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Abstract: Packaging containing nanoparticles (NPs) can increase the shelf life of products, but the
presence of NPs may hazards human life. In this regard, there are reports regarding the side effect and
cytotoxicity of nanoparticles. The main aim of this research was to study the migration of silver and
copper nanoparticles from the packaging to the food matrix as well as the assessment techniques. The
diffusion and migration of nanoparticles can be analyzed by analytical techniques including atomic
absorption, inductively coupled plasma mass spectrometry, inductively coupled plasma atomic
emission, and inductively coupled plasma optical emission spectroscopy, as well as X-ray diffraction,
spectroscopy, migration, and titration. Inductively coupled plasma-based techniques demonstrated
the best results. Reports indicated that studies on the migration of Ag/Cu nanoparticles do not agree
with each other, but almost all studies agree that the migration of these nanoparticles is higher in
acidic environments. There are widespread ambiguities about the mechanism of nanoparticle toxicity,
so understanding these nanoparticles and their toxic effects are essential. Nanomaterials that enter
the body in a variety of ways can be distributed throughout the body and damage human cells by
altering mitochondrial function, producing reactive oxygen, and increasing membrane permeability,
leading to toxic effects and chronic disease. Therefore, more research needs to be done on the
development of food packaging coatings with consideration given to the main parameters affecting
nanoparticles migration.
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1. Introduction

Food packaging is at the heart of the modern food industry, and most products are
packaged. Good packaging prevents food from being wasted as well as contaminated and
ensures that the food maintains its desired quality throughout storage and consumption.
Given the importance and key role that packaging plays, often at best, the packaging
industry leads to a serious waste of resources and a threat to the environment. However, if
the goal of feeding 9 billion people worldwide is to be achieved, the quality and quantity
of food packaging must increase significantly [1].

Recently, active antimicrobial packaging has been introduced as an effective technol-
ogy to prevent the growth of microorganisms in food products. In this type of packaging,
while maintaining the quality and sensory properties of food products, it enhances their
shelf life and microbial safety during storage. In recent years, a great deal of effort has been
put into producing different food coatings with more efficient antimicrobial capabilities,
higher mechanical strength, and greater biocompatibility [2].

Regarding the issue above, more effective natural antimicrobial compounds including
bacteriocins, bacteriophages, and essential oils from various sources have been recom-
mended rather than synthetic ones. The integration of these agents with the coatings is
seen as a novel type of food packaging. Antimicrobial compounds tend to be degraded dur-
ing incorporation in food processing and storage. In this regard, microencapsulation has
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been introduced as an alternative technique for overcoming this issue [3]. Encapsulation
strategies, including core-shell nanofibers, cyclodextrins, nanoemulsions, and liposomes,
have been employed to protect antimicrobials from volatilization or degradation while
providing a sustained antimicrobial action or a potent controlled release. It was also
depicted that encapsulation enhances the stability of compounds from production until
consumption [2,3].

As previously mentioned, various compounds can be encapsulated for food packaging
purposes. Essential oils [4–6], noble metal such as silver (Ag) [7,8], gold (Au) [9,10], and also
metal oxides such as copper oxide (CuO) [11,12], titanium oxide (TiO2) [7,13], zinc oxide
(ZnO) [11,14], magnesium oxide (MgO) [15], and so on, are of the well-known components
in food packaging systems (FPSs).

In general, nanomaterials are categorized into two groups: organic and inorganic
materials. For the first group of materials, metals and oxides of metals as well as clay
nanoparticles that are embedded in biocomposite films and nanofibers can be consid-
ered [16]. In addition to the common bacteriostatic nanoparticles of silver, some inorganic
agents, such as oxidized nanoparticles like CuO, ZnO, TiO2, MgO, and iron (III) oxide
(Fe3O4) are of interest due to their resistance to harsh processing conditions and their
increased strong inhibition against food pathogens. In the case of other materials such as
various clays, they can resist gases and water vapor and improve the mechanical strength
of biopolymers [17]. The second group of organic matter includes phenols, halogenated
compounds, quaternary ammonium salts, plastic polymers, as well as natural polysaccha-
rides or protein materials such as chitosan, chitin, saddle, and whey proteins that have
recently received much attention [18,19].

Nanoparticles (NPs) have the lowest level of toxicity in the life cycle and ecosystem,
so using these materials to fight pathogenic microbes can be a good choice. Metal oxide
NPs show different antibacterial properties based on the surface-to-volume ratio. Gram-
positive bacteria are more resistant to metal NPs than gram-negative bacteria, which may
be related to the structure of the cell wall [20]. Numerous studies that consider the possible
reactions between macromolecules of living organisms and NPs have been carried out. The
difference between the negative charge of the microorganism and the positive charge of
the NP acts as an absorbent electromagnet between the microbe and the NP, causing the
NP to attach to the cell surface, resulting in cell death [21].

Eventually, many of these contacts lead to the oxidation of microbial surface molecules
and their rapid death. The ions released from the nanomaterials are likely to react with
the thiol (-SH) groups of the surface proteins of bacterial cells. Some of these bacterial
cell membrane proteins are responsible for transporting minerals from the wall surface;
nanomaterials acting on these proteins cause inactivation and impermeability of the mem-
brane [22]. Disabling membrane permeability eventually causes cell death. Nanomaterials
also delay bacterial cell adhesion and biofilm formation, which prevents a group of bacteria
from being able to stabilize and multiply [23].

Due to their antibacterial properties, Ag/Cu NPs can be loaded in various polymers,
either as a coating or film, and can be used in modern food packaging [24]. This prevents
microbial spoilage of food with greater efficiency. The methods currently employed to
control microbes (adding preservatives) revealed disadvantages such as weak performance
and good compatibility of microorganisms with preservatives [25]. Silver nanoparticles
(AgNPs) do not react chemically with microorganisms but act as catalysts in their destruc-
tion; therefore, microorganisms do not resist them, and the risk of genetic mutations of
microorganisms that are due to the direct use of toxins is eliminated. AgNPs that are
combined with polymers show their potential in FPSs [26]. In a study, AgNPs were in-
corporated with nanofibers for antimicrobial food packaging applications of lemon and
strawberry. Based on the results, they successfully extended the shelf life by 10 days [27].
It was also reported that the AgNPs exhibited inhibitory effects on two important food
pathogens and did not show any toxic effects on colon cells during 24 h [28]. One study
showed that AgNPs embedded in sodium alginate coating employed for packaging Fior
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di Latte cheese could strongly prevent Enterobacteriaceae, Pseudomonas spp. and E. coli
growth [29]. There are numerous studies that consider the potent role of AgNPs in food
packaging, as reviewed by Marilena Carbone [26].

In addition to AgNPs, copper nanoparticles (CuNPs) is another powerful nanoagent
that have been extensively employed in FPSs. One of the main responsibilities of Cu/CuO
NPs is their antimicrobial activity, which significantly prevents or decreases bacteria,
viruses, and fungi growth. The antimicrobial mechanism is similar to that of other NPs,
including AgNPs. It was depicted that the addition of CuNPs increases the mechanical
properties and thermal stability of carrageenan-based films [30]. Regardless of the inherent
antibacterial features in the substrate (film or coating) as food packaging, the addition of
Cu will promote the antibacterial efficiency of the whole system [31].

Loading NPs in FPSs is a significant issue, but the most important issue is how (release
rate and mass flow) they are released. As far as we know, there is no comprehensive
review regarding the release of these NPs from food packages. In this review, we attempt
to discuss the release of Ag and Cu NPs from the coating/film and also how they fight
against microorganisms.

2. Nanoparticles in Food Packaging Systems

The urgency of preventing food-borne diseases has multiplied the need to produce
antimicrobial food packaging. In this regard, special packaging is needed to be able to
release the active ingredients of the bioside in order to improve the quality of food, have
a longer shelf life, and prevent or at least delay spoilage. For these reasons, employing
metal/metal oxide NPs (mNPs) in food packaging gave signs of improvement.

NPs can be incorporated with biomaterial via various methods including coating,
adsorption, and direct incorporation [32]. Based on these methods, NPs have the chance
to be released directly into the food or the environment around them [33]. The side
effect of these strategies on human life has been challenging and debatable. Reaching the
appropriate dose of mNPs for the highest biocide efficiency while having no hazards for
human life is at the top of the list.

2.1. AgNP-Based Food Packaging Systems

Among the metals previously discussed, AgNP has been shown to have significant
antibacterial effects against a wide range of pathogenic microorganisms, including viruses,
bacteria, fungi, and yeasts (Figure 1A) [34–36]. Due to the potential of AgNPs, they can
interact strongly with microorganisms and inactivate them so that more restraint can be
achieved (Figure 1B) [37–39].

Embedding AgNP in films and coatings is important for active food packaging (AFP)
purposes and for decreasing the risk of pathogens. For this purpose, various biological
materials (synthesized and natural) are used [37]. There are several studies reporting new
films and coating to keep foods for a long time during storage.

According to the previous studies, AgNPs can be incorporated with both degradable
and nondegradable biomaterials by which film permeability, product quality, mechanical
properties of the coating were improved. For instance, Derong Lin and his colleagues [7]
tried to incorporate TiO2 and Ag NPs with fish gelatin and chitosan film (due to their good
film-forming, water locking properties, antibacterial ability, and antioxidant properties)
with excellent antibacterial properties for improving shelf life purposes. As the TiO2-Ag
concentration increased, no significant increase was observed in the film thickness. It is to
necessary to note that thickness changes may affect the mechanical properties and barrier
properties of the films. TiO2-Ag NPs have the chance to interact with amino acids in the
matrix, which might be the reason for any thickness changes [40]. They also reported
that optimizing NP concentrations is important because high concentrations lead to low
aggregation and levels, low antimicrobial properties, and low transparency [41]. Disk
diffusion results showed that adding TiO2-Ag NPs significantly resulted in the antibacte-
rial performance enhancement of the film against E. coli (gram +), Staphylococcus aureus
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(S. aureus) (gram -), and Botrytis cinerea (molds). In research done by Ahari and his col-
leagues, AgNP was first synthesized by chemical reduction and then used for embedding
in nanocomposites. The final nanocomposites were employed for food packaging purposes
to fight against E. coli and S. aureus [42]. In another similar research by them, a similar
nanocomposite containing AgNPs was prepared for increasing the shelf life of Huso huso
fillet during cold storage [43].

In another study, Muhammad Bilal Khan Niazi et al. [44] developed biodegradable
nanocomposite films with the aim of antimicrobial food packaging applications. The films
could show acceptable antimicrobial performance against both gram-negative and gram-
positive bacteria. The intensive antibacterial performance was reported for gram-negative
bacteria (Escherichia coli (DH5-alpha)). By the incorporation of AgNPs, the mechanical
features were improved and WVTR lowered (Figure 1C). It was found that these films
can retain high humidity, which is desirable for fresh fruits and vegetables with high
respiration rates. In a similar study, AgNPs along with laponite were embedded in chitosan
film for AFP evaluation (litchis). The mechanical, OTR, and water solubility properties of
chitosan-based films were improved due to the synergistic effect of laponite and AgNPs.
Most importantly, laponite has shown a significant ability to inhibit the release of AgNPs
in chitosan-based films, which can overcome the cytotoxic effects of AgNP [45]. Lately, Jie
Zhang et al. [46] created a biofilm by poly (butylene adipate-co terephthalate)/titanium
dioxide/silver composite via a common solvent casting method for AFP purposes (cherry
tomato). These films depict strong antibacterial activity against E. coli and S. aureus.
TiO2-NP has been shown to prove its potential in reinforcing polymeric matrices in food
packaging applications due to its nontoxicity, low cost, and biocompatibility [47]. It was
also shown that the antibacterial efficiency of TiO2 is noticeably increased because of the
synergistic antibacterial effects of AgNPs and TiO2 [48].

Coatings 2021, 11, x FOR PEER REVIEW 4 of 24 
 

 

gregation and levels, low antimicrobial properties, and low transparency [41]. Disk diffu-

sion results showed that adding TiO2-Ag NPs significantly resulted in the antibacterial 

performance enhancement of the film against E. coli (gram +), Staphylococcus aureus (S. 

aureus) (gram -), and Botrytis cinerea (molds). In research done by Ahari and his colleagues, 

AgNP was first synthesized by chemical reduction and then used for embedding in nano-

composites. The final nanocomposites were employed for food packaging purposes to 

fight against E. coli and S. aureus [42]. In another similar research by them, a similar nano-

composite containing AgNPs was prepared for increasing the shelf life of Huso huso fillet 

during cold storage [43].  

In another study, Muhammad Bilal Khan Niazi et al. [44] developed biodegradable 

nanocomposite films with the aim of antimicrobial food packaging applications. The films 

could show acceptable antimicrobial performance against both gram-negative and gram-

positive bacteria. The intensive antibacterial performance was reported for gram-negative 

bacteria (Escherichia coli (DH5-alpha)). By the incorporation of AgNPs, the mechanical fea-

tures were improved and WVTR lowered (Figure 1C). It was found that these films can 

retain high humidity, which is desirable for fresh fruits and vegetables with high respira-

tion rates. In a similar study, AgNPs along with laponite were embedded in chitosan film 

for AFP evaluation (litchis). The mechanical, OTR, and water solubility properties of chi-

tosan-based films were improved due to the synergistic effect of laponite and AgNPs. 

Most importantly, laponite has shown a significant ability to inhibit the release of AgNPs 

in chitosan-based films, which can overcome the cytotoxic effects of AgNP [45]. Lately, Jie 

Zhang et al. [46] created a biofilm by poly (butylene adipate-co terephthalate)/titanium 

dioxide/silver composite via a common solvent casting method for AFP purposes (cherry 

tomato). These films depict strong antibacterial activity against E. coli and S. aureus. TiO2-

NP has been shown to prove its potential in reinforcing polymeric matrices in food pack-

aging applications due to its nontoxicity, low cost, and biocompatibility [47]. It was also 

shown that the antibacterial efficiency of TiO2 is noticeably increased because of the syn-

ergistic antibacterial effects of AgNPs and TiO2 [48]. 

 

Figure 1. (A) Disk diffusion test of AgNPs against E. coli (a: Control; b: 1000 ppm; c: 500 ppm; d: 250 ppm; e: 125 ppm;
f: 62.5 ppm). Reprinted with permission from [49]. Copyright 2020 Ingenta. (B) The surface area of AgNPs showed
an association with growth inhibition of S. aureus after 24 h of incubation on TiO2 coatings with AgNP. Reprinted with
permission from [50]. Copyright 2014 The Royal Society of Chemistry. (C) Elongation and breaking stress at the break of
(i: neat PVA, PVA/NC) and (ii: PVA/NC 4%/Ag 1%). Reprinted with permission from [44]. Copyright 2018 Elsevier.
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2.2. CuNP-Based Food Packaging Systems

In addition to bacteria, copper composite has been also effective against other pathogens. It
can fight fungi, viruses, and other food poisoning bacteria, including listeria and salmonella,
and MRSA, a bacterium that is especially difficult to treat with antibiotics, and there is
a belief that NPs have the potential to be effective against a whole range of foodborne
illnesses. Researchers have employed CuNPs as an antimicrobial agent due to their simple
synthesizes, lower price, and their nutraceutical properties compared to AgNPs in some
cases. Several types of research have been carried out on studying the antimicrobial
properties of CuNPs using various percentages and also different matrixes named HDPE
(high-density polyethylene) (Figure 2A), LDPE (low-density polyethylene) (Figure 2B),
cellulose, etc. [12,51,52]. CuNP-based AFP can also affect the mechanical [53], thermal [54],
gas barrier properties as well as the UV inhibition feature [55].

However, it has been shown that copper can also be toxic, especially at the nanometer
dimension. It is generally known that low concentrations of copper are essential as vital
cofactors for metalloproteins and enzymes in all living organisms, including bacteria,
whereas at higher concentrations it can result in a toxic effect by essential ions displacement.
As a result, it blocks the functional groups of proteins, inactivates enzymes, and produces
hydroperoxide free radicals [56]. Remarkably, since the size of copper is at the nanoscale,
the ratio of surface atoms is enhanced, which increases the reaction and turns them into
highly reactive sites, resulting in severe antimicrobial behavior and toxicity.

Permission to use nanocomposites in food packaging may depend on its performance
in migration tests, as the migration of NPs from the FPS and nanocomposite system to
food and beverages increases the likelihood of endangering the health of the customer [58].
Further research and assessment need to be conducted to explore their potential toxicity.

Many studies have reported that the application of NPs in food packaging may
cause NP migration into foodstuff that, in turn, results in toxicity [55]. According to the
literature, CuNPs can be significantly incorporated with the polymeric matrix, and due to
their high surface-to-volume ratio, reactivity, and good release properties, they exert their
biotechnological effects [59].

Komeilynia and his colleagues evaluated CuNPs-based cotton-nylon nanocomposites
by employing the method of chemical reduction synthesizing on S. aureus. Although the
SEM and TEM results showed that the average size of the synthesized NPs was 85 nm,
according to the results, the addition of CuNPs could reduce the population of S. aureus. In
addition, the physicochemical properties of the prepared nanocomposite were significantly
improved compared to the control samples (Figure 2C) [57]. In another study, it was proven
that when CuNPs are added into films, they can inhibit the survival of microorganisms [51].
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Figure 2. (A) I: SEM images of high-density polyethylene (HDPE)/Cu-nanofiber nanocomposites containing 2.5 wt.%
Cu-nanofibers; II: The effect of Cu content of HDPE/Cu-nanofiber nanocomposites on the growth of bacterial colonies
forming units (CFU). Reprinted with permission from [51]. Copyright 2013 Elsevier. (B) I: Pure low-density polyethylene
(LDPE) and LDPE/Cu nanocomposite films (0 wt.% scale bar = 3 µm; 0.5 wt.% scale bar = 5 µm; 1.5 wt.% scale bar = 5 µm;
2.0 wt.% scale bar = 3 µm; 2.5 wt.% scale bar = 5 µm; 3 wt.% scale bar = 5 µm); II: The effect of various content of CuNPs on
antibacterial activity assay of LDPE/Cu nanocomposite during incubation time of 24 h. Reprinted with permission [12].
Copyright 2018 Elsevier. (C) As CuNPs content increased in concentration, the value of CFU (number of microorganisms)
decreased. Reprinted with permission from [12]. (C) (left): Diagrams of strength–strain obtained with Instron for treated
fabrics; (right): Disk-diffusion test against S. aureus microbial growth for (a) untreated nylon fabric (b) CuNPs treated nylon
fabric. Reprinted with permission from [57]. Copyright 2013 Elsevier.
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3. Migration Behavior of Nano-Silver/Copper in Composite Film

In recent studies, the issue of limited publication has been identified in determining
the rate of NP migration from food packaging to food and beverage (Figure 3A). Metals
usually migrate when foods come in contact with packaging materials. The phenomenon
of migration comprises three stages: migrant (NP) diffusion, dissolution, and dispersion in
food. Choi and his colleagues reported that even babies’ health can be negatively affected
by the migration of embedded NPs, such as AgNPs from baby products (Figure 3B) [60].
Understanding NP migration is essential to assess the potential health impact of these
substances in contact with foods [61]. In particular, the degree of NP migration may be
affected by the inherent effects of physicochemical properties of other components in
foods [62]. Many studies on the migration of NPs have avoided addressing the problem of
analyzing them in real food matrices; only a few methods have been employed to assess
the mass transfer process and estimate the specific and overall migration of substances into
food simulants.
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Figure 3. (A) The issue of AgNP and CuNPs migration from packaging to foods and from foods to human organs. (B)
Concentration of migrated AgNPs in three different food simulants from baby bottle A (BA). BA: baby bottle A; BB: baby
bottle B; PA: pacifier A; PB: pacifier B; BSB: breast milk storage bag. Reprinted with permission [60]. Copyright 2018 Taylor
& Francis.

The migration of materials from packaging to food is highly complex and is expressed
by two mechanisms of diffusion and adsorption. Emission is the transfer of matter by
the random motion of molecules from a high-concentration region to a low-concentration
region until equilibrium is reached. The degree of influence according to Fick’s second law
is equal to the following relation.

∂Cp/∂t = D
(

∂2C
∂x2

)
(1)

where CP is the concentration of the migrating material in the polymeric material, D is the
diffusion coefficient, t is the penetration duration, x is the distance between the package
and the food. Here, “D” as the most significant factor influences the migration rate. The
diffusion process lies in several factors including food contact, packaging material, the
nature of foods, storage time, and storage conditions. In addition, it was reported that by
opening the packaging, the rate of diffusion will alter [63].

The adsorption phenomenon is known as controlled mass transfer due to contact
of food with other substances, which leads to an initial increase in the concentration
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of molecules at the interface of the food/packaging material. The number of adsorbed
molecules at a given temperature is expressed by the Freundlich relation:

x
m

= kp × 1
n

(2)

where x is the mass of the adsorbed air; m is the amount of matter absorbed under the
pressure of P; and kp and n are constants [64].

3.1. Migration Experiments

The European Commission (EC) has established regulations and restrictions specifying
the conditions in which migration tests are mandatory. It also proposed several food
simulants, including water, acetic acid (3% v/v), ethanol (10% v/v and 50% v/v), and
vegetable oil based on the food’s type in contact with the packaging. Thus, most migration
studies employing such simulants and evaluation of the NP migration into actual foods
are lacking.

Efforts to promote instrumentation and strategies through the analysis of foods ex-
perienced a lack of analytical tools. This field will entail more investigation. Regulatory
authorities can cause limitations on NP usage in foods. The invention of instruments,
which includes an apparatus to assess engineered NPs, has been deemed mandatory.
It is important to be able to perform NP identification, size measurement, and its dis-
tribution in ways that must be noninvasive and unrestrictive [65]. In this approach, a
substrate covered by NPs is considered as a reference material, and it is used in combi-
nation with analytical and imaging systems that focus on screening techniques such as
mass spectroscopy (test material composition), dynamic light scattering (DLS; particle size
distribution), positron emission tomography (radio-tracing), spectroscopy (NP size), and
optical emission spectrometry (trace level elemental analysis) for monitoring and collecting
adequate information. Another technique for food evaluation in the viewpoint of harmful
substances employs a sensor-based system that included NPs in solution or nanostructured
surfaces that are able to respond to changes in the adsorbate electronic states (chemical sig-
nal enhancement) and changes in metal roughness (electromagnetic signal enhancement),
where the chemisorption of the analysis at the NP surface of the biosensor is the main
mechanism [66]. In another technique, a system to detect food safety named Raman Nano
Chip™ [67] utilizes nanorods to adsorb or collect test samples under the adsorption of
molecules onto the surface of the nanostructure. For more utility and applicability, sensors
may be covered or coated with NPs in the form of a colloidal suspension of polymeric,
metallic, or oxide NPs.

To measure nanomaterials in complex matrices, analysis techniques must make an
explicit difference between NPs and other components in the matrix, and the employed
methods must be sensitive enough to monitor the matters in low concentrations [68]. On
the other hand, a single analysis cannot guarantee the determination of NP migration
in all foods and food simulants, at all temperatures, and therefore it is important to
utilize several tests to obtain accurate results. Table 1 shows a brief report of the test
methods used to study different aspects of nanobased systems, including food packaging
(as discussed by dos Santos [69]). These methods also provide sufficient information about
the composition, concentration, and physicochemical properties of the nanomaterials in the
sample; however, it is not possible to determine the true amount of NPs in the food texture.
According to the complexity of the networks, combined methods may give more reliable
results in quantifying and identifying NPs, whereas independent methods are likely unable
to determine all the information [70]. During the engineering of novel FPSs, migration
testing is one of the main steps. Tracing NPs and the validation of their responsibilities are
important for FPS designing.
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Table 1. A list of common tests employed in food packaging studies.

Purpose Tests

Shape TEM, AFM
Size TEM, NMR, XRD, DLS, NTA, SEM, AFM, DCS, ICP-MS, UV–Vis, FMR
Crystal structure XRD, HRTEM, electron diffraction, STEM
Surface area, specific surface area liquid NMR, BET
Surface charge Zeta potential
Size distribution ICP-MS, DCS, DLS, NTA, FMR, DTA, TRPS, SEM
Concentration ICP-MS, PTA, UV–Vis, RMM-MEMS,
Agglomeration state Zeta potential, TEM, SEM, DLS, UV–Vis, Cryo-TEM,
NP dispersion of in matrices/supports SEM, AFM, TEM

Common chromatographic methods for polymer additives are limited and unsuitable
because they cannot measure the physicochemical properties of NPs. Therefore, only a
limited number of methods work efficiently for detecting and characterizing NPs.

High resolution imaging such as electron microscopy (EM) is one of the most suitable
methods for identifying and imaging the shape and structure as well as the size and density
of NPs in the food matrix, including scanning electron microscope (SEM), transmission
electron microscope (TEM), and atomic force microscopy (AFM) (Figure 4A). Particle
count is very time-consuming, and since these methods have destructive effects on the
samples, the sample cannot be re-evaluated by other methods [71]. The use of TEM is
also appropriate when the matrix is made of polymers, but in case of other methods, it is
necessary to detect migration in complex environments like food or quasi-food [72].

Inductively coupled plasma with mass spectrometry (ICP-MS), atomic emission (ICP-
AES), and optical emission spectroscopy (ICP-OES) as quantitative analysis methods
are among the most important and practical methods for the determination of metal
NPs (Figure 4B-I). ICP-MS is employed to determine the quantification and elemental
composition characterization of NPs in a single but fast analysis, i.e., SP-ICP-MS (SP
stands for single particle). The reason is its high sensitivity and potential for identifying
and quantifying metals and its better selectivity than other methods in this category [73].
ICP-MS showed that it provides more reliable results when in incorporation with other
techniques. Laser ablation (LA) ICP-MS is used for the qualitative determination of Ag
content [74]. According to the results, the regulation limits for both Ag and Cu were defined
as <0.08 mg/kg and <4 mg/kg, respectively, while the limits of determination in ICP-MS
were 0.03 mg/kg and 0.01 mg/kg, respectively [75]. Atomic absorption spectroscopy (AAS)
is an alternative with a higher speed and sensitivity than ICP methods, but this method is
not suitable for multielement analysis (Figure 4B-II).

Spectroscopic methods including X-ray diffraction (XRD) give information such as the
elemental composition or aggregation and structure of nanomaterials (Figure 4C-I) [76,77].
These methods have a wide range of applications due to their nondestructive nature.
Spectroscopy is used as a backup method due to its low cost and ease. Energy dispersive
X-ray spectroscopy (noted as EDS/EDX) is known as a chemical microanalysis technique
employed in conjunction with SEM, conducted to identify the component, size, and shape
of NPs (Figure 4C-II).

NP tracking analysis (NTA) and dynamic light scattering (DLS) use the properties of
both Brownian motion and light scattering in order to measure the NP size distribution
of the samples in suspension. The technique is known as a nondestructive test, and if
required, the sample can be recovered [78]. DLS has been widely employed in studying
the size distribution of NPs in colloidal suspensions in the nano- or submicrometer ranges
before embedding the NPs in films or coating. The suspension concentration, particle
shape, colloidal stability, and surface coating of NPs influence the size value obtained by
DLS measurements. DLS is much more sensitive to the presence of aggregates.

The titration method has a higher sensitivity in terms of measuring the amount of
NPs released. This method also provides more accurate information than the migration
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method and allows for the determination of the number of NPs released from the coating of
polymer packages that were exposed to heat [79]. The migration method is an old method
and is used for other coatings, while according to the US National Standards Organization
EN-1186 and 11737-3, this method is the best option for nylon, polystyrene, PVC, and poly
ethylene terephthalate (PET), and it is unsuitable for NP coatings. However, the titration
method is an up-to-date approach and is a commonly used method all over the world [80].
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Using ICP-MS and AAS, commercial nanocomposite food packaging in the form of
nanosilver coated films and containers were evaluated in real-food matrices to measure the
degree of NPs incorporation [81]. Migration testing was done for a range of food materials
packaged in various packaging materials at 40 ◦C for ten days. Water and 3% acetic acid
were also used for identifying the factors that have an impact on migration.

3.2. Cu/Ag NPs Migration

As the use of NPs in various packages may have adverse effects on animal and human
cells, legislators have established rules to measure and study the migration of NPs to food
(Table 2). The diffusion, dissolution, and abrasion of the packaging surface can be consid-
ered as reasons for the migration of nanomaterials from packaging to food [83]. Scientists
have suggested that AgNPs are mandatory for achieving antimicrobial activity by using
AgNP in reinforced thermoplastic polymers, such as polyethylene (PE), polypropylene
(PP), polystyrene (PS), or nylon [84].

Although the benefits of nanotechnology have led to the use of industry and the public
to make greater usage of nanobased materials, careful research is needed to determine
the likelihood of NPs migrating from any concentration to packaged materials, as toxic
effects for high concentrations of nanomaterials were proven. Research shows that there are
migrants such as silver and copper [85]. Due to the expensive instruments, difficult analysis,
and food matrix disturbances, few studies have been carried out on NP migration [86].

Determining the maximum migration of NPs to food is one of the most important
concerns in the food industry. Migration is defined as a mass transfer for low molecular
weight particles. General and specific migration tests have limitations for each food, and
these limits are set by the EFSA (European Food Safety Authority) and the FDA (Food
and Drug Administration). According to the EFSA definition, a migration test is the
measurement of the amount of transport and release of packaging components (such as
NPs) into food or food stimulants [87].

It is very important to perform a migration test during the production process of a
material to provide new packaging for foods. Although numerous papers have covered
the migration of other NPs, such as nanosilver [73], nanoclay [88], and nano-TiO2 [89],
few studies have been conducted on CuNPs migration from packaging into food or food
simulant, and researchers are mainly studying the way to increase the barrier properties,
mechanical features, antimicrobial activities of those copper nanocomposites which are
potentials for food packaging, and ultraviolet light stability.

3.2.1. AgNP Migration

Although numerous studies have been carried out on the synthesis of AgNPs and their
application in packaging systems, few studies have been conducted on the detection and
migration of harmful substances in AgNPs-based FPS. Additionally, the previous studies
about AgNP migration from packaging resulted in contradictory conclusions on AgNP
detection. Several researchers have reported the presence of NPs in food [90,91], while
other studies have provided no evidence of NP migration and supported these results with
physicochemical modeling [92,93].

Amal M. Metak et al. [81] focused on the migration of AgNPs from coated nanosilver
films and AgNP-based and commercial food packaging in juice as real-food matrices.
Conversely, samples exposed to nanosilver coated films revealed higher levels of migration
(≤0.03 mg L−1), which is cautionary whether in the form of a NP or ionic metal. No
chemical or biochemical changes were observed in the tested food samples.

Cushen and colleagues studied AgNP migration from synthesized nanocomposite-
based PVC (polyvinyl chloride) in contact with chicken breasts (at temperatures between
5 and 20 ◦C) and carried out migration tests. The results depicted the levels of migration
equaling 0.03–8.4 mg·kg−1 [94]. Based on the studies conducted by Song et al. [73] on the
migration of AgNPs from polyethylene packaging to the food web, results from the ICP-MS
analysis showed that the rate of silver migration in acetic acid 3‰ is time-independent and
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temperature-dependent, while in ethanol 95‰ the amount of nanosilver migration was
time-dependent, and temperature changes showed no significant effect. In addition, Lin
et al. [89] studied AgNP migration by ICP-MS and ICP-AES methods and found that the
most important step in these techniques is sample digestion. It was also reported that the
ICP-MS method is more accurate than the ICP-AES method for detecting the migration of
silver NPs.

In a study done by Hosseini et al. [79], titration and migration methods showed
different results for silver NP residues in prepared coatings containing 5–8% NPs. Although
no significant difference was reported between the emitted NPs in coatings containing 1–3%
of NPs, a statistically significant difference was reported between the two methods at 5%
and 8%. Findings from another study revealed that just very small concentrations of silver
migrate from food packaging when in contact with acidic and aqueous food simulators
in the form of ionic silver (Ag +). It was also found that the migration of silver from this
type of food packaging seems to be mainly a surface process, and any conditions that
lead to significant changes in surface properties may affect the silver concentration in the
simulator [95].

In a study by Carsten Engelhard [96], by employing capillary electrophoresis coupled
to ICP-MS for measuring AgNPs, it was suggested that AgNPs with polymeric coatings
are more chemically stable compared with citrate coatings, and therefore they may reduce
the reactivity and evolution of NPs in the environment, but more studies are needed to
optimize their antibacterial impact while controlling their environmental hazardous (due
to their migration). In another study done by Ahari and his colleagues, the migration of
AgNPs into the caviar samples was also studied by the titration method and the application
of tetrazole with concentrated sulfuric acid. No silver residual was reported from packages
with various concentrations of AgNPs [59].

In research done by Yolanda Echegoyen, three distinct commercialized food AgNP-
based containers were studied. The migration of silver in the form of dissolved silver and
silver NPs was conducted as a key aspect of the toxicity. Based on the results, migration
values were very low, although the EU (European Union) provided no specific limit for
nanomaterials. The size (10–60 nm) and morphology of the AgNPs were distinct for the
samples. They also confirmed the migration of other nanoscale materials [91].

The antibacterial effect of the migrants needs to be evaluated during storage. In this
regard, Raul and his colleagues surveyed the Ag release from commercially food packaging
to simulants (water, acetic acid, olive and ethanol-water) and also the antimicrobial capacity
of the migrated silver in meats (turkey, tuna, and ham). Silver also showed its potential
in migration in the form of Ag+ ion and AgNPs. Nevertheless, a significant antibacterial
performance of the migrated silver to the turkeys was observed for gram-negative bacteria.
In addition, in comparing various packaging including food touch papers, cutting boards,
containers, and bags, the higher level of release belonged to paper (25 ± 11 mg/kg) [97]. It
was also reported that the silver ion release rates decrease with enhancing pH and NP size
while they increase with temperature [98]. The oxidative attack of the AgNPs is known as
a time-dependent chemical reaction and is the reason why for all samples under study, the
level of the migrated silver is higher for the longer essays (even at low temperatures).

3.2.2. CuNP Migration

Unlike silver, there is a low percentage of studies on the migration of CuNPs from
packaging coatings to food. In one study, a migration experiment was conducted to assess
the impact of time and temperature on the CuNP/AgNP migration from polyethylene
nanocomposites to chicken breasts [58]. Copper and silver migration ranged from 0.024
to 0.049 mg/dm2 and 0.003 to 0.005 mg/dm2, respectively. Based on the results, time and
temperature did not have any significant effect on migration. These results were verified
by the proposed equation of Williams–Landel–Ferry for time-temperature superposition.
Compared to the AgNPs, CuNPs showed an enhanced dissolution rate from the coating
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as a result of their smaller size, which was reported as one of the vital reasons for higher
migration [99].

Liu and her colleagues studied the migration of CuNPs from copper-coated films via
simulants including acetic acid (3%) and ethanol (10%) by GFAAS and ICP-MS. Based on
the results, copper migration was significantly lower in 10% ethanol, and the migration
ratio was lower than limitations from FDA. It was concluded that copper migration from
nanocomposite films is affected by the temperature, time, initial concentration of CuNPs in
the films as well as contact media [85]. Surprisingly, these results were not in agreement
with those of the study done by Cushen [58]. It was also shown that the addition of an
additive with no chemical bonds can promote copper migration. The addition of CuNPs
alters the morphology of the film surface, which results in more surface area. The more
surface area, the higher the contact between the food and the film, which accelerates
and increases copper migration [85]. In a similar study, based on migration tests, if the
initial concentration of CuNPs that is added into the polypropylene film reached 1% (w/w)
whereas the real concentration of CuNPs within the film was 0.79%, then the concentration
of copper migrating from the film to the acetic food simulant (3.0%) would reach to 4.5 µg/g
and would damage the liver cell [100].

4. Film Production Methods for Food Packaging

Polyamides (PA), nylons, poly ethylene terephthalate (PET), polyolefins, polystyrene
(PS), ethylene-vinyl acetate (EVA) copolymer, epoxy resins, polyurethane, and polyimides
are of the commonly employed polymers in food packaging [101]. According to reports, the
combination of biomaterials and metal NPs in films can promote certain properties such as
antibacterial, mechanical strength, barrier properties, and thermodynamic properties [102].
At present, a variety of polymer-based nanocomposites are used in FPS for meats, fruits,
vegetables, and beverages [103,104]. There are some methods such as melt mixing by which
biopolymeric-based films are produced for FPS in which metal NP migration varies [105].
Powder process, spray pyrolysis, rapid solidification, chemical vapor deposition, physical
vapor deposition, solution mixing, solution casting, and in situ intercalative polymerization
are other methods for NP-based composite preparation, which were discussed by Ajay
Vasudeo Rane et al. [106].

Mihaly Cozmuta prepared an Ag/TiO2 nanocomposite via sol-gel procedure to in-
crease bread shelf life [107]. Based on the results from XRD, TEM, and FTIR, it was
concluded that the TiO2 particles had a well-defined form, and the structure of the Ag–TiO2
composite was also formed. Similarly, in one of our previous studies [108], LDPE /TiO2/Ag
nanocomposite films were produced by the techniques of melt mixing and sol–gel. The
films prepared via the sol–gel technique revealed weak inhibition zone diameters (gram
+ and gram -) in contrast with those by melt mixing, and consequently a longer shelf life
was reported for melt mixing based films. Due to the lack of organic solvents, the melt
composition is environmentally much safer. The melt composition is compatible with the
common industrial processes, including injection molding and extrusion [108].

In one study, chitosan/PVA/AgNPs films were prepared by the electrospinning
technique for increasing fresh food shelf life [109]. Composite packaging not only possessed
an antimicrobial property but it was also recommended for replacing plastics and have a
low environmental impact due to its low migration. In another study, the solution casting
method was used to make an Ag/gelatin-based composite film. As well as other techniques,
acceptable results regarding antimicrobial effects were concluded [110]. It was shown that
the components of the composite including the biopolymer and also the metal(s) affect
the final quality of the prepared film and also degradation and migration processes. For
instance, Marilena Carbone et al. [26] conducted a review study in which their outcomes
showed that microwave heating, acidic food, and the use of nanofillers can enhance the
migration of Ag+, and the actual Ag+ concentration stay below the limits legislated by
safety authorities.
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In another study, Emamifar and his colleagues evaluated the migration of both Zn
and Ag from LDPE-Ag-ZnO nanocomposites into orange juice [111]. Nanocomposites
were made by the melt mixing process through a twin-screw extruder. They reported
that both Zn and Ag have migrated in low concentrations (0.68 and 0.15 µg/L for Zn and
Ag, respectively), and after 112 days of storage in the refrigerator, they remain within the
allowable limits for consumers.

Table 2. Applications of Ag/Cu NP systems in food packaging, their effect under study, and analytical methods for
their determination.

Biopolymer Nanoparticle Food Source Effect under Study NP Analytical Tests Ref.

LDPE Ag
Food simulants (3%

acetic acid, 50% ethanol
and distilled water)

Developing
antibacterial and acid
food packaging system

TEM, UV,
ICP-MS [49]

PLA TiO2 + AgNPS Mangoes
Effectiveness
against total

bacteria count
- [112]

Polyethylene
plastic bags Ag Water, acid, alcohol and

fatty foods Migration SEM, EDX, AAS, [113]

Polystyrene-
polyethylene oxide

block
Ag + Cu Acidic food simulant Migration and Human

health
NTA, TEM, ICP-AES,

SEM, TEM [99]

Polypropylene Cu 3% (w/w) acetic acid

Film appearance,
mechanical and

thermal improvement,
great antibacterial

ability

FTIR, FE-SEM,
ICP-OES [100]

PLA TiO2+Ag Yunnan cottage cheese

Inhibitory effect
against total

bacteria count, yeasts
and

molds growth

ICP-AES [114]

LDPE AgNPs Distilled water and
4 w/v% acetic acid

Migration and silver
release rate

TEM or SEM, FTIR,
XRD, UV–Vis, ICP-MS [115]

PVC AgNPs Walnut, hazelnut,
pistachio almond

Decrease total bacteria
count

and coliform
- [116]

LDPE CuO + ZnO Ultra-filtrated cheese
Decrease in the most
probable number of

coliforms
- [117]

LDPE Cu Peda
Enhancing mechanical

properties, superior
antimicrobial effect

UV, XRD, TGA, DLS,
FTIR, FE-SEM [12]

It is recommended that the method of film preparation is just one of the effective
reasons for migration. In one study, silver diffusion from nanosilver-polyethylene compos-
ite films into acetic acid (3%) under various migration test methods was assessed to find
out the effect of exposure conditions on silver release [49]. As a conclusion, the impact of
the method of migration test on the nanocomponent release is different from that on the
common migrants migration. Therefore, to remove or minimize any potential negative
effects on the obtained results, the exposure condition must be considered in the design of
the migration test for nanobased composite films.
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5. Discussion

In this study, we provided a brief discussion about the place of Ag/Cu NPs in the food
packaging industry by covering the way that they are used and the positive and negative
effects that they leave in food and human health.

There is a likelihood that the packaging process can leave a serious impact on the
nutritional and organoleptic properties of food from production until consumption due to
migration and chemical reactions. Migration as the main concern of this study will start
when the packaging system comes into contact with foods, fruits, and vegetables. In this
case, the packaging system acts as a chemical source [118]. Migration showed a direct effect
on food quality. As discussed, the amount and the rate of chemical (NP) mass transfer
depend on various factors, such as the method of producing packaging coating/film, the
nature of the material, the concentration of NPs, environmental conditions (such as oxygen
and temperature), time, and type of food.

Previous studies reported two claims about the hazards of novel nano packaging: (i)
There is evidence about NP transferring from food packaging to foods, and (ii) there is
no sign of food contamination by NPs. When the migration of nanoparticles occurs, the
NPs penetrate into the food matrix. If the concentration of the transmitted NPs exceed the
standards, this is dangerous and hazardous to human life. In this case, it does not matter
whether the presence of NPs is safe for the food or not. In cases where the concentration of
migratory NPs is below the standard, on the one hand, there is no danger to human health,
and on the other hand, NPs prevent the growth of microorganisms and fight bacteria.
However, studies have shown that NPs are now present in many processed and natural
foods, and new types of NPs may be used as functional materials in the future by the food
industry, including packaging. Many of these NPs are thought to affect human health, and
there is evidence that some of them could have detrimental effects and need further study.
Further studies are also needed on the negative effects of NPs on food itself [119]. It is
hypothesized that the presence of NPs may react with water, oxygen, fats, carbohydrates,
minerals, and proteins within the food matrix. Although there are some food-grade NPs,
but the final products may be hazardous to human life, and therefore more studies are
required to answer this question in detail.

It has been stated that water and organic molecules are first embedded in the interlayer
and that they eventually plasticize and expand the space between the polymer chains,
which can accelerate the subsequent diffusion into foods. Adsorption equilibrium stimu-
lates macromolecular chains, especially in the amorphous region and then, the oxidized
NPs (like AgNPs) can cross the diffusion barrier and finally migrate through the balanced
sample [113].

It is important to determine NP migration under real conditions, but this is difficult
to perform and therefore has been replaced by the simulation of the migration process.
Both claims above were revealed based on the results obtained from these simulations.
Keeping this issue in mind, the employed methods and their results are found in other
documents that discuss NPs migration, which is another challenge because of (1) the
interdisciplinary nature of nanotechnology, (2) the lack of appropriate reference (standard)
materials for analytical tools or calibration, and (3) the problems associated with sample
preparation for data analysis and interpretation [120]. In addition, there are challenges in
NP monitoring that, based on our research, have not been addressed in previous studies,
such as measuring their concentration in situ and on-line, especially in a low production
(scale-up) and analyzing them in complex matrices.

Size and shape are two of the well-known parameters of NPs. There are methods that
give results about both parameters, while they may be different (Table 1). The measurement
of size distribution, aggregation degree, crystal structure, concentration, surface area, and
also surface charge are another parameters that need to be evaluated during NP-based
food packaging [121].

There are several methods including ICP-MS, ICP-OES, XRD, DLS, DTA, FTIR, SEM,
TEM, UV–Vis, AFM, NMR, and so on for monitoring NPs, and these were reviewed as
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a robust guide in detail by Thanh et al. [120]. Each of these methods alone can provide
useful information about the presence and condition of NPs in food packaging, but they
also have weaknesses. Moreover, using two or more techniques as a complement to each
other gives more valid results; to access more reliable results, it is recommended to employ
numerous techniques.

Migration test methods showed an impact on the silver release from nanosilver-based
polyethylene films. The contact between the coating (film) and the food plays a main role
in silver migration. The connection in two sides revealed higher silver migration than just
a one-sided contact. Knowing how long the connection lasts is important because when
the exposure time is low, less migration occurs [122]. In one study, scientists focused on
metal migration from ceramic food contact materials and reported that the migration rate
increases by increasing the contact duration [123]. Lei Zhu and his colleagues reported
that when the concentration of the NPs within the polypropylene film invades from 0.79%
and reaches 1%, Cu migration will happen [100]. In a similar study, the concentration of
CuNPs and AgNPs was monitored via the method of thermally-assisted acid digestion and
then by an ICP-AES technique. Since the ICP-AES was unable to distinguish between NPs
and ionic metal, no significant difference was found between the initial concentration of
AgNP and CuNP in coated slides because both coated materials were saturated with NPs.
In this regard, higher migration was reported for both NPs. Surprisingly, a TEM analysis
confirmed the absence of NPs in a food simulant [99]. In this regard, the reason may be
the low concentration of NPs, and it is suggested that the main migration mechanism
might be NP dissolution from the surface and the cut edge of the film and then a fast
dissolution in the food simulant. It was also revealed that if the concentration of CuNPs
raises, the migration rate of CuNPs from LDPE composite films to the food simulants will
increase [85]. Wang and his colleagues reported a similar reason for TiO2 migration from
PLA/nano-TiO2 composite films [124]. In this regard, Ozaki et al. [86] stated that the rate
of metal NPs migration gradually increases until it reaches an equilibrium.

The migration of AgNPs from polyethylene bags into food simulants was investigated
where after 10 days of storage at 25 ◦C (4% acetic acid), the maximum migration rate
equaled 8 ng/cm2 [113]. By employing 5% acetic acid after 7 days of storage, the total
concentration of 0.9 µgL−1 was determined [125]. Although in both studies the initial
concentration was not measured, it is obvious that the difference between the acetic acid
concentrations may alter the NP migration rate. It was previously reported that a reduction
in pH can increase metal migration, and a linear relationship was observed between the
metal concentration and pH levels. In another study, it was reported that the simulants with
higher acidity resulted in a larger quantity extraction of NPs in some cases, and sometimes
no significant differences were observed. It was also reported that the source of acidity
(acetic acid or citric acid) does not affect this behavior (Figure 5A) [123]. Keeping this
controversy in mind, Wen Li et al. [49] reported that the rate of migration does not depend
on the food type and temperature. They employed three food simulants (3% acetic acid,
50% ethanol, and distilled water) and monitored AgNPs migration at three temperatures
(25, 40, and 70 ◦C). Noticeably, it was reported that migration is time-dependent, and as
time passes, more migration happens. As previously mentioned, reaching an equilibrium
will stop NP migration. For instance, in a study by Wang and his colleagues, high migration
was reported during the first few days, but when time migration was raised, an equilibrium
and steady-state appeared for 25 days (Figure 5B-I) [124]. The results from the study by
Von Goetz et al. were against these reports; they stated that the Ag content in the food
simulants enhances with incubation time (Figure 5B-II) [126].

There is a likelihood that silver can be detected in the form of NP or ionic form. It was
reported that Ag in acetic acid (4%) was mainly monitored ionically, whereas in distilled
water and ethanol (20%) were in the form of NPs. Figure 5 depicts that the NP form of
metals, including Ag and Cu, has a higher tendency for migration. To differentiate between
ions migrated Ag and NPs, the ultra-filtration experiment, which is deemed quicker, less
technical, and less expensive compared to other techniques, was performed [86].
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Temperature has shown its impact on the migration rate, and the normal temperature
proved the minimum migration of CuNPs [100]. It was reported that the migration of
AgNPs from plastic packaging was enhanced when the temperature was changed from
60 to 95 ◦C in the cases. It was also reported that a significant difference in migration
rate was observed at the temperatures of 5 and 40 ◦C, especially during the first 30 min
(Figure 5C) [86]. It was reported that the effect of temperature on migration is sensitive
especially when the NP contents vary. Zhu et al. reported that temperature enhancement
increase the amount of migration [100], while based on the research by Lin, when the tem-
perature rose from 40 to 70 ◦C, the amount of migration decreased from 600 to 450 (ng/dm2)
(Figure 5D). It was also reported that the thickness of the food packaging alters the rate
of migration [122]. Based on this contradiction, it can be hypothesized that depending on
the type of the film/coating and other packaging sources, due to different temperature
stabilities, the migration behavior of NPs may be different towards temperature changes.

Considering the discussion above, NP migration (M) from food packaging into food

texture is in relationship with various parameters including the type of NP (
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the thickness of film layer (δ), and type of food (λ). To sum up, the following equation
(Equation (3)) is recommended as a general viewpoint of NP migration from FPS into foods:

M = f
(
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(3)

By controlling and optimizing these parameters, there is a chance to remove the
negative effect of these parameters and decrease the level of migration.

6. Conclusions

The addition of metal NPs such as copper and silver has recently received attention due
to their good antimicrobial and physicochemical properties. The use of NPs has improved
the issues that bionanopolymers have been facing for years, namely fragility, gas barrier
properties, and toxic nature. Among the various particles, nano-copper and silver play a
major role due to their low price, higher antimicrobial properties, and simple equipment.

It is therefore important to monitor and measure the potential for NP release un-
der conditions that noticeably change the surface area of the food packaging. However,
NP-based food packaging not only can improve the shelf life of food and prevent microor-
ganisms growth but also can be hazardous to human life. Therefore, it is recommended
that scientists consider migration tests during their research.

However, due to the toxic nature of NPs and their toxicity, which may cause disease
and toxicity to humans, more studies need to be done on their migration. It is reasonable to
assume that after nanoparticles migrate from packaging to food and are then consumed by
the consumer, these nanoparticles may accumulate and adversely affect human health. Sci-
entifically, Fick’s law of diffusion applies to the migration of the most organic components
from plastics into foods or simulants. This migration phenomenon comprises two phases:
firstly, the release of Ag/CuNPs from the surface, and secondly, the oxidative dissolution
of Ag/Cu. The rate and amount of migration of AgNPs and CuNPs depend on the time,
temperature, food simulants, type of film/coating, pH, and film thickness. NP migration
evaluation entails more experiments and validation, and more experiments along with
each other are recommended.
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