equipped with nanosensors, can be successfully used for
real-time monitoring of food freshness status, and reduce the requirement for determin-
ing the shelf life (expiry date) of the food, since the nanosensors can respond to certain
chemical markers, pathogens, and toxins in food [114,115]. A biosensor is device with
incorporated biological sensing element connected to a transducer. The analyte that this
sensor detects, and measures may be purely chemical (even inorganic), although biological
components maybe the target analyte. The key difference is that the recognition element is
biological in nature [116]. Bionanosensors are the result of combining the biosensors and
nanotechnology. In Table 4 different applications of bionanosensors in the field of food
packaging are presented.

Table 4. Summary of different possible applications of bionanosensors in food packaging.

Application of
Bionanosensors

Nanomaterial (Transducer
Element) Bioreceptor Analyte Reference

toxins detection tri-layer oxide (SiO2
10 nm/Si3O4 10 nm/SiO2 10 nm)

monoclonal antibodies for aflatoxin-B1,
zearalenone and HT-2

mycotoxins (aflatoxin-B1
and zearalenone) [117]

nanopipettes from
quartz capillaries

poly l-lysine, polyclonal antibody HPV16
E6 ad monoclonal antibody for HT-2 HT-2 [118]

colloid gold nanoparticles
polyclonal antibody for botulinum
neurotoxin type B and polyclonal

antibody IgG

botulinum neurotoxin
type B [119]

colloid gold nanoparticles antibody PbTx Mab and polyclonal
antibody IgG

brevetoxins (PbTx-1,
PbTx-2, PbTx-3, PbTx-9) [120]
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Table 4. Cont.

Application of
Bionanosensors

Nanomaterial (Transducer
Element) Bioreceptor Analyte Reference

carbon nanotubes antibody of microcystin-LR microcystin-LR [121]

carbon nanotubes bovine serum albumin, polyclonal
anti-palytoxin antibodies palytoxin [122]

gold nanoparticles cysteamine, monoclonal antibody of
aflatoxin B1

aflatoxin B1 [123]

carbon dots
aflatoxin B1 aptamer HS-AAA AAA GTT
GGG CAC GTG TTG TCT CTC TGT GTC
TCG TGC CCT TCG CTA GGC CCA CA

aflatoxin B1 [124]

Poly (amidoamine)
dendrimers

cysteamine, and aflatoxin B1 aptamer
NH2-5′-GTT GGG CAC GTG TTG TCT

CTC TGT GTC TCG TGC CCT TCG CTA
GGC CCA CA-3′

aflatoxin B1 [125]

microbes detection single-walled carbon
nanotubes polyclonal antibody for S. enterica S. enterica subsp. enterica

serotype Infantis [126]

single-walled carbon
nanotubes ssDNA probes and complementary DNA S. enterica serovar

Typhimurium [127]

multi-walled carbon
nanotubes

Salmonella aptamer sequence 5′-T ATG
GCG GCG TCA CCC GAC GGG GAC

TTG ACA TTA TGA CAG 3′
S. enterica [128]

single-walled carbon
nanotubes biotinylated E. coli antibodies E. coli K-12 [129]

polypyrrol nanowires monoclonal antibodies specific toward
Bacillus globigii spores B. globigii [130]

Au nanoparticles

E. coli O157:H7-specific antibody, E. coli
O157:H7 intact cells and E. coli

O157:H7-specific antibody conjugated
with horseradish peroxidase (HRP)

E. coli O157:H7 [131]

Au nanoparticles L. monocytogenes specific antibody L. monocytogenes [132]

Fe3O4 magnetic gold
nanoparticles

S. typhimurium aptamer sequence
5′-SH-TAT GGC GGC GTC ACC CGA
CGG GGA CTT GAC ATT ATG ACA
G-3′ and S. aureus aptamer sequence

5′-SH-GCA ATG GTA CGG TAC TTC
CTC GGC ACG TTC TCA GTA GCG
CTC GCT GGT CAT CCC ACA GCT
ACG TCA AAA GTG CAC GCT ACT

TTG CTA A-3′.

S. typhimurium and S.
aureus [133]

carbon dots amino-modified aptamers of S.
typhimurium S. typhimurium [134]

super-paramagnetic iron oxide
particles

monoclonal antibody 12F6 against
Bacillus anthracis B. anthracis spores [135]

magnetic nanoparticles E. coli O157:H7 protease E. coli O157:H7 [136]

gold magnetic (Fe3O4)
bifunctional nanobeads

anti-Salmonella choleraesuis monoclonal
antibodies (11D8-D4 as the detection

antibody, 5F11–B11 as the capture
antibody)

S. choleraesuis [137]

graphene nanoplatelets E. coli O157:H7-specific antibody E. coli O157:H7 [138]

Additional, nanosensors can be used also for sensing the quality of food ingredients
as detector for pesticides and chemicals [139–146], unstable food ingredients [147–150] etc.

2.4. Bio-Based Packaging

Another type of packaging is bio-based packaging or biochemical improved packaging,
which is more and more often applied in the field of food packaging. Therefore, the market
of some bio-based and/or biodegradable plastics such as bio-poly(ethylene terephthalate),
polybutylene succinate, PLA are expected to grow significantly in the following years [151].
Global bioplastics production capacity is projected to increase sharply in the coming
years for more than 15%; from around 2.11 million tonnes in 2019 to around 2.43 million
tonnes in 2024 [151]. Bio-based packaging materials are more environmentally friendly
compared to traditional plastic packaging. Besides, bio-materials provide protection
between food and the surrounded environment, thus avoiding the deterioration of food
quality, such as decontamination with microorganisms, changes in gas conditions, and the
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relative humidity of the environment and especial they can be degradable using living
microorganisms [152–154].

In general, these materials are environmentally friendly and can be completely de-
graded into CO2, water, and biomass. Bio-based packaging nanomaterial are produced
from renewable resources, consequently energy can be saved by incineration of bio-based
materials [10]. Various routes have been developed in the past decade to produce bio-
based materials [151]. The bio-based materials can be made from renewable biomass or
non-renewable resources and are biodegradable or non-biodegradable (Figure 8).

Figure 8. Bio-based materials for food packaging applications [151,155,156].

The biodegradable polymers could be categorized based on their origin: (a) polymers,
obtained from biomass, (polysaccharides, polynucleotides, polypeptides, proteins etc.), (b)
polymers, synthesized from bio-monomers or obtained from mixed biomass and petro-
chemicals, (polylactic acid or bio-polyester), (c) polymers, produced by microorganisms
(bacterial cellulose, polyhydroxybutyrate, xanthan, etc.) [10]. The problems associated
with biodegradable polymers is that the bio-based and biodegradable polymers are cur-
rently more expensive than fossil-based polymers [157]. However, due to specific material
properties, the reduction in final cost also considering the end-of-life phase of material
can be expected. As production scale, final product conversion and logistics become more
favorable, bio-based polymer material prices are expected to decline. Additionally, the
use of nanotechnology in preparation/modification of bio-polymers could create the new
opportunity for improving the physical and chemical characteristics of biopolymers and de-
creasing in price effect. Presently, the common bio-nanocomposites used for food packaging
material are starch and its derivates, such as PLA, polyhydroxybutyrate (PHB), polybuty-
lene succinate (PBS), and aliphatic polyester, chitosan, proteins, and cellulose. Therefore,
bio-nanocomposites polymer could be used besides for biochemical improved packaging,
also for improved packaging containing active functions. Hence, bio-nanocomposites
polymer could be employed not only for biochemical improved packaging but also for
improved packaging with active functions.

2.4.1. Starch-Based Nanomaterial

Starch is cheap, widely available, film forming, renewable, and biodegradable. There-
fore it is a very interesting and promising biopolymer for food packaging application, but
possess weak barrier properties, water sensitivity, and brittleness when it appears in native
form [158]. The use of starch material in combination with other materials to reduce the
weaknesses of this natural polymer has led to an increase in its usage in various industries,
especially in packaging industry [159]. The improvement of their mechanical, UV and wa-
ter barrier properties can be obtained also by incorporation of different nanoparticles such
as TiO2, ZnO nanoparticles, graphene, and poly(methyl methacrylate-co-acrylamide) in
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the polymer structure [160–163]. The effect of graphene oxide with different concentrations
in the performance of the starch/PVA/graphene oxide composite film was studied. The
addition of graphene oxide (optimal concentration 2 mg/mL) can improve the mechani-
cal properties, transmittance, and water vapor permeability of the composite film [164].
Antimicrobial nanopackaging films against E. coli and S. aureus were developed by incorpo-
rating clove essential oil (15–30% (w/w)) and graphene oxide nanosheets (1% (w/w)) into
PLA, where optical and anti-UV properties of the film were influenced by incorporation of
graphene oxide nanosheets and essential oil [165].

Starch nanoparticles (SNPs) or nanocrystals are due to their unique functional proper-
ties suitable for food application, including for biodegradable food packaging. They are
obtained from starch after acid or enzymatic hydrolysis or other mechanical methods [166].
Pea starch nanocrystals dispersion containing nanocrystals in a range of 30–80 nm was
used for the preparation of films by blending PVA with native pea starch and pea starch
nanocrystals, respectively. The PVA/pea starch nanocrystals nanocomposite films con-
taining 5 and 10% (w/w) of nanocrystals exhibited improved physical properties over the
PVA film [167]. Corn starch films were prepared using taro starch nanoparticles (TSNPs),
which were obtained by hydrolysis with pullulanase and the recrystallization of gela-
tinized starch. With the incorporation of TSNPs to the corn starch films, the decrease
in vapor permeability and increase in opacity was detected. Additionally, the highest
tensile strength (2.87 MPa) was detected when the starch films contained 10% (w/w) of
TSNPs and also improvement in thermal stability of starch films was observed [168]. For
the potential use as food packaging membrane application, composite membrane com-
posed from biodegradable poly(ε-caprolactone) (PCL) and platelet-like starch nanocrystal
(SNC) particles was prepared. The presence of 1% (w/w) SNC particles in membrane im-
proved gas barrier properties (reduction in oxygen transmission rate by about 70%), tearing
strength (increasement by about 68%), and creep resistance of the PCL membrane [169].
The rice starch-based film reinforced with starch nanocrystals showed an increase in tensile
strength but decreasing elongation at break and water barrier properties with the addition
of rice starch nanocrystals. Besides, the addition of lower content of starch nanocrystals
increased the crystalline peak structure of rice starch film [46]. Citric acid-modified starch
nanoparticles with an average size of 82 nm were incorporated in glycerol-plasticized soy
protein plastics. Due to incorporation of modified starch nanoparticles, improvement in
tensile strength and Young’s modulus while a slight decrease in elongation at break was
observed. Besides, the water uptake decreased when the nanoparticles were presented in
polymer [170]. Nanocomposite films were prepared via the casting of a mixture of latex
dispersions of poly(butylmethacrylate) with the nanoparticles or nanocrystals from waxy
maize starch. The starch nanocrystals were more suitable for reinforcing a polymer film,
since 2.5×modulus improvement at 10% (w/w) nanoparticles loading when compared to
starch nanoparticles was achieved. While the reduction in transparency was less intensive
when the nanoparticles were used in comparison to nanocrystals due to their smaller
size [171].

2.4.2. Cellulose-Based Nanomaterial

Cellulose, obtained from lignocellulosic biomass, became popular due to its ecological
and biodegradable nature. The great potential applications in the area of food packaging
are attributed to different types of nanocellulose such as cellulose nanofibrils, cellulose
nanocrystals, bacterial nanocellulose, and nanocellulose-based hybrid nanomaterials [172].
Cellulose nanofibers, eco -friendly nanomaterial, have great potential in food packaging
also from the economical point of view due to decrease in costs and reduction of environ-
mental impact [173]. Cellulose nanoparticles are often used for reinforcement of polymer
composites for the food packaging applications. Various materials, as a matrix, such
as alginate [174], chitosan [175], PLA [176], polycaprolactone [177], glucomannan [178],
pectin [178] etc. have been incorporated with cellulose nanoparticles by various tech-
niques. The nanoscale structure and the high specific surface area of cellulose enables
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cellulosic nanocomposites remarkable mechanical, biodegradation, optical and barrier
properties. The cellulose nanoparticles improve mechanical properties of polymer com-
posites at lower added amount, opposite to higher number of added nanoparticles which
induces agglomeration, resulting in poor mechanical properties (Table 5).

Table 5. Mechanical properties of polymer composites with included cellulose nanoparticles [179].

Mechanical Property Number of Cellulose
Nanoparticles (% (w/w)) Function

tensile property 5 increase by 42%
water vapor permeability 5 decrease by 28%

oxygen transmission 1 decrease by 21%

The packaging films have been made from bacterial cellulose, produced from cashew
apple juice, with addition of lignin (up to 15% (w/w)) and cellulose nanocrystals (up to
8% (w/w)), both obtained from waste cashew tree pruning fibers. Produced films pos-
sessed enhanced tensile properties and decreased water vapor permeability. Furthermore,
the films had improved UV-absorbing and antioxidant properties, making them interest-
ing for food products packaging sensitive to lipid oxidation [180]. Additional, cellulose
nanocrystals (CNCs) incorporated with supermagnetic iron oxide nanoparticles (Fe3O4
NPs) were used for the preparation of high-performance nanocomposite films consisting
of poly(3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV) and nanocrystal-nanoparticle
hybrids (MCNC). When the CNCs were incorporated in MCNC-5% hybrids, the surface
hydrophilicity of PHBV was improved, and water vapor permeability was reduced by 68%
in comparison to basic PHBV. Besides, MCNC hybrids can have a function of sensor for
voltage change detection of the nanocomposites as operative voltage response signal with
real-time monitoring of water vapor [181]. Soy protein isolate (SPI)-based active nanocom-
posite films with incorporated cellulose nanocrystals (CNC) and zinc oxide nanoparticles
(ZnONP) were prepared by two different method: as CNC/ZnONP mixture (physical
mixing), or CNC@ZnONP nanohybrids (in situ growth). Particularly due to incorporation
of CNC improved in tensile strength, oxygen and water vapor barrier properties, water
resistance ability, and thermal stability were determined. In addition, the synthesized film
with ZnO inhibited the growth of foodborne pathogens (E. coli and S. aureus) and were
used for reduction of foodborne pathogens and the total volatile basic nitrogen values
in a pork sample [182]. The antimicrobial efficacy of the gelatin-based nanocomposite
films containing cellulose nanofibers (CNF) and oxide nanoparticles (G/CNF/ZnO NPs)
as a food packaging material, was tested again S. aureus and Pseudomonas fluorescens
inoculated on chicken fillets. The usage of antibacterial film caused a significant reduction
in population of bacteria on the chicken fillets, especially against S. aureus. Mechani-
cal properties of nanocomposite film containing 5% CNFs were significantly improved;
Young’s module by 47%, tensile strength by 72%, but decreased in flexibility (by 28%),
water vapor permeability, and moisture absorption was observed [183]. Today, concerns
about the potential toxicity associated with the use of nanoparticles in foods expressed by
consumers, regulatory agencies, and the food industry are at a high level. Therefore, studies
performed in this area are highly recommended. The toxicity of PVA-based films with
incorporated cellulose nanofibril/TiO2 nanoparticle nanocomposites was tested against
Bif-6 cells. Nanocomposites did not show significant toxicity to cancerous and normal
colon cells, regardless of the increasement of their concentration to 1000 µg/mL [184].

2.4.3. Chitosan-Based Nanomaterial

Chitosan is one of the most studied polysaccharides and is the second most abun-
dant polysaccharide in the world which can be obtained from plentiful renewable sources.
Therefore, it is inexpensive and commercially available [185]. However, the main draw-
backs of chitosan usage as packaging material in comparison to the generally used non-
biodegradable polymers from petroleum are reflected in its poorer mechanical, thermal
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and barrier properties [186]. With usage of nanotechnology improvement in functional
properties of chitosan matrix by the incorporation of newer nanoparticles, other poly-
mers, and components (Figure 9) can be achieved. Therefore, presently, chitosan films
are increasingly used as packaging materials to maintain the quality of preserved foods.
Chitosan has exhibited high antimicrobial activity against a wide variety of pathogenic
and spoilage microorganisms, including fungi, and Gram-positive and Gram-negative
bacteria [185,187,188]. Generally, lower molecular weight chitosans (of less than 10 kDa)
have greater antimicrobial activity than native chitosan. A degree of polymerization of at
least seven is required, highly deacetylated chitosans are more antimicrobial than those
with a higher proportion of acetylated amino groups, due to increased solubility and higher
charge density [189]. There are two most probably mechanisms of chitosan antimicrobial
action: (a) chitosan binding to the negatively charged bacterial cell wall, which leads to
disruption of the cell and therefore the membrane permeability is altered, so inhibition
of DNA replication is leading to cell death [190]; or (b) action of chitosan as a chelating
agent that can be bound to trace metal elements and consequently, the toxins are formed
resulting in inhibition of microbial growth [191].

Figure 9. Materials for chitosan-derived composites processing for food packaging application [192].

Mechanical and barrier properties of chitosan-based material are depended on the
type of chitosan, but general the chitosan-based films are suitable for food packaging
and active packaging. The main drawback for the application of chitosan solutions for
formation of film is the acid pH. With the increase in pH of the solution above 6.2, the
formation of a precipitated hydrated gel occurs and the reason is neutralization of the
amino groups [185]. For further improvement in antimicrobial efficacy and other mechan-
ical properties of natural polymer, incorporation of other molecules into chitosan-based
polymer is proposed to develop new composites with improved properties applicable for
food packaging [193]. Addition of TiO2-Ag in fish gelatin and chitosan composite film sig-
nificantly increased the water solubility of the film. At the concentration of TiO2-Ag 0.5%,
the highest antibacterial efficacy and lowest light transmittance of 54.6% was detected while
under the given conditions a decline in tensile strength was observed [194]. As a promising
food packaging material, hybrid PLA/cellulose nanofibers/organically modified nano clay
(C30B) composite with lower water vapor sorption and diffusion in comparison to PLA
material was prepared by Trifol and coworkers [195]. The incorporation of ZnO and gallic
acid into chitosan films have remarkably improved the mechanical and physical properties
of composite such as oxygen and water vapor permeability, swelling, water solubility and
UV-vis light transmittance. Additionally, the modified chitosan-based composite possessed
significant antibacterial and antioxidant ctivity compared to basic chitosan [196]. Polyethy-
lene (PE) and polypropylene (PP) two-layer functional coated films were developed for the
active packaging using macromolecular chitosan solution for first, while the second (upper)
layer contained catechin and pomegranate extracts (polyphenols) incorporated in chitosan
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nanoparticles with the aim to provide an antioxidant and antimicrobial properties of food
packaging [197]. Ag nanoparticles/chitosan/PVA electrospun fibrous composite nano-
layers were successfully used as packaging material for meat with improved bio-activity
and extended meat shelf life [198]. Electrospun chitosan-based nanofibers for fresh meat
packaging were tested against E. coli, S. enterica serovar Typhimurium, S. aureus and Liste-
ria innocua. The bacterial susceptibility was strain-dependent and non-virulent bacteria
showed higher susceptibility (99.9% reduction rate). Also, the prepared nanofibers for food
packaging were enabled extending the shelf life of meat product for one week [199]. High,
medium, and low molecular weight of chitosan were used as raw materials to prepare a
series of films with addition of glycerol for strawberry preservation. The chitosan-based
film with high molecular weight, high chitosan content and 50% glycerol/chitosan (w/w)
possessed the excellent transparency (higher than 91%), elongation at break (approx. 29%),
tensile strength (approx. 78 MPa), water vapor permeability (1.5 × 10−12 gcm/cm2.sPa),
smooth morphology, denser structure and antibacterial efficiency against S. aureus and
E. coli [200]. Better mechanical and physical properties of high molecular weight chi-
tosan was observed also by Tanpichai and coworkers [201]. Chitosan was also used as
coating dispersion for extension of pomegranate arils shelf life during storage at 5 ◦C.
Different dispersions included chitosan, clove essential oil, chitosan nanoparticles, and
clove essential oil-loaded chitosan nanoparticles. Among tested dispersions, clove essen-
tial oil-loaded chitosan nanoparticles extended aril shelf life for 54 days while uncoated
arils were contaminated with fungi after the 18th day of storage [202]. Incorporation of
ZnO nanoparticles and linseed oil in chitosan/potato protein-based polymer was used
for determination of storage quality of raw meat. Results indicated that the incorporation
of ZnO nanoparticles improved the transparency and tensile strength of the films and
addition of linseed oil the elastic property of composite film. Furthermore, biopolymer
films possessed an excellent moisture barrier capability [203]. Also an improvement in
antioxidant, antibacterial and sensory properties was determined when the chitosan-gelatin
bio-based edible coating incorporated with nano-encapsulated tarragon essential oils was
used to preserve pork slices [204]. Besides, development of active food packaging via
incorporation of biopolymeric nanocarriers such as chitosan nanoparticles containing
different essential oils (cinnamomum [205], assai pulp [206], thyme [207], lemon [208],
Zataria multiflora [84], tarragon [204]) showed oxidation and microbial growth reductions
in different food products [76]. The combination of natural polymer and ZnO nanopar-
ticles showed a good synergistic effect on inhibition of foodborne pathogens growth in
food application. Al-Nabulsi and coworkers [209] prepared chitosan coating with ZnO
nanoparticles (concentration of 0.0125%, which significantly reduced the initial numbers of
E. coli O157:H7 in white brined cheese by 2.5 CFU/g, when stored at 4 ◦C or by 1.9 CFU/g
when stored at 10 ◦C.

3. Safety and Environmental Concerns of (Bio)Nanotechnology Implementation in
Food Packaging

Nanotechnology is a rapidly developing field and nanomaterials are of significant
technological and economic interest and have a huge impact on many industries especially
in the food packaging industry. In general, the beneficial effects of nanocomposite materials
are well recognized as opposed to the potential (eco)toxicological effects and effects of
nanoparticles on human health, where less studies were performed. Their interaction with
food system raises a concern about human and animal health. The use of nanomaterials in
nanosensing or food packaging applications can lead to the migration of nanomaterials
in the human organism. This can occur through inhalation, skin penetration or ingestion
due to leaching of nanocomponents from packaging or sensing elements into the food, or
by storing of packaging, nanosensors in landfills with possibility of release into the envi-
ronment, air, water, and soil [210–212]. Some performed studies have shown the possible
toxicological effects of nanoparticles on biological systems [213–215]. However, the toxicity
seems to depend on the type and size of the nanoparticles [216]. Side effects caused by
nanoparticles exposure include the formation of reactive oxygen species (ROS), protein de-
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naturation, mitochondrial disorder, and phagocytosis dysfunction [70]. A potential concern
should be focused on the migration of nanomaterials from the packaging or the sensing ele-
ment inside the packaging into the food. The most evident contact route of nanomaterials to
the human body in food application is upon ingestion. Therefore, the gastrointestinal tract
properties such as pH, presence of various surface-active molecules, electrolytes, digestive
enzymes, gut microbiota, and mechanical forces influence the absorption of nanomaterials,
which may cause changes in the properties and agglomeration state of nanoparticles [217].
The Ag migration from the various kinds of nanocomposites (plastic food containers) into
food has been investigated by Echegoyer and coworkers with conclusion that in acidic
food the highest level of Ag migration was detected. Besides, microwave heating increased
more migration of Ag nanoparticles than a conventional oven [218]. Metal and metal oxide
nanoparticles are often specified as biocompatible materials, without significant toxic effect
in vivo and in vitro; however, pro-inflammatory responses and oxidative stress due to
their presence were also detected [216,219,220]. In addition, the accumulation of carbon
nanotube particles in living organisms and the consequent formation of ROS could classify
nanotubes as potentially toxic nanomaterials. However, their toxicity is mainly conditioned
by its structural modification, size distribution, surface charge and the impurities and
functionalization [221–223]. Migration of various metal oxides such as TiO2, ZnO, SiO2,
aluminum oxide, which were used in food packaging to improve mechanical, antimicrobial,
light-blocking and gas barrier properties of polymers, was investigated. No significant
migration of nanomaterials from packaging to food was determined [224], but additional
barrier to separate food from nanocomposite is recommended. The possible migration of
biopolymers also needs to be studied and taken into consideration. Ubeda and coworkers
studied the migration of PLA in the form of pellets and films to food simulants was carried
out. Migration tests confirmed the presence of some PLA oligomers in food simulants
as well as new neo-formed oligomers formed due to the reaction processes between PLA
components and food simulants [225]. Zimmermann et al. made in vitro toxicity tests and
chemical composition study of 43 everyday bio-based and/or biodegradable products as
well as their precursors, covering mostly food contact materials made of nine material types.
67% of the samples induced baseline toxicity, 42% oxidative stress, 23% antiandrogenicity
and one sample estrogenicity. They concluded that bio-based/biodegradable materials
with regards to the chemicals they contain and conventional plastics are similarly toxic [226].
However, effective guidelines and policies are required for the safer use of nanoparticles in
food industry. The regulation of nanoparticles in food applications and food packaging in
the USA is guided by USFDA. Food Standards Australia and New Zealand (FSANZ) is the
responsible body for regulation of food additives in nano size and ingredients in Australia.
The use of nanoparticles in food applications or food ingredients in EU is regulated by the
European Union Novel Foods Regulation (EC 258-97). European Food Safety Authority
(EFSA) prepared the re-evaluation program where a scientific opinion on the potential
risks on food and feed safety (EFSA 2009), also considering nanoparticles, is drafted. Some
existing restrictions and ongoing evaluation processes of nanomaterial safety are already
defined (for example existing restrictions of TiO2 application in France, chitosan smaller
than 100 nm is not allowed in EU for direct food contact applications etc.).

Though, additional research and investigations focused on the physico-chemical
characterization, exposure assessment and toxicokinetics and toxicity of nanomaterials are
needed to address the many current uncertainties and data limitations of their use in food
application. The investigation should study the interaction and stability of nanomaterials
in food and feed in the gastro-intestinal tract and in biological tissues. Also, the routine
methods to detect, characterize and quantify nanomaterials in food contact materials,
food, and feed as well as methodologies to assess toxicity including chronic exposure and
carcinogenicity of nanomaterials should be developed [214]. Additionally, internationally
granted protocols for the toxicity tests of nanomaterials are required for standardization of
data due to their diversity.
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4. Conclusions and Future Perspectives

The use of nanomaterials is increasing in diverse fields of application drastically. Cur-
rent research in food packaging suggests that nanotechnology offers a variety of options in
the improvement of food packaging based on functionality nanomaterials, from bio-based
packaging to smart packaging. Due to the growing demand for types and varieties of
exotic foods and the consequent provision of safer packaging of goods, the concept of food
packaging will be increasingly advanced in the industry in the future. Nanotechnology,
used for the processing of food packaging allows a remarkable improvement in packaging
material properties, but further research and development are needed to better understand
the role of nanotechnology in the case of food packaging materials, in particular by the
advantages and disadvantages of its effect. The usage of nanotechnology in the food sector
is focused on improving food quality and safety in form of the incorporation of nanoparti-
cles in food or packaging materials. To create new food packaging functions, the use of
nanotechnology enables possible improving the properties of food, such as healthier, tastier
as well as improved nutritious food, when it is packaged. Additionally, by employing
suitable nanomaterials, the mechanical properties, better barrier, and thermal properties of
packaging materials could be improved to prolong food self-life and safety. Such material
can be a surface-modified antimicrobial films from nano cellulose with incorporated both
inorganic or organic antimicrobial agents with extremely good antibacterial activity against
both Gram-positive and Gram-negative bacteria [227]. The nanosensors, as intelligent
packaging, could also serve to obtain visual information about the food state inside the
packaging. The usage of nanoparticles as a food ingredient is more harmful than their use
in food packaging applications. Active, intelligent, and bio-based packaging technologies
can work synergistically to create a multi-purpose food packaging system without negative
interactions between components, what present future goal of food packaging technol-
ogy [66]. Many global companies Amcor Ltd., Sonoco Products Company, BASF SE, Tetra
Laval International S.A., Honeywell International Inc., and Chevron Phillips Chemical
Company, LLC, among others already produce nanotechnology-based packaging materials
that extend shelf life and improve food safety. The upcoming trends in the nanotechnology
application in food packaging sector are expected to be at the forefront in the coming
decade, with dominance in the field of blockchain application [228].

With more intensive development of sustainable or green food packaging, the impact
of packaging on the environment could be drastically reduced, through the use of edible or
biodegradable materials, plant extracts and bionanomaterials. Besides the human health
aspects, the carbon, energy, water, and land footprints need to be taken into consideration
when the creation of new food packaging materials is in progress to avoid regrettable
substitutions to already existing ones [226].

Author Contributions: M.P. and M.L. wrote the manuscript, participated in conceptualization and
review & editing of the manuscript. M.P. and M.L. performed a literature review. Ž.K. was responsible
for the financial part of the project. All authors accepted the final version of the review. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Slovenian Research Agency (ARRS) within the frame
of program P2-0046 (Separation Processes and Production Design) and project No. J2-1725 (Smart
materials for bioapplications).

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Luttge, R. Chapter 4—Nanotechnology. In Microfabrication for Industrial Applications; Luttge, R., Ed.; Micro and Nano Technologies;

William Andrew Publishing: Boston, MA, USA, 2011; pp. 91–146. ISBN 978-0-8155-1582-1.
2. He, X.; Deng, H.; Hwang, H. The current application of nanotechnology in food and agriculture. J. Food Drug Anal. 2019, 27, 1–21.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.jfda.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30648562


Nanomaterials 2021, 11, 292 21 of 29

3. Singh, T.; Shukla, S.; Kumar, P.; Wahla, V.; Bajpai, V.K.; Rather, I.A. Application of nanotechnology in food science: Perception and
overview. Front. Microbiol. 2017, 8. [CrossRef] [PubMed]

4. Gupta, A.; Eral, H.B.; Hatton, T.A.; Doyle, P.S. Nanoemulsions: Formation, properties and applications. Soft Matter 2016, 12,
2826–2841. [CrossRef] [PubMed]

5. Ramsden, J.J. Chapter 11—Bionanotechnology. In Nanotechnology, 2nd ed.; Ramsden, J.J., Ed.; Micro and Nano Technologies;
William Andrew Publishing: Oxford, UK, 2016; pp. 263–278. ISBN 978-0-323-39311-9.

6. Dasgupta, N.; Ranjan, S.; Mundekkad, D.; Ramalingam, C.; Shanker, R.; Kumar, A. Nanotechnology in agro-food: From field to
plate. Food Res. Int. 2015, 69, 381–400. [CrossRef]

7. Roselli, M.; Finamore, A.; Garaguso, I.; Britti, M.S.; Mengheri, E. Zinc oxide protects cultured enterocytes from the damage
induced by Escherichia coli. J. Nutr. 2003, 133, 4077–4082. [CrossRef]

8. Mohamadian, N.; Ghorbani, H.; Wood, D.A.; Khoshmardan, M.A. A hybrid nanocomposite of poly(styrene-methyl methacrylate-
acrylic acid)/clay as a novel rheology-improvement additive for drilling fluids. J. Polym. Res. 2019, 26, 33. [CrossRef]

9. Samadi, A.; Klingberg, H.; Jauffred, L.; Kjær, A.; Bendix, P.M.; Oddershede, L.B. Platinum nanoparticles: A non-toxic, effective and
thermally stable alternative plasmonic material for cancer therapy and bioengineering. Nanoscale 2018, 10, 9097–9107. [CrossRef]

10. Kuswandi, B.; Moradi, M. Improvement of food packaging based on functional nanomaterial. In Nanotechnology: Applications
in Energy, Drug and Food; Siddiquee, S., Melvin, G.J.H., Rahman, M.M., Eds.; Springer: Cham, Switzerland, 2019; pp. 309–344,
ISBN 978-3-319-99602-8.

11. Kuswandi, B.; Wicaksono, Y.; Jayus; Abdullah, A.; Heng, L.Y.; Ahmad, M. Smart packaging: Sensors for monitoring of food
quality and safety. Sens. Instrum. Food Qual. 2011, 5, 137–146. [CrossRef]

12. Joye, I.J.; Davidov-Pardo, G.; McClements, D.J. Nanotechnology in food processing. In Encyclopedia of Food and Health; Caballero,
B., Finglas, P.M., Toldrá, F., Eds.; Academic Press: Oxford, UK, 2016; pp. 49–55. ISBN 978-0-12-384953-3.

13. Khare, S.; Williams, K.; Gokulan, K. Nanotechnology. In Encyclopedia of Food Microbiology, 2nd ed.; Batt, C.A., Tortorello, M.L., Eds.;
Academic Press: Oxford, UK, 2014; pp. 893–900. ISBN 978-0-12-384733-1.

14. Yoksan, R.; Chirachanchai, S. Silver nanoparticle-loaded chitosan-starch based films: Fabrication and evaluation of tensile, barrier
and antimicrobial properties. Mater. Sci. Eng. C 2010, 30, 891–897. [CrossRef]

15. Thompson, R.C.; Moore, C.J.; vom Saal, F.S.; Swan, S.H. Plastics, the environment and human health: Current consensus and
future trends. Philos. Trans. R Soc. B 2009, 364, 2153–2166. [CrossRef]

16. Xing, Y.; Li, W.; Wang, Q.; Li, X.; Xu, Q.; Guo, X.; Bi, X.; Liu, X.; Shui, Y.; Lin, H.; et al. Antimicrobial nanoparticles incorporated in
edible coatings and films for the preservation of fruits and vegetables. Molecules 2019, 24, 1695. [CrossRef] [PubMed]

17. Calva-Estrada, S.J.; Jimenez-Fernandez, M.; Lugo-Cervantes, E. Protein-based films: Advances in the development of biomaterials
applicable to food packaging. Food Eng. Rev. 2019, 11, 78–92. [CrossRef]

18. Kuswandi, B. Environmental friendly food nano-packaging. Environ. Chem. Lett. 2017, 15, 205–221. [CrossRef]
19. Bajpai, V.K.; Kamle, M.; Shukla, S.; Mahato, D.K.; Chandra, P.; Hwang, S.K.; Kumar, P.; Huh, Y.S.; Han, Y.-K. Prospects of using

nanotechnology for food preservation, safety, and security. J. Food Drug Anal. 2018, 26, 1201–1214. [CrossRef] [PubMed]
20. Ranjan, S.; Dasgupta, N.; Chakraborty, A.R.; Melvin Samuel, S.; Ramalingam, C.; Shanker, R.; Kumar, A. Nanoscience and

nanotechnologies in food industries: Opportunities and research trends. J. Nanopart. Res. 2014, 16, 2464. [CrossRef]
21. Brody, A.L. Case studies on nanotechnologies for food packaging. Food Technol. 2007, 61, 102–107.
22. Kim, S.W.; Cha, S.-H. Thermal, mechanical, and gas barrier properties of ethylene—Vinyl alcohol copolymer-based nanocompos-

ites for food packaging films: Effects of nanoclay loading. J. Appl. Polym. Sci. 2014, 131. [CrossRef]
23. Arora, A.; Choudhary, V.; Sharma, D.K. Effect of clay content and clay/surfactant on the mechanical, thermal and barrier

properties of polystyrene/organoclay nanocomposites. J. Polym. Res. 2011, 18, 843–857. [CrossRef]
24. Nile, S.H.; Baskar, V.; Selvaraj, D.; Nile, A.; Xiao, J.; Kai, G. Nanotechnologies in food science: Applications, recent trends, and

future perspectives. Nano Micro Lett. 2020, 12, 45. [CrossRef]
25. Azeredo, H.M.C.; Mattoso, L.H.C.; Wood, D.; Williams, T.G.; Avena-Bustillos, R.J.; McHugh, T.H. Nanocomposite edible films

from mango puree reinforced with cellulose nanofibers. J. Food Sci. 2009, 74, N31–N35. [CrossRef]
26. Gabr, M.H.; Okumura, W.; Ueda, H.; Kuriyama, W.; Uzawa, K.; Kimpara, I. Mechanical and thermal properties of carbon

fiber/polypropylene composite filled with nano-clay. Compos. Part B. 2015, 69, 94–100. [CrossRef]
27. Dasgupta, N.; Ranjan, S.; Patra, D.; Srivastava, P.; Kumar, A.; Ramalingam, C. Bovine serum albumin interacts with silver

nanoparticles with a “side-on” or “end on” conformation. Chem. Biol. Interact. 2016, 253, 100–111. [CrossRef] [PubMed]
28. Cazón, P.; Velazquez, G.; Ramírez, J.A.; Vázquez, M. Polysaccharide-based films and coatings for food packaging: A review. Food

Hydrocoll. 2017, 68, 136–148. [CrossRef]
29. Bhatia, S. Natural polymers vs synthetic polymer. In Natural Polymer Drug Delivery Systems: Nanoparticles, Plants, and Algae;

Springer: Cham, Switzerland, 2016; pp. 95–118. ISBN 978-3-319-41129-3.
30. Domene-López, D.; García-Quesada, J.C.; Martin-Gullon, I.; Montalbán, M.G. Influence of starch composition and molecular

weight on physicochemical properties of biodegradable films. Polymers 2019, 11, 1084. [CrossRef]
31. Espitia, P.J.P.; Du, W.-X.; de Jesus Avena-Bustillos, R.; de Fátima Ferreira Soares, N.; McHugh, T.H. Edible films from pectin:

Physical-mechanical and antimicrobial properties—A Review. Food Hydrocoll. 2014, 35, 287–296. [CrossRef]
32. Vieira, M.G.A.; da Silva, M.A.; dos Santos, L.O.; Beppu, M.M. Natural-based plasticizers and biopolymer films: A review. Eur.

Polym. J. 2011, 47, 254–263. [CrossRef]

http://doi.org/10.3389/fmicb.2017.01501
http://www.ncbi.nlm.nih.gov/pubmed/28824605
http://doi.org/10.1039/C5SM02958A
http://www.ncbi.nlm.nih.gov/pubmed/26924445
http://doi.org/10.1016/j.foodres.2015.01.005
http://doi.org/10.1093/jn/133.12.4077
http://doi.org/10.1007/s10965-019-1696-6
http://doi.org/10.1039/C8NR02275E
http://doi.org/10.1007/s11694-011-9120-x
http://doi.org/10.1016/j.msec.2010.04.004
http://doi.org/10.1098/rstb.2009.0053
http://doi.org/10.3390/molecules24091695
http://www.ncbi.nlm.nih.gov/pubmed/31052263
http://doi.org/10.1007/s12393-019-09189-w
http://doi.org/10.1007/s10311-017-0613-7
http://doi.org/10.1016/j.jfda.2018.06.011
http://www.ncbi.nlm.nih.gov/pubmed/30249319
http://doi.org/10.1007/s11051-014-2464-5
http://doi.org/10.1002/app.40289
http://doi.org/10.1007/s10965-010-9481-6
http://doi.org/10.1007/s40820-020-0383-9
http://doi.org/10.1111/j.1750-3841.2009.01186.x
http://doi.org/10.1016/j.compositesb.2014.09.033
http://doi.org/10.1016/j.cbi.2016.05.018
http://www.ncbi.nlm.nih.gov/pubmed/27180205
http://doi.org/10.1016/j.foodhyd.2016.09.009
http://doi.org/10.3390/polym11071084
http://doi.org/10.1016/j.foodhyd.2013.06.005
http://doi.org/10.1016/j.eurpolymj.2010.12.011


Nanomaterials 2021, 11, 292 22 of 29

33. Zambrano-Zaragoza, M.L.; González-Reza, R.; Mendoza-Muñoz, N.; Miranda-Linares, V.; Bernal-Couoh, T.F.; Mendoza-Elvira, S.;
Quintanar-Guerrero, D. Nanosystems in edible coatings: A novel strategy for food preservation. Int. J. Mol. Sci. 2018, 19, 705.
[CrossRef]

34. Yousuf, B.; Qadri, O.S.; Srivastava, A.K. Recent developments in shelf-life extension of fresh-cut fruits and vegetables by
application of different edible coatings: A review. Food Sci. Technol. 2018, 89, 198–209. [CrossRef]

35. Wu, Y.; Luo, Y.; Wang, Q. Antioxidant and antimicrobial properties of essential oils encapsulated in zein nanoparticles prepared
by liquid–liquid dispersion method. Food Sci. Technol. 2012, 48, 283–290. [CrossRef]

36. Decher, G.; Schlenoff, J.B. Multilayer Thin Films: Sequential Assembly of Nanocomposite Materials, 2nd ed.; Wiley-VCH: Weinheim,
Germany, 2012; ISBN 978-3-527-64676-0.
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101. Guzik, U.; Hupert-Kocurek, K.; Wojcieszyńska, D. Immobilization as a strategy for improving enzyme properties-application to
oxidoreductases. Molecules 2014, 19, 8995–9018. [CrossRef] [PubMed]

102. Mateo, C.; Palomo, J.M.; Fernandez-Lorente, G.; Guisan, J.M.; Fernandez-Lafuente, R. Improvement of enzyme activity, stability
and selectivity via immobilization techniques. Enzym. Microb. Technol. 2007, 40, 1451–1463. [CrossRef]

103. Sheldon, R.A.; van Pelt, S. Enzyme immobilisation in biocatalysis: Why, what and how. Chem. Soc. Rev. 2013, 42, 6223–6235.
[CrossRef] [PubMed]

104. Garcia-Galan, C.; Berenguer-Murcia, A.; Fernandez-Lafuente, R.; Rodrigues, R.C. Potential of different enzyme immobilization
strategies to improve enzyme performance. Adv. Synth. Catal. 2011, 353, 2885–2904. [CrossRef]

105. Caliandro, R. Enzymes and advanced materials for active food packaging. In Proceedings of the 3rd International Conference on
Food and Beverage Packaging, Rome, Italy, 16–18 July 2018.

106. Jebali, A.; Hekmatimoghaddam, S.; Behzadi, A.; Rezapor, I.; Mohammadi, B.H.; Jasemizad, T.; Yasini, S.A.; Javadzadeh, M.; Amiri,
A.; Soltani, M.; et al. Antimicrobial activity of nanocellulose conjugated with allicin and lysozyme. Cellulose 2013, 20, 2897–2907.
[CrossRef]

107. Barbiroli, A.; Bonomi, F.; Capretti, G.; Iametti, S.; Manzoni, M.; Piergiovanni, L.; Rollini, M. Antimicrobial activity of lysozyme
and lactoferrin incorporated in cellulose-based food packaging. Food Control 2012, 26, 387–392. [CrossRef]

108. Wong, D.E.; Dai, M.; Talbert, J.N.; Nugen, S.R.; Goddard, J.M. Biocatalytic polymer nanofibers for stabilization and delivery of
enzymes. J. Mol. Catal. B 2014, 110, 16–22. [CrossRef]

109. Madhusudan, P.; Chellukuri, N.; Shivakumar, N. Smart packaging of food for the 21st century—A review with futuristic trends,
their feasibility and economics. Mater. Today Proc. 2018, 5, 21018–21022. [CrossRef]

110. Bumbudsanpharoke, N.; Ko, S. Nanomaterial-based optical indicators: Promise, opportunities, and challenges in the development
of colorimetric systems for intelligent packaging. Nano Res. 2019, 12, 489–500. [CrossRef]

111. Fuertes, G.; Soto, I.; Vargas, M.; Valencia, A.; Sabattin, J.; Carrasco, R. Nanosensors for a monitoring system in intelligent and
active packaging. J. Sens. 2015, 2016, e7980476. [CrossRef]

112. Caon, T.; Martelli, S.M.; Fakhouri, F.M. New Trends in the Food Industry: Application of Nanosensors in Food Packaging; Grumezescu,
A.M., Ed.; Academic Press: London, UK, 2017; Volume 8, pp. 773–804. ISBN 978-0-12-804372-1.

113. Li, Z.; Sheng, C. Nanosensors for food safety. J. Nanosci. Nanotechnol. 2014, 14, 905–912. [CrossRef] [PubMed]
114. Sharma, C.; Dhiman, R.; Rokana, N.; Panwar, H. Nanotechnology: An untapped resource for food packaging. Front. Microbiol.

2017, 8, 1735. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ifset.2016.10.010
http://doi.org/10.1016/j.fbio.2020.100609
http://doi.org/10.1007/s10904-019-01407-6
http://doi.org/10.1016/j.ijbiomac.2020.02.250
http://www.ncbi.nlm.nih.gov/pubmed/32105688
http://doi.org/10.1016/j.carbpol.2020.116075
http://www.ncbi.nlm.nih.gov/pubmed/32172888
http://doi.org/10.1021/acsami.9b02649
http://doi.org/10.1016/j.carbpol.2017.03.073
https://pubmed.ncbi.nlm.nih.gov/29155200/
https://pubmed.ncbi.nlm.nih.gov/29155200/
http://doi.org/10.1016/j.ijbiomac.2017.11.097
http://doi.org/10.1002/jsfa.9497
http://doi.org/10.1007/s11947-012-0797-6
http://doi.org/10.1016/j.tifs.2015.12.001
http://doi.org/10.1016/j.foodhyd.2013.08.011
http://doi.org/10.3390/nano10101913
http://www.ncbi.nlm.nih.gov/pubmed/32992815
http://doi.org/10.1016/j.jclepro.2018.01.117
http://doi.org/10.3390/molecules19078995
http://www.ncbi.nlm.nih.gov/pubmed/24979403
http://doi.org/10.1016/j.enzmictec.2007.01.018
http://doi.org/10.1039/C3CS60075K
http://www.ncbi.nlm.nih.gov/pubmed/23532151
http://doi.org/10.1002/adsc.201100534
http://doi.org/10.1007/s10570-013-0084-3
http://doi.org/10.1016/j.foodcont.2012.01.046
http://doi.org/10.1016/j.molcatb.2014.09.007
http://doi.org/10.1016/j.matpr.2018.06.494
http://doi.org/10.1007/s12274-018-2237-z
http://doi.org/10.1155/2016/7980476
http://doi.org/10.1166/jnn.2014.8743
http://www.ncbi.nlm.nih.gov/pubmed/24730307
http://doi.org/10.3389/fmicb.2017.01735
http://www.ncbi.nlm.nih.gov/pubmed/28955314


Nanomaterials 2021, 11, 292 25 of 29

115. Pramanik, P.K.D.; Solanki, A.; Debnath, A.; Nayyar, A.; El-Sappagh, S.; Kwak, K. Advancing modern healthcare with nanotech-
nology, nanobiosensors, and internet of nano things: Taxonomies, applications, architecture, and challenges. IEEE Access 2020, 8,
65230–65266. [CrossRef]

116. Eggins, B.R. Chemical sensors and biosensors. In Analytical Techniques in the Sciences, 2nd ed.; Wiley and Sons Ltd: Hoboken, NJ,
USA, 2002; ISBN 978-0-471-89914-3.

117. Mak, A.C.; Osterfeld, S.J.; Yu, H.; Wang, S.X.; Davis, R.W.; Jejelowo, O.A.; Pourmand, N. Sensitive giant magnetoresistive-based
immunoassay for multiplex mycotoxin detection. Biosens. Bioelectron. 2010, 25, 1635–1639. [CrossRef] [PubMed]

118. Actis, P.; Jejelowo, O.; Pourmand, N. UltraSensitive mycotoxin detection by STING sensors. Biosens. Bioelectron. 2010, 26, 333–337.
[CrossRef]

119. Chiao, D.-J.; Shyu, R.-H.; Hu, C.-S.; Chiang, H.-Y.; Tang, S.-S. Colloidal gold-based immunochromatographic assay for detection
of botulinum neurotoxin type B. J. Chromatogr. B 2004, 809, 37–41. [CrossRef]

120. Zhou, Y.; Pan, F.-G.; Li, Y.-S.; Zhang, Y.-Y.; Zhang, J.-H.; Lu, S.-Y.; Ren, H.-L.; Liu, Z.-S. Colloidal gold probe-based immunochro-
matographic assay for the rapid detection of brevetoxins in fishery product samples. Biosens. Bioelectron. 2009, 24, 2744–2747.
[CrossRef]

121. Wang, L.; Chen, W.; Xu, D.; Shim, B.S.; Zhu, Y.; Sun, F.; Liu, L.; Peng, C.; Jin, Z.; Xu, C.; et al. Simple, rapid, sensitive, and versatile
SWNT-paper sensor for environmental toxin detection competitive with ELISA. Nano Lett. 2009, 9, 4147–4152. [CrossRef]

122. Zamolo, V.A.; Valenti, G.; Venturelli, E.; Chaloin, O.; Marcaccio, M.; Boscolo, S.; Castagnola, V.; Sosa, S.; Berti, F.;
Fontanive, G.; et al. Highly sensitive electrochemiluminescent nanobiosensor for the detection of palytoxin. ACS Nano
2012, 6, 7989–7997. [CrossRef] [PubMed]

123. Sharma, A.; Matharu, Z.; Sumana, G.; Solanki, P.R.; Kim, C.G.; Malhotra, B.D. Antibody immobilized cysteamine functionalized-
gold nanoparticles for aflatoxin detection. Thin Solid Film. 2010, 519, 1213–1218. [CrossRef]

124. Wang, B.; Chen, Y.; Wu, Y.; Weng, B.; Liu, Y.; Lu, Z.; Li, C.M.; Yu, C. Aptamer induced assembly of fluorescent nitrogen-doped
carbon dots on gold nanoparticles for sensitive detection of AFB1. Biosens. Bioelectron. 2016, 78, 23–30. [CrossRef] [PubMed]

125. Castillo, G.; Spinella, K.; Poturnayová, A.; Šnejdárková, M.; Mosiello, L.; Hianik, T. Detection of aflatoxin B1 by aptamer-based
biosensor using PAMAM dendrimers as immobilization platform. Food Control 2015, 52, 9–18. [CrossRef]

126. Villamizar, R.A.; Maroto, A.; Rius, F.X.; Inza, I.; Figueras, M.J. Fast detection of salmonella infants with carbon nanotube field
effect transistors. Biosens. Bioelectron. 2008, 24, 279–283. [CrossRef] [PubMed]

127. Weber, J.E.; Pillai, S.; Ram, M.K.; Kumar, A.; Singh, S.R. Electrochemical impedance-based DNA sensor using a modified single
walled carbon nanotube electrode. Mater. Sci. Eng. C 2011, 31, 821–825. [CrossRef]

128. Hasan, M.R.; Pulingam, T.; Appaturi, J.N.; Zifruddin, A.N.; Teh, S.J.; Lim, T.W.; Ibrahim, F.; Leo, B.F.; Thong, K.L. Carbon
nanotube-based aptasensor for sensitive electrochemical detection of whole-cell salmonella. Anal. Biochem. 2018, 554, 34–43.
[CrossRef]

129. Yamada, K.; Kim, C.-T.; Kim, J.-H.; Chung, J.-H.; Lee, H.G.; Jun, S. Single walled carbon nanotube-based junction biosensor for
detection of Escherichia Coli. PLoS ONE 2014, 9, e105767. [CrossRef]

130. García-Aljaro, C.; Bangar, M.A.; Baldrich, E.; Muñoz, F.J.; Mulchandani, A. Conducting polymer nanowire-based chemiresistive
biosensor for the detection of bacterial spores. Biosens. Bioelectron. 2010, 25, 2309–2312. [CrossRef]

131. Lin, Y.-H.; Chen, S.-H.; Chuang, Y.-C.; Lu, Y.-C.; Shen, T.Y.; Chang, C.A.; Lin, C.-S. Disposable amperometric immunosensing strips
fabricated by Au nanoparticles-modified screen-printed carbon electrodes for the detection of foodborne pathogen Escherichia
Coli O157:H7. Biosens. Bioelectron. 2008, 23, 1832–1837. [CrossRef]

132. Davis, D.; Guo, X.; Musavi, L.; Lin, C.-S.; Chen, S.-H.; Wu, V.C.H. Gold nanoparticle-modified carbon electrode biosensor for the
detection of listeria monocytogenes. Ind. Biotechnol. 2013, 9, 31–36. [CrossRef]

133. Zhang, H.; Ma, X.; Liu, Y.; Duan, N.; Wu, S.; Wang, Z.; Xu, B. Gold nanoparticles enhanced SERS aptasensor for the simultaneous
detection of salmonella typhimurium and staphylococcus aureus. Biosens. Bioelectron. 2015, 74, 872–877. [CrossRef] [PubMed]

134. Wang, R.; Xu, Y.; Zhang, T.; Jiang, Y. Rapid and sensitive detection of salmonella typhimurium using aptamer-conjugated carbon
dots as fluorescence probe. Anal. Methods 2015, 7, 1701–1706. [CrossRef]

135. Wang, D.-B.; Tian, B.; Zhang, Z.-P.; Wang, X.-Y.; Fleming, J.; Bi, L.-J.; Yang, R.-F.; Zhang, X.-E. Detection of bacillus anthracis spores
by super-paramagnetic lateral-flow immunoassays based on “road closure”. Biosens. Bioelectron. 2015, 67, 608–614. [CrossRef]
[PubMed]

136. Suaifan, G.A.R.Y.; Alhogail, S.; Zourob, M. Paper-based magnetic nanoparticle-peptide probe for rapid and quantitative colori-
metric detection of Escherichia Coli O157:H7. Biosens. Bioelectron. 2017, 92, 702–708. [CrossRef] [PubMed]

137. Xia, S.; Yu, Z.; Liu, D.; Xu, C.; Lai, W. Developing a novel immunochromatographic test strip with gold magnetic bifunctional
nanobeads (GMBN) for efficient detection of salmonella choleraesuis in milk. Food Control 2016, 59, 507–512. [CrossRef]

138. Pandey, A.; Gurbuz, Y.; Ozguz, V.; Niazi, J.H.; Qureshi, A. Graphene-interfaced electrical biosensor for label-free and sensitive
detection of foodborne pathogenic, E. Coli O157:H7. Biosens. Bioelectron. 2017, 91, 225–231. [CrossRef]

139. Kara, M.; Uzun, L.; Kolayli, S.; Denizli, A. Combining molecular imprinted nanoparticles with surface plasmon resonance
nanosensor for chloramphenicol detection in honey. J. Appl. Polym. Sci. 2013, 129, 2273–2279. [CrossRef]

140. Wu, M.; Tang, W.; Guimarães, J.; Wang, Q.; He, P.; Fang, Y. Electrochemical detection of Sudan I using a multi-walled carbon
nanotube/chitosan composite modified glassy carbon electrode. Am. J. Anal. Chem. 2013, 4, 1–6. [CrossRef]

http://doi.org/10.1109/ACCESS.2020.2984269
http://doi.org/10.1016/j.bios.2009.11.028
http://www.ncbi.nlm.nih.gov/pubmed/20047828
http://doi.org/10.1016/j.bios.2010.08.016
http://doi.org/10.1016/j.jchromb.2004.05.033
http://doi.org/10.1016/j.bios.2009.01.034
http://doi.org/10.1021/nl902368r
http://doi.org/10.1021/nn302573c
http://www.ncbi.nlm.nih.gov/pubmed/22913785
http://doi.org/10.1016/j.tsf.2010.08.071
http://doi.org/10.1016/j.bios.2015.11.015
http://www.ncbi.nlm.nih.gov/pubmed/26584079
http://doi.org/10.1016/j.foodcont.2014.12.008
http://doi.org/10.1016/j.bios.2008.03.046
http://www.ncbi.nlm.nih.gov/pubmed/18495470
http://doi.org/10.1016/j.msec.2010.12.009
http://doi.org/10.1016/j.ab.2018.06.001
http://doi.org/10.1371/journal.pone.0105767
http://doi.org/10.1016/j.bios.2010.03.021
http://doi.org/10.1016/j.bios.2008.02.030
http://doi.org/10.1089/ind.2012.0033
http://doi.org/10.1016/j.bios.2015.07.033
http://www.ncbi.nlm.nih.gov/pubmed/26241735
http://doi.org/10.1039/C4AY02880E
http://doi.org/10.1016/j.bios.2014.09.067
http://www.ncbi.nlm.nih.gov/pubmed/25294802
http://doi.org/10.1016/j.bios.2016.10.023
http://www.ncbi.nlm.nih.gov/pubmed/27839734
http://doi.org/10.1016/j.foodcont.2015.06.028
http://doi.org/10.1016/j.bios.2016.12.041
http://doi.org/10.1002/app.38936
http://doi.org/10.4236/ajac.2013.46A001


Nanomaterials 2021, 11, 292 26 of 29

141. Vamvakaki, V.; Chaniotakis, N.A. Pesticide detection with a liposome-based nano-biosensor. Biosens. Bioelectron. 2007, 22,
2848–2853. [CrossRef]

142. Devaramani, S.; Malingappa, P. Synthesis and characterization of cobalt nitroprusside nano particles: Application to sulfite
sensing in food and water samples. Electrochim. Acta 2012, 85, 579–587. [CrossRef]

143. Ping, H.; Zhang, M.; Li, H.; Li, S.; Chen, Q.; Sun, C.; Zhang, T. Visual detection of melamine in raw milk by label-free silver
nanoparticles. Food Control 2012, 23, 191–197. [CrossRef]

144. Su, H.; Fan, H.; Ai, S.; Wu, N.; Fan, H.; Bian, P.; Liu, J. Selective determination of melamine in milk samples using 3-mercapto-1-
propanesulfonate-modified gold nanoparticles as colorimetric probe. Talanta 2011, 85, 1338–1343. [CrossRef] [PubMed]

145. Najafi, M.; Khalilzadeh, M.A.; Karimi-Maleh, H. A new strategy for determination of bisphenol A in the presence of Sudan I
using a ZnO/CNTs/Ionic liquid paste electrode in food samples. Food Chem. 2014, 158, 125–131. [CrossRef] [PubMed]

146. Majidi, M.R.; Fadakar Bajeh Baj, R.; Naseri, A. Carbon nanotube-ionic liquid (CNT–IL) nanocamposite modified sol-gel derived
carbon-ceramic electrode for simultaneous determination of sunset yellow and tartrazine in food samples. Food Anal. Methods
2013, 6, 1388–1397. [CrossRef]

147. Jamali, T.; Karimi-Maleh, H.; Khalilzadeh, M.A. A novel nanosensor based on Pt:Co nanoalloy ionic liquid carbon paste electrode
for voltammetric determination of vitamin B9 in food samples. Food Sci. Technol. 2014, 57, 679–685. [CrossRef]

148. Wu, R.-J.; Lin, D.-J.; Yu, M.-R.; Chen, M.H.; Lai, H.-F. Ag@SnO2 Core—Shell material for use in fast-response ethanol sensor at
room operating temperature. Sens. Actuat. B 2013, 178, 185–191. [CrossRef]

149. Scandurra, G.; Arena, A.; Ciofi, C.; Saitta, G. Electrical characterization and hydrogen peroxide sensing properties of
Gold/Nafion:Polypyrrole/MWCNTs electrochemical devices. Sensors 2013, 13, 3878–3888. [CrossRef]

150. Liang, K.-Z.; Mu, W.-J. ZrO2/DNA-derivated polyion hybrid complex membrane for the determination of hydrogen peroxide in
milk. Ionics 2008, 14, 533–539. [CrossRef]

151. Halonen, N.; Pálvölgyi, P.S.; Bassani, A.; Fiorentini, C.; Nair, R.; Spigno, G.; Kordas, K. Bio-based smart materials for food
packaging and sensors—A review. Front. Mater. 2020, 7. [CrossRef]

152. Ahmed, T.; Shahid, M.; Azeem, F.; Rasul, I.; Shah, A.A.; Noman, M.; Hameed, A.; Manzoor, N.; Manzoor, I.; Muhammad, S.
Biodegradation of plastics: Current scenario and future prospects for environmental safety. Environ. Sci. Pollut. Res. 2018, 25,
7287–7298. [CrossRef] [PubMed]

153. Meereboer, K.W.; Misra, M.; Mohanty, A.K. Review of recent advances in the biodegradability of polyhydroxyalkanoate (PHA)
bioplastics and their composites. Green Chem. 2020, 22, 5519–5558. [CrossRef]

154. Pathak, V.M. Navneet review on the current status of polymer degradation: A microbial approach. Bioresour. Bioprocess. 2017, 4, 15.
[CrossRef]

155. Avérous, L. Chapter 21—Polylactic acid: Synthesis, properties and applications. In Monomers, Polymers and Composites
from Renewable Resources; Belgacem, M.N., Gandini, A., Eds.; Elsevier: Amsterdam, The Netherlands, 2008; pp. 433–450.
ISBN 978-0-08-045316-3.

156. Chen, G.-Q.; Patel, M.K. Plastics derived from biological sources: Present and future: A technical and environmental review.
Chem. Rev. 2012, 112, 2082–2099. [CrossRef] [PubMed]

157. Van den Oever, M.; Molenveld, K.; van der Zee, M.; Bos, H. Bio-Based and Biodegradable Plastics: Facts and Figures: Focus on Food
Packaging in the Netherlands; Wageningen University and Research: Wageningen, The Netherlands, 2017; ISBN 978-94-6343-121-7.

158. Flores, S.; Famá, L.; Rojas, A.M.; Goyanes, S.; Gerschenson, L. Physical properties of tapioca-starch edible films: Influence of
filmmaking and potassium sorbate. Food Res. Int. 2007, 40, 257–265. [CrossRef]

159. Sadeghizadeh-Yazdi, J.; Habibi, M.; Kamali, A.A.; Banaei, M. Application of edible and biodegradable starch-based films in food
packaging: A systematic review and meta-analysis. Curr. Res. Nutr. Food Sci. 2019, 7, 624–637. [CrossRef]

160. Goudarzi, V.; Shahabi-Ghahfarrokhi, I.; Babaei-Ghazvini, A. Preparation of ecofriendly UV-protective food packaging material by
starch/TiO2 bio-nanocomposite: Characterization. Int. J. Biol. Macromol. 2017, 95, 306–313. [CrossRef]

161. Ashori, A.; Bahrami, R. Modification of physico-mechanical properties of chitosan-tapioca starch blend films using nano graphene.
Polym. Plast. Technol. Eng. 2014, 53, 312–318. [CrossRef]

162. Jayakumar, A.; Heera, K.V.; Sumi, T.S.; Joseph, M.; Mathew, S.; Praveen, G.; Indu, C.; Radhakrishnan, E.K. Starch-PVA composite
films with zinc-oxide nanoparticles and phytochemicals as intelligent PH sensing wraps for food packaging application. Int. J.
Biol. Macromol. 2019, 136, 395–403. [CrossRef]

163. Yoon, S.-D.; Park, M.-H.; Byun, H.-S. Mechanical and water barrier properties of starch/PVA composite films by adding
nano-sized poly(methyl methacrylate-co-acrylamide) particles. Carbohydr. Polym. 2012, 1, 676–686. [CrossRef]

164. Wu, Z.; Huang, Y.; Xiao, L.; Lin, D.; Yang, Y.; Wang, H.; Yang, Y.; Wu, D.; Chen, H.; Zhang, Q.; et al. Physical properties and
structural characterization of starch/polyvinyl alcohol/graphene oxide composite films. Int. J. Biol. Macromol. 2019, 123, 569–575.
[CrossRef] [PubMed]

165. Arfat, Y.A.; Ahmed, J.; Ejaz, M.; Mullah, M. Polylactide/graphene oxide nanosheets/clove essential oil composite films for
potential food packaging applications. Int. J. Biol. Macromol. 2018, 107, 194–203. [CrossRef] [PubMed]

166. Kim, H.-Y.; Park, S.S.; Lim, S.-T. Preparation, characterization and utilization of starch nanoparticles. Colloids Surf. B 2015, 126,
607–620. [CrossRef]

167. Chen, Y.; Cao, X.; Chang, P.R.; Huneault, M.A. Comparative study on the films of poly(vinyl alcohol)/pea starch nanocrystals
and poly(vinyl alcohol)/native pea starch. Carbohydr. Polym. 2008, 73, 8–17. [CrossRef]

http://doi.org/10.1016/j.bios.2006.11.024
http://doi.org/10.1016/j.electacta.2012.08.105
http://doi.org/10.1016/j.foodcont.2011.07.009
http://doi.org/10.1016/j.talanta.2011.06.017
http://www.ncbi.nlm.nih.gov/pubmed/21807192
http://doi.org/10.1016/j.foodchem.2014.02.082
http://www.ncbi.nlm.nih.gov/pubmed/24731323
http://doi.org/10.1007/s12161-012-9556-6
http://doi.org/10.1016/j.lwt.2014.01.023
http://doi.org/10.1016/j.snb.2012.12.052
http://doi.org/10.3390/s130303878
http://doi.org/10.1007/s11581-008-0213-4
http://doi.org/10.3389/fmats.2020.00082
http://doi.org/10.1007/s11356-018-1234-9
http://www.ncbi.nlm.nih.gov/pubmed/29332271
http://doi.org/10.1039/D0GC01647K
http://doi.org/10.1186/s40643-017-0145-9
http://doi.org/10.1021/cr200162d
http://www.ncbi.nlm.nih.gov/pubmed/22188473
http://doi.org/10.1016/j.foodres.2006.02.004
http://doi.org/10.12944/CRNFSJ.7.3.03
http://doi.org/10.1016/j.ijbiomac.2016.11.065
http://doi.org/10.1080/03602559.2013.866246
http://doi.org/10.1016/j.ijbiomac.2019.06.018
http://doi.org/10.1016/j.carbpol.2011.08.046
http://doi.org/10.1016/j.ijbiomac.2018.11.071
http://www.ncbi.nlm.nih.gov/pubmed/30439436
http://doi.org/10.1016/j.ijbiomac.2017.08.156
http://www.ncbi.nlm.nih.gov/pubmed/28863895
http://doi.org/10.1016/j.colsurfb.2014.11.011
http://doi.org/10.1016/j.carbpol.2007.10.015


Nanomaterials 2021, 11, 292 27 of 29

168. Dai, L.; Qiu, C.; Xiong, L.; Sun, Q. Characterisation of corn starch-based films reinforced with taro starch nanoparticles. Food
Chem. 2015, 174, 82–88. [CrossRef]

169. Xu, C.; Chen, C.; Wu, D. The starch nanocrystal filled biodegradable poly(ε-caprolactone) composite membrane with highly
improved properties. Carbohydr. Polym. 2018, 182, 115–122. [CrossRef]

170. Tian, H.; Xu, G. Processing and characterization of glycerol-plasticized soy protein plastics reinforced with citric acid-modified
starch nanoparticles. J. Polym. Environ. 2011, 19, 582–588. [CrossRef]

171. Bel Haaj, S.; Thielemans, W.; Magnin, A.; Boufi, S. Starch nanocrystals and starch nanoparticles from waxy maize as nanorein-
forcement: A comparative study. Carbohydr. Polym. 2016, 143, 310–317. [CrossRef]

172. Farooq, A.; Patoary, M.K.; Zhang, M.; Mussana, H.; Li, M.; Naeem, M.A.; Mushtaq, M.; Farooq, A.; Liu, L. Cellulose from sources
to nanocellulose and an overview of synthesis and properties of nanocellulose/zinc oxide nanocomposite materials. Int. J. Biol.
Macromol. 2020, 154, 1050–1073. [CrossRef]

173. Abdul Khalil, H.P.S.; Davoudpour, Y.; Saurabh, C.K.; Hossain, M.S.; Adnan, A.S.; Dungani, R.; Paridah, M.T.; Islam Sarker, M.Z.;
Fazita, M.R.N.; Syakir, M.I.; et al. A review on nanocellulosic fibres as new material for sustainable packaging: Process and
applications. Renew. Sustain. Energy Rev. 2016, 64, 823–836. [CrossRef]

174. Abdollahi, M.; Alboofetileh, M.; Behrooz, R.; Rezaei, M.; Miraki, R. Reducing water sensitivity of alginate bio-nanocomposite film
using cellulose nanoparticles. Int. J. Biol. Macromol. 2013, 54, 166–173. [CrossRef] [PubMed]

175. Azeredo, H.M.C.; Mattoso, L.H.C.; Avena-Bustillos, R.J.; Filho, G.C.; Munford, M.L.; Wood, D.; McHugh, T.H. Nanocellulose
reinforced chitosan composite films as affected by nanofiller loading and plasticizer content. J. Food Sci. 2010, 75, N1–N7.
[CrossRef] [PubMed]

176. Jonoobi, M.; Harun, J.; Mathew, A.P.; Oksman, K. Mechanical properties of cellulose nanofiber (CNF) reinforced polylactic acid
(PLA) prepared by twin screw extrusion. Compos. Sci. Technol. 2010, 70, 1742–1747. [CrossRef]

177. Boumail, A.; Salmieri, S.; Klimas, E.; Tawema, P.O.; Bouchard, J.; Lacroix, M. Characterization of trilayer antimicrobial diffusion
films (ADFs) based on methylcellulose-polycaprolactone composites. J. Agric. Food Chem. 2013, 61, 811–821. [CrossRef]

178. Stuart, M.A.C.; Huck, W.T.S.; Genzer, J.; Müller, M.; Ober, C.; Stamm, M.; Sukhorukov, G.B.; Szleifer, I.; Tsukruk, V.V.;
Urban, M.; et al. Emerging applications of stimuli-responsive polymer materials. Nat. Mater. 2010, 9, 101–113. [CrossRef]

179. Qasim, U.; Osman, A.I.; Al-Muhtaseb, A.H.; Farrell, C.; Al-Abri, M.; Ali, M.; Vo, D.-V.N.; Jamil, F.; Rooney, D.W. Renewable
cellulosic nanocomposites for food packaging to avoid fossil fuel plastic pollution: A review. Environ. Chem. Lett. 2020. [CrossRef]

180. Sa, N.M.S.M.; Mattos, A.L.A.; Silva, L.M.A.; Brito, E.S.; Rosa, M.F.; Azeredo, H.M.C. From cashew byproducts to biodegradable
active materials: Bacterial cellulose-lignin-cellulose nanocrystal nanocomposite films. Int. J. Biol. Macromol. 2020, 161, 1337–1345.
[CrossRef]

181. Abdalkarim, S.Y.H.; Wang, Y.; Yu, H.-Y.; Ouyang, Z.; Asad, R.A.M.; Mu, M.; Lu, Y.; Yao, J.; Zhang, L. Supermagnetic cellulose
nanocrystal hybrids reinforced PHBV nanocomposites with high sensitivity to intelligently detect water vapor. Ind. Crop. Prod.
2020, 154, 112704. [CrossRef]

182. Xiao, Y.; Liu, Y.; Kang, S.; Wang, K.; Xu, H. Development and evaluation of soy protein isolate-based antibacterial nanocomposite
films containing cellulose nanocrystals and zinc oxide nanoparticles. Food Hydrocoll. 2020, 106, 105898. [CrossRef]

183. Ahmadi, A.; Ahmadi, P.; Ehsani, A. Development of an active packaging system containing zinc oxide nanoparticles for the
extension of chicken fillet shelf life. Food Sci. Nutr. 2020, 8, 5461–5473. [CrossRef]

184. Yu, Z.; Wang, W.; Sun, L.; Kong, F.; Lin, M.; Mustapha, A. Preparation of cellulose nanofibril/titanium dioxide nanoparticle
nanocomposites as fillers for PVA-based packaging and investigation into their intestinal toxicity. Int. J. Biol. Macromol. 2020, 156,
1174–1182. [CrossRef] [PubMed]

185. Cazón, P.; Vázquez, M. Applications of chitosan as food packaging materials. In Sustainable Agriculture Reviews 36: Chitin and
Chitosan: Applications in Food, Agriculture, Pharmacy, Medicine and Wastewater Treatment; Crini, G., Lichtfouse, E., Eds.; Sustainable
Agriculture Reviews; Springer: Cham, Switzerland, 2019; pp. 81–123. ISBN 978-3-030-16581-9.

186. Radhakrishnan, Y.; Gopal, G.; Lakshmanan, C.C.; Nandakumar, K.S. Chitosan nanoparticles for generating novel systems for
better applications: A review. Mol. Genet. Med. 2015, 9, 1–10.

187. Kong, M.; Chen, X.G.; Xing, K.; Park, H.J. Antimicrobial properties of chitosan and mode of action: A state of the art review. Int. J.
Food Microbiol. 2010, 144, 51–63. [CrossRef] [PubMed]
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