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ABSTRACT

The food industry prioritizes food safety throughout the entire production process. This involves closely monitoring
and evaluating all potential sources of biological or chemical contamination, starting from entering raw materials
into the production chain and continuing to the final product. Biofilms on food surfaces or containers can harbor
dangerous pathogens, such as Listeria monocytogenes. Therefore, it is essential to continuously manage microbial
contamination on food contact surfaces to prevent foodborne infections. Recently, there has been increasing interest
in using nanomaterials as surface coatings with antimicrobial properties in the food industry, especially since tradi-
tional disinfectants or antibiotics may contribute to developing resistance. However, the use of antibiofilm materials
for long-term food storage remains underexplored, and there is a notable lack of focused reviews on nanomaterial-
based antibiofilm coatings specifically for long-term food preservation. This review aims to consolidate recently
reported nanoparticle-based antibiofilm food packaging materials. We discuss the effectiveness of various metal and
metal oxide nanoparticles and biopolymer nanocomposites in combating biofilms. Additionally, we highlight the
growing importance of biodegradable nanocomposite materials for antibiofilm food packaging. Furthermore, we
explore the mechanisms of action, processing methods, and safety aspects of these nanomaterials being developed
for food packaging applications.
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1 Introduction

Food packaging is crucial in safeguarding food from spoilage and preserving its quality and
shelf life. However, traditional packaging materials, primarily derived from petrochemicals, can have
adverse effects on both human well-being and the environment [1,2]. Biobased packaging materials
offer a promising solution to replace petrochemical-based packaging. These materials, derived from
sustainable sources like plants, possess desirable properties for food packaging applications [3].
Nanomaterials, including nanoparticles and nanocomposites, are also being investigated for their
potential applications in food packaging. These materials can enhance mechanical properties, improve
barrier performance, and provide antimicrobial benefits. For instance, nanocomposites based on
biobased polymers reinforced with nanoparticles can offer improved protection against oxygen and
moisture, thereby extending the freshness and durability of processed food. Based on their objectives
and functional requirements, food packaging can be categorized as passive packaging (for maintaining
thermal stability and mechanical strength), active packaging (utilizing antimicrobial compounds,
oxygen or free radical scavengers), intelligent or smart packaging (incorporating time-temperature
and gas indicators), and sustainable or green packaging, which addresses environmental pollution
concerns [4,5].

Biofilms are communities of bacteria that adhere to surfaces. They are not simply collections
of individual bacteria, but rather complex populations with diverse gene expression profiles that
contribute to their ecological success [6,7]. Biofilm formation relies on quorum sensing, a process
of intercellular communication. During biofilm formation, individual cells aggregate on a surface
and attach to extracellular polymeric substances (EPS). Bacterial biofilms make bacteria resistant to
many antibiotics because the drugs cannot penetrate the biofilm structure [8]. As a result, biofilms
are implicated in numerous bacterial diseases. Biofilm formation on medical devices such as implants,
catheters, and dialysis equipment can be particularly problematic in hospital settings. Nanotechnology
can be utilized to encapsulate or deliver quorum sensing inhibitors that disrupt the signaling pathways
involved in biofilm formation, thereby preventing microorganisms from coordinating the formation of
biofilms. Furthermore, nanotechnology-based biosensors integrated into food packaging can detect
the presence and growth of biofilms [9].

In recent years, there has been a growing interest in the unique physicochemical properties of
nanocomposites with antimicrobial properties in food packaging. Many review reports have primarily
focused on the use of functional biopolymer-based nanocomposites [10], inorganic nanoparticles [11],
and metal oxides [12] in food packaging. Recently, Qi et al. investigated the application of composite
nanomaterials in addressing biofilm formation in the medical industry. They discussed the potential
effectiveness of organic, inorganic, and organic–inorganic hybrid nanocomposites in traditional
antibiofilm treatments as well as innovative phototherapy methods [13]. Jamwal et al. investigated
the potential risks of using nanomaterials in food packaging while underscoring the necessity for con-
tinued advancements in this area [14]. Mishra et al. concentrated on biopolymer blends, biodegradable
bio-nanocomposite materials, and the synthesis and characterization techniques currently employed
in smart food packaging [15]. Their study highlighted the challenges hindering the widespread
adoption of biopolymer nanocomposites and explored future opportunities for developing sustainable
and innovative food packaging solutions. Similarly, Brandelli explored the role of nanotechnology
in food packaging, particularly the use of nanostructured materials to produce packaging with
antimicrobial properties [16]. The study emphasized how nanostructures can serve as carriers for
natural antimicrobials, showcasing recent research demonstrating their potential to enhance food
safety and extend shelf life. While several reports have been published, there is a lack of information
on using nanocomposites to combat biofilm-forming microbes in food packaging applications.
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In this review, we discuss the importance of nanotechnology-based approaches. We thoroughly
discuss the effectiveness of nanoparticles made from silver, selenium, and metal oxides as antibiofilm
agents. Finally, it highlights the growing popularity of biopolymer nanocomposites as antibiofilm
materials for food packaging. By summarizing the application of each composite in different food
systems, this review provides valuable information to food scientists for the development of innovative
food packaging materials.

2 Strategies for Controlling Biofilm in the Food Industry

Scheme 1: Biofilm control strategies employed in the food industry
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The food industry faces major challenges from biofilm-forming microorganisms, which not only
spoil food and cause foodborne illnesses but also show high antibiotic resistance and harbor virulent
factors [17]. This section describes the various strategies adopted by the food industry to control
biofilm development. To combat foodborne illnesses, it is essential to prevent biofilm formation
by regularly cleaning surfaces with strong chemical disinfectants like hypochlorites, quaternary
ammonium compounds, peroxides, aldehydes, and phenols [18]. Additionally, the industry must adopt
strategies to regulate microbial signaling pathways, disrupt mature biofilms using bacteriophages,
and apply anti-quorum sensing (QS) compounds, matrix-degrading enzymes, and diguanylate cyclase
inhibitors as antibiofilm agents. Anti-QS agents, such as those limiting N-acyl homoserine lactones
(AHLs), are particularly effective. Moreover, eco-friendly antibiofilm coatings, nanotechnology,
disinfectants, surfactants, essential oils, and non-thermal plasma are necessary to prevent biofilm
formation. Addressing drug resistance and reducing excessive antibiotic use are crucial to combat
persistent biofilms [19] (Scheme 1). While conventional biofilm control strategies have several intrinsic
limitations, nanotechnology-empowered strategies for food preservation have started taking center
stage in recent times due to their myriad benefits. These have been discussed at length in the subsequent
section.

2.1 Nanotechnology to Manage Biofilm Formation

Researchers have been exploring the use of nanotechnology to combat bacterial infections caused
by biofilms. Nanoparticles have shown great promise in fighting these infections, and research in this
field is rapidly growing. These nanoparticles possess antimicrobial properties, effectively preventing
the growth of biofilm-forming microorganisms. They can be integrated into packaging materials
or applied as surface coatings to prevent biofilm formation actively. Biosensors can detect specific
biofilm-related molecules, providing real-time feedback, allowing for actions such as alerting con-
sumers or signaling the need for package replacement. Nanoscale surface modifications offer a viable
approach to deter biofilm adhesion on food packaging by altering surface properties, making them
less conducive to microorganism adhesion. Examples include nanostructured coatings, nanotextured
surfaces, or hydrophilic/hydrophobic patterning, which repel biofilm-forming microorganisms [20].
Furthermore, nanocarriers can deliver biofilm-inhibiting agents or antimicrobial compounds directly
to packaging surfaces, providing sustained antimicrobial effects and preventing biofilm formation
over time [21]. The antimicrobial effectiveness of metal ions supported on nanostructures stems
from their small size and high surface area, allowing enhanced interaction with bacteria. Their
action is linked to reactive oxygen species production, causing DNA damage and oxidative stress
in cells. Bacterial polysaccharides attract metal cations through electrostatic attraction, leading to
changes in cell membrane structure and permeability. Metal ions on nanostructures can impair protein
function through protein carbonylation, causing cellular damage. Additionally, metal oxides and ions
disrupt DNA replication and cell division, impacting bacterial signal transduction (Scheme 2) [22].
Certain nanoparticles such as silver, selenium, metal oxide, and biopolymeric nanomaterials improve
the treatment efficacy. The following subsections describe the different categories of antibiofilm
nanomaterials and their merits and limitations.
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Scheme 2: Mechanism of action of nanomaterials used for food packaging

2.1.1 Silver Nanoparticles against Biofilm

Silver nanoparticles (AgNPs) possess strong antimicrobial properties against various microbes,
including those commonly found in biofilms [23]. Incorporating AgNPs into food packaging materials
such as films or coatings can help prevent biofilm formation and reduce bacterial growth [24]. AgNPs
disrupt bacterial adhesion and growth, inhibiting biofilm formation and maintaining the safety and
quality of packaged food products [23]. The use of AgNPs against biofilm-forming microorganisms
is outlined in Table 1.

A combination of AgNPs, gold nanoparticles (AuNPs), and chitosan has been shown to exhibit
antibacterial characteristics, effectively inhibiting biofilm formation and reducing bacterial metabolic
activity. Chitosan prevented biofilm development at concentrations ranging from 0.31 to 5 mg/ml,
while nanoparticles combined with chitosan significantly reduced metabolic activity by at least
80%. The disruption of bacterial membranes by chitosan and AgNPs causes leakage of internal
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components from planktonic cells, further inhibiting microbial growth [23]. Additionally, combining
zinc oxide nanoparticles (ZnONPs) with AgNPs on polyester surfaces has shown significant efficacy in
preventing biofilm formation by harmful bacteria such as Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus). These nanoparticles also inhibit biofilms causing Listeria monocytogenes (L.
monocytogenes). A combination of 850 ppm AgNPs and 400 ppm ZnONPs has demonstrated strong
antibacterial effects, reducing E. coli CFU/cm2 levels by 5.80 log and S. aureus by 4.11 log. In humid
conditions, AgNPs at 500 ppm effectively prevent biofilm formation by L. monocytogenes [25].

Furthermore, functionalized stainless-steel surfaces with silver coupons exhibit lower counts of
adherent S. aureus cells compared to E. coli. Cathodic sputtering of silver onto stainless steel lowers
the microbial load on surfaces, with silver ions from the coating reducing both Gram-negative and
Gram-positive bacteria. This highlights the potential use of silver-functionalized surfaces in the food
industry to reduce microbial adhesion and biofilm formation [24]. Alumina discs coated with biogenic
AgNPs show enhanced hydrophobicity and a significant reduction in microbial adhesion over 99.9%
for both Gram-negative and Gram-positive bacteria, and over 90% for fungal isolates. These surfaces
offer antibacterial properties, inhibit biofilm formation, and maintain biocompatibility with Caco-2
and HaCaT cell lines [26].

A study by Griffith et al. examined the antimicrobial effectiveness of silver zeolite coatings in
minimizing contamination. Silver zeolite effectively prevents biofilm formation caused by common
foodborne pathogens such as Listeria innocua (L. innocua) Seeliger and E. coli O157:H7. At a
concentration of 0.3% w/v, silver zeolite inhibited L. innocua growth for up to 8 h. Its effectiveness
against E. coli depended on dosage, showing reduced bacterial numbers after 4 h. This suggests silver
zeolite’s potential as a coating material to enhance food safety and prevent microbial contamination
on food-contact [27].

In a study conducted by [28], the antibacterial activity of two novel active films with silver, as
IONPURE IPL, and ethyl lauroyl arginate (LAE®) respectively was assessed. One of these films
was fabricated by incorporating silver in a low-density polyethylene (LDPE) matrix while the other
was fabricated using an LAE® incorporated biofilm material INZEA F19. While silver incorporated
LDPE films showed no antibacterial activity against E. coli and Aspergillus flavus, LAE® incorporated
INZEA F19 reduced the growth of Salmonella enterica (S. enterica) but did not inhibit the growth of
Aspergillus flavus. Interestingly, a 99.99% reduction in growth of Pseudomonas putida was observed
when active polystyrene (PS) pads incorporated with LAE® were used. Notably, LAE® retained its
antibacterial action against S. enterica even after thermal treatment at 180°C for 6 and 15 min
(Fig. 1) [28].

The effects of AgNP-functionalized stainless-steel surfaces on biofilm formation and bacte-
rial adhesion were thoroughly examined. Thin silver film coatings on polybutylene adipate-co-
terephthalate (PBAT) and cellulose nanocrystal (CNC) nanocomposites showed improved crys-
tallinity, ranging from 51% to 56%. These nanocomposites, created by solution casting with varying
CNC concentrations (0.8, 1.5, and 2.3 wt%) and coated with silver thin films using magnetron
sputtering, led to a significant 56% reduction in E. coli-induced biofilm, indicating potential use in
food packaging [29]. Similarly, a poly (dimethyl siloxane) (PDMS) coating with AgNPs demonstrated
remarkable antimicrobial activity, showing a 22-fold increase in effectiveness against E. coli and S.
aureus compared to untreated PDMS. This was achieved using the solution blow spraying (SBS)
technique to deposit AgNPs on partly crosslinked PDMS [30].

Additionally, the modification of a poly(butylene succinate-co-terephthalate) (PBST) matrix
with Magnesium oxide (MgO)/AgNPs created PBST/MgO/Ag nanocomposite films. These films
not only enhanced the mechanical, thermal, and barrier properties of the matrix but also exhibited
excellent antibacterial activity against S. aureus, E. coli, and Salmonella paratyphi [31]. Furthermore,
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a study developed an antimicrobial polymer blend with immobilized fine silver nanophases (∼25 nm),
showing exceptional efficiency in inhibiting foodborne pathogens such as S. aureus and S. enterica.
The biomaterial showed exceptional efficiency in inhibiting the mentioned pathogens, making it a
promising biodegradable food packaging material [32].

Table 1: Application of silver nanoparticles for antibiofilm food packaging

Composite Incorporation level Antimicrobial capacity Other physical
properties

Limitations References

Chitosan and
AgNPs

AgNPs 0.075–75 mg
L−1

The biofilm mass was not
removed, but its metabolic
activity was reduced by at
least 80%.

—— Biofilm growth
was only prevented
by nanoparticles
when the greatest
doses were used.

[23]

Stainless steel
surface with silver

The AISI 304
stainless steel with an
Ag film of 2-inch
diameter and 99.9%
purity

Decreased Gram-positive
and Gram-negative
bacterial loads. The
cathodic sputtering has
shown to be successful in
lowering the adherent
microbial load.

—— The functionalized
sample showed
small increase in
roughness.

[24]

Alumina discs
functionalized with
biogenic AgNPs

Alumina discs, 17
mg/mL of AgNO3,
and 20 mg/mL of a
phytoextract solution

The fungal isolate showed a
decrease of over 90%, while
both Gram-positive and
Gram-negative bacteria
showed a decrease of over
99.9% in CFU mL−1.

Improved
hydrophobicity.

Roughness was
observed on the
surface of the
functionalized
samples.

[26]

IONPURE IPL
incorporated
LDPE films

Ag_50—LDPE film
with 2% of
IONPURE IPL
(0.036% silver)
incorporation

—— No antibacterial
effects against A.
flavus and E. coli

[28]

Ethyl lauroyl
arginate (LAE

®
)

incorporated
biofilms

LAE_50—INZEA
F19 biofilm with 6%
LAE incorporation

S.enterica growth decreased. —— Aspergillus flavus
was not affected

[28]

Ethyl lauroyl
arginate (LAE

®
)

incorporated
polystyrene pads

LAE
®

—30 mg/mL
for spraying and 22
mg/L for total
immersion

Reduction in P. putida
growth by 99.99%.

—— —— [28]

Silver zeolite Silver zeolite coated
stainless sheets in
0.01 M AgNO3

Reduced bacterial adhesion
of E. coli O157:H7 and L.
innocua Seeliger.

—— —— [27]

Ag-NPs and
ZnO-NPs

Ag-NPs (400, 500,
650, 850 ppm),
ZnO-NPs(400, 500,
650, 850 ppm)

At a concentration of 850
ppm, AgNPs along with 400
ppm ZnONPs exhibited
good antibacterial efficiency
against E. coli (5.80 log
CFU/cm2) and S. aureus.
At concentrations of 500
ppm, AgNPs prevented
biofilm formation of L.
monocytogenes under humid
growth conditions.

—— Optimization of
the long-term
durability of
surfaces with
antibacterial
qualities is needed.

[25]

(Continued)
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Table 1 (continued)

Composite Incorporation level Antimicrobial capacity Other physical
properties

Limitations References

Surface-
functionalize
stainless steel and
polyethylene with
AgNPs

PE (20 × 20 × 1 mm)
and SS AISI 304 (10
× 10 × 1 mm) are
functionalized with
AGNP

Reduce bacterial adhesion,
reduce the occurrence of
biofilms.

The solid-liquid
contact has
increased
hydrophobicity.

—— [33]

PBAT contain
CNCs

PBAT (5 g) and CNC
(1.5 wt%) based
nanocomposites

Decrease biofilm formation
of E. coli on
nanocomposites
(antibacterial properties).

Improved in
thermal and
mechanical
properties.

—— [29]

PDMS coatings
with AgNPs

AgNO3 at 0.18 wt%
and carboxymethyl-
cellulose at 0.4
wt%

The film eliminated
planktonic cells and
prevented biofilm formation
of S. aureus and E. coli.

Increased surface
irregularity and
hydrophobicity.

—— [30]

Abbreviations: AgNPs: Silver nanoparticles; PDMS: Poly(dimethyl siloxane); PBAT: Polybutylenes adipate-co-terephthalate; CNC:
Nanocrystals; LAE: Ethyl lauroyl arginate; ZnO-NPs: Zinc oxide nanoparticles.

Figure 1: Diagrammatic illustration of silver incorporation and ethyl lauroyl arginate in different
matrices [28]

2.1.2 Selenium Nanoparticles against Biofilm

Nanostructures made of silver, copper, zinc, titanium, and selenium have shown potential in the
field of food safety and technology, despite potential hazards associated with some of them [34,35].
Table 2 presents the use of selenium nanoparticles (SeNPs) as antibiofilm food packaging materials.
Selenium plays a role in thyroid hormone metabolism, cellular redox state regulation, and protection
against reactive oxygen species. SeNPs were synthesized using the cell-free supernatant of Bacillus
licheniformis, which was isolated from food wastes. Six foodborne pathogens, including Enterococcus
faecalis, Bacillus cereus, E. coli O157:H7, S. aureus, Salmonella enteritidis, and S. Typhimurium, were
found to be susceptible to the antibiofilm and antimicrobial properties of biosynthesized selenium
nanoparticles with a diameter range of 10–50 nm [35]. The SeNPs showed a minimum inhibitory
concentration (MIC90) of 25 mg/mL against all tested bacteria, effectively inhibiting their growth.
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Additionally, the SeNPs displayed antibiofilm activity at a concentration of 20 mg/mL against all
examined bacteria, except B. cereus. Furthermore, the established biofilms were removed at concen-
trations of 75 mg/mL, and the SeNPs did not exhibit any toxicity to Artemia larvae [35]. Ullah et al. [21]
conducted a study using SeNPs produced by Bacillus subtilis, and their antibacterial activity was
assessed using the agar overlay technique. The results demonstrated that the SeNPs exhibited similar
antibacterial effects against Pseudomonas aeruginosa, Salmonella typhi, and S. aureus at concentrations
of 150 and 200 μg/mL. Notably, the SeNPs caused breakdown of the bacterial cell membrane in both
S. aureus and P. aeruginosa. Significant anti-biofilm activity was observed at 700 μg/mL concentration
against pathogenic strains capable of forming biofilms by SeNPs. The SeNPs dispersed biofilms of P.
aeruginosa (85.7%), S. typhi (89.6%), and S. aureus (78.3%) within a time span of 15 min [21].

Table 2: Application of selenium nanoparticles for antibiofilm food packaging

Composite Incorporation
level

Antimicrobial
capacity

Other physical
properties

Limitations References

Biosynthesize
SeNPs by B.
licheniformis

The antibiofilm
concentration
was 20 mg/mL,
but MIC90 of
SeNPs was
25 mg/mL

Inhibited the
growth of
B.cereus, S.
aureus, E. coli,
E. faecalis, S.
typhi, and S.
enteritidis

——- Do not removed
the established
biofilm up to 50
mg/mL.

[35]

No toxicity on
Artemia larvae by
SeNPs upto 100
mg/mL

Bacillus subtilis
BSN313
generated
SeNPs

150–200 μg/mL
of SeNPs

Inhibited
biofilm
formation

——- —— [21]

Abbreviations: SeNPs: Selenium nanoparticles; MIC: Minimum inhibitory concentration.

2.1.3 Metal Oxide Nanoparticles against Biofilm

Metal oxide nanoparticles have been extensively studied for their potential in food packaging,
particularly for their ability to combat microbial biofilms. Nanoparticles such as silver oxide, titanium
dioxide (TiO2), and zinc oxide (ZnO) offer strong antibacterial properties that help prevent microbial
contamination [36]. When integrated into packaging, these nanoparticles release metal ions or generate
reactive oxygen species (ROS) upon exposure to moisture or light, effectively inhibiting bacteria,
fungi, and other microorganisms. Silver oxide nanoparticles, for instance, release silver ions (Ag+)
that interact with microbial cells, disrupting their functions and preventing growth. Similarly, TiO2

nanoparticles generate ROS, such as hydroxyl radicals, which damage microbial cell membranes
[20,36].

Another approach to food packaging involves using metal oxide coatings to enhance antibacterial
properties. A notable method includes the use of a nano-CuO coating on copper foil (Cu(CuO)),
which produces reactive chlorine species (RCS) in situ, suppressing biofilms and killing bacteria
on contact. This approach successfully treats bacteria like S. aureus and E. coli by employing
heterogeneous Fenton chemistry to generate ROS, damaging bacterial cells. The concentration of H2O2

and Cl– in the environment also influences bacterial growth. Furthermore, the NO2-Cu-Fenton system
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has shown enhanced performance in eliminating biofilms and killing bacteria, proving particularly
effective against E. coli and S. aureus in food and water [37]. Moreover, a blend film consisting of
pullulan/collagen/ZnO nanoparticles has been found to be effective against A. niger and has shown
potential as an edible food packaging material due to its water solubility [38]. Another antibacterial
composite such as PAL@ZnO, created by incorporating natural palygorskite (PAL) nanorods into a
chitosan/gelatin (CS/GL) matrix. This material enhances mechanical strength, water resistance, and
thermal stability, while effectively combating E. coli and S. aureus [39]. Furthermore, anthocyanins
extracted from purple potatoes or roselle were used to modify a chitosan/polyvinyl alcohol/nano-
ZnO (CPZ) based film, which displayed strong antibacterial activity against S. aureus and E. coli,
while also being capable of monitoring the spoilage status of packaged shrimp through changes in
pH caused by microbial spoilage [40]. Additionally, antimicrobial nanocomposites containing ZnO-
NPs with gelatin and tragacanth significantly inhibited bacteria such as S. aureus and E. coli, while
enhancing the mechanical properties of the packaging [41]. The zinc sulfide nanoparticles (ZnS NPs)
also possess antibiofilm activity and, like ZnO NPs, have potential applications in the food industry.
Both ZnO and ZnS NPs were equally effective in killing bacteria, with S. aureus being more susceptible
compared to P. aeruginosa and Klebsiella oxytoca [42].

Nanocomposite films composed of bovine gelatin and magnetic iron oxide (MIO) nanoparticles
(5–20% w/w) have significantly improved mechanical and barrier properties, with optimal performance
observed at a 10% concentration. Notably, the 20% MIO nanocomposites exhibited the highest
antimicrobial activity against E. coli (7.1 mm) and S. aureus (8.22 mm). These gelatin/MIO films were
further evaluated for their potential to extend the shelf life of grapes, underscoring their suitability
as biodegradable packaging materials [43]. Liu et al. reported that soluble soybean polysaccharide
composite films incorporating 5 wt% nano zinc oxide and 10 wt% tea tree essential oil exhibited
enhanced water vapor barrier properties, thermal stability, and UV protection. Although there was
no change in tensile strength and elongation, light transmittance at 600 nm decreased from 85.5%
to 10.1%. These films demonstrated a DPPH radical scavenging activity of 67.7% and exhibited
strong antibacterial effects against E. coli and S. aureus, indicating their promising potential for active
packaging applications [44]. Additionally, an active packaging biofilm developed from biodegradable
poly(butylene adipate-co-terephthalate) (PBAT), combined with 2% copper oxide nanoparticles
(CuO-NPs) and varying amounts of enzymatically prepared nanocellulose fibers, showed enhanced
thermal stability, improved mechanical strength, and robust antimicrobial activity against both Gram-
positive and Gram-negative bacteria, as well as unicellular and filamentous fungi [45].

Purohit et al. examined the antimicrobial effects of nanoceria-infused chitosan-based biopolymer
films for food packaging, finding significant antimicrobial activity against E. coli and L. monocyto-
genes, particularly under visible light. This antimicrobial effect is attributed to nanoceria’s ability to
alternate between oxidation states (Ce3+ and Ce4+), which enhances its photocatalytic properties [46]. In
a related study, Osman et al. explored hydroxypropyl-methyl cellulose (HPMC) films that incorporated
Al2O3 and SiO2 nanoparticles (NPs) to target foodborne pathogens such as Bacillus cereus, S. aureus,
and S. Typhimurium on chicken fillets. The nanoparticles, approximately 80 nm in size and applied at
a concentration of 80 ppm, exhibited substantial antimicrobial efficacy, reducing microbial loads by
2–3 log10 CFU/cm2 over 15 days of refrigerated storage [47]. Additionally, Momtaz et al. developed
gelatin/chitosan (GEL/CS) nanocomposite films enhanced with nickel oxide nanoparticles (NiO NPs)
for active food packaging. The inclusion of optimized concentrations of NiO NPs significantly
improved the films’ mechanical, barrier, and thermal properties, with tensile strength increasing from
23.83 MPa (without NPs) to 30.13 MPa with the addition of 1% NiO NPs. These films demonstrated
strong antibacterial activity against the Gram-positive bacterium S. aureus compared to the Gram-
negative bacterium E. coli. Toxicity assessments further revealed that the films were non-toxic to
fibroblast cells, achieving a survival rate exceeding 88% [48].
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The development of new materials and coatings continues to push the boundaries of food
packaging technology. For example, a photocatalyst called graphitic carbon nitride (g-C3N4) has been
studied for its potential to prevent and remove biofilms. Unlike TiO2, which requires ultraviolet light,
g-C3N4 harnesses visible light. When exposed to white LEDs, it effectively disrupts biofilm formation,
progressing from the surface to the core, facilitated by ROS diffusion [20].

Another study explored silver-graphene-TiO2 nanocomposites for controlling the growth of
Campylobacter jejuni. These nanocomposites induced leakage of proteins and DNA from bacte-
rial cells, reduced bacterial motility and hydrophobicity, and significantly inhibited biofilm forma-
tion. Importantly, these synthesized nanoparticles were confirmed as non-cytotoxic to human cells
[49]. According to the research findings, Similarly, nanocomposites combining silver, ZnO, reduced
graphene oxide (rGO), and polyethylene glycol (PEG) showed robust anti-biofilm activity. the biofilm
formation of Saureus and P. aeruginosa bacteria was robustly inhibited due to the pronounced anti-
biofilm effects of AZGP nanocomposites. The AZGP nanocomposite, containing 0.05 M silver
nitrate and a dosage of 31.25 μg/mL, inhibited around 95% of biofilm formation while maintaining
antimicrobial activity for up to 90 days (Fig. 2) [50].

Figure 2: Illustration of the production process of silver-incorporated ZnO-rGO-PEG (AZGP)
nanocomposite [50]

Silica nanoparticles (SNPs), a type of metal oxide nanoparticle, are effective in mitigating biofilms
due to their high surface-to-volume ratio, which enhances interactions with microbial cells and biofilm
matrices. In food packaging, SNPs can prevent microbial attachment and growth, disrupt biofilm
structures, and exhibit antimicrobial activity by damaging microbial cell membranes, inhibiting
biofilm formation [34].

One promising application involves SNPs encapsulating basil oil, incorporated into chitosan films.
These basil oil@SiNPs films demonstrated antimicrobial inhibition against both Gram-positive and
Gram-negative bacteria, as well as pathogenic yeast. While they increased the water contact angle
and activation energy, they decreased water vapor permeability but increased oxygen permeability
[51]. SNPs are also utilized as delivery platforms for biocidal agents in anti-biofilm research. When
grafted onto polyethylene, polystyrene, and polyvinyl chloride surfaces, SNPs increased surface
nanoroughness while maintaining mechanical properties. These grafted surfaces significantly reduced
the adhesion of Gram-positive B. licheniformis or Gram-negative bacteria P. aeruginosa. This method
offers a durable anti-biofouling solution for biomedical devices, food, water treatment systems, and
industrial applications (Fig. 3) [34].
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Moreover, a study demonstrated that stainless-steel surfaces coated with silica nanoparticles
(SNPs) modified with polyethyleneimine (PEI) and polytetrafluoroethylene (PTFE) nanoparticles
in an electroless nickel coating exhibited antimicrobial and nonfouling properties. These coatings
reduced L. monocytogenes populations by over 5 log and decreased biofilm formation by more
than 2 log. The coatings also inhibited exopolysaccharide production, lowering the risk of cross-
contamination, nosocomial infections, and foodborne diseases (Fig. 4) [52]. Some recent studies
outlined the application of various metal oxides conjugated films to mitigate microbial biofilm, as
presented in Table 3.

Figure 3: Illustration depicting the incorporation of biocidal agents on nanosilica into anti-biofouling
polymers [34]

Figure 4: (Continued)
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Figure 4: Illustration depicting the bactericidal properties of Ni-PTFE-SiNP +-modified coatings (A)
and the synthesis process of SiO2@PEI NPs (B) [52]

Table 3: Application of various metal oxides for antibiofilm food packaging

Composite Incorporation level Antimicrobial
capacity

Other physical
properties

Limitations References

Nano-CuO onto
copper foil

Copper foil coated
with nano-CuO for
making Cu(CuO)
film

Killed planktonic
bacteria and
suppress the biofilm
production of S.
aureus and E. coli

—— —— [53]

Nano-CuO NO2
––Cu-Fenton,

the combination of
NO2

– + H2O2

Disrupt biofilms
with varied maturity
and
planktonic-bacteria
killing of P.
aeruginosa. RNS
(reactive nitrogen
species) act as
disinfectants

—— Limiting mass
transfer is a
significant
constraint

[37]

Silver-graphene-
TiO2
nanocomposites

Silver-Graphene-
TiO2 Composite:
200 mg Ag/TiO2

Reduced cell growth
caused by DNA and
protein leaks from C.
jejuni cells.
Decreased motility,
hydrophobicity,
autoaggregation as
well as biofilm
formation inhibition

Biocompatible
to human cell
lines

—— [49]

Graphitic carbon
nitride (g-C3N4)

g-C3N4(MCB0.07),
melamine, cyanuric
acid, and barbituric
acid (2:1.93:0.07 g)

Removes the
extracellular
polymeric substances
(EPS) and PIA
within S. epidermidis
Biofilm

Increased
stiffness

—— [20]

(Continued)
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Table 3 (continued)

Composite Incorporation level Antimicrobial
capacity

Other physical
properties

Limitations References

Nanocomposites
of
Ag-ZnO-reduced
graphene oxide
(rGO)-PEG
(AZGP)

Silver nitrate (up to
0.1 M)

Kills S. aureus and P.
aeruginosa cells and
has antibiofilm
action

Enhanced
tensile strength

——- [50]

SiO2@PEI-
functionalized
SNPs in Ni-PTFE
SiNP + Coating

SiO2@PEI NPs
(0.20 gL−1

Prevention of
bacteria growth &
Biocidal agents. The
coatings apparently
inhibit the
production of
exopoly- saccharide
by the adhered cells

Hydrophobicity
and low-
surface-energy
properties

—— [52]

Monodispersed
SNPs

Polymer (PE, PVC,
or PS) films
(4 × 2 cm)

Reduced the
bacterial adhesion,
Gram positive B.
licheniformis or
Gram-negative P.
aeruginosa

—— Decrease the
bacterial adhesion
but no notable
killing effect. Rise
in nanoroughness
by 1.6−2.7 times

[34]

Hydroxypropyl-
methyl
cellulose

Al2O3 and SiO2
nanoparticles (NPs)
of 80 nm in size

Antimicrobial
activity against B.
cereus, S. aureus, and
S. Typhimurium

—— —— [47]

Gelatin/chitosan Nickel oxide
nanoparticles (NiO
NPs) of 1%

Antibacterial activity
against
Gram-positive S.
aureus compared to
Gram-negative E.
coli

Enhanced the
mechanical,
barrier, and
thermal
properties of
the films, with
tensile strength

—— [48]

Abbreviations: g-C3N4: Graphitic carbon nitride; rGO: Reduced graphene oxide; PEG: Polyethylene glycol; SNPs: Silica nanoparticles; PEI:
Polyethyleneimine; PTFE: Polytetrafluoroethylene; PEG: Polyethylene glycol.

2.1.4 Biopolymeric Nanomaterials against Biofilm

Food packaging materials must meet specific criteria, with antimicrobial and antibiofilm packag-
ing gaining importance. Eco-friendly, bio-derived polymers are increasingly replacing petroleum-based
products. These biobased polymers include natural polymers (cellulose, chitin), synthetic polymers
(polyhydroxy alkanoates [PHA], poly(glycolic acid) [PGA]), and biobased nanocomposites, which
combine a biopolymer matrix with nanoparticles for enhanced antimicrobial properties [54,55].
Nanoparticles made from biopolymers and biosurfactants have also gained interest as they can be
produced without harmful chemicals [9]. These materials are used in films, coatings, and emulsions,
serving as active components to maintain food quality and safety [56,57]. Exopolysaccharides (EPS),
polyhydroxy alkanoates (PHA), polylactic acid (PLA), starch, lignin, and protein-based polymers
like collagen, gelatin, and gluten are currently under scrutiny for their potential as food packaging
agents [58].
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The effectiveness of various natural antimicrobial chemicals, such as citric acid, curcumin, calcium
lactate, erythorbic acid, hop extract, garlic extract, and nisin, has been evaluated as food additives and
in packaging materials. These agents were tested for their antibacterial and anti-biofilm properties
against bacteria such as L. monocytogenes, S. aureus, and E. coli. It was found that garlic extract,
erythorbic acid, and citric acid were the most effective in inhibiting bacteria. Moreover, combining
two additives resulted in better efficacy, and mixtures of all these showed higher efficiency in inhibiting
bacteria [59]. PEG-decorated GO Nanosheets have been demonstrated to enhance the efficiency
of chitosan biopolymer, providing better thermal and mechanical stability as well as antibacterial
properties [60]. Chitosan nanoparticles (CNPs) have also shown promise in preventing biofilm
formation. CNPs at a concentration of 1500 μg/mL effectively suppressed biofilm formation by P.
aeruginosa, S. aureus, and C. albicans by 91.83%, 55.47%, and 66.4%, respectively [61].

A recent study demonstrated the effectiveness of poly-L-aspartic acid nanoparticles with essential
oil in combating S. aureus biofilm contamination on food-contact surfaces. This approach shows
promise for applications in the food industry. The study confirmed the effectiveness of PASP in
damaging S. aureus biofilms by impacting metabolic activity, bacterial adhesion, and extracellular
polymeric substances. PASP was particularly effective in reducing the production of extracellular
DNA (eDNA) by 49.4%. Additionally, nanoparticles containing essential oil (EO@PASP/HACCNPs)
exhibited enhanced permeation and dispersion effects on biofilms, resulting in long-lasting anti-
biofilm activity. When tested on a 72-h-old biofilm, EO@PASP/HACCNPs reduced the population of
S. aureus by 0.63 log CFU/mL compared to the use of EO alone [62].

The use of nanocomposites in food packaging can help prevent the formation of biofilms on food.
These nanocomposite biofilms are also useful in managing plastic waste and combating infectious
diseases. For instance, Reference [22] demonstrated that electrospun fiber-based biofilms can act as
a barrier against infectious microorganisms. By incorporating polylactic acid microfibers with active
agents, nanocomposite biofilms with antimicrobial properties can be developed. The study revealed
that acetylated cellulose nanofibers, with diameters of about 83 nm, and microfibrillar structures
with diameters ranging from 1.7 to 2.4 μm, exhibited favorable characteristics for this purpose.
Moreover, these nanocomposite biofilms demonstrated antibacterial activity against S. typhimurium
and S. aureus [22]. In another study by Sun et al. it was found that starch-lignin nanoparticles
composite films exhibited impressive tensile strength and elastic modulus, surpassing pure starch film.
Additionally, lignin nanoparticles improved the thermal stability of the composite films and enhanced
UV protection, reduced oxygen permeation, and scavenged DPPH free radicals, thus delaying the
oxidation of soybean oil. Furthermore, bionanocomposites can effectively trap antimicrobial bioactive
compounds [63]. Bionanocomposites are capable of trapping antimicrobial bioactive compounds
which is a significant advantage. In a study by Cacciatore et al., it was demonstrated that carvacrol
encapsulated into nanoliposomes and polymeric Eudragit® nanocapsules significantly reduced the
presence of bacteria such as S. aureus, L. monocytogenes, E. coli, and Salmonella spp. on stainless
steel surfaces. The encapsulated carvacrol displayed regulated release and a subdued scent, making it
a desirable option for food applications [64]. The application of electrospun biodegradable polymers
in biomedical and food industries was explored by Rumbo et al. as well. Their study revealed that elec-
trospun polycaprolactone (PCL) microfibrous mesh could become colonized by pathogenic bacteria.
However, it was suggested that functionalizing PCL meshes with antimicrobial compounds can make
them effective food packaging materials, preventing bacterial adherence and biofilm development
(Fig. 5) [65].



426 JPM, 2025, vol.42, no.2

Figure 5: Schematic illustration of colonization of pathogenic bacterial strains on electrospun poly-
caprolactone fibres [65]

The research conducted by [66] revealed that composite films made of ethyl cellulose and
polydimethylsiloxane, and containing small amounts of clove essential oil, exhibited antibacterial
properties against E. coli, S. aureus, and P. aeruginosa. The clove essential oil was found to enhance
the hydrophobicity of the composite material, which comprised 20 wt% PDMS and 80 wt% ethyl
cellulose. According to the study, the presence of clove essential oil on the composites seemed to
inhibit the growth of biofilms [66]. Additionally, Reference [9] developed antibacterial nanoparticles
by combining chitosan with the biosurfactant rhamnolipid. The addition of rhamnolipid reduced the
size and polydispersity index of chitosan nanoparticles, leading to a higher positive surface charge
and increased stability of chitosan/rhamnolipid nanoparticles (C/RL-NPs). These nanoparticles
demonstrated antimicrobial activity against both planktonic bacteria and biofilms of Staphylococcus
strains. Furthermore, moderate concentrations of NPs effectively eliminated both S. aureus and
Staphylococcus epidermidis biofilms (Fig. 6) [9].

Figure 6: Schematic representation of rhamnolipid and chitosan nanoparticles and their antimicrobial
properties [9]
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Antimicrobial packaging incorporates antimicrobial compounds into the packaging material to
inhibit the growth of microorganisms [67]. This type of packaging not only helps prevent foodborne
epidemics but also extends the shelf life and maintains the quality of food products. Starch-based
materials, like chitosan, are commonly used as antibacterial agents against various microbes, and
chitosan has been effectively applied as an edible coating with strong antibacterial properties [68].
Bio-nanocomposite materials, including chitosan and starch, play a critical role in food packaging
due to their superior barrier qualities, which enhance food stability [17]. Starch is the most widely
used biopolymer for food packaging. Various antimicrobial additives, such as tea tree essential oil,
cinnamon essential oil, cassava starch, cellulose nanofibrils, neem, oregano, lemongrass essential oil,
rosemary extract, and pomegranate peel powder, are being evaluated in combination with starch-
based biopolymers as antimicrobial additives [69,70]. Furthermore, a modified antimicrobial peptide
(1018K6) was bioconjugated to polyethylene terephthalate, demonstrating antibacterial and anti-
biofilm capabilities against foodborne pathogens such as L. monocytogenes [71].

Microbial biofilm is a major concern in the food industry as it can be formed by several pathogens
such as E. coli, S. enterica, Yersinia enterocolitica, C. jejuni, S. aureus, L. monocytogenes, and E. coli
O157:H7 [72] These biofilms provide various advantages to the microorganisms, including forming a
physical barrier against desiccation, mechanical resistance against liquid streams in food industries,
and resistance to antimicrobial agents. Several methods, such as ultrasound, ultraviolet rays, magnetic
fields, as well as the application of different chemicals and inhibitors, can disrupt biofilm formation
and growth [73]. Studies have shown that incorporating phytochemicals like eugenol and thymol into
packaging materials made of poly(lactic acid), poly(butylene succinate), and PBAT improves their
antimicrobial properties against food-related pathogens like B. cereus and S. aureus [74]. Additionally,
grafting CNPs with eugenol and carvacrol enhances their antimicrobial properties against E. coli
and S. aureus [75]. An edible coating of nano-emulsion using carboxymethyl cellulose (CMC) and
cardamom essential oil (CEO) was found to be effective against E. coli and L. monocytogenes. This
coating material was also found to reduce the loss of fruit (tomato) weight significantly by maintaining
firmness and reducing oxidative stress [76]. Furthermore, the use of food additives to inhibit biofilm
formation on food can be a promising solution. Sodium citrate and cinnamic aldehyde have been
reported to prevent the growth of biofilms of S. aureus, E. coli, and P. fluorescens. Methyl eugenol
has been found to inhibit biofilm development by Gram-negative bacteria [77]. In previous research,
efforts have been made to produce various biofilm-controlling packaging materials, especially through
nanoparticle approaches such as metal oxide nanoparticles and AgNPs, silica composite materials, and
biopolymer-based packaging films, to enhance their pharmacological properties and antimicrobial
activity. The use of biopolymer-conjugated nanocomposites to combat the biofilm of various microor-
ganisms is presented in Table 4.

Table 4: Application of biopolymer nanocomposites as antibiofilm food packaging materials

Composite Incorporation level Antimicrobial
capacity

Other physical
properties

Limitations References

Nanocrystalline
cellulose or
cellulose
nanofibers

Acetylated CNF in
acetone and PLA in
chloroform. PLA in
chloroform and 2%
nZH-Cu in acetone

The nanofiber
showed
antibacterial
activity against S.
typhi and S.
aureus.

Increased in the
elastic modulus,
tensile strength,
water vapor
permeability.

[22]

(Continued)
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Table 4 (continued)

Composite Incorporation level Antimicrobial
capacity

Other physical
properties

Limitations References

Carvacrol
incorporated into
NCC and NLC

liposome containing
Carvacrol (0.106 g)

Hinder the
development of
biofilms made by
S. aureus, L.
monocytogenes, E.
coli, and
Salmonella spp.

——- ——- [64]

Electrospun
polycaprolactone
microfibrous
mesh

Dimethylformamide
and linear
thermoplastic PCL
diol polymer CAPA
6800 (12% w/v) were
used to create PCL
microfibre meshes

Antimicrobial
and antibiofilm
properties against
S.aureus, E. coli,
and P. aeruginosa.

Smooth
hydrophilicity
surface.

PCL meshes do
not appear to
affect the
bacterial
adhesion.

[65]

EC/PDMS Ethyl cellulose
solutions (0.1
g/mL), PDMS (0–20
wt%), clove essential
oil (80 wt%)

Antimicrobial
activity against
P.aeruginosa,
S.aureus, and
E.coli.

Increase opacity,
hydrophobicity,
water uptake, and
water
permeability,
flexibility and the
antioxidant
capacity.

Without essential
oil it has no
antibiofilm
property.

[66]

Rhamnolipid/
Chitosan
Nanoparticles
(C/RL-NPs)

Solutions of
chitosan,
rhamnolipid, and
TPP (0.5 mg mL−1)

Antimicrobial
and antibiofilm
activity against S.
aureus, S.
epidermidis,
staphi.

Nontoxic at
concentrations at
116/150 μg mL−1

and below.

Its effect on Gram
negative bacteria
is very low.

[9]

Abbreviations: CNC: Nanocrystalline cellulose; CNF: Cellulose nanofibers; NCC: Nanocapsules; NLC: Nanoliposomes; PCL: Polycapro-
lactone; DMF: Dimethylformamide; C/RL-NPs: Rhamnolipid/Chitosan Nanoparticles; EC: Ethyl cellulose; PDMS: Polydimethylsiloxane;
PLA: Polylactic acid.

3 Conclusion and Future Aspects

The food industry is searching for new food packaging films to prevent the growth of harmful
microorganisms. It is easier to stop the initial stages of biofilm formation than to remove an established
biofilm. ZnO and TiO2 are the most commonly used metal oxide nanoparticles in active food
packaging due to their antibiofilm properties. However, there are concerns about these nanoparticles
migrating from the packaging into the food, which can be harmful to human health. Despite these
concerns, studies have shown that incorporating certain nanoparticles can prevent biofilm formation
and improve the properties of food packaging. Green synthesis methods can help make synthesized
nanoparticles safer and more compatible with living tissues. Biopolymeric nanomaterials are thus
creating ripples in the food packaging industry due to their compatibility with living tissues and ability
to degrade naturally. By encapsulating and releasing antimicrobial agents in a controlled manner,
biopolymeric nanomaterials can provide long-lasting protection against biofilm formation on food
packaging surfaces. Additionally, combining biopolymers with other nanoparticles can create matrices
for bioactive protection and controlled delivery. These aspects not only put forth biopolymeric
nanocomposites ahead of the other types of nanomaterials but also emphasizes on the fact that
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biopolymeric nanocomposites rightly match all the criteria for serving as long term food preservation
materials. We hope that the present review justifies the reasons for the growing popularity of this
category of antibiofilm food packaging materials and will foster future research in these lines. However,
rigorous testing of these coating surfaces are required to ensure their effectiveness and safety for food
packaging. Nanotechnology can also integrate sensors and smart tags into food packaging to monitor
parameters like temperature and humidity, ensuring food safety and quality control throughout the
supply chain.
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