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Abstract: Research and development on innovative packaging materials have advanced significantly to
safeguard packaged food against microbial contamination and oxidation. Active packaging has recently
developed as a practical approach to reducing oxidation and microbiological growth in packaged goods,
extending their shelf life and protecting consumers from potential harm. Active food packaging includes O,
COz scavengers, moisture absorbers, U. V. barriers, and antimicrobial agents. Various antimicrobial agents, like
nitrates, benzoic acids etc., are incorporated into food packaging formulations. Consumers demand natural
antimicrobials over chemical/synthetic ones, such as bacteriocins, bacteriophages, and essential oils.
Bacteriophages (viruses) have emerged as a feasible option for decontaminating and eliminating infections
from food sources. Most importantly, these viruses can target specific foodborne pathogens without harming
helpful bacteria or infecting humans or livestock with sickness. Fortifying bacteriophages into food packaging
films will not only kill specific food microorganisms but has evolved as a new weapon to combat antimicrobial-
resistant (AMR) issues. The present review summarises recent developments in active antimicrobial packaging
focused particularly on bacteriophage-food packaging applications and advantages, drawbacks, and future
trends for active food packaging.
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1. Introduction

The innovation in the food packaging sector over the past few decades, driven by the more
demanding and changing desire of consumers and food packaging industries, led to the evolution of
advanced packaging technologies with augmented protection attributes more than conventional
packages [1-3]. Conventional packing materials are considered passive, with their primary role being
protection from extraneous environmental surroundings and ease of handling [4].

Packaging materials can be segmented into traditional or passive, active, intelligent, and smart
[4,5]. Out of the listed, active packaging materials show more attention as they can actively react to
the packaged foods’ internal and external environmental changes [6]. Currently, most active
packaging materials are broadly classified as antioxidants-based, antimicrobials-based, gas
scavengers/emitters based, etc. [7]. Most active-antimicrobial packaging constituents/materials are
broad-spectrum antimicrobial agents that do not target specific bacterial pathogens; hence, there is
an urgent need to fabricate antimicrobial materials with high (host) specificity to target only
pathogenic organisms without hampering beneficial bacterial population [8]. Specificity in
antimicrobial activity is crucial since pathogens may only make up a tiny percentage of the total
microbial load in food systems. [9]. In addition, many recent advances in dairy and nutraceutical-
based foods rely on the presence of non-pathogenic microorganisms. Therefore, it may be possible to
increase antibacterial potential by limiting interactions with non-targeted bacteria if pathogen-
specific antibacterial active packing materials can be developed [4,6,10].

According to the centers for disease control and prevention (CDC), following just four easy

i

steps-namely, “clean,” “separate,” “cook,” and “chill,” can considerably control foodborne illness at
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household-level [11]. However, with a growing new generation of microbial threats, including
antimicrobial resistance, consumer demands are pushing the scientist and food industry toward
strategies to increase sensory attributes, shelf life, real-time monitoring, packaging, and improving
overall quality characteristics of the foods [12,13].

In view of the above discussions, one potential approach recently attracted much attention is
bacteriophages, a green and sustainable nano-tool targeting specific pathogenic bacteria without
impacting beneficial microbiota [9,14]. In 1896, a British bacteriologist named Ernest Hanbury Hankin
discovered that water purified from India’s Ganges and Jamuna rivers had the bactericidal activity
of bacteriophages against Vibrio cholerae, publishing this work in the Annals of the Pasteur Institute [15—
17]. In 1915, Frederick Twort described the antimicrobial efficacies of bacteriophages while studying
the growth studies of the vaccinia virus on culture media (cell-free). After 2 years, in 1917, the scientist
Flix d'Herelle used bacteriophages for therapeutic purposes to treat dysentery [17]. However,
mainstream research nearly neglected phages due to antibiotic discoveries. Later in the 1980s, the
inactivation of E. coli using phage in mice confirmed bacteriophages’ better efficacy than antibiotics
[18].

Among the different forms of active packaging materials, employing bacteriophages as
antimicrobial agents have attracted much interest [19]. Numerous brief reviews on active packaging
features have been documented recently. The present review focuses on recent advances in applying
bacteriophages as active agents in biopolymer-based packaging.

An attempts to highlight the recent research findings on food packaging films/coatings by
fortifying them with bacteriophages to fulfill the need of the hour, considering the rising AMR issues
worldwide has been done.

2. Understanding bacteriophages

Bacteriophages or phages are viruses that infect bacteria, varying in size (10-250 nm) and shape,
as depicted in Figure 1 [20]. Bacteriophages are considered the most common creatures on the earth
because they are present in any habitat containing the bacteria that serve as their hosts, and are
ubiquitous [18,21]. The vast majority of bacteriophages, approximately 96% of those discovered to
date, are placed in the order of Caudovirales [22]. This order comprises bacteriophages with tails and
double-stranded DNA, and bacteriophages usually infect their bacterial hosts in a species- or even
strain-specific manner [23,24]. Based on the length of their life cycles, they may be classified as either
virulent or temperate phages [22]. Virulent phages result in the lytic cycle where the phage
binds/attaches itself to its bacterial host by injecting its genome, starts further multiplications by
utilizing the host’s cellular machinery, and lyses the host cell, concurrently releasing its posterity [25].
Lysins and holins are two types of proteins commonly used by lytic phages to destroy their host cell
[23,24]. The holins puncture the bacterial cytoplasmic layer and work as a synergy tool for the
endolysins, destroying the bacteria’s cell wall. On the other end, temperate phages infect the host by
opening a lysogenic cycle, in which the phage genome remains latent as a prophage, replicates with
their host, and may sporadically burst into a lytic phage under specific activations [26,27].
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Figure 1. Typical structure of bacteriophages under the microscope and schematically.

The Bacterial and Archaeal Subcommittee (BAVS), which is part of the International Committee
on Taxonomy of Viruses (ICTV), is responsible for categorizing and classifying bacteriophages [28—
33]. The classification is based on the different characteristic properties that a bacteriophage
possesses, such as the type of nucleic acid that it uses as its genetic material (DNA or RNA), the
structure of its capsid (tailed, polyhedral, filamentous, or pleomorphic), its activity spectrum against
various hosts, their sequence similarity, and their pathogenicity [22]. About 95% of all known
bacteriophages belong to the Caudovirales, sometimes known as the “Order of Tail Phage.” This
order comprises the three major families, Myoviridae, Podoviridae, and Siphoviridae, all of which
include phages of double-stranded DNA (dsDNA) as their genetic material [34]. Polyhedral viruses
comprise five families Microviridae, Corticoviridae, Tectiviridae, Fiersviridae, and Cystoviridae [35].
Filamentous viruses type contains Inoviridae, Lipothrixviridae, and Rudiviridae [36]. Other
important pleomorphic viruses comprise Plasmaviridae, Fuselloviridae, Guttaviridae,
Ampullaviridae, Bicaudaviridae, and Globuloviridae [30]. Figure 2 details the classification of
bacteriophages based on their morphology and nucleic acid content.


https://doi.org/10.20944/preprints202303.0080.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2023 doi:10.20944/preprints202303.0080.v1

4
dsDNA dsDNA dsDNA
Siphoviridae Podoviridae

v

SONA Tai led saDHA ssDNA

—_ viruses
ssRNA Microviridae
V

dsDNA

Corticoviridae
dsRNA

ssDNA ssDNA

Fuselloviridae Bicaudaviridae

$sDNA

ssDNA
—
Ampullaviridae
Guttaviridae '

Polyhedral - Pleomorphic
viruses viruses

dsDNA

Cystoviridae

Tectiviridae g

dsDNA dsDNA dsDNA

Figure 2. Classification of bacteriophages based on their morphology and nucleic acid content.

3. Bacteriophages applications in various sectors:

Antibiotics have been utilized in animal husbandry and plant pathogen management since
World War II. Antibiotic misuse in agriculture has led to an increase in AMR bacteria’s prevalence
globally [37,38]. For instance, streptomycin-resistant Erwinia amylovora is becoming a significant issue
since it is prevalent in many places where antibiotics are misused, such as pears and apples. This
strain of the pathogen is getting more difficult to treat. Bacteriophages are excellent for preventing or
reducing animal illnesses (phage treatment), disinfecting raw materials and carcasses, such as fresh
vegetables and fruit, cleaning equipment, and rigid contact interfaces [39]. Using phages in place of
antibiotics in agricultural practices is a viable alternative to preserve animal and plant health and
reduce the spread of AMR and zoonotic diseases that can be dangerous to consumers [39,40].

Necrotizing enterocolitis, which can manifest clinically or asymptomatically in broilers when
caused by Clostridium perfringens, is one of the most critical challenges facing the poultry industry
[41]. This disease can be effectively controlled by a cocktail of phages (five types) that can also lead
to an increased feed conversion rate and overall weight of the chicken [42]. Phages have been utilized
as growth promoters in chicken and have also been researched as potential replacements for
antibiotics, typically employed for this reason. The method of administration of bacteriophages is
important in determining their efficacy against various bacterial strains. Aquaculture has shown
phages to be a profitable and environmentally acceptable alternative to antibiotics. Vibrio anguillarum
is the most widespread disease of estuarine fish and marine biota caused by Vibriosis [43]. Vibriosis
infections cause higher mortality rates in fish, particularly in larvae [44]. The studies reported that V.
anguillarum-related infection could be successfully treated using a single phage in Atlantic salmon
[43].

Bacteriophages can also be administered against plant pathogenic bacteria to prevent crop
diseases and increase yield [45]. The first practical indication that phages may be linked to plant
pathogenic bacteria was presented when it was discovered that a filtrate collected from decaying
cabbage could suppress cabbage rot caused by Xanthomonas campestris. Xylella fastidiosa is a pathogen
of numerous plant species, but its economic impact is highest on grapes [46]. Since the pathogen is


https://doi.org/10.20944/preprints202303.0080.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2023 doi:10.20944/preprints202303.0080.v1

confined to the xylem of grapes, disease control strategies are restricted and difficult. In greenhouse
studies, phage cocktails were able to significantly reduce the development of pathogens and
symptoms in grapes using therapeutic and preventative therapies [46]. Highly variable seasonal
fluctuations in biological controls are common and represent one of the biggest obstacles to
commercializing phages in agriculture. For this reason, few studies on applying phage as a promising
alternative to antibiotics in crop protection exist. Nonetheless, as discussed above, the promising
results provide confidence and a need for further research on phage therapy for crop protection in
agriculture [45,46].

One of the oldest facilities applying phage therapy to common bacterial diseases associated with
urology, gynecology, internal medicine, and pediatrics is the Eliaba Institute of Bacteriophage,
Microbiology, and Virology, Georgia [47]. More than ninety-five percent of patients undergoing
phage treatment showed significant improvement and recovery without side effects [48]. With the
progression of multiple-drug-resistant (MDR) or AMR bacterial strains, phage therapy is gaining
popularity again as infected patients are left without effective treatment options. In 2016, Tom
Patterson at the University of California contracted a multidrug-resistant Acinetobacter baumannii
infection that he could treat using antibiotics [49] and treated for the disease with a successful and
effective intravenous bacteriophage. He fully recovered from AMR bacterial infection after phage
treatment, becoming the first successful treatment case in the U.S. During the lytic cycle, the
adsorption of phage particles on surfaces of the bacterial cell is the 1% step in which the tail fibers
attach to specific receptors located on a bacterial cell wall. Viral DNA enters the host through a hollow
tube in the tail in the second step, injection. Protein synthesis and host hijacking are the third steps.
Viral genes regulate the synthesis of viral proteins by using the host’s machinery. Viral genome
synthesis and assembly are steps 4 and 5. The release is performed in step 6 by a viral peptidoglycan
hydrolase (endolysin) that triggers the lysis of the host cell and releases up to 200 infectious phages.
Despite the exciting therapeutic potential of phages, numerous challenges must be overcome before
phage therapy can be used in the clinical setting. These challenges include a narrow/limited host
range, poor phage stability in the blood circulation system, safety issues, and commercial viability
issues. However, with modern synthetic biology approaches, phage properties can be modified to
solve many of the abovementioned problems [48-50].

According to target specificity, phages are classified into broad-spectrum and narrow-spectrum
bacteriophages [48]. Bacteriophages are highly target-specific and are not known to be detrimental to
the human microbiome. Broad-spectrum bacteriophages are multivalent bacteriophages capable of
binding to more than one receptor site on the target cell surface, whereas narrow-spectrum
bacteriophages are monovalent [50]. They are limited and attach to specific receptor sites.
Nonetheless, these two classes of bacteriophages can be engineered/developed and interconverted
using point mutations in the phage genome to produce desired changes at the receptor-binding site.
This method efficiently solved the bacteriophage’s narrow host range problem.

In addition, various methods have been devised to solve the stability problem related to phage
in the body of human beings. Encapsulation of phages in stable materials such as polyethylene glycol
(PEG) or liposomes effectively improved the stability of phage particles in the blood circulation
system. Encapsulated phages can remain in circulation without being eliminated by the
reticuloendothelial system [51]. Furthermore, liquid phages are converted into powder form using
spray drying technology to facilitate inhalation in treating respiratory infections. The powder can be
formulated into tablets, bandages, and wound dressings. Recent developments in bacteriophage
therapy include using phages and phage-acquired products, including endolysins, as antimicrobial
agents using complete bacteriophages as a substitute for conventional antibiotics [50,51]. Endolysins
are phage proteins that perform specific functions when phages invade bacterial cells. For example,
endolysins, such as virion-associated peptidoglycan hydrolases, help break down bacterial cell wall
peptidoglycan during the bacteriophage lytic cycle. Endolysins have an advantage over full
bacteriophages because their genome is not directly involved in the treatment, eliminating the
possibility of mutagenesis. In addition, endolysins do not develop significant resistance, supporting
excellent conservation and high host specificity [48-51].
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Food manufacturers employ many multi-methods worldwide to ensure their products’ safety,
including heat pasteurization, high-pressure processing (HPP), microwave irradiation, chemical
sanitizers, and natural additives/antioxidants, each with their drawbacks [52-54]. Thermal
pasteurization results in the food being cooked and, therefore, unsuitable for fresh food items. At the
same time, high-pressure treatment has deteriorating effects on the nutritional quality and
appearance of foods such as fresh produce and meat [53,55,56]. Although irradiation is more effective
and superior to the methods discussed above, high-level applications hurt the organoleptic
properties of foods [53,57]. Meanwhile, chemical disinfectants and additives erode food processing
equipment and decrease consumer acceptance; the demand for pesticide-free organic food grows
rapidly [58-61]. In addition to all these disadvantages, the preservation methods mentioned
indiscriminately kill microorganisms, including beneficial ones.

Bacteriophages have also been studied as antimicrobial agents to achieve food safety from
microorganisms [62]. Bacteriophage-mediated food safety practices, commonly called
“bacteriophage biocontrol,” are gradually emerging and gaining popularity among food
technologists, addressing the shortcomings of conventional food preservation methods [63].
Bacteriophage biological control does not affect not only the beneficial microflora of food but also its
quality characteristics. Lytic bacteriophages (Wild-type) can be employed as pre-harvest, like in live
animals, or may be supplied via animal feed and/or post-harvest, and may be useful to food surfaces
in the packaging materials to limit pathogen contamination [64]. Biocontrol employed using
bacteriophage has also been shown with disinfecting activities on food processing surfaces. Several
surveys on pre-harvest (on farm animals) and post-harvest (on meat, fresh produce, and packaged
goods) were conducted. These studies control various endemic and emerging foodborne pathogens,
including Salmonella, Listeria, Campylobacter, and Escherichia [62,63]. Various investigators have
evaluated the intervention studies addressing phage biological control of food-eating pathogens
before and after harvest [18,20,21,24,65].

4. Recent updates on bacteriophage-based food packaging:

“Active packaging” refers to packaging in which supplemental/active ingredients have been
purposely added/infused in or on either the packaging matrix/components or in the packages’
headspace to produce the packaging system’s more efficient performance [66,67]. As discussed
earlier, various active agents (antimicrobial-based) have been explored to combat foodborne illnesses.
The use of phages as antimicrobial agents has increased due to their omnipresence and host
specificity [22]. Many commercial producers are participating in developing phage and phage-based
derivatives like PhageGuard Listex®, PhageGuard S.®, PhageGuard E.® etc.

Food application-based phage treatment includes dipping, mixing phage solutions, and/or
spraying directly into food surfaces. However, these applications (direct) methods often require a
high number/quantity of phages to be effective [24,39]. An efficient way to challenge these issues
might be fabricating a support basements system on which phages are immobilized/fixed before their
controlled release and interaction with the food. This could be a significant advantage for food
packaging, preservation, and storage. Figure 3 illustrates methods/techniques for producing phage-
based bio-polymers, including casting (a), dipping/spraying (b), extrusion (c), and layer-to-layer (d)
as shown in Figure 3.
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Figure 3. Techniques for fabrications of bacteriophage-based coatings/films using bio-polymers.

Bacteriophage release and stability present a significant obstacle for scientists. In food systems,
the release of active phages from the polymeric films/coatings/hydrogels occurs much slower than in
watery systems [68]. Variability in phage stability has been seen in edible polymeric films and
coatings and complete inhibition/suppression of the bacteriophages has been documented [40,68,69].
The exact phenomenon behind the inhibition or inactivation of phage is unclear. Encapsulation of the
phages, which would increase their stability and make them more resistant to damage, has been
recommended by several researchers to solve these issues.

As reported, incorporating T4 (bacteriophage) using electrospinning (suspension) led to a
significantly decreased phage activity [70]. For better bacteriophage viability, they pre-encapsulated
T4 in an alginate reservoir into an electrospun fiber, reporting the coaxial electrospinning process,
and the activity of bacteriophage could be improved. A core/shell fiber structure was formed in this
process, with the T4 bacteriophage directly fused into the fiber core. The core of fiber-encapsulated
T4 showed higher bacteriophage viability for several weeks at a temperature of +4°C [70].

Another study on developing a formulation for encapsulating phage K with an improved acid
shield for oral delivery [71]. They encapsulated the calcium carbonate (microparticles) with phage K
into alginate microspheres for better phage survivability within in vitro acidic environments. Free
phages (without encapsulations) were killed by exposure to a gastric fluid of pH 2.5. They reported
that the viability of encapsulated phage K in SGF was enhanced by adding calcium carbonate to the
alginate microspheres, with only a 0.17 log decrease after two hours of exposure to SGF at pH 2.5. In
contrast, alginate-encapsulated phage K decreased to only 2.4 log in survivability when incubated
for one hour in SGF under pH 2.5 [71]. E. coli was efficiently suppressed by an antibacterial film
created by immobilizing phage T4 on a poly-caprolactone (PCL) film [72]. After being used as a
packaging film for beef (raw) infected with E. coli O157:H7, fabricated PCL film showed 30-fold
microbial inhibitory properties than the film containing physically adsorbed phage T4. These
findings suggested that the developed PCL film incorporated with phage T4 has a good potential
application as an active food packaging against E. coli.
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Table 1 illustrates the recent studies on bacteriophage-based bio-polymeric films/coating for
active packaging applications.

Table 1. Various reports on bacteriophage-based bio-polymeric active packaging applications.

Bacterlopl}age/ Targeted Bio/ . Application References
Cocktails pathogens Polymer matrix
BEFSE16, BFSE18, Salmonella Acetate cellulose film Active [73]
PaDTA1, PaDTADY, enterica subsp.
PaDTA10 and enterica serovar
PaDTA11 Typhimurium
ATCC 14028
T4 bacteriophage E. coli BL21 Whey protein films Active [74]
T7, T4, A Escherichia coli, Poly (vinyl alcohol) Active [75]
Staphylococcus
albus
Lactobacillus L. plantarum Chitosan microspheres Active [76]
plantarum
bacteriophage
LinM-AGS8, LmoM- L. monocytogenes  Cellulose membranes/ RTE food [76]
AG13, and LmoM- and E. coli alginate beads
AG20 0104:H4
UFV-AREGI1 Escherichia coli Calcium alginate matrix - [77]
O157:H7
Salmonella phage S. Typhimurium Poly(lactic acid) Precooked [78]
Felix/Listeria phage and L. sliced
A511 monocytogenes turkey
cultures. breast
vB_EcoM34X, E. coli O157:H7 Chitosan Tomato [79]
vB_EcoSH2Q and CECT 4076
vB_EcoMH2W
¢IBB-PF7A Pseudomonas Sodium alginate Skinless [80]
fluorescens chicken
breast fillets
CNS8 bacteriophages Clavibacter Polyvinyl polymers with ~ Zea mays L. [81]
michiganensis alcohol seeds.
subsp.
nebraskensis
T7 phages (#BAA- E. coli BL21 Whey protein isolate Fish feed [82]
1025-B2)
E. coli O157:H7 Escherichia coli Poly-L-lysine Pork [83]
bacteriophages 0157:H7 suspension
vB_PaeM_CEB_DP1 Pseudomonas Ethylene-vinyl acetate Mineral [84]
aeruginosa water
bottles
Phage T4 E. coli O157:H7 Polycaprolactone film Beef [85]
FO1 S. Enteritidis Electrospun
PHBV/nanofiber/coating
films
PBSE191 S. Enteritidis Polyvinyl alcohol Active [86]
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PhilPLA-RODI Staphylococcus Gelatine Cheese [87]
aureus
Pyo bacteriophages/ S. aureus Chitosan and alginate - [88]
Staph
bacteriophages
E. coli O157 Escherichia coli Sodium alginate Beef, [89]
0157:H7 /polyethylene oxide cucumber,
(PEO) nanofibers and cherry
tomato
Listeria phage A511 Listeria Whey protein - [90]
monocytogenes concentrate/pullulan
19113
T7 bacteriophages Escherichia coli Whey protein isolate Coating [91]
BL21 (WPT)
V. parahaemolyticus- Vibrio Methylcellulose films [92]
derived phages parahaemolyticus
ATCC 17802
T-even type, DT1 to E. coli DH5a Whey protein Fish fillets [93]
DT6 concentrate
Phage T4 Escherichia coli Maltodextrin and Nutrient [94]
K12 trehalose as broth,
encapsulating agents skimmed
milk, and
beef juices
PBSE191 Salmonella Polyvinyl alcohol (PVA) Chicken [95]
Enteritidis film eggshell

The team of researchers [80] studied the manufacturing of bacteriophage IBB-PF7A fabricated
using sodium alginate to prevent microbiological meat spoiling caused by Pseudomonas fluorescens.
They claimed that the bacteriophages had been loaded efficiently in films with significant vitality.
They found that the number of P. fluorescens organisms dropped by 2 Logs during the first two days
of storage in the refrigerator and then only dropped by 1 Log over the subsequent five days [80]. The
film'’s effectiveness as an antibacterial agent was established by artificially inoculating chicken breast
fillets with P. fluorescens. In another study [73], the competence of acetate cellulose film added with
bacteriophage against Salmonella typhimurium and observed the increased lag phase, thereby, slower
bacterial growth in the environment containing bacteriophages with the films as compared to control
(without phage). No significant changes were observed in the films’" mechanical and physical
properties, like thickness, elongation, and puncture resistance after adding bacteriophages. However,
bacteriophages remained viable in films only for 14 days after that, not detected in the acetate
cellulose film [73].

Scientists developed prototypes of bioactive packaging materials based on immobilized
bacteriophages to control bacterial pathogens” growth in foods [96]. Phage-based compounds had
substantial antibacterial effects when applied to artificially contaminated foods. The developed
bioactive films could inhibit L. monocytogenes in ready-to-eat meat under different storage conditions
by using specific lytic bacteriophage cocktails, either free or immobilized [96]. A team of scientists
[90] studied the development of chitosan film embedded with developed phage to control E. coli
0157:H7 in beef. Developed chitosan film containing liposome-encapsulated phage exhibited high
antimicrobial efficacy against E. coli O157:H7. They observed that phage encapsulation efficacy
improved by 57.66%.

5. Summary and future research

doi:10.20944/preprints202303.0080.v1
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Bacteriophage and bacteriophage-derived bio-polymeric/edible coatings and films have
emerged as a substitute for traditional food packaging to address various emerging issues like
bacterial host specificity, AMR, etc. Many reports have claimed that adding novel phages into bio-
polymeric films/coatings does not change food’s physicochemical properties and sensory qualities.
However, it has also been claimed that adding these antibacterial agents leads to changes in films’
mechanical properties. The antibacterial efficacies of bacteriophage-added films and coatings have
been successfully tested and proven in food systems like vegetables, meat, fruit, poultry, fish, etc. It
is postulated that there are still some challenges to getting full-scale harvesting from this novel
strategy to develop bacteriophage-based food packaging films for active packaging applications.
Some leading challenges include phage viability/stability, phage mobility into the coatings/film,
bacteriophage release from coating/film to a food matrix, and active bacterial population/availability
to promote the host-action of phages. However, research has already proved that incorporating
phages into films/coating is advantageous for maintaining antibacterial activity. In demand to
increase the stability of phages, there is a continuing need for more research into the mechanics of
phage release and the strategies of film fabrication.

There is a significant need for more research to develop encapsulation strategies/formulations
for various uses along the food supply chain. These products can treat contamination caused by
particular bacterial pathogens at various stages throughout the food-producing process, including
spraying them, exposing them to livestock before processing, flushing food contact surfaces in
production plants, and treating them post-harvest foodstuff. Bacteriophage biocontrol can be a
promising tool in a multi-barrier/hurdle strategy to prevent foodborne pathogens from reaching
customers. This technique is particularly promising when producers aim to preserve foods’ natural
and often beneficial microbial population while targeting/removing only the pathogenic bacteria.
Phage technology might enhance food safety by lowering infections in farm animals and limiting
microbial burdens in the food supply chain, bioremediation of foodborne microorganisms in food
items, or serving as a cleaning agent.
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