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Abstract
Consuming hygienic and secure food has become challenging for everyone. The preservation of excess food without nega-
tively affecting its nutritional values, shelf life, freshness, or effectiveness would undoubtedly strengthen the food industry. 
Nanotechnology is a new and intriguing technology that is currently being implemented in the food industry. Metal-based 
nanomaterials have considerable potential for use in packaging and food processing. These materials have many advanced 
physical and chemical characteristics. Since these materials are increasingly being used in food applications, there are certain 
negative health consequences related to their toxicity when swallowed through food. In this article, we have addressed the 
introduction and applications of metal/metal oxide nanoparticles (MNPs), food processing and food packaging, applications 
of MNPs-based materials in food processing and food packaging, health hazards, and future perspectives.

Keywords Food processing · Food packaging · MNPs · MNPs-based materials

Introduction

The design, development, and use of systems, structures, and 
technologies through nanoscale atom and molecular manipu-
lation is known as nanotechnology. In general, nanomateri-
als are known for their particle sizes of less than 100 nm 
(Agriopoulou et al., 2020; Sim et al., 2021). It is feasible to 
develop nanomaterials that are considerably distinct from 
their bulk materials in terms of their mechanical, optical, 
magnetic, and catalytic properties. The properties of nano-
materials may be changed, when necessary, by carefully 
regulating the processes of synthesis, size, shape, and func-
tionalization (Baig et al., 2021; Jeevanandam et al., 2018). 

Nanoparticles (NPs) are generally divided into ceramic, car-
bon-based, metal/metal oxide-based nanoparticles (MNPs), 
lipid-based, and polymeric NPs. This general classification 
is based on their basic physicochemical features (Kumar 
et al., 2021). Inorganic NPs have been attracted for their 
advanced features, such as a large surface area, stability, 
electronic, optical, magnetic, catalytic, and others (Jiang 
et al., 2017; Tiwari et al., 2022; Valcárcel and López-Lor-
ente, 2014). MNPs have widespread applications in different 
fields, including information technology, catalysis, electron-
ics, pharmaceuticals, environmental remediation, sensors, 
and biological and food sciences (Dos Santos et al., 2020; 
Joshi et al., 2021). MNPs and their composite-based materi-
als have also played a remarkable role in food preservation, 
protection, and shelf-life enhancement. The incorporation 
of MNPs in the development of materials with antibacterial 
characteristics may extend the shelf life of food as well as 
the qualities of food (Dos Santos et al., 2020). In the food 
industry, MNPs are used to assist with food preservation, 
protection, and shelf-life extension. The use of MNPs has 
made it possible to improve the characteristics of food pack-
aging, such as mechanical strength, permeability, and anti-
bacterial activity. MNPs are employed in food processing, 
packaging, storage, and laboratory quality control (Couto 
and Almeida, 2022). Foods are organic materials derived 
from either plants or animals. Foods become perishable as 
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a result of physical, chemical, or microbiological processes. 
Food spoilage can affect the colour, nutritional content, tex-
ture, and palatability of the food (Alamu and Mooya, 2017). 
In the food value chain, processing and value addition are 
essential phases. Food processing cannot be entirely avoided 
because of the need to feed a growing human population. 
The demand for processed food is anticipated to rise more 
as worldwide populations grow (MacDonald and Reitmeier, 
2017). Effective packing reduces waste and ensures that the 
food will be of the desired quality during its entire shelf life. 
Even though packaging is important for preserving food, it 
sometimes, and in today’s times, often becomes a source of 
waste (Gupta and Dudeja, 2017; Robertson, 2005). NPs have 
been used in food processing to enhance nutritive value, 
flow characteristics, colour, flavour, and stability, as well 
as to improve shelf life (Bereka, 2015). The performance 
of MNPs is generally influenced by their particle size, mor-
phology, surface area, concentration, surrounding medium, 
and metal ion release. Some health hazards may result from 
reduced size and increased surface area, the migration of 
MNPs into food from packaging, and consumer exposure to 
MNPs (Ashfaq et al., 2022). In order to fulfil customer needs 
and their commercial adoption to minimise nano-enabled 
food, the application of nanotechnology needs a uniform 
regulatory framework and labelling of foods. The usage of 
MNPs in the food industry has come under scrutiny due to 
toxicity concerns, which have prompted a number of inquir-
ies concerning prospective adoption (Kumar et al., 2021). As 
a result, several circumstances must be taken into account 
while developing and using packing materials (Dash et al., 
2022). In this article, we have discussed the introduction 
of NPs, MNPs, role of MNPs and their nanocomposites in 

food technology, food processing, food packaging, the health 
hazards of MNPs, and future perspectives.

NPs and MNPs

NPs show improved physical, chemical, and biologi-
cal properties due to their larger surface area, improved 
mechanical strength, functionality, and chemical stability. 
The shape, size, and structure of the NPs are distinct. They 
may vary in size from 1 to 100 nm and can have morpholo-
gies like cylindrical, spherical, tubular, hollow core, coni-
cal, flat, etc. The NPs may be crystalline or amorphous, 
and they may contain one or more loose or agglomerated 
crystals. (Ealias and Saravanakumar, 2017; Joudeh and 
Linke, 2022). There are three possible dimensions of a 
nanoparticle: zero, one, and two. These materials are 
attracting the attention of a number of researchers across 
an array of fields as a result of their extraordinary proper-
ties (Khan et al., 2019). Numerous MNPs belong within 
the scope of inorganic-based nanomaterials. Organic and 
inorganic NPs can be found in nanoscale objects. The 
common organic NPs include micelles, ferritin, fullerenes, 
quantum dots, liposomes, dendrimers, etc. (Khan et al., 
2022). Some common inorganic NPs are gold (Au), silver 
(Ag), copper (Cu), cupric oxide (CuO), zinc oxide (ZnO), 
cerium oxide  (CeO2), titania  (TiO2), calcium oxide (CaO), 
manganese oxide  (MnO2), magnesium oxide (MgO), iron 
oxides etc. (Majhi and Yadav, 2021; Negrescu et  al., 
2022). Some of the applications of these inorganic NPs 
are depicted in Fig. 1 (Ahmed et al., 2022; Nikolova and 
Chavali, 2020; Naseem and Durrani, 2021).

Fig. 1  Some important applica-
tions of MNPs
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Food processing and food packaging

Food processing is any systematic modification that takes 
place to a food before it is made available for consump-
tion. Food can be dried or frozen to preserve nutrients and 
freshness. It might also be more difficult to create a frozen 
meal with the ideal ratio of ingredients and nutrients (Mihre-
tie et al., 2019). The process of processing food affects all 
phases of food production, including food making, ingredi-
ents, and final products. It extends past the stage where the 
formulation is premixed into the final product. The vari-
ous requirements of food producers globally are addition-
ally fulfilled by the adaptability of food processing tech-
nologies and solutions (Knorr and Watzke, 2019). The food 
processing sector has recently become an internationally 
recognised instance of industrial growth. The past several 
years has witnessed an enormous rise in production from 
agriculture, which has resulted in significant revenue and 
employment (Khan and Singh, 2022). Processed foods, typi-
cally regarded as unhealthy, lead to increased food security 
in terms of nutrition and food (Li et al., 2019). The present-
day food sector focuses on food packaging. Good packaging 
minimises waste and ensures that the food will maintain its 
intended quality for the duration of its shelf life (Robertson, 
2014). Food packaging may pose concerns related to food 
safety, whereas becoming an essential component of the 
food business and helping in safe storage. Irradiated pack-
aging materials can introduce harmful non-food substances 
into the food. The relevant government approves each of 
these food packaging materials separately and runs them 
through stringent inspection processes (Gupta and Dudeja, 

2017). Packaging materials’ potential for carrying out all 
of the functions needed by the package depends on both 
their chemical and physical properties. The most important 
aspects to take into account in this instance are the transport, 
mechanical, optical, and chemical characteristics (Berk, 
2013).

Role of MNPs in food processing

The need for NPs has been recognised in a number of food 
science and food microbiology fields, which has resulted in 
the development of novel applications in the field. These 
fields are food processing, food safety, food packaging, pro-
duction of functional foods, distribution of food, food pres-
ervation, and the extension of the shelf life of food (Biswas 
et al., 2022; Singh et al., 2017). MNPs and their nanocom-
posites show remarkable antimicrobial activities that extend 
the shelf life of food and food-related products (Dos Santos 
et al., 2020). In food processing, metal-based nanostructures 
were mainly utilised as antimicrobials, antioxidants, and 
nutraceuticals, as well as in nanofiltration (wastewater treat-
ment before release into the environment) (Fig. 2) (Kumar 
et al., 2021; 2022).

Antimicrobials and antioxidants

The interaction between MNPs and the cell wall contributes 
to their antibacterial activity (Fig. 3). This interaction leads 
to cell destruction, the formation of reactive oxygen species 
(ROS), the destruction of the cell membrane, DNA and pro-
tein damage, etc. (Couto and Almeida, 2022). Gram-positive 

Fig. 2  Major applications MNPs in food processing
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bacteria are enveloped in a layer of peptidoglycan that cre-
ates an intricate network. Gram-positive bacteria often have 
negatively charged teichoic acids on their cell walls and sur-
faces. Gram-negative bacteria have an outer membrane made 
up of phospholipids as well as partially phosphorylated 
lipopolysaccharides, in addition to a thin layer of peptidogly-
can. These lipopolysaccharides help to raise the negative 
surface charge of the cell envelope. Positively charged MNPs 
form strong bonds with membranes, leading cell walls to be 
damaged and, as a result, increasing the permeability of the 
cells. MNPs are capable of producing ROS, which induce 
oxidative stress inside the cell. Biomolecules and metal ions 
typically have a non-specific interaction (Sánchez-López 
et al., 2020). Particle size, shape, agglomeration, content, 
and crystallinity are some of the factors that influence the 
antifungal activities of MNPs. The surface area-to-volume 
ratio is more favourable for small NPs, which may enhance 
their antifungal efficiency. The manufacturing by-products 
can alter the surface chemistry of the NPs, which in turn 
affects their antifungal activity (Cruz-Luna et al., 2021).

Coupling the antioxidant functional components or cap-
tivating the functional bioactivates on the surface of the 
MNPs represents the best approach for integrating the sur-
face activities of the nanoscaled particles with the antioxi-
dant effects of integrated functional moieties. The antioxi-
dant activities of MNPs are presented in Fig. 4. MNPs may 
have the ability to function as antioxidants because of their 
high surface-to-volume ratio (Ge et al., 2022). Antioxidants 
have a major impact on all biosystems’ efficacy. As bio-
logical systems come into contact with molecular oxygen, 
free radicals are formed (Dobrucka, 2018; Valgimigli et al., 

2018). The overproduction of ROS leads to damage to DNA, 
lipids, carbohydrates, and proteins. Further, ROS also causes 
oxidative stress. MNPs behave as antioxidants by transfer-
ring both hydrogen and a single electron. Total oxyradical 
scavenging in hydrogen transfer involves the use of a hydro-
gen atom, whereas single-electron transfer is the reduction of 
oxidative compounds through an electron donation. Within 
the cells, free radicals are produced via the process of oxida-
tion (Bhardwaj et al., 2020).

Zorraqun-Pena et al. (2020) reported that Ag NPs have a 
lot of promise for application in food processing and pack-
aging since they are the nanomaterial with the most potent 
antibacterial activity. They concluded that Ag NPs have a 
great potential to destroy different pathogenic bacteria. Espi-
tia et al. (2016) reported the potential use of ZnO NPs as 
antimicrobial agents in food processing. ZnO is now used as 
a food additive and is designated by the US Food and Drug 
Administration as generally recognised as safe. He et al. 
(2016) reported that MgO NPs have considerable poten-
tial as antibacterial agents in food processing due to their 
structure, surface properties, and stability. The antibacterial 
activity of MgO NPs is due to their interaction with bacterial 
cells, which results in oxidative stress and the destruction of 
the cell membrane. Pop and others (2020) studied the anti-
bacterial behaviour of  CeO2 NPs for different Gram-positive 
and Gram-negative bacteria. The antibacterial activity of 
 CeO2 NPs was conducted against Salmonella typhimurium, 
Listeria monocytogenes, Escherichia coli, Staphylococcus 
aureus, and Bacillus cereus. The  CeO2 NPs demonstrated 
efficient antibacterial activity against all five pathogens. 
The effects of  TiO2 NPs on the amount, bioaccessibility, 

Fig. 3  Antibacterial activity of 
MNPs
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and antioxidant activity of polyphenols in apple juice were 
examined by Li et al. (2022). The results demonstrated that 
introducing  TiO2 NPs substantially lowered the levels of 
total polyphenol and the major individual polyphenols in 
the apple juice as a result of the development of polyphe-
nol-TiO2 NPs charge transfer complex aggregation. The 
incorporation of  TiO2 NPs further reduced apple polyphe-
nols’ bioaccessibility and antioxidant capabilities in a dose-
dependent manner. Ajmal et al. (2019) reported the excellent 
antioxidant and antibacterial activity of biologically synthe-
sised  TiO2 NPs. They investigated dose- and size-depend-
ent antioxidant and antibacterial activities. Bhakya et al. 
(2016) studied the antioxidant activity of Helicteres isora 
root extract-based AgNPs. Ag NPs had strong antioxidant 
activity when compared to conventional antioxidants such as 
butylated hydroxytoluene (BHT) and ascorbic acid. The gen-
eration of potential antioxidant AgNPs for commercial use 
may be effectively accomplished using Helicteres isora root 
extract. The biocidal characteristics of Ag NPs and the anti-
oxidant and antiaging characteristics of flavonoids in apple 
extract may be combined to effectively develop a hydrogel, 
according to a study by Nagaich et al. (2016).

Nutraceuticals

Nutraceuticals, also known as nutritional supplements, are 
found in food or dietary components that provide health 
advantages. such as the ability to treat and prevent dis-
ease. Nutraceuticals are available in different forms, such 
as capsules, tablets, powders, tinctures, single ingredients, 
and combination formulations (Torabally and Rahmanpoor, 
2019). “Nutraceuticals” are bioactive substances that are 
believed to be found in natural products. Prebiotics, probi-
otics, dietary fibre, polyunsaturated fatty acids, antioxidants, 

and other varieties of herbal or natural components can all 
be categorised as foods that are used as nutraceuticals (AlAli 
et al., 2021; Kumar et al., 2021; Singh et al., 2020). The 
main functions of nutraceuticals are presented in Fig. 5 
(AlAli et al., 2021; Anand and Bharadvaja, 2022; Helal 
et al., 2019). The delivery of nutraceuticals and bioactive 
ingredients in functional foods for improving human health 
has shown significant potential for development through the 
application of nanotechnology. It might improve the disso-
lution of micronutrients and bioactive ingredients, improve 
their bioavailability, and maintain their stability throughout 
processing, storage, and administration (Chen et al., 2006).

Shamprasad et al. (2022) investigated the effects of Cro-
talaria juncea extract and Kaempferitrin (KF)-based Ag NPs 
and Cu NPs on the methicillin-resistant S. aureus plank-
tonic mode of growth. Both NPs have identical destruc-
tion kinetics to prevent the infection from spreading and 
have an impact on the hydrophobicity and permeability of 
the membrane. When administered KF/AgNPs, the liver’s 
morphology appeared virtually identical to that of a healthy 
liver and did not exhibit any significant cytological changes. 
Afzelin and quercetrin from Crotolaria tetragona were used 
by Lotha et al. (2018) to synthesise Ag NPs. Against Pseu-
domonas aeruginosa and Salmonella typhi, AgNPs showed 
significant bacteriostatic and bactericidal activity. Based 
on time-kill assays, green-synthesised AgNPs had a bac-
tericidal effect on Salmonella typhi that was equivalent to 
that of chemically synthesised AgNPs. Fluorescent imaging 
and SEM imaging demonstrated the antibiofilm capability 
of AgNPs, which were extremely efficient at sub-MIC con-
centrations in generating 50% biofilm inhibition against the 
food-borne pathogen Salmonella typhi. Uresti-Porras et al. 
(2021) studied the role of ZnO NPs in the interaction with 
the nutritional composition of bell pepper plants. ZnO NPs 

Fig. 4  Antioxidant activity of 
MNPs
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have improved the contents of N, P, Mn, Mg, Fe, ascor-
bic acid, and antioxidant activity. Lydia et al.‘s investiga-
tion (2020) revealed that yoghurt was added to Au NPs to 
improve their nutritional content. The Au NPs were syn-
thesised using Punica granatum L. seed oil. The use of this 
functional yoghurt in food, nutraceuticals, and medicines 
might be crucial. In the study by Guo et al. (2015), the Ca 
alginate NPs loaded with collagen peptide can be exploited 
as a novel Ca supplement in the food sectors.

Nanofiltration

Nanofiltration (NF) is an energy-efficient membrane separa-
tion technology that can successfully reject multivalent ions 
and organic molecules (Zhang et al., 2022). NF membranes 
are the membrane technology that is most widely used, and 
they may be used in the food industry as they are reliable, 
affordable, and have standardised operations (Yadav et al., 
2022). For the fractionation, concentration, and purification 
of various products and by-products, NF has developed into 
a technologically and economically appealing operation in 
the food processing sector (Cassano et al., 2019; Mohammad 

et al., 2019). The major applications of NF in different food 
sectors are presented in Table 1.

Wastewater discharged during food processing and other 
food-related operations may include a variety of organic and 
inorganic pollutants. This polluted wastewater is cleaned up 
using MNPs-based nanomaterials before it is released into 
the environment. One of the emerging techniques for the 
removal of organic and inorganic contaminants in surface 
water is nanofiltration (NF) (Didi, 2021; Shon et al., 2013). 
NF has been considered a potential separation method 
for producing potable water in recent decades (Guo et al., 
2022). MNPs-based materials have been successfully used 
to remove organic and inorganic pollutants and microbes 
from wastewater (Naseem and Durrani, 2021). The follow-
ing metal-based nanocomposites (Table 2) can be used in 
the treatment of wastewater released after food processing 
and containing different organic and inorganic contaminants:

Applications of MNPs in food packaging

Food degradation causes a significant risk, rendering it inap-
propriate for customers to purchase. Packaging is essential 

Fig. 5  Functions of nutraceu-
ticals
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Table 1  Application of nanofiltration in different food sectors

Food industries Applications References

Dairy Production of high-quality lactose free milk Reig et al. (2021)
Vegetable oil Separation of unnecessary components, discoloration, and solvent recovery Shi et al. (2019)
Sugar Water and colour removal, separation of non-sucrose components, and concentration of sugar Mohammad et al. (2019)
Beverages Removal of sugars from musts, reduction of volatile acidity, and control alcohol content of wines Massot et al. (2008)
Water purification Removal different inorganic and organic contaminants from wastewater released after food pro-

cessing
Mohammad et al. (2019)



1313A review on metal/metal oxide nanoparticles in food processing and packaging  

for handling food properly and preserving its quality. Pro-
tection, convenience, containment, and communicating 
with consumers are the four primary purposes of traditional 
food packaging (Ashfaq et al., 2022). Nanomaterials have 
received a lot of attention in the last decade due to their 
outstanding features that make them unique in applications 
for food packaging as they improve thermal, mechanical, 
and gas barrier capabilities (Chaudhary et al., 2020). In food 
packaging, nanomaterials can be used for improved as well 
as active packaging. The main functions of packaging are 
to increase shelf life and nutrient contents (Chadha et al., 
2022). MNPs-based nanomaterials have many improved 
properties and great potential for food packaging (Nikolic 
et al., 2021). The main advantages of MNPs-based nanoma-
terials in food packaging are presented in Fig. 6 (Adeyeye 
and Ashaolu, 2021; Coman, 2019; Kumar et al., 2021).

Common MNPs‑based nanomaterials used 
in food packaging

MNPs are a good candidate for food packaging due to their 
improved physicochemical properties, including a large sur-
face area and antibacterial properties (Adeyemi et al., 2023). 
MNPs have the capacity to destroy microorganisms through 
different mechanisms and to prevent the growth of biofilms 
(Couto and Almeida, 2022). Potential health risks may arise 
due to the migration of very small-sized MNPs into food 
from packaging and consumer exposure to nanoparticles 
(Ashfaq et al., 2022). The development of regulatory frame-
works and strategies for assessing specific biosafety risks 
remains a difficult task that requires in-depth study (Couto 
and Almeida, 2022). Some of important MNPs used in food 
packaging are described below:

Table 2  Application of MNPs-
based materials in wastewater 
treatment using NF

MNPs-based nanocomposites Contaminants removed using NF References

Fe3O4/MXene Cu, Cd and Cr Yang et al. (2021)
Fe3O4/SiO2–CS Pb, Cu and Cd Kamari and Shahbazi (2021)
ZnO/rGO Methylene blue and congo red Zhang et al. (2022)
Al2O3/NaA zeolite Pb Zhu et al. (2018)
Al/Ti2O6 As, Cd, and Pb Sunil et al. (2018)
GO/Ag Methylene blue, crystal violet, and 

safranin O
Sharif et al. (2022)

Ti3C2TX Mn, Zn, Cd, Cu, Ni, and  Pb2+ Jang et al. (2022)

Fig. 6  Advantages of MNPs-
based materials in food packag-
ing
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TiO2

Titanium dioxide nanoparticles  (TiO2 NPs) are manufac-
tured in large quantities throughout the world due to their 
use in a large number of applications.  TiO2 NPs differ in 
their physicochemical properties from their fine particle 
counterparts (Shi et al., 2013). The four common and popu-
lar  TiO2 polymorphs are anatase (tetragonal), rutile (tetrago-
nal), brookite (orthorhombic), and  TiO2 (B) (monoclinic) 
(Gupta and Tripathi, 2011).  TiO2-NPs are commonly used 
in sensors, antimicrobial agents, photocatalysis, food addi-
tives, and cosmetics (Sagadevan et al., 2022).  TiO2 has pho-
tocatalytic capabilities that make it capable of destroying 
microorganisms whenever exposed to light. The inactiva-
tion of microorganisms is facilitated by hydroxyl radicals 
and ROS that develop on the illuminated  TiO2 surface.  TiO2 
NPs may be used to coat food packaging materials, produc-
ing effective antimicrobial coatings that can maintain food 
quality, improve shelf life, and ensure food safety (Othman 
et al., 2014).

Othman et al. (2014) reported the food packaging proper-
ties of  TiO2 coated low density polyethylene (LDPE) film. 
The antimicrobial activity of  TiO2/LDPE has been investi-
gated against Escherichia coli under different conditions. 
The developed film has the potential to be used to package 
food, extending its shelf life while maintaining its quality 
and safety. Hosseinzadeh and others (2020) studied the 
 TiO2/chitosan-based film for effective packaging of meat. 
The meat’s physicochemical, microbiological, and other 
characteristics were evaluated after a 10-day packing. The 
synthesised material was found to be effective for the stor-
age of the meat. Tang et al. (2018) reported functional Au-
TiO2 nanocomposites in antibacterial sodium alginate film 
for food packaging. When exposed to light, the antibacte-
rial properties of the Au-TiO2/sodium alginate composite 
film have been improved by around 60% and 50% against 
Staphylococcus aureus and Escherichia coli, respectively. 
The composite film has excellent potential for use in the food 
packaging industry due to its degradable and antibacterial 
characteristics. The food packaging properties of PVA/cellu-
lose nanocrystals (CNC)/TiO2 have been investigated by Van 
Nguyen and Lee (2022). PVA/CNC/TiO2 films significantly 
avoided weight loss and deterioration in packaging experi-
ments with fresh garlic, demonstrating the promising poten-
tial of PVA/CNC/TiO2 nanocomposites for food-packing 
applications. Youssef et al. (2023) studied the food packag-
ing ability of  TiO2/low-density polyethylene (P-LDPE). On 
the basis of antimicrobial behaviour, mechanical properties, 
and permeability measurements, the synthesised nanocom-
posite has excellent potential for food packaging. Bodaghi 
and Hagh (2019) have used a clay/TiO2-nanocomposite coat-
ing and found its feasibility to lower the risk of infections 
and contamination while also enhancing the maintenance of 

pear fruit quality. Zandi et al. (2020) reported the food pack-
aging capabilities of  TiO2/ZnO/LDPE nanocomposite for 
packaging of fresh apple and grape fruits. The LDPE nano-
composite-based material with nanoparticles of  TiO2 and 
ZnO might extend the shelf life of apples and grapes during 
production and distribution. Chitosan/TiO2 nanocomposite 
was developed by Kustiningsih et al. (2019) for packaging 
and its capacity to render Staphylococcus aureus inactive. 
After a 24-hour incubation period, there were no Staphylo-
coccus aureus bacteria in the chitosan-TiO2 nanocomposite.

ZnO

Zinc oxide (ZnO) is a white-coloured and very common 
transition metal oxide. ZnO is frequently used in the cement, 
glass, batteries, ceramics, paint, lubricants, plastics, pig-
ments, and food industries. ZnO NPs have potential appli-
cations in wastewater treatment, electronics, solar cells, tex-
tiles, cosmetics, and food packaging (Gudkov et al., 2021; 
Pushpalatha et al., 2022; Song et al., 2023). The application 
of ZnO/cellulose/PVA/polyphenol-based nanocomposite in 
food packaging has been investigated by Song et al. (2023). 
Gram-negative Escherichia coli and Gram-positive Staphy-
lococcus aureus were used to determine the antibacterial 
activity, and their respective inhibition zones were 4.4 and 
6.3 mm. The suggested nanocomposite might be a potential 
material for the packaging sector due to its improved perfor-
mance and ease of degradation. ZnO/poly(butylene adipate-
co-terephthalate) (PBAT) has been reported by Venkatesan 
et al. (2017) for food packaging. Based on PBAT and ZnO 
NPs, antimicrobial films were developed. The mechanical 
and thermal stability of the nanocomposites have signifi-
cantly increased. The PBAT/ZnO nanofilms have excellent 
antibacterial activity against Staphylococcus aureus and 
Escherichia coli. Jamali et al. (2023) investigated the effi-
cacy of a biodegradable film for food packaging comprised 
of PVA and ZnO. The results indicate that introducing 
ZnO-NPs to PVA biofilms increases the stability of the bio-
films. Physical and mechanical properties were significantly 
improved. An in-depth analysis of fruit quality, related fea-
tures, and biofilm stability was discussed. Li and coworkers 
(2011) studied in vitro and in vivo the antimicrobial packing 
of ZnO/polyvinyl chloride (PVC) films against Escherichia 
coli. The film’s inhibitory action increased with the amount 
of ZnO nanostructure. On the basis of these findings, the 
nano-ZnO-coated film shows great potential for making 
antimicrobial packaging resistant to Escherichia coli and 
lowering the risk of microbial growth on freshly cut fruit. 
Ali and Hameed 2022) reported the food packaging capabil-
ity of ZnO/TiO2/cellulose acetate-based nanocomposite film. 
The developed films’ superior wettability and antibacterial 
activity suggest they may be used in the packaging industry. 
Rihayat et al. (2019) studied the role of PLA (poly lactic 
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acid)/ZnO/chitosan nanocomposite in antimicrobial food 
packaging. Nanocomposites were found to be efficient for 
inactivating Escherichia coli and Staphylococcus aureus, 
based on antimicrobial evaluation.

Al2O3

The common forms of aluminium oxides are α-, β-, and 
γ-  Al2O3. α-Al2O3 is also known as alumina; on heating 
aluminium hydroxides approximately at 400 °C, γ-Al2O3 is 
formed. The irreversible transformation from γ- to α-Al2O3 
takes place after heating at temperatures greater than 1100 
0C. β-Al2O3 is a mixture of aluminates of alkali and alkaline 
earth metals. It contains a comparatively higher amount of 
aluminium oxide (Gudkov et al., 2022). Nano-aluminium 
oxide-based materials are also a potential candidate for food 
packaging in the food industry (Tavakolian et al., 2021; Yak-
doumi et al., 2020; Simakin et al., 2022; Shittu et al., 2014; 
Burmistrov et al., 2022).  Al2O3,  SiO2, and carboxymethyl 
cellulose (CMC)-based nanofilms were investigated by 
Tavakolian et al. (2021) for their potential as food packag-
ing materials. The effectiveness of food packaging systems 
has been shown to be improved by incorporating core-shell 
NPs into the matrix of polymeric films (CMC). Yakdoumi 
and others (2020) reported polylactic acid (PLA), aluminium 
oxide  (Al2O3), and titanium dioxide  (TiO2)-based nanofilms. 
The nanofilm was more efficient than each of its two com-
ponents in inhibiting the development of Pseudomonas aer-
uginosa and Escherichia coli, respectively. Eco-friendly and 
biodegradable packaging materials based on poly(lactic)-
co-glycolic acid (PLGA) and  Al2O3 NPs have been reported 
by Simakin et al. (2022). The developed nanocomposite is 
a desirable option for use as a food packaging material due 
to its regulated mechanical characteristics, excellent anti-
bacterial activity, and high biocompatibility. Chitosan and 
alumina-based nanocomposite for food packaging have been 
reported by Shittu et al. (2014). The films’ resistance under 
high moisture conditions to microbial degradation has been 
improved by the incorporation of  Al2O3. The availability 
and outstanding biocompatibility of aluminium oxide nano-
particles make them a viable choice for coatings (Burmis-
trov et al., 2022). These coatings are intended to prevent the 
inevitable micro-damages to surfaces that take place during 
food processing, in addition to giving surfaces an antibacte-
rial surface effect.

Ag

Silver nanoparticles (Ag NPs) show excellent antimicrobial 
activities (Siddiqi et al., 2018). Ag NPs are currently used 
progressively in industrial, consumer, medicinal, food, and 
other uses. These NPs show improved optical, electrical, 
thermal, and biological properties (Zhang et al., 2016). In 

order to be used in food packaging, Ag NPs must exhibit 
high stability and slow silver ion release rates in stored 
foods (Zorraquín-Peña et al., 2020). Kowsalya et al. (2021) 
proposed a biodegradable gelatin/Ag nanocomposite-based 
film for food packaging. An improvement in the mechanical 
and barrier characteristics of nanocomposite films has been 
shown by Ag NPs inclusion. The film based on gelatin and 
Ag NPs has extended the shelf life of sapodilla fruits. Agar/
Ag-based nanocomposite films were developed by Basuma-
tary et al. (2018) for use in food packaging. The antibacterial 
properties and other physical properties have been improved 
by the addition of Ag NPs. The composite films may help 
shield wrapped (packaged) food items from UV radiation. 
Aeromonas hydrophilla, a Gram-negative foodborne path-
ogen, was successfully destroyed by the composite films. 
De Moura and coworkers (2012) reported a nanocompos-
ite made of Ag NPs and hydroxypropyl methylcellulose 
(HPMC) for food packaging. In a disc diffusion study against 
E. coli and S. aureus, the antibacterial efficacy of HPMC/Ag 
thin films was assessed based on the diameter of the inhibi-
tory zone. A hybrid nanocomposite film made of chitosan, 
gelatin, polyethylene glycol, and Ag NPs was developed by 
Kumar et al. (2018). Based on the packaging for red grapes, 
the hybrid film improved the fruit’s shelf life. As a result, 
the findings of the current study might be investigated more 
thoroughly for developing effective and economically feasi-
ble packaging materials for food applications. Bumbudsan-
pharoke et al. (2018) reported the use of Ag and low-density 
polyethylene (LDPE)-based nanocomposite in food packag-
ing. In addition to increased mechanical and other features, 
the LDPE/Ag nanocomposite film demonstrated efficient 
antibacterial action against Escherichia coli and Staphylo-
coccus aureus. On the basis of these findings, it may be 
feasible to employ LDPE/Ag nanocomposite film in food 
packaging to maintain food quality and increase shelf life.

CuO

CuO nanoparticles (CuO NPs) are used mostly as antibac-
terial agents. They have attracted a lot of attention due to 
their applications in energy storage, pharmaceuticals, sen-
sors, catalysis, the food industry, etc. CuO NPs show dis-
tinctive electrical, optical, and magnetic properties (Dagher 
et al., 2014; Devi et al., 2014; Zhang et al., 2014). Sodium 
alginate (SA)/cellulose nanowhisker (CNW)/CuO-based 
nanofilm for food packaging applications was reported by 
Saravanakumar et al. (2020). The film has shown significant 
antioxidant and antimicrobial activities against Escherichia 
coli and Staphylococcus aureus, and Candida albicans. The 
findings indicate that the food sector may employ SA/CNW/
CuO in order to reduce the drawbacks of conventional food 
packaging. The gelatin/CuO-based nanofilm was reported 
by Gvozdenko et al. (2022). Based on the results, both as an 
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independent nanofilm and as a component of other packag-
ing materials, the gelatin/Cuo-based nanofilm offers great 
potential for usage in food packaging. Esmailzadeh et al. 
(2021) have studied nanocomposites based on CuO and 
ZnO for application in antibacterial food packaging. Bacil-
lus subtilis and Enterobacter aerogenes have been selected 
as targets of the antimicrobial activities. Nanocomposites 
comprising ZnO and CuO have a strong antibacterial activ-
ity, which makes them suitable for use in food packaging. 
Bumbudsanpharoke et al. (2023) used the poly(butylene adi-
pate-co-terephthalate) (PBAT)/thermoplastic starch (TPS)/
CuO-based nanofilm as eco-friendly and biodegradable food 
packaging material. The water vapour barrier characteristic 
of the film was enhanced by the addition of CuO NPs. The 
bionanocomposite material effectively reduced the growth 
of Escherichia coli because of its antibacterial properties. 
The results of the study indicate that it is feasible to manu-
facture and utilise the PBAT/TPS/CuO bionanocomposite 
film in food packaging to maintain food quality and increase 
shelf life.

Active and intelligent food packaging

The term “active packaging” denotes an approach in which 
the food’s shelf life improves via interaction among the prod-
uct, packaging, and surrounding environment. Active pack-
aging helps to extend product shelf life as well as prevent 
microbial growth, oxidation of lipids, moisture loss, food 
contamination, etc. It involves technologies that actively 
absorb or release molecules from the food or the headspace 
of food packaging. Intelligent packaging technologies make 
accessible to consumers information on the condition of the 
food or its surroundings. It is a growth in the communication 
aspect of traditional packaging and communicates with the 
consumer based on its ability to observe, experience, and 

maintain track of changes in the environment surrounding 
the product (Ghoshal, 2018; Papargyri et al., 2005; Pereira 
de Abreu et al., 2012). Because of their incorporation into 
packaging systems or materials, active and intelligent pack-
aging systems are expected to have a promising future (Biji 
et al., 2015). These packaging systems have received a lot of 
attention in the dairy, bakery, confectionary, meat, and sea-
food industries (Bhardwaj et al., 2022). An outline diagram 
of active and smart, or intelligent, packaging systems is 
presented in Figs. 7 and 8 (Bayram et al., 2021; Velázquez-
Contreras et al., 2022; Vilela et al., 2018). Table 3 presents 
the MNPs-based materials which have been successfully 
employed in active and intelligent packaging (Abdolsat-
tari et al., 2022; Alghamdi et al., 2022; Ballesteros et al., 
2022; Eskandarabadi et al., 2019; Fathi et al., 2022; Liu 
et al., 2021; Motelica et al., 2020; Mousazadeh et al., 2021; 
Sarapulova et al., 2015; Sobhan et al., 2020; Wu et al., 2018; 
Yu et al., 2021).

MNPs and health hazards

The significance of MNPs for a number of industries is 
widely reported (Khan et al., 2021). Due to their unex-
pected interactions with many biological systems and 
cellular processes, the unique characteristics of synthetic 

Active food packaging

Active scavenging Active releasing

Moisture and
gases (CO2 and
O2 absorber)

Antioxidants,
antimicrobials,
CO2 and ethanol

releases

Fig. 7  An outline diagram for active food packaging

Smart and intelligent
packaging

Indicators and
sensors for gases,

pH, temperature, etc.

Fig. 8  An outline diagram for smart or intelligent packaging
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nanomaterials not only confer significant advantages but also 
adverse effects (Gupta and Xie, 2018). MNPs are going to 
be released into the environment or come into direct contact 
with humans due to their widespread application. As a con-
sequence, the potential risks they pose to the environment 
and human health have drawn increased attention. MNPs 
may enter the body through inhalation, the skin, or the gas-
trointestinal tract and circulate through the blood or lym-
phatic system; further, they accumulate in different organs 
(Sengul and Asmatulu, 2020; Yao et al., 2019). Table 4 pre-
sents several major health risks that tend to arise in humans 
due to MNPs, which are generally used in food processing 
and packaging.

Future perspectives

Food processing and food packaging have a special role in 
today’s era. The main objective of all these is to provide 
hygienic and nutritious food to the people. MNPs-based 
nanomaterials have made a substantial contribution to the 
advancement of higher-quality, safer, and healthier food 
products as well as food packaging. Applications of food 
processing and packaging are constantly evolving as a 
result of safety concerns and consumer awareness. There 
are risks to human health and the environment when cer-
tain hazardous materials are frequently used. The advance-
ment of nanotechnology opened up new potential for 
improvements in a wide range of industrial applications. 

The food sector has been influenced by nanotechnology in 
a variety of ways, such as processed and packaged food. 
Industries have been working on NPs that will impact 
food safety and provide health benefits. The use of anti-
microbial MNPs-based nanomaterials in the food industry 
helps protect food against harmful and spoilage-causing 
bacteria, increase shelf life, and enhance freshness. The 
toxicity risk associated with NPs for human health may 
exist. Therefore, it is advised that an effective regulatory 
system be established to deal with any health issues related 
to applications of nanotechnology.

Growing demand for a broader range of foods has given 
rise to developments in food processing and packaging 
technologies. Nanotechnology has given the food sector 
encouragement with its advancements in food process-
ing and packaging. The use of MNPs in food packaging 
intends to enhance the safety of food items from different 
pathogenic microorganisms. MNPs have demonstrated lots 
of promise for extending the shelf life of food, preserv-
ing nutritious content, and enhancing safety. MNPs are 
the nanomaterials with the best antimicrobial behaviour, 
therefore receiving great attention in food packaging. 
These nanoparticles have the potential to be used with 
other conventional food packaging materials. However, 
both advantages and hazards need to be carefully consid-
ered. Investigation continues to be required to develop reg-
ulatory frameworks and provide techniques for biosafety 
risk assessment.

Table 3  Application of MNPs-
based materials in active and 
intelligent food packaging

MNPs-based materials Active and intelligent 
packaging

References

NaAlg/PEO/Ni/ZnO Active Alghamdi et al. (2022)
Laponite/Ag Active Wu et al. (2018)
ZnO Intelligent Mousazadeh et al. (2021)
ZnO/polyvinylpyrrolidone Intelligent Sarapulova et al. (2015)
ZnO/Fe-MMT Active Eskandarabadi et al. (2019)
ZnO/chitosan Active Liu et al. (2021)
Poly(lactic acid) (PLA)/Cellulose/ZnO Active Yu et al. (2021)
Polyaniline/ZnO/CuO Intelligent Abdolsattari et al. (2022)
carboxymethyl chitosan (CMCS)/SPA/CuO Intelligent Fathi et al. (2022)
Ag/activated carbon/cellulose nanofiber Intelligent Sobhan et al. (2020)

Table 4  Health hazards of some 
commonly used MNPs in food 
processing and packaging

MNPs Health hazards to humans References

Ag Toxic to vascular system, liver, lung and reproductive system. Ferdous and Nemmar, (2020)
CuO Oxidative stress, cytotoxicity, inflammation, and immunotoxicity. Naz et al., (2020)
TiO2 Oxidative stress, metabolic change, and carcinogenesis. Grande and Tucci, (2016)
Al2O3 Hepatocellular toxicity, redox homeostasis, DNA damage, and 

neurodegeneration.
De et al., (2020)

ZnO Mitochondrial dysfunction, cytotoxicity, and oxidative stress. Elshama et al., (2018)
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