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ZnO Nanostructures in Active Antibacterial Food Packaging:
Preparation Methods, Antimicrobial Mechanisms, Safety
Issues, Future Prospects, and Challenges
Insoo Kim, Karthika Viswanathan, Gopinath Kasi, Sarinthip Thanakkasaranee,
Kambiz Sadeghi, and Jongchul Seo

Department of Packaging, Yonsei University, Wonju-si, South Korea

ABSTRACT
Packaging of food products is one of the most important stages of the
food supply chain. Nano-size materials for packing food substances with
appropriate properties result in better packaging performance and longer
food shelf-life. In this review, the application of ZnO nano-size in active
packaging of foods is discussed to identify gaps in applications for food
packaging and safety. First, the crystal structures and morphologies of
modified ZnO nanoparticles (ZnO NPs) are presented, and their synergis-
tic effects on antimicrobial activities are discussed. This review also pro-
vides an overview of antimicrobial packaging containing ZnO NPs with
a focus on preparation methods, antimicrobial mechanisms, and recent
progress in packaging applications. The generation of reactive oxygen
species (ROS) is the primary antimicrobial mechanism, which can be
varied depending on morphology and size. Generally, ZnO NPs can
inactivate fungi or Gram-positive and Gram-negative bacteria growth,
which reduce the risk of cross-contamination, thereby extending the
shelf life of products. Notably, the health concerns and hazards regarding
the safety and migration of ZnO NPs application are also elaborated.
Unintentional migration, inhalation, skin penetration, and ingestion may
result in human health hazards. Therefore, to provide safety regulations,
further investigations such as case by case study are recommended.

KEYWORDS
Zinc oxide nanostructure;
shelf life; safety;
antimicrobial activity; food
packaging

Introduction

Nanotechnology is being exploited in various fields of science since Richard Feynman
introduced it at 1959, and nanoscience has spread out its root in a wide range of
applications such as electronic, optical or magnetic devices, biology, medicine, energy,
defense, pharmaceutical areas, food, and agriculture industries.[1] Nanomaterials are
commonly referred to the materials that possess nanometer-scale, at least in one dimen-
sion ranging from approximately 1 nm to 100 nm. Various nanomaterials have been
generally considered as zero-dimensional (e.g., nanoparticles (NPs): quantum dots,
nanoclusters and fullerenes), one-dimensional (e.g., nanotubes and nanorods), two-
dimensional (e.g., thin films), and three-dimensional (e.g., nanocomposites and nanofi-
bers) nanomaterials.[2] Such materials are frequently used in various fields owing to
unique mesoscopic properties such as highly reactive materials, appropriate particles
size, high surface area, and high ductility and durability.[3,4]
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There is a wide range of nanomaterials used in industry, which ZnO NPs are considered as
a multifunctional one because ZnO NPs exhibit high antimicrobial efficacy, near-UV emis-
sion, piezoelectricity, optical transparency, and electrical conductivity.[5] ZnO NPs are also
used in corrosion-protective drug delivery systems, cosmetics, food packaging materials, and
biosensors owing to their excellent biocompatibility. The crucial parameters for antibacterial
activity of ZnO NPs are dependent on phase, crystallite size, lattice constants, crystal orienta-
tion, surface defects, and size.[1] ZnO has been considered as a GRAS (generally recognized as
safe) material by the US Food and Drug Administration (21 CFR 182.8991). As such, ZnO
NPs are frequently used in food packaging as an active antimicrobial agent.

As reported by the World Health Organization (WHO), over 200 diseases ranging from
cancers to diarrhea are caused by hazardous food that contains chemical substances or
microorganisms, such as bacteria, viruses, and parasites. It has been estimated that nearly
600 million people (almost 10% of the global population) become ill after the intake of
contaminated food, resulting in 420,000 deaths every year (WHO, 2017). Due to such food-
borne pathogenic microorganisms, the scientific community has focused research on materi-
als for active packaging (AP) and intelligent packaging (IP), which are upcoming technologies
specially designed to prevent the growth of microbes in foods and preserve their safety,
quality, and freshness.[6–12] Antimicrobial packaging materials are used to inhibit and control
microbial growth, retain moisture, ensure safety, resist liquid or gas penetration, and control
the shelf life.[13,14] Such antimicrobial agents are classified as either organic compounds, such
as quaternary ammonium salts, halogenated compounds, phenols, chitosan, and chitin, or
inorganic materials, including metals and metal oxides.[15] Metals and metal oxides have
always been important owing to their excellent antimicrobial activity and high stability of the
compounds in this atmosphere. Notably, metal oxide particles do not need necessarily enter
the cells to induce toxicity; the particles react even when they come in contact with bacterial
cell walls or the abdomen of a crustacean. Accordingly, several modifications to the organism-
particle contact surface have been reported to enhance the solubility of metal particles or
develop extracellular ROS that damages cell membranes. Recently, with the advent of nano-
technology, inorganic materials like TiO2, ZnO, MgO, and CaO have drawn immense
research attention due to their stabilities and resistances under harsh processing conditions
and good biocidal behavior against food-borne pathogens despite some are commercially
available.[16–19]

There are three plausible scenarios to application of nanotechnology in food packaging
such as embedding into food packaging materials, directs-contact, and adding in during
food processing. The acceptability and successful execution of nanotechnology in food
packaging are dependent on the consumer’s feedback and marketing results. Packaging
containing nanomaterials tend to enhance conventional packaging systems regarding to
protection and preservation (keep the food inside against microorganism and mechanical
stress), communication and market-oriented (provide information regarding to quality
and preparatory guidelines), and containment (distribution and handling).

This review provides an overview of antimicrobial food packaging using ZnO NPs with
a focus on synthesizing methods, crystal structures, morphology properties, and biocidal
mechanisms. To provide a profound understanding of ZnONPs performance in food packaging
applications as well as their antimicrobial and antifungal mechanism, recent progress and future
prospects with respect to safety and migration concerns are elaborately discussed.

2 I. KIM ET AL.



Zinc oxide nanomaterials

Synthesis techniques

ZnO NPs are commercially synthesized by the following two methods: physical vapor
deposition (PVD) processing and mechanochemical processing (MCP). MCP is a facile
process in which the starting materials, zinc chloride (ZnCl2) and sodium carbonate (Na2
CO3) are ball-milled together to produce zinc carbonate (ZnCO3) and sodium chloride
(NaCl).[20] During the process of ball-milling, the ball-milling initiates a low-temperature
chemical reaction, resulting in ball powder collision. Next, a chemical exchange reaction
occurs due to local heat and pressure at the interfaces. The ball-milled ZnO NPs measure
around 20–30 nm. The simplicity and low cost of MCP make it suitable for large-scale ZnO
NP production. In PVD processes, at high temperatures, vapors are generated when the solid
precursor is subjected to plasma arc energy. Thus, when the precursors are introduced to the
plasma, supersaturation and particle nucleation are achieved as a consequence of the plasma
arc energy, decomposing the precursors into atoms. Further, upon cooling by expansion
through a nozzle or using a gas mixture, these atoms condense to form particles.[21,22] The
ZnO NPs produced by this method have an average size of 8–75 nm.[23,24] Table 1 presents
different synthetic techniques, size, and morphologies of ZnO nanomaterials employed
previously.

Recent eco-friendly synthesis techniques will be discussed here to illustrate various
techniques for several morphological and structural modifications and apply for antibio-
cidal systems. Ecofriendly techniques have been developed to prevent the employment of
toxic and hazardous chemicals. Thus, green methods using biosources, such as plants,
fungi, bacteria, and algae, have been developed.[37–45] Agarwal et al. (2017) reported
a broad view towards green synthesis and characterization techniques of ZnO NPs from
different biological sources (plant, bacteria, fungus and algae).[46] Synthesis of ZnO NPs
used different bio-sources are summarized in Table 2. Previous researches have shown
that the antibacterial activities of the ZnO NPs are greatly influenced by the particle size,
powder concentration, and their photocatalytic properties. Additionally, the photocatalytic
behavior of ZnO NPs complements their antimicrobial efficiencies.[47–49]

Table 1. ZnO nanomaterials of different size and morphology synthesized by various methods.
Size and morphology Fabrication technique Ref

Porous nanostructures Pulsed laser deposition 2019[25]

Nanowires: diameter, 100–250 nm; length, 2–10 μm Hydrothermal 2019[26]

N-Ag-TiO2-ZnO nanocages Polymerization-assisted assembly 2019[27]

Aligned ZnO nanorods Hydrothermal 2019[28]

3D hierarchical micro-flowers made up of nanosheets
(diameter ∼2–3 μm)

Wet chemical co-precipitation 2019[29]

Nanofiber membrane Electrospinning, hydrothermal synthesis, and
dip coating

2019[30]

Nanocrystals of diameter ∼23 nm Green synthesis 2019[31]

ZnO micro/nanostructures with different morphologies Solvothermal 2019[32]

Three-dimensional ZnO nanotubes Atomic layer deposition 2015[33]

Hierarchical flower-like and 1D tube-like ZnO architectures Microemulsion-based solvothermal method 2011[34]

Nanoparticles forming elongated aggregates with chain-like
morphology

Anodization followed by thermal annealing 2013[35]

Hybrid nanostructure based on reduced graphene oxide and
ZnO

Magnetron sputtering, anodization, and thermal
treatment.

2016[36]
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Crystal structure

Zinc oxides are non-toxic n-type II–VI semiconductors with a wide and direct band gap of
3.37 eV that usually crystallize in either a hexagonal wurtzite or cubic zinc blende structures. The
zinc blende structure consists of anions surrounded by four cations at the corners of
a tetrahedron, whereas in the wurtzite structure the cations are surrounded by four anions at
the corners of the tetrahedron. The wide band gap is formed as a consequence of the tetrahedral
coordination forming sp[3] covalent bonds and the ionic character of the structure. In addition to
the wurtzite and zinc blende structures, a rock salt (or Rochelle salt) can be formed; these three
structures are shown in Fig. 1.Wurtzite is the most thermally stable and common structure, and
the other two forms occur under special conditions. Wurtzite consists of two interpenetrating
hexagonal close-packed (hcp) sub-lattices individually containing one type of atom displaced
along the threefold c-axis. The atomic terminations facilitate the formation of various novel
nanostructures, which broadens the application of ZnO. The crystal lattice growth and mor-
phology are influenced by kinetic parameters, like temperature and pH. Such parameters play

Table 2. ZnO nanostructure synthesis from various biosources.
BioSource Examples Morphology Ref

Plants Anisochilus carnosus, Plectranthus amboinicus,
and Vitexnegundo

Spherical
Quasi-spherical
Hexagonal
Rod-shaped with agglomerates

2015[37];
2015[38];
2015[39]

Bacteria Bacillus licheniformis,
Rhodococcus pyridinivorans

Nano flowers (40 nm width, 400 nm height)
Spherical NPs (100–130 nm)

2013[40];
2012[41]

Algae Sargassum muticum, Sargassum myriocystum,
Chlamydomonas reinhardtii

Hexagonal wurtzite (30–57 nm)
Spherical
Radial
Triangular
Hexagonal
Rods (46.6 nm)
Nanorod, nanoflower, porous nanosheet
(55–80 nm)

2014[42];
2013[43];
2016[44]

Fungi Candida albicans, Aspergillus fumigatus Quasi-spherical (15–25 nm diameter)
Oblate spherical and hexagonal aggregates
(1.2–6.8 nm diameter)

2012[45]

Proteins Egg albumin Spherical (10–20 nm) 2015[46]

Figure 1. Various crystal structures of ZnO.
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a vital role in the growth of facets and hence the crystal structure. Thus, a desired crystallinity and
overall surface morphology can be obtained by controlling nucleation.[50–53]

Morphology

ZnO is a multifunctional potential candidate for various applications, well established due to its
inherent ability to be stabilized in various nanoscale morphologies, such as combs, rods, wires,
flowers, rings, helixes/springs, tetrapods, belts, cages, and prismatic crystals. Concentration and
surface area play a vital role in the antibacterial activity of ZnO NPs, while particle shape and
crystallinity do not show any significant contribution.[50] Previous reports on the microwave-
assisted synthesis of ZnO NPs with varying pH of the precursor solution demonstrated that
layered basic zinc acetate (LBZA)was formed at pH6,whereas at pH8 and 10, uniformZnONPs
crystallized. A novel technique to synthesize LBZA via microwave irradiation was adopted.[51]

ZnO nanorods/nanowires grown on polycrystalline alumina substrates using Au catalysts had
uniform diameters and lengths but were not evenly distributed. The Au catalyst was the key
factor determining the diameter of the nanorods, which was observed on the tips of the
nanorods. Similarly, aligned nanorods were grown using ZnO nanorod epitaxial growth on
ZnO crystal substrates with Sn as catalyst (Fig. 2).[52] Herein, the substrate determined the
epitaxial orientation for aligned growth, while the direction of nanorod growth was determined
by the Sn catalyst. Using microwave solvothermal synthesis, Wojnarowicz et al. (2016) showed
that the water concentration in the precursor solution directly influenced the size of ZnO NPs.
Hence, various dimensionally confinedmorphologies can be formed depending on the synthesis
technique.[53]

In addition, hierarchical nanostructures are being developed as an advanced design method
for producing novel materials using nanostructures as building blocks. Different surfactants
were used to stabilize ZnO NPs homogeneously on cotton fibers with controlled shapes using
ultrasound irradiation for antimicrobial activity by El-Nahhal et al. (2017).[55] Functionalized
surface coatings of Al-doped ZnO nanostructures were sputter-deposited with various sputter-
ing powers onto poly(lactic acid) (PLA) films.[56] The development of strategies that involve the
synthesis of nanomaterials with unique properties resulting from the combined effect of
structural and morphological modifications has attracted much interest. For example, Verrier
et al. (2017) comprehensively investigated the influence of pH on the morphology and doping
properties of ZnO nanowires (NWs) grown using chemical bath deposition using zinc nitrate
Zn(NO3)2, hexamethylenetetramine (HMTA), and aluminum nitrate Al(NO3)3.

[57] For a fixed
concentration of Al(NO3)3 by varying the pH, various ZnO nanostructures, such as nanopencils
and nanoneedles, were obtained, which provided a comprehensive idea about the influence of
post-deposition annealing conditions and the pH effect of the synthesis medium on the shaping
of ZnO nanostructures and the process of extrinsic doping. For effective integration of dopants
in ZnO, apart from adding Al-based precursors to the aqueous solution, it is necessary to
carefully select the pH and the post-deposition annealing conditions.

Antimicrobial activity and its mechanism

In general, when the particle size decreases its antibacterial activity increases. The anti-
bacterial activity of ZnO is a consequence of visible light irradiation and its direct contact
with the microbial cell wall resulting in destruction of bacterial cell integrity, release of
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antimicrobial Zn2+ ions, and generation of ROS.[58,59] In addition, ZnO NPs (70 nm)
suspended in solutions at various concentrations were evaluated against Escherichia coli
(0157:H7), and increased inhibition on the growth of E. coli was observed with increasing
ZnO NPs concentrations.[60] Sawai et al. (1998) observed that ZnO had superior anti-
bacterial activity for Staphylococcus aureus compared to MgO and CaO.[61] Jin et al. (2009)
demonstrated that ZnO NPs showed superior antibacterial activity against Listeria mono-
cytogenes and Salmonella enteritidis in liquid culture media and egg white when different
forms of ZnO, such as powder, film, polyvinylpyrrolidone (PVP)-capped, and coating,
were evaluated. Evaluated the bacterial growth rate (Pseudomonas spp.) using the colony
count method, and it was observed that ZnO nanoparticles reduced the growth rate and
damage to the bacterial cell membrane.[62] Another study by Li et al. (2011) substantiated
that ZnO NPs showed better antimicrobial activity against food-borne pathogens, such as
Bacillus cereus, E. coli, Staphylococcus aureus, and S. enteritidis, when compared with bulk
ZnO powder.[63] Recently, poly(butylene succinate) (PBS)/ZnO composite was shown to
have considerable antibacterial activity against E. coli and S. aureus.[64] Using a green
synthesis method for preparing ZnO NPs as using Cassia fistula plant extract as a fuel for
solution combustion synthesis. As such, Suresh et al., (2015) evaluated the NPs against
Gram-positive and Gram-negative bacteria, and the NPs showed inhibition against patho-
genic bacterial strains.[65] Essential oils have been shown to be potential antimicrobial
agents in PBS films, but their strong odors limit their use with food products. The
inhibitory action of carvacrol oil against S. aureus and E. coli was analyzed and reported
by Wiburanawong et al. (2014), in which the authors noticed that its acceptance was

Figure 2. Different structures of ZnO: (a) flower, (b) rods, (c,d) wires. Images reproduced with permis-
sion from reference.[54].
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limited due to its bad odor.[66] However, ZnO was introduced to this PBS film to minimize
the bad odor, and the end product was found to exhibit better antibacterial activity with
no odor from volatiles detected.[67–69]

Figure 3 shows that the oxidative stress generated by ZnO NPs has a large effect on
their antibacterial activity. Formation of Zn2+ ions from ZnO inhibited the actions of
respiratory enzymes by interacting with them. The ability of ZnO NPs to damage the cell
membrane and generate ROS has already been demonstrated. Thus, irreversible damage to
the bacterial cell membrane, DNA, and mitochondria occurs by absorbing the Zn2+ ions,
leading to ROS formation and free radicals that cause oxidative stress and inhibit the
action of respiratory enzymes and finally cell death. A schematic representation of the
destruction of bacteria by ZnO NPs is shown in Fig. 3. Acinetobacter baumannii, an
opportunistic pathogen that causes human pneumonia and meningitis, was used to
analyze the effectiveness of ZnO in combination with conventional antibiotics, such as
ciprofloxacin and ceftazidime.[70] From these studies, it was found that for both cipro-
floxacin and ceftazidime, ZnO NPs in a sub-inhibitory concentration exhibited enhanced
antibacterial activity. This was ascribed to the increased uptake of antibiotics and change
in the morphology of bacterial cells due to the presence of ZnO NPs. Sarwar et al. (2016)
examined the antibacterial activity of ZnO NPs against Vibrio cholera (a causative agent of
severe watery diarrhea).[71] Depolarization of cell membranes, deformation of cellular
architecture, and increased fluidity and protein leakage were found to be induced by the
ZnO NPs. DNA damage and ROS production were also observed. Hence, the combination
of ZnO NPs and antibiotics was suggested as an alternative treatment for bacterial
infections. The synergistic effect of ZnO NPs and the photosensitizer crystal violet (CV)
against bacterial cells was investigated under white light, showing lethal photosensitization

Figure 3. Schematic diagram showing the mechanism by which ZnO NPs are toxic to bacteria.
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activity against Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria. The
antimicrobial behavior of ZnO NPs against various Gram-negative and Gram-positive
bacteria depends on the interfacial potential between them. When bacteria with negative
surface potentials interact with the positively charged ZnO surface, the production of
reactive oxygen is enhanced by mechanical stress, resulting in membrane depolarization.
In comparison with Gram-positive bacteria, a higher negative potential is exhibited by
Gram-negative bacteria owing to the existence of an additional lipopolysaccharide layer
with a negative potential (Fig. 4). The cell membrane of S. aureus that was less negatively
charged than the cell membrane of E. coli was also found to be a reason for the enhanced
resistance against ZnO NPs activity in E. coli.[72] Gordon et al. (2011) reported that
negatively charged free radicals, such as peroxide ions, superoxides, and hydroxyl radicals,
can penetrate more effectively to cause cell death and damage in S. aureus, even at lower
concentrations than required for E. coli.[73] Similarly, to illustrate the differences in
antibacterial activity of ZnO towards Gram-positive and Gram-negative bacteria, different
mechanisms have been proposed. However, more studies are required to explain the exact
reason for the sensitivity of these bacterial cells to ZnO NPs.

Further, surface area, particle size, and synergistic activity with other antimicrobial agents
influence the antimicrobial activity of ZnONPs. Since the particle size has a large impact on the
functional activity of nanoparticles, ZnO NPs with smaller particle size exhibit improved
antibacterial activity against S. aureus and E. coli.[74] This may be ascribed to the increased
surface area-to-volume ratio of ZnONPs, leading to increased reactivity, since H2O2 generation
strongly depends on the surface area.[75] As the surface area increases with decreasing particle

Figure 4. Gram-positive and Gram-negative bacterial membrane characteristics.
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size, greater number of ROS are generated on smaller ZnO particle surfaces. Figure 5 schema-
ticlly shows the role of ZnO NPs in the generation of ROS.

In addition, theoretical studies have shown that smaller particles should have enhanced
toxicity for fungi and bacteria. However, this toxicity can also be ascribed to various other
factors, such as particle morphology, surface chemistry, concentration of the microorgan-
ism, and light intensity.[76] Consequently, control of such external factors should also be
included in the studies to clearly understand the effect of particle size on the toxicity of
ZnO NPs. In addition, the synergistic antimicrobial effects of ZnO when combined with
other antimicrobial agents have attracted considerable interest.

Antimicrobial food packaging

Antimicrobial packaging is the packaging system that inhibits, inactivates or kills pathogens
and spoilage microorganisms contaminating foods.[77] Antimicrobial food packaging is
particularly designed to control microorganism growth for shelf-life extension, maintaining
quality, and safety insurance of food products. The antimicrobial function can be achieved by
adding antimicrobial agents into the packaging system for indirect food contact or introdu-
cing antimicrobial agent into polymers for food contact items.[78] Methods of preparing
antimicrobial packaging can be divided into different types as follows:

Preparation methods

Solvent casting
Owing to better mixing efficacy and lower required temperature compared with melt
casting method, solution casting method can be used for polymer composite
preparation.[79] Appropriate mixing method results in higher tendency to metal particles,
thereby better particles dispersion. Off-gassing process is a challenge regarding to solution
casting method, leading to the solvent loss and solvent recovery limitation. In this system,
well-dispersion could be achieved upon degree of particle disbursement can be optimized.
Such a method is widely used for optical films, medical films sheet (electronic applica-
tions), and engineering plastic.[79]

Coating method
Polymer coating can provide materials with advanced performance through printing
and painting techniques. It can be prepared by coating inorganic compounds on
organic substrate. Coating method tends to stabilize the substrate materials to prevent
adverse side-interactions with environmental factors or improve the surface properties
such as conductivity, magnetic, adsorption, and optical perfectness. The coating
mechanism is based on the interaction of performed polymers with inorganic cores
or adsorption of monomers on the surfaces using a direct polymerization. The chemical
tendency between materials involved in coating process is critical in both methods.
Appropriate interface adhesion between coatings and substrate is also exploited for
high-quality materials. Depending on the coating methods, some advanced properties
can be achieved such as mechanical strength, barrier properties, chemical and abrasion
resistance as well as biocompatibility and wettability. Coating method is commonly
used in packaging materials like coating antimicrobial agents on polymers. In general,
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Figure 5. Schematic describing the role of ZnO NPs in the generation of ROS.
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coating antimicrobial agents can be released from packaging materials to direct contact
to suppress microbial growth. Low-density polyethylene (LDPE), chitosan, and methyl
cellulose are widely used as antimicrobial packaging coatings. In addition, coating
methods can be also used for packaged liquid food. As such, the ZnO NPs were applied
in various attempts to achieve antimicrobial coating packaging nanocomposite.[80–82]

Extrusion method
Melt extrusion method was firstly used to preparation of lead pipes at the end of the
eighteenth century. As such, this method has been frequently used in food preparation
industry, plastic, and rubber to fabricate various materials such as bags, sheets, and pipes.
Extrusion is a technique to prepare the uniform shape and density materials through
blending raw materials under controlled temperature and pressure through a heated barrel.
In addition, hot melting process converts and compacts the blends such as granular materials
or powders into a uniform shape. Accordingly, polymer resins are melted and then reshaped
into new products with different shapes and sizes such as bags, sheets, and pipes through
compacting polymers or active substances including additive or plasticizers by controlling
pressure, temperature, screw speed, and feeding rate. Extrusion, the major manufacturer
method for plastic, is widely used in pharmacology, food industry, and plastic manufacturer
owing to solvent-free, time-effective, and non-ambient process. Several studies were utilized
the extrusion method to prepare antimicrobial packaging containing ZnO NPs.[64,83,84]

Injection molding
Injection method as a manufacturing process can be used for thermoplastic and thermo-
setting products such as plastics, metals by heating the materials to a fluid state and
injecting into molds. There are three operation steps involved with injection methods: (i)
heating materials to plasticizing or injecting units to flow under pressure, (ii) allowing
melting materials to solidify in the mold, and (iii) ejecting the molded products. For
example, the molting metals or plastics can be injected into the molds with internal
cavities to solidify parts and reshape the under a pressurized condition. Accordingly,
molds may include single cavity, several cavities or dissimilar cavities, in which cavities
can be connected to flow channels or runner, which can let the melts to flow to cavities.
Such a method can be applied for preparation a wider products such as automotive body
parts, plastic trinkets, cell phone cases, toys, containers, and water bottles.[85–87]

Antimicrobial food packaging materials incorporated ZnO NPs can be divided into two
types: bio-based nanocomposite and petroleum-based nanocomposite. The representative
samples of antimicrobial food packaging are summarized in Table 3.

Bio-based nanocomposite films

Numerous research attempts have been directed to develop the antimicrobials packaging
films because such nanocomposite films were prepared from bio-based materials such as
gelatin, chitosan, carboxymethyl cellulose (CMC), PLA, PBS, which are environmental
friendly, non-toxic, sustainable, and degradable.[88–92,99] The bio-based polymer is
a biodegradable plastic that degrades due to the action of living organisms such as
microbes and fungi. A bioplastic can be defined as a polymer that is manufactured into
a commercial product from natural sources or renewable resources. Bio-based polymers

FOOD REVIEWS INTERNATIONAL 11



Ta
bl
e
3.

An
tim

ic
ro
bi
al

fo
od

pa
ck
ag
in
g.

An
tim

ic
ro
bi
al
fo
od

pa
ck
ag
in
g

Zn
O
si
ze

an
d
m
or
ph

ol
og

y
Co

nc
en
tr
at
io
n
of

Zn
O
(%

)
Fi
lm

pr
ep
ar
at
io
n

m
et
ho

d
Fo
od

pr
od

uc
t

Re
f

Bi
o-
ba
se
d
na
no
co
m
po
sit
es

G
el
at
in
/Z
nO

30
nm

5
So
lu
tio

n
ca
st
in
g

Ch
ic
ke
n
fi
lle
t

&
Ch

ee
se

20
19

[8
8]

G
el
at
in
/Z
nO

<
10
0
nm

,r
od

-li
ke

st
ru
ct
ur
e,

2
So
lu
tio

n
ca
st
in
g

Sh
rim

ps
20
18

[8
9]

Ca
rb
ox
ym

et
hy
lc
el
lu
lo
se
/Z
nO

25
–5
5
nm

na
no

ro
d

20
Co

at
in
g
m
et
ho

d
Pe
rs
im
m
on

&
to
m
at
o

20
19

[8
2]

Ca
rb
ox
ym

et
hy
lc
el
lu
lo
se
/o
kr
a
m
uc
ila
ge
/Z
nO

na
no

pa
rt
ic
le
s

-
0.
5

So
lu
tio

n
ca
st
in
g

Ch
ic
ke
n
br
ea
st

m
ea
t

20
19

[9
0]

Ca
rb
ox
ym

et
hy
lc
el
lu
lo
se
/C
hi
to
sa
n/
Zn

O
2,

4
an
d
8

So
lu
tio

n
ca
st
in
g

So
ft
w
hi
te

ch
ee
se

20
16

[9
1]

Ch
ito

sa
n-
ca
rb
ox
ym

et
hy
lc
el
lu
lo
se
/Z
nO

<
25

nm
0.
5,

1
an
d
2

So
lu
tio

n
ca
st
in
g

Br
ea
d

20
17

[9
2]

Ch
ito

sa
n/
ce
llu
lo
se

ac
et
at
e
ph

th
al
at
e/
Zn

O
30

nm
2.
5,

5
an
d
7.
5

So
lu
tio

n
ca
st
in
g

Bl
ac
k
gr
ap
e

20
19

[9
3]

Po
ly
bu

ty
le
ne

su
cc
in
at
e/
Zn

O
10
0
nm

2–
10

Bl
ow

n
fi
lm

ex
tr
us
io
n

-
20
16

[6
4]

Po
ly
(la
ct
ic
ac
id
)/
Zn

O
-

0.
5,

1
an
d
1.
5

So
lu
tio

n
ca
st
in
g

O
to
lit
he
sr
ub

er
fi
sh

20
19

[9
4]

G
ra
ci
la
ria
ve
rm

ic
ul
op

hy
lla

ag
ar
/Z
nO

-
1,

3
an
d
5

So
lu
tio

n
ca
st
in
g

Sm
ok
ed

sa
lm
on

20
18

[9
5]

Ag
ar
/P
ol
y(
la
ct
ic
ac
id
)/
Zn

O
24
.7
5
±
0.
78

nm
he
xa
go

na
l

2
an
d
4

So
lu
tio

n
ca
st
in
g

G
re
en

gr
ap
e

20
19

[9
6]

Se
m
ol
in
a/
Zn

O
/K
ao
lin

Tw
o-
di
m
en
si
on

al
ro
d
ty
pe

Zn
O
(5
0–
10
0
nm

in
di
am

et
er

an
d

0.
5–
2
μ
m

in
le
ng

th
1,

3,
an
d
5

So
lu
tio

n
ca
st
in
g

M
oz
za
re
lla

ch
ee
se

20
18

[9
7]

Pe
tr
ol
eu
m
-b
as
ed

na
no
co
m
po
sit
e

Lo
w
-d
en
si
ty

po
ly
et
hy
le
ne
/Z
nO

<
10

nm
1,

3
an
d
5

Ex
tr
us
io
n

St
ra
w
be
rr
ie
s

20
15

[8
3]

Po
ly
pr
op

yl
en
e/
Zn

O
an
d
Po
ly
pr
op

yl
en
e/
Ag

70
nm

0.
5,

1,
3
an
d
5%

Bl
ow

n
fi
lm

ex
tr
us
io
n

Fr
es
h
le
m
on

ju
ic
e

20
17

[8
4]

Po
ly
ur
et
ha
ne
/c
hi
to
sa
n/
Zn

O
30

nm
1,

3
an
d
5

So
lu
tio

n
ca
st
in
g

Ca
rr
ot

20
19

[9
8]

12 I. KIM ET AL.



tend to replace petroleum-based polymers or may obviate serious issues caused by the
overuse of petroleum-based polymers such as water and soil pollution, human health
hazards, and overdependence on petroleum. It can be also claimed that current drawbacks
of bio-based polymers, both in the economic and performance, preclude their rapid
adoption at least in the near future. The biobased polymer evaluation is performed on
six parameters (cost, recyclability, mechanical properties, ease of processing, barrier
properties, and biodegradability), and a scoring system for this evaluation was developed,
where the score of 5 denotes the best performance and 1 denotes the worst. Biopolymers
are not restricted to packaging application, they are being also used in biomedical
applications such as pharmaceutical, medical device coatings, and resorbable implants
that require biocompatibility and nontoxicity. Biobased polymers are being used in the
packaging industry in subsegments, whose biodegradation is of importance and oxygen
permeability is of lower priority. Such an application includes compostable waste bags and
packaging film for foods with a short shelf life as well as compostable pouches, plates, and
cutlery. Biopolymer with good degradability also renders it appropriate for deployment in
the agriculture and forestry industry as mulch film, nets, and trappings. Biopolymer high
potential to be deployed into the medical industry. These plastics present better proces-
sability, lower toxicity profile than those of petroleum-based polymers.[99] Several
researches investigated the effects of ZnO NPs on bio-based nanocomposite films for
extending shelf life of food products as follows.

Ejaz et al. (2018) prepared bovine skin gelatin (BSG) composite films incorporated with 2%
zinc oxide nanorods (ZnO NRs) (<100 nm) and clove essential oil (CEO) using a solvent
casting method, and applied for shrimp packaging. The refrigerated storage test showed that
the BSG/CEO/ZnO NRs composite films with 50% CEO exhibited maximum antibacterial
activity against L. monocytogenes and Salmonella Typhimurium. This result indicated that the
developed BSG/CEO/ZnO NRs film could be utilized as active packaging for peeled
shrimp.[88] Amjadi et al. (2019) also prepared bio-nanocomposite packaging from gelatin
containing nanofiber (10%) and ZnO NPs (30 nm and 5%) using solution casting method.
The bio-nanocomposite exhibited strong antimicrobial activity against food-borne microor-
ganisms such as S. aureus, E. coli, and Pseudomonas aeruginosa. Chicken fillet and cheese were
used as foodmodeling tests in which wrapping the active bio-nanocomposite film remarkably
reduced the number of inoculation bacteria in chicken fillet and cheese samples. The bio-
nanocomposite alsomaintained the organoleptic properties of chicken fillet and cheese during
storage.[89]

Saekow et al. (2019) prepared a CMC coating material containing ZnO NPs (0%, 5%, 10%,
20% and 40% w/v) and pineapple extracts to evaluate antifungal activity in persimmon and
tomato fruits. The coatings significantly reduced the number of black spots and fungal
proliferation (Alternaria alternata) in the fruits. The organoleptic evaluation proved that
CMC containing ZnO NPs effectively maintained the quality of fruits during storage in
which the size of ZnO NPs was 25–55 nm.[82] Mohammadi et al. (2019) fabricated packaging
bio-nanocomposite derived from CMC, okra mucilage (OM), and ZnO NPs (0.5%) to extend
the shelf life of chicken breast meat during storage at 4°C. The antimicrobial efficacy of bio-
nanocomposite was investigated using total viable counts (TVC), S. aureus counts, and Lactic
Acid Bacteria (LAB) count of chicken breast during storage. The film containing ZnO NPs
exhibited the large inhibition zone against microorganisms as well as the lowest chemical and
organoleptic changes in the chicken breast during storage.[90]
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Youssef et al. (2016) prepared a novel chitosan/CMC/ZnO bio-nanocomposite film by
solution casting method, and the effects of different ZnO NPs contents (2%, 4%, and 8 wt%)
on the shelf life of Egyptian soft white cheese were investigated. The bio-nanocomposites
exhibited good antibacterial activity against bacteria (S. aureus, P. aeruginosa, and E. coli) and
fungi (Candida albicans). As such, the antibacterial activity of the composite film increased with
increasing ZnO NPs content. In addition, the storage tests (7°C for 30 days) indicated that the
bionanocomposite packaging films enhanced the shelf life of white soft cheese.[91] Noshirvani
et al. (2017) also fabricated carboxymethyl cellulose-chitosan-oleicacid (CMC-CH-OL) contain-
ing ZnONPs (<25 nm) in different concentrations ranging 0.5%, 1% and 2% to extend the sliced
wheat bread. To provide the maximum contact between bread and active film, the CMC-CH-
OL containing ZnO NPs was coated on the bread surface. The ZnO NPs and oleic acid
significantly reduced the water vapor transmission rate (WVTR) of film. This active packaging
maintained the quality of bread including microbial and staling properties in which this active
packaging reduced the yeast and mold number. Further, Differential Scanning Calorimetry
(DSC) analysis presented that this active packaging delayed the staling rate of bread.[92]

Indumathi et al. (2019) also prepared a biodegradable film including chitosan (CS)-cellulose
acetate phthalate (CAP) containing ZnO NPs (2%, 5% and 7.5% with 30 nm) using solution
casing method. The results reported that CS-CAP containing 5% ZnO NPs showed the optimal
level of mechanical, thermal, and UV-protective properties. In addition, CS-CAP containing 5%
ZnO NPs exhibited strong antimicrobial activity against E. coli and S. aureus and extended the
shelf life of black grapefruit up to 9 days.[93]

Petchwattana et al. (2016) prepared PBS/ZnO composite films for food packaging applica-
tions. The composite films containing difference ZnO concentration (2 to 10 wt%) were
prepared using a blown film extruder. The size of ZnO was maintained at 10 nm. The
antimicrobial activity reported that minimum ZnO NPs content required to inhibit E. coli
and S. aureuswas 6 wt.%with the inhibition zone of 1.31 and 1.25 cm, respectively. The tensile
test showed that introducing ZnO into PBS film resulted in an increase in the tensile strength
but a decrease in the elongation at break.[64]

Haydary-Majd et al. (2019) developed the PLA/ZnONPs containing essential oil including
Zataria multiflora Boiss and Menthe piperita using solution casting method. The nanocom-
posite film showed strong antimicrobial efficacy against five common foodborne microorgan-
isms such as E. coli, Salmonella enterica, Pseudomonas aeruginosa, Bacillus cereusand, and
S. aureus. PLA/ZnO NPs containing essential oils significantly maintained the shelf life of
Otolithesruber fish during storage. They also reported that Zn2+ migration was lower than
standard limit (National Institute of Health for food contact materials).[94]

Baek and Song (2018) prepared Gracilaria vermiculophylla extract (GVE) films containing
ZnO NPs for smoked salmon packaging. Gracilari avermiculophylla (GV) was extracted by
modifying method, and GVE films containing different concentrations of ZnO NPs (1%, 3%
and 5%) and plasticizers (glycerol and sorbitol) were prepared using film-forming solution.
With increasing ZnO NPs in GVE films, the antibacterial activity of the films against
pathogenic bacteria (L. monocytogenes and Salmonella Typhimurium) increased, and light-
blocking property was improved. Further, the storage test indicated that the smoked salmon
packed with the GVE film containing 3% ZnO NPs showed the strong antibacterial activity
against pathogenic bacteria and lower degree of lipid oxidation compared with control,
indicating that this nanocomposite could be applied as an active food packaging material
for smoked salmon.[95] Kumar et al. (2019) prepared agar-ZnO nanocomposite films using
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solution casting method and applied as an active packaging material for extending shelf life of
green grape. In this study, the ZnO NPs were synthesized using Mimusopselengi fruit extract
in polyhedral shapes (mostly hexagonal) with the size of 14–48 nm (average size of
24.75 ± 0.78 nm). Introducing ZnO NPs into composite films improved thermal stability
and elongation at break of the composite films, whereas decreased tensile strength and
transparency. Storage test indicated that grapes packaged in nanocomposite films containing
2% (w/w) and 4% (w/w) of ZnO NPs showed fresh appearance up to 14 and 21 days in the
ambient condition, respectively. Therefore, the agar-ZnO nanocomposite films enhanced the
postharvest life of fresh fruits like green grapes.[96]

Jafarzadeh et al. (2018) investigated the application of antimicrobial active packaging
film containing semolina flour, ZnO (rod type, 50–100 nm in diameter and 0.5–2 μm in
length) and nano kaolin for mozzarella cheese storage. The semolina-based nanocompo-
site containing different ratios of ZnO NPs and kaolin was prepared using solution casting
method. As such, introducing ZnO NPs into nanocomposite films exhibited strong
antimicrobial activity against bacteria (E. coli and S. aureus), yeast C. albicans, and mold
Aspergillus niger (A. niger). The long-term storage test (72 days) indicated that mozzarella
cheese packed with semolina-based films containing ZnO NPs inhibited the growth of
microorganisms and maintained the sensory properties of cheese.[97]

Petroleum-based nanocomposites

Petroleum-based nanocomposites are being continuously developed as antimicrobial food
packaging because petroleum-based materials possess high thermal stability, high tensile
strength, appropriate flexibility, conventional processability (blow-film extrusion or cast
film).[100,101] The petroleum-based polymer industry represents the major end use of many
petrochemical monomers such as ethylene, styrene, and vinyl chloride. Petroleum-based mate-
rials have greatly affected our lifestyle because they are not expensive. The major use of the
plastics is in the packaging field. Finding an alternative (biobased polymers) for the petroleum-
based plastics is impartial because conventional plastics are unsustainable (due to environmental
problems) and consume 65% more energy, and emits 30–80% higher greenhouse gases com-
pared with bioplastics. Some petroleum-basedmaterials such as LDPE, polypropylene (PP), and
polyurethane (PU) are commonly used to prepare antimicrobial food packaging incorporated
with ZnO NPs.

Emamifar and Mohammadizadeh (2016) prepared LDPE/ZnO NPs nanocomposites for
extending shelf life of fresh strawberries. The nanocomposite films with difference ZnO
NPs contents (1%, 3% and 5%) and the nanocomposite film with 3% ZnO NPs and 10%
polyethylene-grafted maleic anhydride (PE-g-MA) were fabricated using twin-screw
extruder. TEM analysis indicated that nanoparticles are well dispersed in the LDPE
containing PE-g-MA with aggregation ranging from 10 to 20 nm. With increasing the
ZnO nanoparticle up to 5%, the antimicrobial activity of the film increased. Further, all
packaging films containing ZnO NPs maintained the microbial number of fresh strawber-
ries below the level (5 log CFU/g) that can keep the shelf life during storage (16 days).[83]

Polat et al. (2017) fabricated PP nanocomposite containing ZnO NPs (70 nm) using
blown film method. The different contents of ZnO NPs (0.5%, 1%, 3% and 5%) were
incorporated into PP to extend the shelf life of fresh lemon juice. The nanocomposite
showed higher barrier, mechanical, and antimicrobial properties. Further, the storage test
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proved that PP containing ZnO NPs significantly extended the shelf life of fresh juice
lemon. In this study, masterbach was prepared using twin-screw extruder, and migration
rate increased with increment of nanoparticles content in film matrix.[84]

An environmental-friendly nanocomposite film was developed from Mahua oil-based
PU/chitosan containing ZnO NPs (1%, 3% and 5% with 30 nm) using solution casting
method to extend the shelf life of carrot. The introducing ZnO NPs improved barrier
properties, hydrophobicity, and antibacterial properties of film. This nanocomposite
showed strong inhibition zone against E. coli and S. aureus. Further, wrapping the sliced
carrot with this active packaging extended the shelf life up to 9 days.[93] In this study,
Mahua oil-based polyurethane was synthesized using epoxidation method followed by
hydroxylation. Table 4 summarizes the patents on the material structure application of
active antimicrobial packaging

Safety issues

Migration

The ZnO NPs can improve the mechanical, barrier, and antimicrobial properties of packaging
nanocomposites. On the other hand, nanoparticles are prone to migrate through packaging in/
onto the food items, which can be attributed to nanomaterial characteristics (concentration, size,
shape, and dispersion), environmental factors (mechanical stress, temperature, etc.), food
condition (pH and composition), polymer properties (viscosity and structure) and contact
duration. In general, there is no comprehensive protocol or standard to investigate themigration

Table 4. Patents on the material structure application of active antimicrobial packaging.
Name Material(s) Application(s) Patent number

Zein antimicrobial packaging
material coated with nano-
zinc oxide and preparation
method

Zein as biocompatible and
biodegradable polymer
containing nano zinc oxide and
plasticizer

Antimicrobial active packaging CN105907105A
(2016)

Application of gelatin-ZnO
nano composite film

Gelatin film derived from tuna
fish containing nano zinc oxide,
and vitamin C

Pharmaceuticals, food packaging
(the composite film can inhibit
the lipid peroxides and
pathogenic microorganisms
from growth),chemical agent or
an anti-oxidation film

CN104829874A
(2015)

A kind of flame retardant
type antibacterial food
packaging material and
preparation method
thereof

Low-density polyethylene,
nanometer zinc oxide, thyme
essential oil, calcium carbonate,
bamboo carbon powder (heat
resistance), boron fiber, silane
coupling agent KH792, peanut
shell extracts, n-butyl
methacrylate.

Instant sterilization of food,
resulting in longer shelf life
without preservation and
freezing

CN106279896A
(2016)

Antibacterial fresh-keeping
packaging bag special for
rice and processing
method thereof

Zinc oxide whiskers containing
polyethylene or polypropylene
material coat on a plastic woven
surface.

Fresh-keeping packaging bag
particularly for rice and
processing thereof

CN101613010A
(2008)

Bacteriostatic and fungistatic
additive in masterbatch for
application in plastics, and
method for producing
same

Silver nanoparticles and pre-
treated zinc oxide mixing in
polymeric resin (polypropylene,
polyethylene, polystyrene, high-
impact polystyrene,
polyurethanes, etc)

Susceptible polymeric system
against microorganism like food
packaging

US20160227785A1
(2013)

16 I. KIM ET AL.



in the packaging nanocomposites because migration is dependent on aforementioned para-
meters. Therefore, to minimize the migration and its impacts on the human body and food
quality, packaging nanocomposite should be evaluated case by case.

Migration is described as an unintentional or unexpected transformation of organic or
inorganic substances contact into food materials. Migration in the food is categorized into
three main types as follows: (i) Overall Migration Limit (OML) measures the total amount
of all non-volatile substances that can migrate into food, (ii) Specific Migration Limit
(SML) is a concentration of the specific substance in food simulant, which is evaluated
using advanced detecting assays, and (iii) maximum permitted quantity (QM) measures
the level of the residual substance in food contact materials. The OML is commonly used
for inertness of the substances, which can be applied for polymers based on the 60 mg/kg
of food (or food simulant) or 10 mg/dm2 expressed on a contact area. The articles No
(EU) 10/2011 from Plastics Regulation and No (EU) 2016/1416 from European
Commission published Commission Regulation have imposed the 5 to 25 mg zinc
per kg food (25 to 5 mg/kg food) for food contact items based on the SML consideration.
In addition, National Institute of Health for food contact materials imposed the 40 mg/day
on zinc daily consumption for human body.[102] Accordingly, Aristizabal-Gil et al. (2019)
recorded that the alginate nanocomposite containing 5 g/L ZnO NPs or ZnO/CaO NPs
crossed the maximum migration limit, whereas, the nanocomposite containing 0.5 g/L
ZnO NPs remained in the approvable level of migration.[103] Bumbudsanpharoke et al
(2019) evaluated the migration of Zn2+ from LDPE-ZnO nanocomposite films, in which
the level of migrated Zn2+ (3.5 mg L − 1) was lower than the specific migration limit based
on European Plastics Regulation. Thus, the migrated level was considered as non-toxic
level for human health.[3] Heydari-Majd et al., (2019) reported that the level of migrated
zinc in fish fillet wrapped by PLA bionanocomposite increased slightly during storage
time. Whereas, the level of migrated Zn2+ increased in the presence of essential oil in the
nanocomposite despite the migrated level was still below the maximum migration limit
based on National Institute of Health for food contact materials.[94]

Toxicity of ZnO nanoparticles

ZnO nanoparticles either directly diffuse into the cell or intrude by endocytosis, thereby
inducing the generation of reactive oxygen species (ROS) and oxidative stress, causing
damage to the biological system. The size of ZnO NPs is another factor that needs to be
considered as the large surface areas results in high surface reactivity. The biological
impacts of ZnO NPs include lipid peroxidation, protein impairments, organelle dysfunc-
tions, inflammation, and DNA damage. Generally, during metabolism, the cells are
inherently endowed with antioxidants to normalize the generated ROS.[104] However, in
the presence of ZnO NPs, the ROS generation exceeds the normal capacity of cellular
antioxidant machinery. Moreover, such ZnO NPs behave as pro-oxidant molecules to
induce oxidative stress either by generating ROS or by inhibiting antioxidant molecules.
The neurotoxicity of ZnO NPs arises from the high generation of ROS by disturbing
metal-ion homeostasis due to an intracellular increase in dissolved free zinc ions. This
high concentration of Zn2+ ions primarily contributes to elevated levels of zinc ions,
leading to ZnO NP-induced cytotoxicity and hence, oxidative stress and inflammation.[105]
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Cytotoxicity severity is dependent on the physicochemical properties of the NPs, such as
chemical composition, size, shape, aggregation, surface chemistry, and surface energy. The
physicochemical characteristics of NPs, such as being sufficiently small to penetrate the
blood–brain barrier and their large surface area can promote their neurotoxicity.[106] Various
studies have shown that ZnONPs with various shapes, such as rods and spheres, probably cause
neurotoxicity due to their ability to access the brain. Moreover, the olfactory brain route has also
been reported as a potential route for the transfer of ZnO NPs to the brain. However,
information regarding the neurotoxic effects of ZnO NPs is scarce. Therefore, understanding
the effects of nanomaterial exposure, including neurotoxicity, is important for ensuring the
safety of nanomaterials, particularly when the particles are used in biomedical applications.[107]

The intrusion of ZnO NPs at the intracellular level disrupts metal homeostasis, even-
tually leading to the modification of enzymatic activity. Translational and transcriptional
processes occur due to the perinuclear localization of these ZnO NPs. Several mRNA-
stabilizing enzymes have metal-responsive domains that get activated in the presence of
metal ions, thereby disturbing transcriptome. Metal nanoparticles like gold are capable of
directly interacting with DNA to alter the gene expression profile of cells by inducing
oxidative stress.[108] It has been reported that foods packed using ZnO NPs contain ZnO
NPs 100 times higher than the recommended values. Therefore, toxicity and safety
measures while employing ZnO NPs for active food packaging are equally important, as
ZnO NPs can reach the organs via inhalation, parental routes, and ingestion.[109]

Impact of nanomaterials on human health and safety

The development of nanoscience and nanomaterials is steadily progressing. Developing solu-
tions for the many limitations of nanomaterials is extremely important. Reports show that
nanomaterials enter organisms in three different ways: inhalation, skin penetration, and inges-
tion. NPs are capable of crossing cellular barriers, resulting in inflammatory reactions and
oxidative damage. In the food packaging industry, consumers are indirectly prone to nanoma-
terial consumption due to the migration of the materials from the packaging to the food. In
addition, workers could suffer from inhalation and skin penetration. Personal protection, e.g.,
the use of masks with filters, glasses, and gloves, is necessary and highly recommended for these
workers. Thus, better understanding of the transmission of these nanomaterials is necessary,
beginning from their detachment and migration to when they enter the human body. In
addition, after entering the body, the reaction between different organs and the NPs, their
metabolism, and methods to eliminate them from the body need to be understood in detail
while the literature contains very few reports of such issues. Notably, in some cases, the NPs
embedded in packaging films positively influence and prevent the migration of chemicals into
the food. In this regard, nanoclays slowed the migration of 5-chloro-2-(2,4-dichlorophenoxy)
phenol (triclosan), trans,trans-1,4-diphenyl-1,3-butadiene (DPBD), and caprolactam from the
polyamide matrix by up to six times. Risk assessments of a few nanomaterials in the food
packaging industry have been reported (e.g., TiO2, Ag NPs, and carbon NPs/nanotubes), which
showed that they could be taken into circulation from the gastrointestinal tract. The physico-
chemical properties, size of the NPs, and physiological state of the organs play a vital role in all
these associated processes. Upon reaching the blood circulation system, the liver and spleen
further distribute the nanomaterials, and if the NPs have positively charged surfaces and are
hydrophilic in nature, the circulation time increases. In this case, it was reported that all organs
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are at risk, including the brain, testes/reproductive system, and fetuses in utero, where remains
of the chemical components have been found. Specifically, detailed knowledge of the lifetime of
the NPs and their impact on secondary organs due to chronic exposure after accumulation is
poorly understood and requires extensive further research. Likewise, the effects of other
emergent NPs for food packaging are being investigated, including ZnONPs and fullerenes.[110]

Currently, it is necessary to evaluate the safety of NPs used in food packaging for their
potential impact on consumers (with respect to food safety and quality), as it is yet another threat.
Several research groups are actively investigating the lifetime and the deposition of NPs from the
packaging materials and their negative impact on the safety and quality of the packed food.
Chaudhry et al. (2008) and Bradley et al. (2011) have demonstrated that the increased surface
area of NPs greatly affects the biological and physicochemical properties compared to bulk
particles.[111,112] Thus, to analyze the risk of NPs, three basic strategies are essential: in vivo and
in vitro assays and physicochemical characterization.[113] Espitia et al. (2012) examinedZnONPs
after consumer exposure and demonstrated that they are toxic towards eukaryotic (healthy) cells
and carcinogenic ones.[20] In addition, as in-vivo experiments are ethically questionable, expen-
sive, and slow when performed without compromising the efficiency and reliability of the risk
assessment, in-vitro assays have been widely reported.[20] Owing to the correspondingly larger
specific surface areas and reactivity, nanomaterials are considered to have more adverse effects
on organisms than microscale materials. Cytotoxic effects of ZnO NPs on different cell types
have been reported, including human kidney cells, human lung epithelium cells, and human
bronchial epithelium cells.[113,114] The cytotoxicity effect of ZnO NPs on healthy cells was
attributed to elevated oxidative DNA damage and oxidative stress. However, the effects of
ZnO on human cells are still not well understood. In addition to these issues, several reports
have suggested that ZnO NPs do not enter normal cells or penetrate the human or animal
skin.[20,115]

The required level of zinc is naturally obtained from diet in which most human body takes
the required zinc from natural food sources in the zinc oxide form. Zinc trace is a crucial factor
for a wide range of biological and chemical activities in body such as immune function, wound
healing, blood clotting, and thyroid function. Recommended dietary allowances (RDAs) for
Zinc 0–6 months old 2 mg for male and female, 7–12 months old 3 mg for male and female,
1–3 years old 3 mg for male and female, 4–8 years old 5 mg for male and female, 9–13 years old
8mg formale and female, 14–18 years oldmale 11mg and female 9mg, 19+ years old 11mg for
male, 8 mg for female and 11mg for Pregnancy. However, higher concentration of zinc is prone
to be harmful to human health. Zinc toxicity has consisting two steps: (i) acute and (ii) chronic
form. Inhalation is the main way to enter the zinc oxide into human body, which can lead to
lung damage through welding activities (metal fume fever). Reduction of copper-containing
enzyme and marker of cupper status depends on the high zinc intakes of 60 mg/day for up to
10 weeks.[116] The doses of zinc used in the Age-Related Eye Disease Study excessive amount
(80 mg per day of zinc in the form of zinc oxide for 6.3 years) of zinc intakes significant increase
in hospitalizations for genitourinary causes and adversely affect a urinary system of physiology.
Zinc oxide also can enter to the human body through skin. Accordingly, cosmetic products are
prone to facilitate this entrance because of frequent application of zinc oxide in the cosmetic
products.
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Future prospects and challenges

As mentioned earlier, owing to the presence of high surface to volume ratio, nanomater-
ials are capable to enhance the packaging performance regarding the shelf life of fresh
food products. As such, numerous attempts have been conducted to prepare antimicrobial
packaging based on the ZnO NPs because of excellent properties. The progressive trend in
application of antimicrobial packaging nanocomposites in the food industry illustrates the
matter of such systems in the upcoming years.

The next generation of packaging can be aligned with polymeric nanocomposite
containing active agents, in which ZnO NPs could play a key role because of strong
antimicrobial activities. Accordingly, addition of appropriate amount of ZnO NPs can
provide the sufficient antimicrobial activity in the packaging. It is reported that the lower
of 5% nanofillers in the biopolymers can give excellent properties to packaging. In
addition, ZnO NPs can improve other properties of packaging such as mechanical, barrier
and thermal. Compared with some nanoparticles such as silver, titanium oxide, ZnO NPs
are inexpensive, which can receive much more attention in the packaging industry.[84]

Thus, the application of packaging nanocomposite containing ZnO nanofillers possesses
strong application potential for perishable or short shelf-life products such as fresh
juice,[84] vegetable or fruit and meat-based products.[82,117] The multifunctional properties
can be expected from ZnO NPs such as antimicrobial activity as the primary property as
well as light blocking, barrier, and thermal as the secondary properties.[118] Packaging
disposal, as a main waste in landfill, is still a big challenge in the waste management so
that active packaging bionanocompsoite can not only prolong the shelf life of fresh food
but also reduce the food packaging disposal. Accordingly, antimicrobial bio-packaging
containing ZnO NPs, particularly, synthetic biopolymers such as PLA, polycarprolactone,
polyglycol acid, polyvinyl alcohol, PBS, and polybutylene adipate terephthalate could be
precisely investigated. Besides, natural biopolymers (cellulose, gelatin, chitosan, starch,
etc.) are environmentally compatible materials, which could be frequently investigated to
achieve excellent antimicrobial packaging based on ZnO NPs.[119]

Despite, ZnO NPs tend to enhance biocidal efficacy in the packaging materials, there are
still concerns regarding the migration and toxicity. The available information regarding the
ZnO trace in the food packaging and their impacts on human body are not still sufficient.
The ZnO NPs are described as a low toxicity and biocompatible material, which human body
needs Zn[2] trace.[120] It has been highly recommended to consider the six main factors
dealing with nanomaterial migration from food contact materials including migration rate,
mechanism of migration, how to analyze the trace, how to predict migration modeling,
appropriate food simulant, and risk of the migration.[121] Such factors tend to enlighten all
scenarios involved in migration, safety, and possibility to mitigate or address the side-effects.

There are no global safety regulations and considerations regarding to food contacts
nanomaterials. Because physiochemical properties of macro-scale and nano-scale materi-
als are different, it is strongly required to consider new regulation for antimicrobial nano-
agents, particularly, ZnO NPs as a frequently used biocidal material. The safety considera-
tions tend to change the purchasing behavior based on the safety and security. The
important considerations required to make a comprehensive regulation in nanomaterial
application are as follows: (i) It has been recommended that to achieve a reliable migration
detection protocol, analytical methods should be conducted such as sp-ICP-MS and TEM-
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EDX characterization can detect the nanomaterial trace in the low amount because of high
accurate detection. (ii) As the chemicals used in the food simulants are not chemically
same with food ingredient, thus it is necessary to use the chemicals and procedures with
the maximum similarity with food content materials. (iii) Nanomaterials used in food
contact items have not particularly considered regarding to adverse impacts on human
body. Care must be taken to consider human body entrance pathways such as inhalation,
skin penetration, and ingestion. Therefore, the comprehensive regulation can guild the
workers, manufacturers, consumers to minimize the risk.

The global market for antimicrobial packaging is continuously increasing, which was
6.51 million tons in 2015 to 10.09 million tons by 2024 (11 billion USD). The nano zinc
oxide has also received much attention, and it has been predicted that its mark reaches
7,677 million USD by 2022 from 2,099 million USD in 2015. It implies that there is an
increasing trend to use of antimicrobial packaging, in which ZnO NPs as an inexpen-
sive and human body compatible biocidal can play a key role. The antimicrobial
packaging can prolong the shelf life of fresh products, which can meet the demands
for fresh produces. Antimicrobial packaging in general and packaging nanocomposite
containing antimicrobial agents, in particular, are potentially applicable to extend the
shelf life of food items and keep their quality. However, to achieve expected results and
feasibility of antimicrobial packaging containing ZnO NPs, some issues should be
addressed. ZnO NPs are frequently used in wide applications because of strong anti-
microbial activities, but their antimicrobial efficacy reduces upon incorporating in the
packaging matrix. It might be attributed to covering the bulk ZnO NPs by polymer
segments, while ZnO NPs need to be in direct contact with food items to extend the
shelf life. Therefore, it may limit ZnO NPs applications for wider range of foodstuffs.

Further, to make an advanced packaging nanocomposite, dispersion of nanofiller in
its matrix is an important factor. Imperfectness dispersion of ZnO NPs is prone to drop
in polymer performance, thereby weak properties in packaging materials. As such,
achieving a balance between properties required for packaging containing ZnO NPs
is still a challenge in industry. As mentioned earlier, 5% nanoparticles can provide an
approvable biocidal activity, but because of poor interaction and agglomeration of ZnO
NPs in higher concentrations, application of the ZnO NPs limits to their
concentration.[122] Consumer-acceptability is the last consideration prior to feasibility
and applicability of packaging materials. Despite there is a continuous demand for fresh
products, the safety is also important as much as freshness is. As such, migration and
side-impacts of ZnO NPs are likely considered by consumers to identify the possible
safety concerns. There are various reports on compatibility and safeness of ZnO NPs,
but care must be taken to keep the migration below the hazardous level and satisfy
consumer concerns regarding the safety.[123] The nanoparticles are widely applied in the
packaging materials to achieve advanced properties such as antimicrobial activities. As
such, antimicrobial packaging systems, particularly based on Ag, TiO2 and ZnO, are
still limited to their cost. The metal-based nanoparticles and scaling up the packaging
nanocomposites require cutting-edge technologies, which may enhance the final cost,
thereby reducing the market-acceptability.[124]
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Conclusion

The great attempts are being directed to maintain the quality of fresh food items and
prevent foodborne diseases, in which packaging nanocomposite can meet the antimi-
crobial packaging requirements. ZnO NPs can be synthesized based on various meth-
ods, which can provide advanced ZnO NPs with different morphological and structural
properties. Biocidal efficacy of ZnO NPs against gram-positive and gram-negative
bacteria as well as fungi is the major characteristic in antimicrobial packaging systems.
Accordingly, ZnO NPs can be incorporated into packaging materials using solution
casting and extrusion methods or can be coated on the packaging material surface to
achieve the antimicrobial packaging. Such systems can provide ZnO NPs with anti-
microbial properties based on ROS generation, cellular metabolism destabilization, and
cell rupture. ZnO NPs as an active antimicrobial agent are frequently used to prepare
bio-based or petroleum-based packaging materials to make human body compatible,
cost-effective, and strong biocidal packaging systems. Care must be taken to consider
the migration and safety concerns to minimize the adverse impacts of ZnO NPs on the
packaged food and human body. The progressive trend in antimicrobial packaging can
be aligned based on the ZnO NPs to meet the intense demands for fresh products in the
market.
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