
60

Eremeeva N.B. Foods and Raw Materials. 2024;12(1):60–79

Copyright © 2023, Eremeeva This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International  
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to 
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.

Foods and Raw Materials. 2024;12(1)
ISSN 2308-4057 (Print)

ISSN 2310-9599 (Online)

Review Article                     Available online at http://jfrm.ru/en
Open Access   https://doi.org/10.21603/2308-4057-2024-1-588
                                                                      https://elibrary.ru/UTZGIP

Nanoparticles of metals and their compounds in films and coatings:  
A review

Natalia B. Eremeeva

ITMO University , St. Petersburg, Russia

e-mail: eremeeva.itmo@gmail.com

Received 02.11.2022; Revised 28.12.2022; Accepted 10.01.2023; Published online 11.07.2023

Abstract: 
Nanotechnology is important in food packaging because it increases shelf life, enhances food safety, and improves sensory 
characteristics and nutrient availability. We aimed to review scientific publications on the synthesis of nanoparticles, as well as 
their properties and applications in the food industry. 
Research and review articles published from 2020 to 2022 were obtained from the database using the keywords “nanoparticles”, 

“film”, and “food”. They were on the synthesis of metal and metal oxide nanoparticles and their uses in food films and coatings. 
We reviewed methods for synthesizing inorganic nanoparticles from metals and their compounds (silver, zinc, iron, etc.), as well 
as described their antimicrobial action against foodborne pathogens. By incorporating nanoparticles into films, we can create 
new materials with strong antimicrobial properties in vitro. Nanoparticles can be used to develop both polymer and biopolymer 
films, as well as their mixtures. Composite coatings can work synergistically with metal nanoparticles to create multifunctional 
food packaging systems that can act as compatibilizers. Particular attention was paid to metal nanoparticles in food coatings. We 
found that nanoparticles reduce the rate of microbial spoilage and inhibit lipid oxidation, thereby increasing the shelf life of raw 
materials and ready-to-eat foods. The safety of using nanoparticles in food coatings is an important concern. Therefore, we also 
considered the migration of nanoparticles from the coating into the food product.
Incorporating nanoparticles into polymer and biopolymer films can create new materials with antimicrobial properties against 
foodborne pathogens. Such composite films can effectively extend the shelf life of food products. However, the undesirable 
migration of metal ions into the food product may limit the use of such films. 
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INTRODUCTION
The exploitation of oil resources and the production 

of various oil-based plastics are taking a heavy toll on  
the environment. Therefore, biopolymers are increa- 
singly being used an alternative material due to their  
biodegradability, safety, biocompatibility, and renewa- 
bility [1]. Polysaccharides, proteins, and lipids are the 
main components of such composites.

Films based on biodegradable materials are often 
supplemented with bioactive substances, such as plant 
extracts or particles of inorganic metals, to meet the 
changing needs of modern consumers [2, 3].

Biosynthesized metal-based nanomaterials are used 
both for medical purposes (e.g., antimicrobial coatings, 

drug delivery) and for catalytic water purification and 
environmental sensors [4–6]. Nanoparticles of inorganic 
metals (silver, gold, zinc oxide, titanium oxide, etc.) can 
act as antimicrobial agents in packaging films [7–9].

Nanoparticles of various metals, including titanium, 
copper, magnesium, and especially silver and gold, are 
known to have antimicrobial, antiviral, and antifungal 
properties [10, 11]. These nanoparticles are being acti- 
vely studied as disinfectants, ingredients in the food 
industry, and as additives in clothing and medical 
devices [12].

He et al. described the antibacterial activity of gold 
nanoparticles against Escherichia coli [13]. In particular, 
they disrupt the membrane potential by inhibiting 
adenosine triphosphatase (ATPase) activity and decrease 
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cellular ATP levels. Another effect of gold nanoparticles 
is the inhibited binding of transfer RNA to the ribosome 
subunit.

Current studies of plant tissues and extracts as  
reducing agents are of great interest in the field of bio- 
synthesized antibacterial nanoparticles. Biosynthesized 
nanoparticles may need to be purified from pathogenic or 
poisonous compounds, especially when used in vivo [14]. 
However, toxicity problems can be eliminated by using 
only well-studied and qualitative plant extracts for bio- 
synthesis [15]. For example, green tea extract from ca- 
mellia leaves is a widely used reducing agent for na- 
noparticle biosynthesis. Vaseeharan et al. used green tea 
extract to obtain silver nanoparticles in the study of anti- 
bacterial activity against Vibrio harveyi [16].

Several studies have described the antifungal activity 
of biosynthesized nanoparticles against Aspergillus ni- 
ger. Gajbhiye et al. reported the antifungal properties of 
biosynthesized nanomaterials against Phoma glomerata, 
Phoma herbarum, Fusarium semitectum, Trichoderma sp.,  
and Candida albicans in combination with fluconazole, 
a triazole antifungal drug [17].

Biosynthesized nanomaterials have been applied in  
almost all the areas where traditional nanomaterials 
have been in use. One of the challenges, however, has  
been in separating biogenic nanoparticles from biolo- 
gical material, since contamination with biological cells 
can cause allergens and pathogens to be unintentionally 
introduced into the product.

There is a growing interest in the production of 
packaging materials with nanocomponents used as an- 
timicrobial agents, including biocoatings for food pro- 
ducts [18–20].

The recent growth of publications on the synthesis 
of nanomaterials indicates much broader possibilities 
of their application to be discovered. Meanwhile, re- 
searchers are fine-tuning the synthesis methods used 
to create new biosynthetic forms of nanomaterials. Our 
interest was in metal nanoparticles with antibacterial 
action and their application in films and coatings, 
including those used for food products. We aimed to  
review the existing literature on the synthesis of na- 
noparticles, as well as their properties and applications 
in the food industry.

STUDY OBJECTS AND METHODS 
We reviewed the latest Russian and foreign publica- 

tions on the synthesis of metal nanoparticles and their  
compounds, as well as on their uses in films and coatings  
for food products. The data were correlated and classified.

A film was defined as a thin material based on synthe- 
tic and/or natural raw materials in various proportions 
that can be used as a packaging or a separating layer.

A coating was defined as a thin material applied di- 
rectly to a food product.

A packaging material was defined as a material 
intended for the manufacture of packaging, containers, 
or auxiliary means of packaging.

Publications (articles and reviews) were searched in 
the Scopus-indexed journals (as of April 2022) using 
the keywords “nanoparticles”, “film”, and “food”. The 
search period was limited to 2020–2022. These search 
criteria ensured that the publications were from credible 
academic sources.

RESULTS AND DISCUSSION
Synthesis of nanoparticles. Nanotechnologies are 

important in food packaging since they increase shelf  
life and improve the food’s quality, safety, sensory 
characteristics, and nutrient availability. In the food  
industry, nanoparticles are used as part of active or  
smart packaging in the form of nanotubes, nanoemul- 
sions, nanocomposites, nanocapsules, nanofibers, etc., 
which can be of both organic and inorganic origin [21]. 
This review covers inorganic particles obtained from 
transition metals (silver, iron) and metal oxides (zinc 
oxide, titanium dioxide). Such nanoparticles are the most 
promising due to their antibacterial properties and a 
high surface to volume ratio [22].

Nanoparticles can be synthesized in two ways: 
“bottom-up” and “top-down”. Methods for their synthe- 
sis can be divided into physical, chemical, and biological 
(Fig. 1).

In the bottom-up method, atoms, molecules, or small 
particles join together to form a nanostructured building 
block of nanoparticles. Its examples include physical 
and chemical vapor deposition, liquid state synthesis, 
chemical reduction, gas phase, and solvothermal me- 
thods [23]. In contrast, the top-down method involves 
reducing the size of the bulk material through various 
physical and chemical treatments. Some of the physical 
methods include lithography, laser ablation, sputtering, 
electrochemical pulse etching, and vapor deposition [24].

Zinc oxide nanoparticles obtained chemically were 
proposed as a superhydrophobic coating [25]. Such coa- 
tings can be used in the medical and food industries due 
to their high antimicrobial and hydrophobic properties, 
which help minimize surface contamination.

Biocompatible hybrid Ag-TiO2 nanorods were obtai- 
ned by successive synthesis of TiO2 nanoparticles 
from titanium (IV) butoxide on a Teflon tube at 180°C 
for 18 h [26]. Next, they were mixed with a solution of 
silver nitrate at 120°C in nitrogen atmosphere and the 
resulting nanoparticles were stabilized in cyclohexane. 
Due to their ultra-small size and hybrid nature, the nano- 
composites efficiently accumulated in breast cancer cells 
and generated large amounts of reactive oxygen species 
to ablate tumor cells. In addition, Ag-TiO2 nanorods sho- 
wed significant antibacterial activity against Escheri- 
chia coli and Staphylococcus aureus compared to 
TiO2 nanoparticles, which was due to the synergistic 
properties of Ag and TiO2 nanoparticles.

Biological (“green”) methods for synthesizing me- 
tal nanoparticles use plant material, bacteria, fungi,  
algae, and even viruses [27]. These economical methods 
produce environmentally friendly nanoparticles from 
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biocompatible materials, since biological molecules are 
used as stabilizers and protective agents.

Biosynthetic ZnO nanoparticles obtained from Asper- 
gillus fumiga leaf extract showed high antimicrobial 
activity against E. coli (Gram-negative bacteria) and  
S. aureus (Gram-positive bacteria), as well as strong anti- 
fungal activity [28]. A. fumiga leaf extract became more  
active in the presence of ZnO nanoparticles. Thus, the 
resulting nanoparticles can act as effective antimic- 
robial and antioxidant agents for commercial use in 
biomedicine and can be used as a substrate in drug 
therapy.

The biosynthesis of silver nanoparticles using an  
extract of Ganoderma lucidum can produce crys- 
tals with an average size of 11.38 ± 5.51 nm [29]. In 
biological tests, colloidal nanoparticles demonstrated 
antimicrobial activity against S. aureus, E. coli, Pseu- 
domonas aeruginosa, Salmonella enterica, and Candida 
albicans with IC50 values of 17.97, 17.06, 1.32, 54.69,  
and 27.78 µg/cm3, respectively. The antioxidant capa- 
city of silver nanoparticles was evaluated using 2,2- 
diphenyl-1-picrylhydrazyl (DPPH) free radical reagent  
(IC50 = 447.120 ± 0.084 µg/cm3). In addition, colloidal 
silver nanoparticles had better antitumor activity against 
human epidermal carcinoma cells with IC50 values 
of 190.06 ± 3.62 μg/cm3, compared to a pure extract of  
G. lucidum.

Antibacterial action of metal nanoparticles. Nano- 
particles are increasingly being used in the treatment 
of infectious diseases. In addition, they are used in the 
production of films and packaging that exhibit anti- 
bacterial activity against foodborne pathogens, thereby 
extending the product’s shelf life. 

Structurally, nanoparticles are three-dimensional par- 
ticles ranging from 1 to 100 nm [30]. Their physicoche- 
mical properties, which underlie their antimicrobial 
activity, include size, charge, surface morphology, cry- 
stal structure, and zeta potential [31]. The small size is 
the main advantage of nanoparticles that ensures high 

antimicrobial activity against intracellular bacteria since 
nanoparticles can easily penetrate through bacterial 
cell walls [32]. When nanoparticles electrostatically 
bind to bacterial cell walls, they damage the membrane, 
which ultimately leads to changes in its potential and 
depolarization [33].  As a result, bacterial cells lose their 
integrity and experience respiratory failure. Moreover, 
this causes imbalance within the bacteria, interrupts 
energy transduction, and ultimately leads to cell lysis.

The key processes that underlie the antimicrobial 
action of nanoparticles include the destruction of cell 
walls and membranes, which leads to oxidative stress, 
impaired energy transduction, enzyme inhibition, 
photocatalysis, and interference in DNA and RNA [34] 
(Fig. 2).

Destruction of cell walls and membranes. Cell 
walls and membranes are the first line of defense for 
bacteria. Both act as important protective barriers, 
helping bacteria maintain their shape and protecting 
them from the external environment [35]. Nanoparticles 
start their antimicrobial action by causing damage to 
cell walls and membranes, which leads to cell lysis. The  
pathway of nanoparticle adsorption is determined by 
the components of the bacterial cell membrane [36]. Na- 
noparticles have a stronger antimicrobial effect against 
Gram-positive bacteria than against Gram-negative 
ones. The cell wall of Gram-negative bacteria consists 
of lipoproteins, lipopolysaccharides, and phospholipids 
which allow only macromolecules to penetrate it, for- 
ming a barrier between the cell membrane and its 
environment. Conversely, the cell wall of Gram-positive 
bacteria contains a thick layer of peptidoglycan and 
teichoic acid with numerous pores that allow foreign 
molecules to easily penetrate the membrane. This leads  
to membrane disruption, loss of cytoplasmic consti- 
tuents, and, ultimately, to apoptosis.

The degree of destruction of cell walls and memb- 
ranes depends on the size and charge of nanoparticles. 
In particular, smaller-sized Ag nanoparticles showed 

Figure 1 Methods for nanoparticles synthesis
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lower values of minimum inhibitory and minimum 
bactericidal concentrations, exhibiting great antimic- 
robial activity [37].

Disruption of the mitochondrial electron trans- 
port chain. Another antimicrobial mechanism of nano- 
particles is that they disrupt the mitochondrial elect- 
ron transport chain. Flores‐López et al. reported that 
the strong binding of Ag and Ag+ nanoparticles to  
thiol groups in cysteine residues impaired mitochondrial 
membrane proteins, membrane permeability, and mito- 
chondrial functions [38]. Nanoparticles can accumulate 
in mitochondria, causing the mitochondrial membrane 
to depolarize and blocking the mitochondrial electron 
transport chain. This is due to the activation of an  
enzyme associated with nicotinamide adenine dinuc- 
leotide phosphate [39]. Blocking the mitochondrial elect- 
ron transport chain further increases cellular levels of 
reactive oxygen species through electron transport.

Overproduction of reactive oxygen species. 
Mitochondria play a major role in the regulation of 
intracellular levels of reactive oxygen species. Therefore, 
the disruption of the mitochondrial electron transport 
chain leads to their excessive production [40]. The 
control over reactive oxygen species production regu- 
lates certain processes such as the initiation of defense 
against pathogens, programmed cell lysis, and energy 
generation through mitochondria.

Inhibition of proteins and enzymes. As a result of 
interacting with nanoparticles, vital proteins lose their 
important functions and enzymes become inhibited. In 
particular, nanoparticles cause structural changes in the 
proteins adsorbed on them. For example, new secondary 
bonds are formed and the initial bonds are destroyed 
during protein adsorption on Au nanoparticles, and 
such changes are irreversible [41]. Structural changes 
in proteins, which are caused by interactions between 
proteins and peptides binding to nanoparticles, can lead 
to chemical denaturation and the formation of fibrils 
due to thermodynamic instability. This subsequently 
leads to the loss of protein functions. The possibility of 
interaction between nanoparticles and proteins is quite 
high, since proteins make up to 35% of biological fluids 
by volume. 

Oxidative damage to DNA and RNA. DNA is the  
fundamental molecule of a living organism. DNA strand  
breakage is a standard biomarker of DNA damage, na- 
tural or caused by other factors [42]. It is believed that 
nanoparticles can induce DNA damage by inhibiting 
DNA replication. Nanoparticles can change the ability 
of cells to repair induced DNA damage due to the 
overproduction of reactive oxygen species [43]. DNA 
is particularly susceptible to oxidative damage since 
the production of HO• from Fenton reactions can 
attack nucleic bases or sugar phosphate and lead to 
the fragmentation of saccharides and strand breakage. 
Nanoparticles can also initiate a double-strand break 
by modulating replication forks, which further leads to 
apoptosis.

Properties of nanoparticle-based films. By using 
nanoparticles in the production of films, scientists can  
create new materials with strong antimicrobial pro- 
perties in vitro. Nanoparticles of metals, oxides, or their 
combinations have been used to develop polymer and 
biopolymer films, as well as their mixtures. There is a 
trend towards using nanomaterials based on particles of 
silver or zinc. The effects of metal nanoparticles on the 
physicochemical and antibacterial properties of films are 
described below.

Silver. Polyethylene nanocomposite films contai- 
ning synthesized silver and titanium dioxide nanopar- 
ticles showed antibacterial efficacy against E. coli and  
S. aureus in the cultural research method [44]. 
Polyethylene films obtained by extrusion and contai- 
ning Ag/TiO2/montmorillonite clay had bactericidal 
properties and therefore potential applications in me- 
dicine and food packaging to prevent bacterial con- 
tamination. In addition,  irradiation of the composites 
obtained by reducing ions to nanosilver on the surface of 
TiO2/montmorillonite clay caused complete death to the 
pathogens tested. Those composites which had a smaller 
size due to the irradiation of surface films showed a 
more stable bactericidal activity.

The scientists developed a two-layer food packaging 
film with unique properties. Particularly, the film pre- 
vented bacterial growth, inhibited oxidative processes, 
increased the safety of food products, blocked UV pe- 
netration, and was oil-resistant and transparent. It had 

Figure 2 Bacterial cell death
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an Ag-organometallic basis with p-coumaric acid, chito- 
san nanoparticles, and a mixture of polyvinyl alcohol 
and starch. As described in [45], a two-layer film is 
composed of separate previously obtained components 
to be subsequently used as a packaging material.

An environmentally friendly method was applied for 
the biosynthesis of hybrid Ag/AgCl nanoparticles using 
Levan from Bacillus mojavensis. Such nanoparticles 
can be used as highly efficient antimicrobial agents 
against a wide range of foodborne bacteria [46]. The 
morphological and physicochemical characteristics of  
Levan Ag/AgCl nanoparticles were studied by trans- 
mission electron microscopy, X-ray diffraction, UV vi- 
sual spectroscopy, dynamic light scattering, and ther- 
mogravimetric analysis. Levan-Ag/AgCl was analyzed 
for antibacterial activity against foodborne pathoge- 
nic bacteria (E. coli, Klebsiella pneumoniae, S. enterica, 
P. aeruginosa, S. aureus, Micrococcus luteus, Listeria 
monocytogenes, Enterococcus faecalis, Bacillus subtilis, 
and Bacillus thuringiensis) by diffusion on agar. The stu- 
dy demonstrated high antimicrobial activity of Levan-
Ag/AgCl nanoparticles as a potent inhibitor against all 
the tested strains, with higher efficacy against Gram-
negative than against Gram-positive bacteria. Due to the- 
se properties, Levan-Ag/AgCl nanoparticles can be used 
as a component in packaging films to increase the shelf 
life of beef. Their antimicrobial activity may be due to 
a slow release of silver ions and their interaction with 
negatively charged biomolecules. These biomolecules 
damage the cell wall, cause structural changes in the 
protein and its biofunction, and ultimately lead to cell 
death.

The size of metal and oxide nanoparticles signifi- 
cantly affects the transmission of light through a film [47].  
A number of studies have shown that metal nanopar- 
ticles increase the hydrophobicity of film materials. For 
examples, silver nanoparticles caused a 77% increase in 
the hydrophobicity of a film based on polyvinyl alcohol 
and guar gum, compared to the control group.

A biocomposite consisting of sodium alginate, oxi- 
dized nanocellulose, and silver nanoparticles was intro- 
duced into a paper matrix for food packaging. It inhi- 
bited the growth of Gram-positive (S. aureus, B. subtilis) 
and Gram-negative (E. coli, Pseudomonas aeuroginosa) 
bacteria [48].

A sandwich-like chitosan nanocomposite film was 
produced from corn stalk as a green reducing agent, 
silver nanoparticles, and graphene oxide nanopartic- 
les used for stabilization and controlled release of nano- 
silver in the inner layer and chitosan in the outer  
one [49]. The results showed that the sandwich-like  film  
released silver nanoparticles during 14 days, with a total 
amount of only 1.9%. The nanocomposite film had a 
high antibacterial activity against E. coli and S. aureus 
and did not exhibit toxicity to cells.

Silver nanoparticles synthesized using Saraca asoca 
leaf extract were used to produce nanocomposite films 
based on rice starch [50]. They had a spherical shape 
with a diameter of 27 to 45 nm. Silver nanoparticles imp- 

roved the tensile at break of rice starch films and redu- 
ced their elongation at break. In addition, the films sho- 
wed lower water solubility, water-holding capacity, and 
vapor permeability. Silver nanoparticles in the form of 
colloids or discrete films exhibited high antibacterial 
activity against common foodborne pathogens (E. coli,  
S. aureus and B. subtilis).

Silver nanoparticles can be synthesized in situ in a 
pectin matrix using γ-irradiation at 2.5 and 5 kGy. They 
provide nanocomposite films with antibacterial activity 
against E. coli and Salmonella typhimurium, as shown 
by the total colony count [51].

Dash et al. studied the physicochemical, mechanical, 
barrier, and thermal properties of flax protein-alginate 
films produced with various concentrations of silver 
nanoparticles [52]. The study showed that all the films 
with silver nanoparticles had a strong antibacterial effect,  
compared to the control film. According to the inhi- 
bition zones, the antibacterial activity against Gram-
negative bacteria (E. coli) was higher than that against 
Gram-positive bacteria (S. aureus).

The amount of active ions released also affects the 
film’s antimicrobial properties. In a study by Wang et al.,  
silver nanoparticles in polymer films based on chito- 
san or polyvinyl alcohol (PVA) affected the growth  
of Pseudomonas fluorescens differently [53]. The study 
was carried out both on agar and on a model food 
hydrogel. In particular, the film based on PVA exhibited 
a stronger antimicrobial effect than the one based on 
chitosan. This correlated with a larger amount of silver  
ions released from the PVA film into hydrogel. The  
study showed that the strength of interaction between 
silver nanoparticles and the film polymer is a key fac- 
tor that determines the release of antimicrobials and, 
therefore, the antimicrobial activity of the packaging  
film.

Sallak et al. created a film from corn starch contai- 
ning Satureja khuzestanica essential oil and Ag-TiO2 
nanocomposites (sized 30–60 nm) and assessed its 
antimicrobial, morphological, physical, and mechanical 
characteristics [54]. The film showed a reduction in 
S. aureus and E. coli of 3–4 and 6–7 log (CFU/mL), res- 
pectively, compared to the control.

Silver nanoparticles based on Ricinus communis leaf  
extract exhibited high antioxidant activity by absor- 
bing DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals [55].  
They also showed antibacterial activity against Gram-
positive (S. aureus) and Gram-negative (E. coli, P. aeru- 
ginosa) bacteria, as determined by agar plate diffusion.

Zinc. A nanocomposite based on a copolymer of lac- 
tic and glycolic acids and nanozinc oxide promoted the 
formation of long-lived reactive protein species [56].  
It also caused 8-oxoguanine, a key biomarker of oxida- 
tive stress, to appear in DNA. The nanocomposite exhibi- 
ted significant bacteriostatic properties, which depended 
on the concentration of nanoparticles. Its surface was 
non-toxic to eukaryotic cells and did not prevent their 
adhesion, growth, or division. Due to its low cytotoxi- 
city and bacteriostatic properties, this nanocomposite  



65

Eremeeva N.B. Foods and Raw Materials. 2024;12(1):60–79

can be used as a coating material in the food industry,  
an additive for textiles, and in biomedicine.

A nanocomposite film consisting of polylactic acid 
(PLA), zinc oxide (ZnO) nanoparticles, and graphene 
oxide (GO) is a biodegradable polymer that can be 
used as food packaging [57]. ZnO and GO increased 
the strength of the resulting packaging material and 
gave it antibacterial properties against E. coli and  
B. subtilis cells, as determined by counting viable colo- 
nies. The PLA/ZnO/GO composite was synthesized by 
a successive mixing of graphene oxide and zinc oxide 
nanoparticles in acetone under ultrasound at 40°C and 
a subsequent addition of a PLA solution with vigorous 
stirring for 3 h. The resulting composite was dried at 
room temperature on an acrylic plate.

A functional film based on carrageenan/agar was 
obtained by combining tea tree oil emulsion and zinc  
sulfide nanoparticles, which were uniformly dispersed 
in a binary polymer matrix [58]. Zinc sulfide nano- 
particles improved the film’s mechanical strength, while  
the tea tree oil emulsion slightly reduced it. However, 
due to their combined use, the film retained its me- 
chanical strength and became slightly more flexible. 
These components slightly increased the vapor barrier, 
water resistance, and thermal stability of the film. In ad- 
dition, the composite membrane showed pronounced 
antioxidant and antibacterial activity.

Tymczewska et al. described a “green” method 
for obtaining active films based on gelatin/polyvinyl 
alcohol, black cumin cake extract, and zinc oxide 
nanoparticles [59]. The nanoparticles were preliminarily 
synthesized from zinc nitrate hexahydrate and an 
aqueous extract of black cumin cake in an alkaline 
medium at 60°C. The film had strong antibacterial pro- 
perties against Gram-positive bacteria (M. luteus, L. mo- 
nocytogenes, and S. aureus). Black cumin cake extract 
and zinc oxide nanoparticles also increased the films’ 
antioxidant activity, as determined by the DPPH and 
ABTS methods (2,2-azino-di-[3-ethylbenzthiazoline sul- 
fonate). In addition, these components affected the phy- 
sicochemical characteristics of the films. In particular, 
they reduced their tensile at break and vapor permea- 
bility and increased their opacity and elongation at  
break. These nanocomposite materials can be recom- 
mended to reduce microbial spoilage and inhibit oxi- 
dative rancidity of packaged foods.

Zinc oxide nanoparticles are also used in nanofibrous 
membranes for wound dressings [60]. Titanium oxide 
nanoparticles in silk fibers and collagen, which are syn- 
thetic membranes for skin tissue regeneration, exhibit 
antibacterial activity against S. aureus and E. coli [61].

In another study, a functional biodegradable food  
packaging film was produced from soy protein iso- 
late, a natural antimicrobial agent (mangosteen peel 
extract, 10 wt.%), and functional modifiers (zinc oxide 
nanoparticles) at various concentrations by solution cas- 
ting [62]. The triple combined composite films exhibited 
significantly improved mechanical properties, water 
vapor permeability, water solubility, UV barrier, antioxi- 

dant properties, and thermal stability. Due to the antibac- 
terial properties of the plant extract and ZnO nanopar- 
ticles, the composite films showed excellent antibacterial 
action against E. coli and S. aureus.

Zinc nanoparticles were used to prepare a functional 
composite film based on pectin/agar [63]. Their integ- 
ration significantly improved the film’s physical proper- 
ties, such as mechanical and UV protective properties, 
without affecting its transparency too much. In addi- 
tion, zinc nanoparticles had no effect on the film’s 
hydrophobicity, vapor barrier, and thermal properties. 
Finally, the composite film showed strong antibacterial 
activity against pathogenic foodborne bacteria E. coli 
and L. monocytogenes.

Lee et al. analyzed the antibacterial activity of com- 
posite films based on chicken skin gelatin/tapioca starch  
and zinc oxide nanoparticles (0–5%) obtained by cas- 
ting [64]. They found that the inhibition zones for both  
Gram-positive S. aureus (16–20 mm) and Gram-negative  
E. coli (15–20 mm) were greater in the film with 5% zinc 
oxide. Overall, the films based on chicken skin gelatin 
and tapioca starch with 3% zinc oxide nanoparticles 
were found to be optimally formulated and have good 
physical, mechanical, and antibacterial properties.

Well-dispersed zinc oxide (ZnO) nanoparticles were  
placed in situ on a non-toxic natural palygorskite (PAL) 
nanorod to form an antibacterial composite PAL@ZnO 
nanorod. This nanorod was embedded in a chitosan/ 
gelatin-based film to obtain composite films with mar- 
kedly improved mechanical properties and antibacte- 
rial activity against S. aureus and E. coli bacteria (inhibi- 
tion zones of 21.82 ± 0.95 and 16.36 ± 1.64 mm, respecti- 
vely) [65]. In addition, PAL@ZnO nanorods significantly 
improved the film’s water and heat resistance.

In another study, bionanocomposite films based on 
bovine gelatin supplemented with chitosan and zinc 
oxide nanoparticles showed better thermal stability and 
tensile at break, as well as lower elongation at break and 
solubility [66]. In addition, gelatin-based biocomposite 
films exhibited antibacterial properties against S. aureus 
and E. coli.

The physicochemical properties of nanomaterials 
depend on their size and shape, the key factors for bio- 
medical applications. Hasanzadeh et al. used the hydro- 
thermal method to obtain ZnO nanostructures of vari- 
ous shapes, including nanospheres, nanoplates, and 
nanopyramids [67]. They studied the antibacterial 
activity (colony count) of nanostructures against E. coli 
and found that ZnO nanopyramids obtained at 70°C 
had a stronger inhibitory effect than nanospheres and 
nanoplates.

Iron. Appu et al. biosynthesized chitosan-coated 
Fe3O4 nanocomposites by mixing solutions of iron 
chloride and broccoli extract while heating to be sub- 
sequently leached [68]. Next, the resulting Fe3O4 
nanoparticles were mixed with a solution of chitosan in 
acetic acid at 60°C. The nanocomposite material was 
analyzed by Fourier-transform infrared spectroscopy, 
X-ray photoelectron spectroscopy, electron microscopy, 
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an X-ray diffractometer, and a vibrating sample 
magnetometer. In addition, the nanoparticles exhibited 
significant antibacterial efficacy against foodborne bac- 
terial pathogens, such as S. aureus and E. coli, with 
inhibition zones of 11.5 and 13.5 mm, respectively.

Yaseen et al. compared the antibacterial, antioxidant, 
and larvicidal activity of Alstonia scholaris and Po- 
lyalthia longifolia extracts and that of Fe2MgO4 
nanoparticles based on them [69]. The study objects 
were active against Gram-positive (B. subtilis, S. aureus) 
and Gram-negative (P. aeruginosa, S. typhimurium, and 
E. coli) bacteria in the following order: A. scholaris-
based Fe2MgO4 > P. longifolia-based Fe2MgO4 > A. scho- 
laris extract > P. longifolia extract. A similar corre- 
lation was observed for larvicidal activity against Aedes  
albopictus larvae. In particular, Fe2MgO4 nanoparticles 
exhibited excellent larvicidal activity with an LD50 of  
5–10 μg/cm3, a much lower dose than for the plant ext- 
racts. The antioxidant potential of Fe2MgO4 nanopar- 
ticles was determined by DPPH and phosphomo- 
lybdenum assays. It showed that Fe2MgO4 nanoparticles 
performed better than pure plant extract (controls).

Nickel. Ramji and Vishnuvarthanan created nano- 
composite films based on polylactic acid with silica and 
nickel oxide nanoparticles in various concentrations 
(0.25, 0.5, 0.75, and 1 wt.%) and studied the nanoparticles’ 
effect on the film’s extensibility, barrier, surface color, 
opacity, and antibacterial properties [70]. The authors 
found that the films had good antibacterial activity 
against Gram-positive (L. monocytogenes) and Gram-
negative (Salmonella) bacteria.

In another study, active nanocomposite films were 
obtained by incorporating nickel oxide nanoparticles 
(3, 6, and 9 wt.%) into chitosan-based films [71]. They 
were synthesized by burning the solution, and the films 
were obtained by casting in solvents. Fourier-transform 
infrared spectroscopy and X-ray diffraction analysis 
confirmed the formation of new interactions and an 
increase in crystallinity. In addition, the nanocomposite 
films showed good antibacterial activity against Gram-
positive (S. aureus) and Gram-negative (S. typhimurium) 
bacteria.

Titanium. According to antibacterial tests, none of 
the bacterial species was sensitive to TiO2 nanoparticles 
at any concentration under dark conditions, indicating 
that their antibacterial effects were due to photocatalytic 
reactions. Without light excitation, TiO2 nanoparticles 
were not toxic to bacteria, as shown by CFU values. 
The nanoparticles only absorbed on the bacterial cell 
wall. To ensure the adsorption–desorption equilibrium 
of TiO2 nanoparticles doped with phosphorus and 
fluorine (PF-TiO2), they were thoroughly mixed with 
bacterial suspensions under dark conditions and 
incubated for 15 min [72]. Light can induce charge 
separation in nanoparticles, and redox reactions can 
subsequently occur on their surface. The photocatalytic 
reactions confirmed the presence of hydroxyl (OH•) and 
superoxide (O2•

−) radicals, as well as singlet oxygen.

Ezati et al. synthesized nanoparticles of titanium dio- 
xide (TiO2) and Cu-active-TiO2 (Cu-TiO2) by the sol-
gel method, using carboxymethylcellulose (CMC) as 
a nanofiller to obtain functional packaging films [73]. 
The nanoparticles increased the films’ mechanical and  
thermal stability, as well as their vapor barrier proper- 
ties. Unlike the CMC/TiO2 film, the CMC/Cu-TiO2 
film exhibited significant antibacterial activity against 
foodborne pathogenic bacteria (L. monocytogenes and 
E. coli) under visible light. The CMC/Cu-TiO2 film 
also significantly delayed the browning of bananas 
when stored at 25°C for 14 days under visible light. The 
researchers assumed that the nanoparticles exhibited 
photocatalytic activity in visible light. Therefore, they 
can be used in functional packaging films to extend 
the shelf life of fruits after harvest, as well as in active 
packaging.

Films with antibacterial properties are mainly ob- 
tained from solutions and suspensions of film compo- 
nents that are molded by casting and dried under vari- 
ous conditions. Table 1 presents various films with metal 
and metal oxide nanoparticles used as antibacterial 
agents.

Nanoparticles incorporated in food coatings. The 
food industry involves a range of processes, including 
the preparation of raw materials, production, packa- 
ging, storage, etc. Packaging ensures food quality and 
safety, affecting the product’s shelf life and marketing. 
Traditionally, packaging performs the following func- 
tions: storage; transportation; protection from physical 
damage, as well as chemical or biological deterioration; 
and branding [84–86].

Growing consumer concern and interest in health, 
nutritional value, food safety, and environmental issues  
has driven the development of biodegradable packa- 
ging. Since synthetic packaging materials are not bio- 
degradable, they contribute to environmental pollu- 
tion, climate change, and the depletion of natural re- 
sources. Despite excellent properties, high mechanical 
strength, low production cost, and process optimization, 
these non-renewable materials have a significant envi- 
ronmental impact in terms of greenhouse gas emissions, 
as well as land and water footprints [87]. Therefore, 
alternative ways of obtaining biopolymers are gaining 
more attention, since they address environmental issues, 
including the end-of-life treatment of plastic film waste.

Biodegradable films are commonly made from rene- 
wable sources mainly composed of proteins, carbohyd- 
rates, and lipids. Biopolymers have been extensively 
studied due to their abundance, good film-forming 
ability, transparency, and excellent barrier properties 
against O2, CO2, and lipids [88].

Currently, biopolymer food packaging is produced 
from a variety of materials, including natural agents, 
plant extracts, and nanomaterials. Such technologies 
can work synergistically along with nanotechnologies, 
creating multifunctional food packaging systems of high 
quality that can act as compatibilizers [89].
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Table 1 Synthesis and antibacterial properties of films with metal and metal oxide nanoparticles

Composition Synthesis Bacteria strains Method Antimicrobial activity of films References
CMC-PVA/
ZnO

1. Zn(CH3COO)2·2H2O + NaOH 
solution, 3 h 60°С, sediment 
separation by centrifugation, drying 
at 600°C 
2. Casting a mixture of CMC, PVA,  
and ZnO

Escherichia 
coli and 
Staphylococcus 
aureus

Agar disc 
diffusion

Synergistic effect of 
antimicrobial activity against  
E. coli and S. aureus in 
inhibition zones of 2.15 ± 0.42  
and 3.25 ± 0.47 mm, 
respectively

[74] 

Chitosan/
ZnO/bamboo 
leaves

1. 1:0.25 dispersion of powders  
in 1% acetic acid at 25°C, addition  
of glycerin 
2. Incorporating bamboo leaf 
antioxidants, film casting

E. coli and  
S. aureus

Agar disc 
diffusion

ZnO NPs increased the 
antimicrobial activity of 
the chitosan film due to the 
interaction between Zn2+ ions  
and intracellular contents. 
Bamboo leaf antioxidants also 
increase antimicrobial properties 
through a synergistic effect

[75] 

PLA/
Acelized 
cellulose 
nanocrystals/ 
ZnO

1. Dispersion of acelated cellulose 
nanocrystals in chloroform under 
ultrasound, addition of ZnO NPs  
under ultrasound. 
2. Incorporating PMC 
3. Solution casting. Drying at room 
temperature

E. coli and  
S. aureus

Shaking of 
the flask

The antibacterial activity of 
triple composite films increased 
with higher contents of ZnO 
NPs. The growth inhibition 
rate of 99.9% for both bacteria 
in the film with 5% ZnO 
nanoparticles demonstrated a 
great antibacterial effect. 
The antibacterial activity against 
E. coli was higher than against 
S. aureus. This was because 
the peptidoglycan layer of the 
cell wall was thicker in the 
Gram-positive S. aureus than 
in the Gram-negative E. coli, 
protecting it from destruction

[76] 

Gelatin/
tragacanth/
ZnO

1. ZnO + water (25 ± 1°C, 400 rpm,  
1 h), ultra sound (30°C, 40 kHz,  
30 min) 
2. Adding gelatin (40°C, 600 rpm, 
30 min) 
3. Mixing with a tragacanth solution 
at 700 rpm and then 1000 rpm. 
Adding a glycerin solution 
4. Casting onto a 15 cm polyethylene 
plate. Drying (25°C, 48 h)

E. coli and  
S. aureus

Agar disc 
diffusion

The control film had no 
antimicrobial activity against 
either Gram-negative (E. coli) 
or Gram-positive (S. aureus) 
bacteria. All the nanocomposites 
showed antimicrobial activity 
dependent on the ZnO content 
against both bacteria. The small 
size of ZnO NPs caused higher 
interactions with bacterial cells

[77] 

Gelatin/CuS 1. A suspension of CuS in water 
stirred under ultra sound 
2. Adding a solution of glycerin and 
gelatin at 80°C 
3. Casting on Teflon-coated glass. 
Drying

E. coli and 
Listeria 
monocytogenes

Counting 
viable 
colonies

The nanocomposite film with 
CuS nanoparticles integrated 
into gelatin sharply reduced the 
viability of E. coli cells, but 
had no significant effect on the 
growth of L. monocytogenes. 
The antimicrobial effect of 
CuS varied depending on 
its concentration. The low 
concentration (0.5 wt.%) of 
CuS was insufficient to inhibit 
microbial growth. However, its 
high concentration  
(2.0 wt.%) caused sufficiently 
strong antibacterial activity to 
completely inhibit the growth 
of E. coli after 9 h of exposure. 
The gelatin/CuS-based film 
showed stronger antibacterial 
activity against Gram-negative 
than Gram-positive bacteria

[78] 
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Continuation of Table 1

Composition Synthesis Bacteria 
strains

Method Antimicrobial activity of films References

CMC/glycerin/
Dioscorea 
opposite extract/
ZnO NPs

1. Mixing components  
in various concentrations  
at 50°C, centrifugation  
at 5000 rpm 
2. Casting and drying  
at 50°C for 36 h

E. coli  
and S. aureus

Counting 
viable 
colonies

The films with ZnO NPs exhibited 
significant antibacterial activity against 
both target bacteria and S. aureus, 
which was stronger against E. coli. 
Inhibition rates of about 95% were 
achieved at each concentration for both 
Gram-positive and Gram-negative 
bacteria. Higher concentrations of 
the D. opposita extract reduced the 
antibacterial affect against E. coli at 
various concentrations of film-forming 
solutions

[79] 

ZnO/corn starch/
chitosan/glycerin

1. Successive mixing of 
a chitosan solution (in a 
solution of malic acid), corn 
starch, glycerol, and ZnO 
NPs, followed by degassing  
by ultrasonication
2. Solution casting

E. coli  
and S. aureus

Agar disc 
diffusion

Longer times of delayed release of the 
composite films decreased the diameters 
of inhibition zones. Compared to the 
control, the composite films with ZnO 
NPs showed positive antibacterial 
activity against both S. aureus and E. 
coli. The inhibition zones against  
S. aureus had diameters of 29.36 ± 2.40, 
24.90 ± 0.40, and 22.00 ± 0.34 mm, 
respectively, after 0, 7, and  
14 days of prolonged release. They 
were larger than the inhibition zones of 
the composite films without ZnO

[80] 

PVA/orange peel 
powder/Ag NPs

1. Successive incorporation of 
PVA, orange peel powder and 
AgNO3 into distilled water 
and constant stirring until 
complete dissolution
2. Solution casting

E. coli, 
Pseudomonas 
aeruginosa, 
Streptococcus 
oralis, and  
S. aureus

Agar disc 
diffusion

The clear inhibition zones formed by 
the composite films were larger than 
those formed by pure PVA or a mixture 
of PVA and orange peel powder. The 
hybrid biocomposite film with 5 mM 
silver NPs formed the clearest zones 
against both Gram-negative and Gram-
positive bacteria

[81] 

Gelatin/cellulose 
nanofibers/ZnO 
and/or Se NPs –  
nanoparticles, 
PVA – polyvinyl 
alcohol, US – 
ultrasound, PLA – 
polylactic acid

1. Successive incorporation  
of gelatin powder, a 
suspension of cellulose 
nanofiber, glycerin, and a 
solution of ZnO and Se, or 
their mixture, into distilled 
water with constant stirring 
2. Solution casting

E. coli, 
L. mono-
cytogenes,  
S. aureus, and 
Pseudomonas 
fluorescens

Agar disc 
diffusion

All the films containing NPs had an 
antibacterial effect against the studied 
strains. The largest inhibition zone was 
formed for L. monocytogenes, while the 
smallest zone was observed for  
P. fluorescens

[82] 

Gelatin/β-glucan/
ZnO

1. Successive incorporation 
of gelatin powder, glycerin, 
and a ZnO NP solution into 
distilled water with constant 
stirring. Adding a β-glucan 
solution. 
2. Solution casting. Drying  
at 40°C for 24 h

P. aeruginosa, 
Salmonella 
typhimurium,  
S. aureus,  
and E. coli

Agar disc 
diffusion

The incorporation of ZnO NPs into 
the films ensured inhibitory activity 
against all the studied bacteria. Higher 
concentrations of ZnO NPs significantly 
enhanced the antibacterial activity of 
the films. The combination of ZnO NPs 
with β-glucan in a gelatin-based film 
significantly reduced the antibacterial 
activity against all the bacteria. 
However, increased concentrations  
of β-glucan did not cause a significant 
difference in the antibacterial activity 
of films with ZnO NPs. The highest 
inhibitory activity was shown against 
S. aureus, indicating that it was higher 
against Gram-positive than against 
Gram-negative bacteria

[83] 

 NPs – nanoparticles, PVA – polyvinyl alcohol, US – ultrasound, PLA – polylactic acid
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In recent years, bioactive films and smart tech- 
nologies have been in wide use for packaging in the food 
sector [90, 91]. Plastic films have served as a barrier to 
protect food from heat, moisture, micro-organisms, dust, 
and dirt. Recent advances, such as smart packaging, 
active packaging, and intellectual packaging, have pro- 
vided barrier films with extra functions [92–96]. These 
packaging systems are an effective way to extend the 
shelf life of foods produced through simplified processes 
or with a minimal use of preservatives [97, 98]. Yet, 
there cannot be a single package to suit all food products, 
since they vary greatly in chemical and microbiologi- 
cal components. In addition, food products are complex 
systems that change over time. Therefore, it is extremely 
important to develop optimal packaging for different 
types of products that meets their specific requirements. 
Figure 3 shows changes in the product-packaging system 
over time.

Cheese. Cheeses are mainly produced from pasteu- 
rized milk and usually have a low risk of microbiolo- 
gical contamination. However, foodborne pathogens can 
appear in cheese due to its improper handling during 
processing or due to re-opening of the packaging during 
storage [99]. Soft cheeses are an excellent environment 
for pathogenic microflora due to their high water activity, 
high protein content, and a moderate amount of fat [100].

Han et al. described the preparation of a nanosilver/
graphene/PLA coating and its use as a package for curd 
cheese [101]. Three days of storage showed no difference 
in sensory parameters, regardless of the type of packa- 
ging. The cheese packaged in a nanosilver/graphene/
PLA coating had minimal changes in appearance and 
color. It was uniform, slightly matte, white, and slightly 
pungent. The scientists also evaluated a possibility of re-
using the active packaging.

The soft cheese samples were packaged in alginate 
composite coatings (ZnO nanoparticles and lemongrass 
essential oil) and stored at 4 ± 1°C and 75% relative 
humidity for 14 days [102]. The control sample packaged 
in a pure alginate coating became quite hard and trans- 
lucent with visible signs of spoilage, while the test samp- 
les were whiter and softer, and retained the original 
creamy texture. The weight loss of the cheeses increased 
linearly with storage time due to the continuous move- 
ment of water vapor from the cheese into the environ- 
ment. The pH values were monitored daily and found 
to be in the range of 4.45–4.57, indicating little change. 
However, the pH of the control sample dropped to 4.33, 
probably due to increased fermentation stimulated by 
microorganisms.

In another study, a coating with TiO2 nanoparticles 
or a combination of TiO2 and Ag in the PLA matrix 
increased the shelf life of chilled Yunnan curd from 5– 
7 days to 25 days at 5 ± 1°C [103]. Yet, no changes were 
observed in pH, as well as physicochemical and sensory 
indicators. The incorporation of nanoparticles effective- 
ly inhibited the growth of microorganisms, including 
yeasts and molds. The authors also tested the migration 
of nanoparticles from the composite coating in line with 
the standards of the European Food Safety Authority. 
Although the levels of metal ion migration reached  
20.04 ± 1.38 µg/kg at the end of the shelf life, those va- 
lues were below the acceptable migration limit of  
104 µg/kg for food contact materials. 

Meat and poultry. Meat and poultry, as well as their 
products, are very sensitive to storage conditions. When 
refrigerated, they have a shelf life of only a few days 
due to microbial growth and lipid oxidation [104]. Large 
amounts of moisture and nutrients make them perishab- 
le products. Bacterial growth causes unpleasant smell 

Figure 3 Changes in the product-packaging system over time
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and taste, as well as mucus. Moreover, lipid oxidation 
changes the sensory characteristics of meat and poultry, 
which also limits their shelf life [105].

A simple method was proposed to obtain translucent 
antimicrobial nanocomposite films using regenerated 
cellulose and zinc oxide nanoparticles. The resulting 
nanocomposite coatings were transparent enough for  
food packaging, including meat products. They showed 
good mechanical strength, UV barrier properties, water 
vapor permeability, and antimicrobial activity against 
six pathogenic foodborne bacteria [106]. According to  
the tests, adding 3 wt.% zinc oxide nanoparticles effec- 
tively inhibited the growth of pathogenic Gram-positive 
(Bacillus cereus, S. aureus, and L. monocytogenes) and 
Gram-negative (E. coli, S. typhimurium, and Vibrio para- 
haemolyticus) bacteria. The UV transmission and oxy- 
gen permeability of the coatings reduced by 32 and 37%, 
respectively.

Despite high antibacterial activity, silver nanopar- 
ticles pose potential danger to human health. Therefore, 
they need to be incorporated into safer compounds. 
Zhao et al. used iturin A to synthesize silver nanopar- 
ticles to obtain a composite that can prevent chicken 
from bacterial contamination [107]. The composite ma- 
terial showed a broader antimicrobial spectrum, a lo- 
wer concentration of silver, and higher antibacterial 
and antifungal activity, compared to the control. When 
applied to paper packaging for chicken, the iturin-Ag 
nanoparticle complex showed no silver residue, which 
demonstrated its high potential for food preservation.

Minced meat was placed in composite coatings (gela- 
tin, chickpea protein, copper sulfide nanoparticles, and 
microencapsulated Nigella sativa essential oil) and 
stored for 14 days at 4°C [108]. The microbiological tests 
(L. monocytogenes, S. aureus, Enterobacteriaceae, and 
Pseudomonas spp.) showed that the simultaneous use of 
microencapsulated essential oil and CuS nanoparticles 
had a positive synergistic effect in increasing the shelf 
life of minced meat, compared to other samples. 

Alginate-based nanocomposite coatings containing 
TiO2 nanoparticles and caraway essential oil showed a  
high potential for extending the shelf life of beef [109].  
The researchers studied their effect on chemical proces- 
ses (changes in pH, total volatile basic nitrogen, pero- 
xide value, and thiobarbituric acid-reactive substances) 
and microbial spoilage (changes in viable enterobacte- 
ria, lactic acid bacteria, L. monocytogenes, and Pseudo- 
monas spp.) during 24 days of storage (4°C). The active 
coatings significantly reduced lipid oxidation, microbial 
growth, and total volatile basic nitrogen. They also 
improved the beef’s sensory properties, retained its color 
for longer, and increased its shelf life from 4 to 16 days.

Hybrid chitosan-ZnO nanoparticles in combination 
with clove essential oil were found to have a good po- 
tential in active packaging materials [110]. The scanning 
electron microscope images showed a uniform distri- 
bution of the components with their minimal aggrega- 
tion in the nanocomposite coatings. These components 
improved the film’s tensile at break (~ 39.82%), film 

hydrophobicity (~ 35.36%), ability to block ultraviolet 
light, water vapor barrier (~ 84.64%), and oxygen barrier 
(~ 57.66%), compared to the control film. In addition, 
they increased antioxidant activity and antibacterial ac- 
tivity against P. aeruginosa, S. aureus, and E. coli. The  
nanocomposite coatings extended the shelf life of 
chicken meat up to 5 days when stored at 8 ± 2°C. The 
researchers also determined the total migration limit 
in distilled water, 3% acetic acid, and 50% ethanol. Ac- 
cording to the results, the coatings had a total migration 
rate below the allowable limit of 1000 µg/dL for mo- 
del systems. The overall migration limit increased in  
the following order depending on the solvent: distilled  
water < 50% ethanol < 3% acetic acid.

Fish and seafood. Like meat and its products, fish 
and seafood have a short shelf life that is limited to a 
greater extent by microbiological spoilage.

Paidari and  Ahari  studied the effect of nanosilver and  
nanoclay incorporated into packaging materials on the 
growth of pathogens (V. parahaemolyticus, S. aureus, 
and E. coli) in shrimp stored for 6 days at 4°C [111]. They  
found that nanopackaging reduced the number of colo- 
nies by more than one logarithmic cycle, which is a 
significant reduction (p < 0.05). A synergistic effect was 
also observed for packaging with both nanosilver and 
nanoclay particles. Plasma-mass spectroscopy showed 
no migration of coating components (Ag, Al, and Si) in 
the shrimp samples on day 6 of the experiments.

Incorporating anthocyanins into packaging materials 
helps control the process of food spoilage. For example, 
pH-sensitive and antibacterial coatings based on chi- 
tosan/polyvinyl alcohol/ZnO nanoparticles and contai- 
ning extracts of purple potato or rosella helped monitor 
the degree of freshness in shrimp by changing the color 
from purple to light green [112]. The coatings absorbed 
total volatile nitrogen released from the spoiled shrimp, 
which caused hydroxide ions to form and induce dis- 
coloration of the anthocyanins in the coating matrix. 
Therefore, such coatings have promising potential as 
active and intelligent packaging materials for food.

Efatian et al. studied a possibility of using a compo- 
site coating for packaging Nile tilapia fish stored at 4 
and –20°C for 5 and 10 days [113]. The coating consisted 
of low-density polyethylene, silver nanoparticles, or a  
mixture of silver, copper, and titanium oxide nanopar- 
ticles. Antibacterial tests showed that the PNP/Ag + Cu/ 
TiO2 nanocomposite coating exhibited strong antibac- 
terial activity against E. coli and L. monocytogenes. The 
researchers also evaluated the chemical characteristics 
(pH, protein and fat concentrations, free fatty acid pro- 
file) of the coated fish samples, as well as the migration 
of nanoparticles. According to the results, the samples 
packaged in Ag + Cu coatings had the least changes 
in pH and a free fatty acid profile, compared to fresh 
samples (p < 0.05). The migration of Ag and Cu nanopar- 
ticles from the coating into the tilapia samples was neg- 
ligible, with Ag and Cu releases of < 2.0 and < 10 μg/kg, 
respectively.
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Fresh fruits. Fresh fruits contain minerals, vitamins, 
phenolic compounds, and other nutrients. However, if 
not properly preserved, they quickly deteriorate and ha- 
ve a shelf life of only 5–7 days after harvest [114]. Cur- 
rently, various types of processing (drying, jamming, etc.) 
are used to maintain post-harvest quality, but such pro- 
cessing leads to a loss of nutrients. However, coatings 
incorporated with nanoparticles can improve the pre- 
servation of these perishable products and extend their  
shelf life.

Strawberry fruits were packaged in multifunctional 
thin films (polylactic acid, antibacterial agents, and 
silver nanoparticles obtained from mango peel extract) 
and stored for 7 days at room temperature [115]. The 
films showed strong antimicrobial properties against 
E. coli and S. aureus. As we know, consumers are con- 
cerned about the migration of nanomaterials from food 
containers into food products posing potential risk to 
health. In this study, however, the total amount of silver 
migration was within the standard range throughout 
the storage period. The membrane also exhibited lower 
cytotoxicity, and the cells exposed to the composite film 
had an 80% survival.

The blotting paper layer of the packaging material 
incorporated with a mixture of plant extracts and silver 
nanoparticles as an antibacterial, anti-mold, anti-yeast, 
and anti-viral functional additive increased the shelf life 
of perishable products [116]. The coated paper showed 
good antibacterial activity against E. coli and Motlagh  
S. aureus. Freshly harvested tomatoes and coriander lea- 
ves packaged in the coated paper retained their quality 
characteristics for 15 and 30 days. However, when stored 
in plastic bags or outdoors, they showed partial spoilage 
and wilting.

Silver nanoparticles were obtained from an acidic 
polysaccharide isolated from the fruits of Rosa rox- 
burghii [117]. This polysaccharide promoted the reduc- 
tion of AgNO3 into composites of Ag nanoparticles 
by a one-stage, environmentally friendly process. The 
resulting composites exhibited excellent antimicrobial 
activity against S. aureus and E. coli. The coating ba- 
sed on silver nanoparticles with chitosan showed a 
preservative effect on cherry tomatoes.

Paper packaging incorporated with silver nanopar- 
ticles bound with iturin A was used to prevent bacterial 
spoilage of chicken and protect oranges from fungal 
contamination [107].

Ready-to-eat products. Ready-to-eat foods, inclu- 
ding ready-made salads, are the most vulnerable to mic- 
robiological spoilage. Their shelf life under standard 
conditions of 4 ± 2°C is no more than 24 h.

Motlagh et al. studied the effect of polyethylene pac- 
kages containing silver nanoparticles in various con- 
centrations (0.02 and 0.04%) on the shelf life, appea- 
rance, as well as microbiological and sensory properties 
of Olivier salad on days 2, 12, and 22 of storage [118]. 
According to the tests, the total count of microorganisms 
and molds increased with longer storage time and dec- 
reased with higher concentrations of nanoparticles. 

In addition, E. coli decreased over time in all three 
packages, while the concentration of nanoparticles had 
no effect on the coliforms. Sensory characteristics were 
better in the samples stored in the packages with silver 
nanoparticles. The most optimal shelf life was 14 days in 
a package with 404.93 ppm of silver nanoparticles. The 
migration of silver ions from the package into the salad 
was measured by atomic absorption and was found to be 
within acceptable limits.

Table 2 summarizes the key characteristics of coa- 
tings based on nanoparticles that have not been covered 
above. 

Although increasing the shelf life of food products, 
metals and their oxides can affect human health due to 
toxic effects [128, 129]. Therefore, their migration into 
products is undesirable and must be carefully controlled. 
As noted above, most studies have been devoted to 
antibacterial nanoparticles of silver and zinc in films 
and coatings. Therefore, the migration of coating com- 
ponents into food systems has also been described using 
these nanoparticles. 

After ingestion, food products can release nanopar- 
ticles into the gastrointestinal environment [130]. Accor- 
ding to in vitro studies, silver nanoparticles can disrupt 
the function of intestinal apical epithelial cells [131]. 
Moreover, they can induce inflammatory changes and 
oxidative stress in intestinal cells [132].

Other studies determined the toxicity of nanopar- 
ticles of metals and their oxides depending on the dose 
of exposure. They found that low concentrations of na- 
noparticles had no detrimental effect in vitro or in vivo.  
Particularly, the values of the starting point of transc- 
riptomics for silver nanoparticles were significantly 
lower than the concentrations associated with changes 
in the calcium channel, oxidative stress, and membrane 
potential [128]. According to [133], ZnO nanoparticles 
are able to pass through the intestinal barrier and move 
from the intestinal lumen to hemolymph. However, no 
general toxicity was observed, and no oxidative stress 
was found in hemolymph cells (hemocytes).

Thus, there is still a lack of studies on the effect of 
films with nanoparticles of metals and their compounds 
on ready-to-eat products, so this area is worth pursuing 
in further research. The existing data are contradictory 
and therefore they cannot clearly indicate whether films 
and coatings with metal nanoparticles are safe or not, 
including those that are in contact with food.

CONCLUSION
Nanotechnology is a rapidly developing field of sci- 

ence. Researchers have been searching for ways to  
create nanoparticles with specified parameters using  
environmentally friendly methods, including biosynthe- 
sis based on plant extracts, plant parts, bacteria, and 
viruses. Such nanoparticles are widely used in films for 
various purposes. Nanoparticles of  metals and metal 
oxides can act as antibacterial agents that are active even 
at low concentrations.
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Nanoparticles have unique properties associated with 
their small size. They can attach and electrostatically 
bind to bacterial cell walls, causing membrane damage 
and, eventually, cell lysis. This explains their superior 
antimicrobial activity.

We studied the potential of incorporating nano- 
particles into polymer and biopolymer films to obtain 
new materials with strong antimicrobial properties 
in vitro. We saw a trend towards a widespread use of 
silver or zinc nanoparticles, compared to other types of 
metal nanoparticles. The films under study exhibited 
antibacterial properties against major food pathogens, 
such as Escherichia coli, Staphylococcus aureus, Lis- 
teria monocytogenes, Pseudomonas aeruginosa, Strep- 
tococcus oralis, Salmonella typhimurium, etc. Many of 
them also showed improved physicochemical proper- 
ties, such as water vapor permeability, water solubility, 
UV barrier, antioxidant properties, and others.

Bioactive coatings with nanoparticles of metals or  
their compounds are increasingly being studied as 
potential packaging for food raw materials and ready-
to-eat products. Such composite films can extend the 
product’s shelf life by reducing the rate of microbial 
spoilage and lipid oxidation. In addition, they have no, 
or only a slight, effect on the sensory characteristics of 
food products.

However, the migration of metal ions into a food 
product is highly undesirable, which may prevent com- 
posite films with metal nanoparticles from wide use.  
Further research into the migration of nanoparticles 
from the film into the food matrix might show if such 
films can be safely used for products with different 
chemical compositions.
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