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1 | INTRODUCTION

Microbiological food safety is one of the main concerns of
food producers; specifically, food producers must ensure
that food products are free from pathogens, their tox-
ins, persisters, and viruses and that certain substances
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Abstract

One of the biggest challenges faced by food producers is ensuring microbio-
logical safety. Despite strict criteria for food products, foodborne diseases are a
global problem and pose a real risk to consumers. Therefore, it is necessary to
identify new and more effective methods for eliminating pathogens from food
and the food processing environment. According to the European Food Safety
Authority (EFSA), the most common foodborne diseases are caused by Campy-
lobacter, Salmonella, Yersinia, Escherichia coli, and Listeria. Out of the five listed,
four are Gram-negative bacteria. Our review focuses on the use of bacterio-
phages, which are ubiquitous bacterial viruses, and bacteriophage endolysins
to eliminate Gram-negative pathogens. Endolysins cleave specific bonds within
the peptidoglycan (PG) of the bacterial cell, causing the cell to burst. Single
phages or phage cocktails, which are, in some instances, commercially available
products, eliminate pathogenic bacteria in livestock and various food matrices.
Endolysins have matured as the most advanced class of antibacterial agents in the
clinical sector, but their use in food protection is highly unexplored. Advanced
molecular engineering techniques, different formulations, protein encapsula-
tion, and the addition of outer membrane (OM) permeabilization agents enhance
the activity of lysins against Gram-negative pathogens. This creates space for
groundbreaking research on the use of lysins in the food sector.

KEYWORDS
antimicrobial, bacteriophage, endolysin, engineered lysin, food safety, Gram-negative food-
borne pathogen, lysin

do not exceed the allowable doses based on standards
and regulations (Ricci et al., 2017). Despite advanced
tools such as cleaning-in-place (CIP) and disinfection
protocols and the availability of a broad spectrum of
antimicrobial substances, foodborne diseases remain a
global problem even in the 21st century (Bintsis, 2017).
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According to World Health Organization (WHO) data,
every year, 600 million people in the world fall ill after
eating contaminated food, and 420,000 of these people
die (WHO, 2022). The European Food Safety Author-
ity (EFSA), European Centre for Disease Prevention and
Control (ECDC) and WHO report that the most com-
mon foodborne pathogens are Gram-negative pathogens,
mainly Campylobacter, Salmonella, Shiga toxin-producing
Escherichia coli (STEC), and Yersinia besides less prevalent
but serious foodborne Gram-positive pathogens such as
Listeria monocytogenes and Staphylococcus aureus (EFSA,
2021; WHO, 2022). A factor exacerbating the scale of the
problem is the global antimicrobial resistance crisis, which
affects not only the medical sector but also the food sec-
tor (Hernando-Amado et al., 2019; Sabtu et al., 2015).
Therefore, food producers seek new and more effective
antibacterial agents to reduce the occurrence of food-
borne pathogens and counteract the problem of antibiotic
resistance.

A recent trend in this field has focused on the use of
phages and phage-derived lysins (Xu 2021a). Phages are
viruses that infect bacteria. To lyse an infected cell at the
end of the phage replication cycle, phage-derived lysins
are produced that degrade the peptidoglycan (PG) layer of
the bacterial cell wall (Oliveira et al., 2018). Both phages
and lysins have been widely investigated as antibacterial
agents (Schmelcher et al., 2012; Xu 2021a). Gram-negative
bacteria are generally more resistant to antimicrobial sub-
stances than Gram-positive bacteria due to their outer
membrane (OM) (Breijyeh et al., 2020). The combined
hydrophilic and hydrophobic properties of the OM render
the OM largely impermeable to antibacterial compounds.
Only smaller antibiotics (3-lactams, tetracycline, chloram-
phenicol, and fluoroquinolones) can pass through the OM
either through embedded porins, exploiting the Tol-Pal
system (e.g., colicins), or by interference with the stabiliz-
ing forces of the OM (e.g., colistin) (Delcour, 2009; Nikaido,
2003). Importantly, phage-derived lysins are generally too
large to pass through the OM (Gutiérrez & Briers, 2021).
This review therefore focuses on the potential of phages
and phage-encoded lysins in combating Gram-negative
foodborne pathogens. We present the current trends in
improving the activity of lysins against Gram-negative
bacteria, underscoring the possibilities associated with
molecular engineering strategies. Furthermore, we discuss
the gap in knowledge related to evaluating these novel
enzyme-based antibacterials against foodborne pathogens,
in specific food matrices, against biofilms and under food
processing and storage conditions, highlighting future
research directions.

2 | METHODOLOGY

A literature search of PubMed, Web of Knowledge and
Scopus was performed, searching all databases using
the terms “bacteriophages/phages in food,” “bacterio-
phages/phages and food safety,” “bacteriophages/phages
and foodborne pathogens,” “endolysins/lysins in
food,” “endolysins/lysins in food protection,” and
“endolysins/lysins and foodborne pathogens.” Based
on the title and abstract, we included scientific articles
published online until December 2022. Since (i) the
number of reports on the use of bacteriophages in the
food sector far outnumber those on the use of lysins and
(ii) Gram-negative bacteria are the most common cause
of foodborne outbreaks, the scientific articles selected for
this review had to meet the following criteria. They had
to be written in English, published in the last 5 years if
they reported on phages and in the last 10 years if they
reported on endolysins/lysins, and focused on the role
of phages/lysins in food protection and food safety and
in targeting Gram-negative bacteria. Articles written in
a language other than English, focusing on the elimina-
tion of Gram-positive bacteria, Gram-positive foodborne
pathogens, and clinical Gram-negative bacteria were
excluded.

3 | PHAGES USED IN THE FOOD
INDUSTRY

Phages are the most abundant biological entities on earth;
notably, there are an estimated 103" phages (Garcia et al.,
2010a). They are viruses targeting bacteria, generally have
a narrow host range, and are usually not capable of cross-
ing genus and species barriers (Fong et al., 2021; Gray et al.,
2018). Nevertheless, a diversity of phages that are also able
to infect bacterial isolates across the bacterial species or
genus level have been reported, for example, polyvalent
phages SS3e (Kim et al., 2018) or JHP (Khawaja et al., 2016).
High specificity distinguishes bacteriophages from com-
monly used antibiotics, which, in addition to pathogens,
can Kkill natural animal or human microbiota (Loc-Carrillo
& Abedon, 2011). Generally, phages can be differentiated
based on morphology, the presence of nucleic acids, and
the lytic or lysogenic replication cycle (Kasman & Porter,
2021).

Research on the therapeutic usage of phages began in
the 1920s, but due to the discovery of penicillin and the
development of antibiotic therapy, the clinical application
of phages was largely abandoned (Murray et al., 2021).
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Nevertheless, research on phage therapy has success-
fully continued in some Eastern European countries,
such as Poland, Georgia, and Russia (Garcia et al., 2008;
Mariawienhold et al., 2019). Phage therapy has been
applied in several human case studies, for instance, in
the treatment of sepsis and meningitis, and the given
advantages of using bacteriophages include an increase
in number over the course of treatment, low inherent
toxicities, and the ability to destroy bacteria organized
into biofilms (Paule et al., 2018; Pirnay & Kutter, 2021;
Sulakvelidze et al., 2001; van Nieuwenhuyse et al., 2022).
Moreover, as mentioned above, the greatest advantage is
the high specificity of most phages for a particular host
cell, which, with the exceptions of polyvalent phages,
promotes the elimination of a specific bacterium with-
out destroying the surrounding microbiome (Potaska &
Sokotowska, 2019). Thus, phages are an interesting tool for
pathogen elimination in the fermentation industry, as they
do not destroy the starter or autochthonous microorgan-
isms that shape the organoleptic features of the product
(Kawacka et al., 2020). Years of phage research have led
to the widespread use of phages in the food industry
(Table 1), and many preparations are currently commer-
cially available to eliminate Gram-negative foodborne
pathogens (Table 2) (Moye et al., 2018; Vikram et al., 2022).

3.1 | Campylobacter jejuni

Camphylobacter jejuni is the etiological agent of campy-
lobacteriosis, a form of human gastroenteritis that is most
often diagnosed as a result of consuming contaminated
poultry (Thornval & Hoorfar, 2021). The symptoms appear
2—-5 days after eating contaminated food and include
diarrhea, nausea, vomiting, fever, and stomach cramps
(Facciola et al., 2017). Since C. jejuni is mainly transmit-
ted by poultry, the effectiveness of phages against this
pathogen has been investigated, particularly in broiler
chickens (D’angelantonio et al., 2021; Richards et al., 2019)
and on chicken farms (Chinivasagam et al., 2020) (Table 1).
The first such study assessed the effect of a phage cock-
tail on eliminating C. jejuni HPCS5 from broiler chickens
and the effect of phage treatment on altering the chicken
microbiome, which is an important outcome of the system-
wide effects of phage therapy (Richards et al., 2019). Broiler
chickens were orally infected with 10’7 CFU of C. jejuni
HPC5 in 1 mL of PBS (Phosphate Buffered Saline) and
were treated with 10’ PFU/mL of a phage cocktail of CP20
and CP30A; the effects on C. jejuni HPC5 cell reduction
and alterations in the chicken microbiota were assessed.
The highest reduction in C. jejuni HPC5 was reported 2
days after phage treatment, and the reduction level was
estimated at 2.4 log CFU/g in cecal contents. This was a
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significant difference compared to chickens colonized with
C. jejuni but not treated with the phage cocktail. More-
over, the phages acted selectively to reduce the number of
C. jejuni without affecting the normal chicken microbiota
(Richards et al., 2019). In another study, D’angelantonio
et al. (2021) evaluated the efficiency of two phages, ® 16-
izsam and @ 7-izsam, against C. jejuni infection in broilers.
The phages were administered on the 38th and 39th days of
rearing as follows: first ® 16-izsam and then @ 7-izsam in
a dose corresponding to a multiplicity of infection (MOI)
of 0.1 and 1.0, depending on the group (the same amount
at both time points). After slaughter, there was a statisti-
cally significant reduction in the number of C. jejuni in
cecal contents. The reduction levels were 1 and 2 log CFU/g
for MOIs of 0.1 and 1.0, respectively, compared to the con-
trol. The results indicated a dose-dependent effectiveness
of phage therapy against C. jejuni infection in chickens
(D’angelantonio et al., 2021). In turn, Chinivasagam et al.
(2020) tested the usefulness of phages to control C. jejuni
on Australian commercial broiler farms. Phage therapy
was applied to birds from farms where no phages against
Campylobacter were detected a week before the planned
experiment, and the birds were monitored from the farm
to the processing plant. A decrease in the concentration
of Campylobacter was observed in the range of 1-3 log
CFU/gon Farm A, where the birds underwent phage ther-
apy, but the presence of single cases with a low phage
titer and high Campylobacter content were also found. The
results suggested that longer phage treatment periods may
be required to ensure efficient phage replication for effec-
tive biocontrol in vivo. In addition, it was observed that
Campylobacter-specific phages on Farm B also appeared in
the control group, resulting in a Campylobacter reduction
of 1.7 log CFU/g, indicating the rapid spread of infiltrating
phages throughout the flock. Nevertheless, the obtained
results indicated the efficacy of phage therapy against
Campylobacter infection on poultry farms (Chinivasagam
et al., 2020).

3.2 | Salmonella spp.

Salmonella causes approximately 93.8 million cases of
foodborne diseases globally each year, with 155,000 deaths
(Gong et al., 2022). The main source of Salmonella out-
breaks is contaminated food such as eggs, pork, beef,
chicken, fruits, vegetables, sprouts, and processed foods
(including peanut butter, chicken nuggets, or frozen pot
pies) (Gomez-Aldapa et al., 2012). Symptoms of Salmonella
infection (salmonellosis) appear approximately 6 h to
6 days after eating contaminated food, and the main symp-
toms of salmonellosis are stomach cramps, diarrhea, and
fever (Giannella, 1996).
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TABLE 2 Examples of commercially available bacteriophage products against Gram-negative foodborne pathogens.
Target Name Company Reference
Campylobacter species including C. CampyShield™ Intralytix Inc. (Vikram et al., 2022)
Jjejuni and C. coli
Salmonella spp. Bafasal™ Proteon (Wojcik et al., 2020;
Pharmaceuticals Xu, 2021a)
SalmoFresh™ (SalmoLyse®) Intralytix Inc. (Zhang et al., 2019);
(Vikram et al., 2022)
PhageGuard S™ (formerly Micreos Food Safety (Grant et al., 2017)
Salmonelex™)
SalmoPro® Phagelux, Inc. (Vikram et al., 2022)
SalmoFREE® Sciphage (Clavijo et al., 2019)
E. coli O157:H7 EcoShield™ EcoShield PX™ Intralytix Inc. (Vikram et al., 2022)
Finalyse® Passport Food Safety (Polaska &
Solutions Sokolowska, 2019)
Ecolicide® > Ecolicide PX™ Intralytix Inc. (Vikram et al., 2022)
PhageGuard E™ Micreos Food Safety (Shebs et al., 2020)
E. coli Secure Shield E1 FINK TEC GmbH (Vikram et al., 2022)
Salmonella spp., Shigella spp., EnkoPhagum Brimrose Technology (Polaska &
Enteropathogenic serotypes of E. coli Corporation Sokolowska, 2019)
Pseudomonas and Aeromonas spp in Bafador™ Proteon (Xu, 2021b)
aquaculture Pharmaceuticals
Shigella ShigaShield™ Intralytix Inc. (Soffer et al., 2017)

The current trends in phage treatment against
Salmonella spp. focus on the use of phages in vari-
ous food matrices, that is, raw and ground poultry meat
(Duc et al., 2018; Grant et al., 2017), milk (Huang et al.,
2018; Islam et al., 2020b), juices, lettuce (Islam et al.,
2019), eggs (Sonalika et al., 2020), iceberg lettuce and
cucumber (Bai et al., 2019a), and the elimination of
biofilms formed on surfaces in food processing plants
(Islam et al., 2019; Islam et al., 2020a). The latest reports
also indicate phage improvement strategies in terms of
increasing their survival in the digestive tract of animals
and under food processing conditions (Gomez-Garcia
et al.,, 2021). In the context of specific food matrices,
Huang et al. (2018) searched for highly effective phages
against S. Typhimurium in milk, sausage, and lettuce.
After screening, three phages with high anti-Salmonella
potential were selected for further study. The phage
LPST10 was the most effective and active over wide ranges
of temperature (30-60°C) and pH (3-13), which indicated
that LPST10 is a suitable candidate for use in the food
processing environment. It was shown that the application
of LPST10 significantly reduced the number of bacteria (in
the range of 0.92-5.12 log CFU/sample) depending on the
food matrix. Moreover, an increase in phage titer up to 2.96
log PFU/sample was observed in all tested food samples
(Huang et al., 2018). In another study, Nale et al. (2021)
evaluated 21 phages against Salmonella for biocontrol of

this pathogen in poultry and swine. They showed that
individual phages resulted in a reduction in the bacterial
population within 6 h after phage application. However,
the number of bacterial cells increased within the next
hour. Therefore, a three-phage cocktail was composed
and applied to a Galleria mellonella model infected with
representative swine, chicken, and laboratory Salmonella
strains. The phage cocktail was administered under three
experimental conditions: 2 h before bacterial infection as a
prophylactic tool, together with bacteria as a coadministra-
tion, and 2 h after bacterial infection. In all experimental
variants, a reduction in the number of Salmonella cells was
observed, and G. mellonella showed a higher survival rate.
However, in the case of prophylactic use, the efficacy was
the highest; notably, all larvae survived, and Salmonella
cells were absent 72 h after phage application (Nale et al.,
2021). In another study, Islam et al. (2019) showed a high
efficiency of a phage cocktail of LPSTLL, LPST94, and
LPST153 against Salmonella in milk and chicken breast
samples. The final bacterial cell count was 3 log CFU/mL
for milk and 3 log CFU/cm? for meat, and the samples
were stored at either 25 or 4°C. After treatment with
the phage cocktail (MOI of 1000 and 10000), Salmonella
cells were reduced below the detection limit (<10 CFU
per mL or cm?), regardless of the storage temperature.
Moreover, the phage cocktail was evaluated for eradication
of Salmonella biofilm. Biofilms were formed in 96-well
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microtiter plates and on stainless steel surfaces. It was
shown that the application of the phage cocktail resulted
in a reduction in the mass of the microplate biofilms
in the range of 44%—63% and in the bacterial count on
stainless steel surfaces in the range of 5.23-6.42 log units
(Islam et al., 2019). Korzeniowski et al. (2022) also showed
eradication of Salmonella biofilms formed in 96-well
microtiter plates and on stainless steel surfaces with an
effectiveness of up to 87% and 98%, respectively. Moreover,
three-phage cocktail UPWr_S134 was shown to eliminate
S. Enteritidis from a poultry drinker surface. In another
study, Kosznik-Kwasnicka et al. (2022) applied a cocktail
of two phages (vB_SenM-2 and vB_Sen-TO17) to treat S.
Typhimurium infection in chickens. When the treatment
was applied 1 day following infection, S. Typhimurium was
quickly eliminated from the chicken gastrointestinal tract,
and the therapy was as effective as either enrofloxacin
or colistin antibiotic therapy. Phage therapy appears to
be less invasive than antibiotic therapy, as fewer changes
in the chicken gastrointestinal microbiome are observed.
In the report of Kosznik-Kwasnicka et al. (2022), phages
were delivered orally as a suspension in 20 mM CaCOs.
The study by Thanki et al. (2022) emphasized the benefit
of optimizing dried phage preparations administered
to animals with feed. There, the authors showed that
dried phages mixed with feed significantly reduced
Salmonella colonization of the gastrointestinal tract of

pigs.

3.3 |
coli

Shiga toxin-producing Escherichia

Another foodborne pathogen is STEC. The main cause
of STEC infection is the consumption of contaminated,
undercooked meat, unpasteurized milk, alfalfa sprouts,
lettuce, and salami (Terajima et al., 2017). Symptoms usu-
ally appear 1-3 days after eating contaminated food and
include bloody diarrhea, stomach cramps, and vomiting,
whereas fever is rare (Hunt, 2010). With regard to treat-
ing STEC infection, the applicability of phage therapy has
also been demonstrated. For instance, Tolen et al. (2018)
evaluated the effect of a phage cocktail against STEC on
beef cattle hide pieces. Pieces of beef cattle hide were arti-
ficially contaminated with STEC with a final cell count of
~7 log CFU/mL, and then a commercial prototype of
a phage cocktail was applied at MOIs ranging from 2.2
to 47.3. The use of this phage cocktail reduced E. coli
0157, 0121, and 0103 counts to a level of 0.4-0.7 log
CFU/cm?, while the counts of E. coli 0111 and 045 did
not significantly decrease. Additionally, only the lowest
doses of phage were needed for E. coli 0157 and O121 cell
lysis (Tolen et al., 2018). In another study, Tomat et al.

(2018) evaluated the effect of a six-phage cocktail against
enteropathogenic E. coli (EPEC) and STEC in milk, meat
and Hershey-Mg broth stored at 4, 24, and 37°C. The phage
cocktail was found to be more effective in food matri-
ces stored at 24 and 37°C, achieving reduction levels of 2
to >4 and 3—4 log CFU/mL for milk and 2.6-4.0 and 3-
3.8 log CFU/mL for meat at 24 and 37°C, respectively. In
food matrices stored at 4°C for 48 h, the reduction level
was 0.5-1.0 log CFU/mL (Tomat et al., 2018). These find-
ings indicate the possibility of using a phage cocktail to
control E. coli in milk and meat products, especially in sec-
tors where refrigerated storage of the food products is not
needed. In turn, Mangieri et al. (2020) evaluated phages
isolated from different sources (sewage, feces, and bed-
ding material of cattle) against STEC. They showed that
some STEC isolates were sensitive to the phages used.
Based on these results, three phages were selected and
combined as a phage cocktail. The cocktail was used at
different doses (MOI of 0.1, 1.0, 10) against STEC, with
the highest MOI being the most effective dose. In the next
step, the inhibitory effect of the cocktail against STEC
on cucumbers stored under refrigerated conditions and at
room temperature was evaluated. Under both storage con-
ditions, the number of STEC decreased by 1-2 log units
(Mangieri et al., 2020).

3.4 | Yersinia enterocolitica

Regarding Yersinia enterocolitica infections, there are an
estimated 117,000 cases annually, 640 infected people
required hospitalization, the mortality rate is 35 cases per
year in the United States (Filik et al., 2022), and 5744
confirmed cases in 28 countries were reported in Europe
(ECDC, 2022). The most common cause of yersiniosis is
the consumption of raw or undercooked pork (Ukuku &
Bari, 2022). Symptoms of Yersinia infection vary between
children and adults. In children, they include abdominal
pain, fever and diarrhea, usually bloody, while in adults,
apart from fever, there is right-sided abdominal pain, often
mistaken for appendicitis. Symptoms begin 4—7 days after
exposure and may continue for more than 3 weeks (Ukuku
& Bari, 2022). The effectiveness of phages has been evalu-
ated against Y. enterocolitica. For instance, Jun et al. (2018)
tested the phage fHe-Yen9-01, which has a broad host
range, for control of Y. enterocolitica in raw pork, ready-
to-eat pork, and milk. Phage application decreased the
number of Y. enterocolitica cells by 1-2 log units in raw
pork after 72 h of storage at 4°C, ready-to-eat pork after 12 h
at 26°C, and milk after 72 h of storage at 4°C. Additionally,
this phage effectively removed bacterial cells from kitchen
utensils used to process food, for example, cutting boards
and knives (Jun et al., 2018).
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4 | COMMERCIALLY AVAILABLE
PHAGE BIOPRESERVATION PRODUCTS

Phages are prospective antimicrobial alternatives for pre-
venting contamination by bacterial pathogens at different
stages of food production. Since the first approval of a
phage cocktail as a food preservative by the US Food and
Drug Administration (FDA) in 2006 (Vikram et al., 2020a),
an increasing number of commercial phage products have
become available for controlling foodborne pathogens.

Phage products approved by the US FDA for food
safety applications inhibiting Salmonella growth are
SalmoFresh™ (Intralytix, Inc.), PhageGuard S™ (formerly
Salmonelex™") (Micreos Food Safety), and SalmoPro®
(Phagelux) (Vikram et al., 2022) (Table 2). Zhang et al.
(2019) compared the effectiveness of SalmoFresh™ (six-
phage cocktail) with a chlorinated water treatment to
reduce Salmonella on the surface of lettuce, mung bean
sprouts, and seeds. The results showed that the com-
bination of chlorination followed by administration of
the phage cocktail was the most effective at reducing
Salmonella on lettuce and sprouts. Seed treatment was
not as effective because Salmonella was able to grow
exponentially during germination (Zhang et al., 2019).
PhageGuard S™ was tested recently to reduce Salmonella
counts on skinless chicken meat (Grant et al., 2017),
ground beef (Yeh et al., 2018), and skinless and skin-on
poultry products (Hagens et al., 2018). In 2017, a patent was
granted for another commercial product, SalmoFREE®
(Sciphage), comprising six lytic phages for potential use
as a Salmonella biocontrol agent in poultry products
(Clavijo et al., 2019). Clavijo et al. (2019) used
SalmoFREE® on a commercial broiler farm in Colombia.
The results showed up to a 100% reduction in Salmonella
incidence in the phage-treated group, while the pathogen
was still detected in the control group. Moreover, the pres-
ence of SalmoFREE® in drinking water did not have any
negative effect on production parameters such as weight,
feed conversion, weight homogeneity, and mortality rate
of chickens (Clavijo et al., 2019).

Fewer commercial products are directed against E. coli
pathogenic serotypes such as O157:H7 and Shigella spp.
EcoShield™ contains three lytic phages against E. coli
0157:H7, Ecolicide® (Ecolicide PX™) and EcoShield PX™
(three to eight individual lytic phages) were developed
by Intralytix, Inc. Other products, namely, Finalyse® and
PhageGuard E™, also approved for food safety applica-
tions to eradicate E. coli O157:H7, were developed by
Passport Food Safety Solutions and Micreos Food Safety,
respectively (Vikram et al., 2022).

Recently, Vikram et al. (2020b) showed the efficacy of
EcoShield PX™ against E. coli O157:H7 in eight food prod-
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ucts: beef chuck roast, ground beef, chicken breast, cooked
chicken, salmon, cheese, cantaloupe, and romaine let-
tuce. Application of EcoShield PX™ resulted in significant
reductions in E. coli 0157:H7 levels of up to 97% in all foods
(Vikram et al., 2020Db).

ShigaShield ™" (Intralytix, Inc.) is also listed as Generally
Recognized as Safe (GRAS) (Vikram et al., 2022). Soffer
et al. (2017) showed the activity of ShigaShield” in dif-
ferent foods, including melons, lettuce, yogurt, deli beef,
smoked salmon, and chicken breast meat. The application
of a Shigella-specific phage cocktail reduced the levels of
Shigella by at least 1 log in all food types.

5 | PHAGE FORMULATIONS TO
ENHANCE THE EFFECTIVENESS OF
PHAGE ACTIVITY IN A FOOD MATRIX

Several approaches are used to protect phages from the
undesirable effects of many food ingredients, such as
organic acids, fatty acids, tannins, or the low pH of the
gastrointestinal tract of animals (Xu 2021a). In the study
of Gomez-Garcia et al. (2021), encapsulation (ionotropic
gelation, alginate beads, calcium chloride, and bacterio-
phage S1 against S. enterica) was used as a novel approach
to phage delivery in an in vivo chicken model. The aim of
encapsulation was to protect the phage against the low pH
of the stomach and to release it at a higher pH. The admin-
istration of encapsulated phage S1 to chickens infected
with Salmonella resulted in the presence of phage in the
duodenum and cecum 3 h after phage application, which
emphasized the possibility of using encapsulated phages
to eliminate Salmonella from the intestinal tract of chick-
ens. In another study, encapsulation of S. Enteritidis phage
f3aSE in alginate-Ca?* spheres protected the phage against
environmental conditions (Soto et al., 2018).

Chitosan and alginate are the two most studied natu-
ral polymers that have attracted interest as biocompatible
vehicles for the delivery of antimicrobial agents (Niculescu
& Grumezescu, 2022). The combination of these two
agents has been recently investigated as a strategy to
protect loaded bacteriophages from oxidation, enzymatic
degradation, and hydrolysis. The addition of alginate
increases the stability of chitosan, as the anionic nature of
alginate complements the cationic backbone of chitosan.
Moreover, alginate tends to shrink at low pH and dissolve
at higher pH values, while chitosan dissolves at low pH
and becomes insoluble at high pH values. Therefore, the
creation of polyelectrolyte complexes between these two
materials is beneficial in overcoming the limitations of
each material. Studies on phage ZCEC5 encapsulation in
chitosan-alginate beads have shown promising results in
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targeting intestinal bacteria that cause zoonotic diseases
such as E. coli 0157:H7 in farm animals (Abdelsattar et al.,
2019).

Eudragit® S100 and alginate microparticles have also
been used to protect bacteriophages from the gastric
acidic environment (Vinner et al., 2019). Vinner and Malik
(2018) microencapsulated Salmonella-specific bacterio-
phage Felix O1 in a pH-responsive polymer formulation.
Encapsulated phages previously exposed to simulated gas-
tric fluid of pH 1.0 for 2 h were released at an elevated
pH in simulated intestinal fluid and were able to arrest
Salmonella growth. Moreover, Eudragit ES100/Alg (EK1F)
microparticles have been shown to protect phages exposed
to simulated gastric fluid at pH 2.0 for an exposure period
of 2 h (Vinner et al., 2019).

A slightly different approach was presented in the study
by Alves et al. (2020). They used phages and cinnamalde-
hyde in a sodium alginate emulsion, and the effect of this
combination was evaluated against E. coli and S. Enteri-
tidis. It was shown that the system containing phages EC4
and @135 was effective against both pathogens, showing
synergistic effects against E. coli and Salmonella, respec-
tively. These findings indicate the possibility of applying
this type of emulsion, for example, in the production
of packaging, protecting food products against foodborne
pathogens.

6 | FACTORS LIMITING THE USE OF
PHAGES IN FOOD PRODUCTION

The cited studies prove the high application potential of
phages and phage cocktails in ensuring the microbiologi-
cal safety of food. Notably, the effectiveness of phages was
assessed not only against pathogens but also by taking into
account specific food matrices and biofilms, mimicking
the real conditions of food processing plants. Nevertheless,
the use of phages in the food industry has some limi-
tations. First, phages are mostly highly specific, as they
are active at the subspecies level or even the strain level
(Abdelsattar et al., 2021). When several phages or phage
cocktails are required to eliminate all strains of a certain
species or a more challenging combination of different
pathogenic species, the interactions between the differ-
ent phages and their interactions with food components
need to be investigated. Furthermore, the role of bacterio-
phages in the dissemination of antibiotic resistance genes
via transduction cannot be overlooked. Wang et al. (2018)
screened pig feces from three commercial farms in China
for 32 clinically relevant antibiotic resistance genes and
found sull, blargy;, and ermB genes providing resistance
to sulfonamides, S-lactams, and macrolides-lincosamide—
streptogramin B, respectively, in all phage DNA samples.

Subsequently, Yang et al. (2020) reported the presence of
the colistin-resistant gene (mcr-1) in bacteriophage DNA
isolated from chicken feces.

The elimination of biofilms in food processing plants
is also challenging due to the physiological differentia-
tion of cells within the biofilm structure and the presence
of extracellular matrices with different chemical com-
positions (Gray et al., 2018). Moreover, phages comprise
proteins that are sensitive to temperature, salinity, or acid-
ity of the external environment, and these factors are
variable or extreme in the food processing environment
(Fister et al., 2016; Jonczyk et al., 2011). For instance, Park
et al. (2021) showed that exposure of Salmonella phages
to a temperature of 70°C for 30 min affected phage sta-
bility. Additionally, there is a constant arms race between
bacteria and coevelving with them bacteriophages (Ofir
& Sorek, 2018). Bacterial defense systems tend to form
“defense islands” in microbial genomes (Doron et al.,
2018). As a result of mutations/deletions in the genes
encoding phage receptors, CRISPR-Cas adaptive defense
systems, retrons (systems consisting of three components,
namely, a reverse transcriptase, a noncoding RNA, and
an effector protein), the Zorya system (based on inhi-
bition of phage DNA replication), BREX (bacteriophage
exclusion), DISARM (defense island system associated
with restriction-modification) and many others, bacte-
ria acquire phage resistance (Doron et al., 2018; Millman
et al., 2020; van Nieuwenhuyse et al., 2022). For exam-
ple, retron Ec48 of E. coli guards the RecBCD complex
with a central role in DNA repair and antiphage activ-
ity in bacteria. Inhibition of RecBCD by phage proteins
activates the retron, leading to abortive infection and
bacterial cell death, preventing lysis of the entire cell pop-
ulation (Doron et al., 2018). Interestingly, some bacteria
displaying resistance to phages become more susceptible
to antibiotics (Burmeister et al., 2020). For example, E. coli
phage U136B, isolated from a pig farm in Connecticut in
the United States, uses the antibiotic efflux pump pro-
tein TolC for infection. Since TolC contributes to E. coli
antibiotic resistance, its spontaneous mutation causes
resistance to phages but simultaneously reduces bacte-
rial resistance to colistin, a polypeptide antibiotic in the
polymyxin class (Burmeister et al., 2020). However, a dif-
ferent report showed increased resistance of Pseudomonas
aeruginosa PAO1 against both 14/1 phage and antibiotic
gentamicin due to biofilm growth, which provided a gener-
alized resistance mechanism (Moulton-Brown & Friman,
2018).

Despite the available knowledge on the effectiveness
of phages against bacterial cells organized into a biofilm,
the analysis of their effectiveness against single-species
biofilms on surfaces made of materials typical for surfaces
in contact with food and the use of static conditions is a
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major limiting factor. The available knowledge of phages
against biofilms is mostly based on single-species biofilms,
while in practice biofilms that typically form on materi-
als used in food processing plants are dual or multi-species
and grow, affecting the chemical composition of the extra-
cellular matrix as well as quorum sensing, which in turn
determines the biofilm’s resistance to antibacterial prepa-
rations (Giaouris et al., 2015). In addition, a large part
of the research is carried out on polystyrene surfaces in
96-well microtiter plates instead of, for example, on stain-
less steel or glass surfaces (Islam et al., 2019). A major
disadvantage of research on biofilms is also their forma-
tion under laboratory conditions in a static system, which
does not reflect the conditions of a food industry plant,
where cell adhesion is hindered due to the flow of semifin-
ished products as well as by washing and disinfection
procedures. Under these conditions they form biofilms
with greater resistance than their planktonic counterparts
(Kocot et al., 2021), and further research is needed on the
application of phages against biofilms, taking into account
the conditions that better mimic the conditions of food
production plants. Alternatively, a newer avenue of inves-
tigation is the use of phage lysins, which are less prone to
promoting the development of resistance and often active
against biofilms (Fischetti, 2018).

7 | PHAGE-DERIVED LYSINS

A bacteriophage interferes with a bacterium at multi-
ple stages during its replication cycle. Different phage
proteins may therefore have antibacterial potential, with
phage lysins by far being investigated most intensively
(Oliveira et al., 2018). Phage lysins are lytic enzymes that
degrade PG. They are used at the initiation of infection
and during the lysis phase at the end of the phage replica-
tion cycle. For infection, phages harbor a virion-associated
lysin that creates a local, small hole for phage genome
ejection from the capsid (Grabowski et al., 2021). During
lysis, a vast amount of a different phage lysin (termed
endolysin) accumulates in the cytoplasm and is suddenly
released to the periplasm, resulting in abrupt and mas-
sive PG degradation, osmotic lysis, and dissemination of
the newly produced progeny (Oliveira et al., 2018). Phage
lysins can be produced in a recombinant way and added
exogenously to bacteria to kill them by instantaneous PG
hydrolysis (Nelson et al., 2001). The specificity of lysins
is generally broader than that of phages and is usually at
the genus or species level. These hydrolytic enzymes are
able to destroy the cell walls of Gram-positive bacteria,
but their use in the context of Gram-negative bacteria is
limited (Murray et al., 2021). This limitation is dictated
by the differences in cell wall structure. The factor lim-
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iting the effectiveness of the lysin against Gram-negative
bacteria is the presence of the OM that surrounds the PG
layer and thus hinders its degradation by phage lysins
(Schmelcher & Loessner, 2016). The OM is composed of
phospholipids, lipopolysaccharides, and OM proteins. The
lipopolysaccharide layer is firmly interconnected through
divalent cations that bridge the phosphate groups of adja-
cent lipopolysaccharide molecules by ionic interactions
(Murray et al., 2021).

Generally, endolysins targeting Gram-negative bacteria
have a globular structure with a single domain hav-
ing catalytic activity. In contrast, endolysins active on
the Gram-positive cell wall have a modular architecture
(Briers et al., 2009). Basically, the structure of such mod-
ular endolysins depends on the presence of at least one
enzymatically active domain (EAD) and a cell wall-binding
domain (CBD), which are connected with a short linker
region (Schmelcher et al., 2012). The EAD is mostly found
at the N-terminal end and is the proper catalytic part of
the enzyme. In turn, the CBD is located at the C-terminal
end or has a central position and is responsible for the
specific recognition of ligands present in the bacterial cell
wall. Virion-associated lysins comprise a single EAD con-
nected to structural domains that link the EAD needed for
infection to the virion structure. An EAD may be named
by its specific cleavage site in the PG. According to this
classification, endolysins can be classified as endopep-
tidases, muramidases, amidases, glucosaminidases, and
transglycosylases (Abdelrahman et al., 2021). In turn, the
CBD determines the specificity of the endolysin, which is
defined by the specific ligand that is targeted. The speci-
ficity of endolysins, similar to bacteriophages, allows their
use as a narrow spectrum antibacterial, which is consid-
ered microbiome friendly. Nevertheless, the specificity of
phage lysins is mostly at the species or genus level, whereas
phages are generally specific at the subspecies level. The
use of lysins in the food industry faces similar obstacles
as the application of phages, but the important differen-
tiator of phage-derived lysins is the lower probability of
resistance development, while phages are unique in their
autodosing and evolution capacity.

The efficiency of endolysins against Gram-positive bac-
teria has been reported many times (Chang, 2020; Ibarra-
Sanchez et al., 2018; Misiou et al., 2018; Nelson et al., 2001;
Oliveira et al., 2012). Notably, the activity of lysins against
Gram-positive bacteria was demonstrated in food matri-
ces and in specific food products, which clearly indicates
the possibility of their application in combating foodborne
pathogens in the food sector. Nevertheless, the widespread
use of lysins in the food industry is limited mainly due
to the need for their large-scale production, purification
process, and scalability, which may entail high costs (Xu,
2021a). A new approach to reducing these limitations is
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the use of nonbacterial expression systems such as algae,
plants, and animals, which is currently under investigation
(Kovalskaya et al., 2016; Starkevi¢ et al., 2015; Stoffels et al.,
2017). In addition, previous research on lysins has mostly
focused on their medical use and they are under clini-
cal evaluation, for example, lysins CF-301, P128, SAL200,
and XZ.700 (Kuiper et al., 2021; https://www.trialregister.
nl/trial/8876). However, in recent years, research on the
antibacterial potential of lysins in the food sector has been
increasingly undertaken (Liu et al., 2019; Xu et al., 2021b),
driven by the need for innovative antibacterials targeting
Gram-negative foodborne pathogens. The studies till date
on the use of lysins against Gram-negative bacteria are
reported in Table 3.

Some reports have evaluated the effectiveness of lysins
in combating Gram-negative bacteria in the food matrix of
lettuce, specifically for the elimination of Salmonella (Liu
et al., 2019) and E. coli O157:H7 (Xu et al., 2021b). In the
first study, Liu et al. (2019) characterized LysWL59 from
phage LPST10. They showed that the enzyme is active in
the range of pH 6—10 and at a temperature of 4—90°C, indi-
cating the application potential under diverse conditions of
technological processes in the food industry. Moreover, the
application of the enzyme at a concentration of 2.5 uM sup-
ported by 0.5 mM EDTA resulted in a reduction of 93.03%
of S. Typhimurium on the lettuce within 1 h (Liu et al.,
2019). In the second study, Xu et al. 2021b evaluated the
activity of a new PlyEc2 enzyme, identified as E. coli lysin,
against key foodborne pathogens. They showed that the
enzyme PlyEc2 at a concentration of 100 ug/mL was active
against the E. coli O157:H7 strain sakai (ATCC BAA460)
at various pH values (range 6—9), killing more than 5 log
units of bacteria at pH 7.0, pH 7.5, and pH 8.5. Moreover,
the enzyme eliminated 99.7% of E. coli O157:H7 (reduc-
tion of 2.59 + 0.12 log units) on romaine lettuce leaves
and showed killing activity against Salmonella, Acineto-
bacter, Pseudomonas (>5 log units), and Shigella (~4—5 log
units). In addition, the enzyme killed 99.8% of the microbes
(reduction of 2.93 + 0.14 log units) present in the washing
solutions, indicating an additional benefit in terms of use
in the food industry, preventing food cross-contamination
during washing (Xu et al., 2021b). The activity of lysin
PlyEc2 against Gram-negative bacteria is probably due to
the presence of a highly positively charged C-terminal
region (40 amino acids) that may be responsible for outer
membrane permeabilization (Xu et al., 2021b).

Other studies on the usefulness of lysins in the food
industry focus on assessing their effectiveness in exter-
nal conditions that mimic different stages or conditions
of the production process, such as temperature, pH, ionic
strength (Ding et al., 2020; Legotsky et al., 2014), and
the presence of slightly acidic hypochlorous water (Zhang
et al., 2021a), which can mimic a disinfection treatment.

Nevertheless, the number of scientific reports on the use
of lysins in other specific food matrices is limited. As men-
tioned, the major limiting factor is the presence of an OM
that hinders the interaction of the enzyme with the PG
layer. Therefore, the scientific community is developing
and evaluating variable solutions to increase the potential
of lysins to eliminate Gram-negative bacteria.

8 | STRATEGIES TO IMPROVE THE
ACTIVITY OF LYSINS AGAINST
GRAM-NEGATIVE BACTERIA

Lysins can be divided into three generations. According
to this classification, the first generation includes wild-
type (native) lysins with antimicrobial properties; the
second generation is represented by engineered lysins
with improved antimicrobial and biochemical properties,
higher stability, and activity against Gram-negative bacte-
ria; and the third generation is associated with improved
pharmacodynamic and pharmacokinetic properties
(de Maesschalck et al., 2020). Due to their modular
structure, lysins are a rewarding object to be modified
with the use of advanced tools of molecular engineering to
obtain enzymes with the desired properties (Dong et al.,
2015; Kashani et al., 2017). In this section, we present
current strategies for the improvement of lysins to combat
Gram-negative bacteria (Figure 1).

8.1 | Lysins and OM permeabilizers

The simplest strategy to overcome the OM barrier is the use
of OM permeabilizers. In this context, the most commonly
used permeabilizer is EDTA, which functions by chelating
the stabilizing divalent cations from the OM. For instance,
Walmagh et al. (2012) evaluated the antibacterial activ-
ity of three different endolysins against Gram-negative
bacteria—OBPgp279, PVP-SElIgpl46 and 201¢2-1gp229—
in the presence of EDTA. Although OBPgp279 had intrin-
sic antibacterial activity against selected Gram-negative
pathogens, the addition of 0.5 mM EDTA decreased the
counts of bacterial cells by another 2—3 log units. In
another study, Oliveira et al. (2014) conducted a compre-
hensive study on the effectiveness of endolysin Lys68. This
enzyme is only inactivated after exposure to a tempera-
ture of 100°C for 30 min and retained 76.7% of its activity
when stored at 4°C for 2 months, supporting its use under
the diverse conditions prevalent in the food industry. The
supplementation of this endolysin with compounds such
as EDTA, citric and malic acids resulted in the exten-
sion of the enzyme’s spectrum of activity, showing effi-
ciency against 13 species of Gram-negative bacteria. In the
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TABLE 3

Target bacteria

Several Gram-negative
pathogens,
particularly
Salmonella
Typhimurium

S. Typhimurium

S. Enteritidis, S.
Typhimurium,
Salmonella Argora,
Indiana, Anatum, and
Dublin, E. coli

S. Typhimurium

S. Enteritidis, S.
Typhimurium

E. coli CR63

E. coli

E. coli O157:H7

E. coli O157:H7

Twenty-three
Gram-negative
bacterial strains
including 10 strains of
Salmonella enterica
and 6 strains of E. coli

Vibrio parahaemolyticus

Phage lysin
Lys68

LysWL59

LysSE24

LysSTG2

EN4

Lys394

Lysep3

PlyEc2

rLysJNO1

SPN9CC

Lysqdvp001

Lysin source

Salmonella phage
phi68 isolated
from feces from
a poultry farm

Bacteriophage
LPST10

Salmonella phage
LPSE1

Salmonella phage
STG2

Salmonella phage
TYM102

Salmonella phage
S-394

E. coli phage
vB_EcoM-ep3

E. coli phage

E. coli phage JNO1

Salmonella phage
SPN9CC

Vibrio phage
qdvp001

The table is based on scientific reports from the last 10 years.
Abbreviations: EDTA, ethylenediaminetetraacetic acid; OMP, outer membrane permeabilizer.

Phage lysins tested against foodborne Gram-negative pathogens.

Observations

Higher anti-biofilm effect under treatment
supported with malic or citric acid. Maximal
reduction of 5 logs in S. Typhimurium
load/CFU after 2 h treatment with Lys68/citric
acid; potential control of Gram-negative
pathogens in the food industry

Reduction of S. Typhimurium on lettuce
especially in the presence of 0.5 mM EDTA
(post-harvest)

Activity against all tested Gram-negative
bacterial strains in the presence of OMPs;
potential role in food industry

Reduction of the viability of S. Typhimurium
planktonic cells by 1.2 log. Activity against 72 h
S. Typhimurium biofilm formed in the
microplate, especially after sequential
treatment with slightly acidic hypochlorous
water and LysSTG2; potential role in food
industry

Reduction of 1.0-1.6 log CFU/g of Salmonella
cells in chilled and thawed raw chicken meat
in the presence of 0.1% NaHCOj; (post-harvest)

Reduction of 4 logs of E. coli cells after 30 min
treatment in the presence of 50 ug/mL of
antimicrobial peptide PGLa and 1 mM EDTA

Reduction of E. coli DH5a within 2 h in the
presence of 25 mM EDTA in in vitro
antibacterial tests. Host phage lysed 9 out of 15
multidrug-resistant E. coli strains isolated from
chickens (pre-harvest)

Active against key Gram-negative pathogens
including E. coli, Salmonella, Shigella,
Acinetobacter, and Pseudomonas in killing
assays. Reduction of E. coli 0157:H7 on
contaminated lettuce (post-harvest)

Reduction of viable E. coli cells on lettuce by
78.4% and 97.8% with the treatment of
30 ug/mL and 60 ug/mL of rLysIJNOI1 for
60 min, respectively, at 25°C in the presence of
0.5mM EDTA (post-harvest)

Exogenous lytic activity against E. coli; SPN9CC
endolysin reduced the number of viable E. coli
cells by approximately 2 logs within 2 h; all
Gram-negative bacterial strains after treatment
with 100 mM EDTA were lysed in vitro by
SPN9CC endolysin; potential role in food
industry

The most stable cationic guar gum liposome
formulation L-C, killed 99 % of V.
parahaemolyticus in the seawater with live
clams (pre-harvest)
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Reference

(Oliveira et al.,
2014)

(Liu et al., 2019)

(Ding et al.,
2020)

(Zhang et al.,
2021a)

(Abhisingha
et al., 2023)

(Legotsky et al.,
2014)

(Lv et al., 2015)

(Xu et al.,
2021b)

(Shen et al.,
2022)

(Lim et al.,
2014)

(Ning et al.,
2023)
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FIGURE 1 Selected methods of increasing the effectiveness of lysins against Gram-negative bacteria. AMPs, antimicrobial peptides;
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OM, outer membrane; P, peptide; RBPs, receptor binding proteins; RBP Pb5, phage receptor-binding protein Pb5, irreversible binding to the

FhuA receptor.

presence of 0.5 mM EDTA, Lys68 showed efficacy only
against Pseudomonas strains. However, the presence of
2 mM citric and 5 mM malic acids broadened the effec-
tiveness of Lys68 against other Gram-negative pathogens,
including S. Typhimurium LT2. It was shown that in the
presence of weak acids, Lys68 decreased the number of
Salmonella cells by approximately 3—5 log units in solution
in contrast to negative controls with the weak acids only.
In addition, the number of cells in a biofilm decreased by
approximately 1 log unit. Lys68 shows a relatively higher
muralytic activity at lower pH values, and the use of acids
contributed to a local decrease in the pH, explaining the
advantage of using acids over EDTA as OM permeabilizer
(Oliveira et al., 2014).

8.2 | Hurdle technology

One possibility to increase the effectiveness of endolysins
against Gram-negative bacteria is the use of hurdle tech-
nology (Mukhopadhyay & Gorris, 2014). This approach
involves the use of more than one method to eliminate
pathogens and to ensure the microbiological safety of food.
With regard to lysins, the method assumes the use of
another treatment beforehand, which aims to breach the
cell membranes, including the OM, subsequently allow-
ing the lysin to interact with the target PG (Oliveira et al.,
2012). One of the most commonly used processes, where

the synergistic and subsequent effect of lysins is used, is
the use of high hydrostatic pressure (HHP) technology.
For instance, Briers et al. (2008) evaluated the synergy
of HHP and two phage-encoded endolysins, KZ144 and
ELI188, in the control of P. aeruginosa PAO1. They showed
that when the endolysins were added, lower pressures are
needed to achieve the same killing, making this approach
more affordable, particularly for food that cannot be pas-
teurized (e.g., guacamole, oysters) (Briers et al., 2008).
Other strategies include demonstrating a synergistic effect
between antibiotics (Letrado et al., 2018) or bacteriocins
(Garcia et al., 2010b) and endolysins, but studies dedicated
to Gram-positive bacteria dominate here. Thus, this area is
still open to research on Gram-negative bacteria.

8.3 | Lysins engineered with outer
membrane-permeabilizing peptides

Lysins that degrade the PG of Gram-negative bacteria have
been engineered with peptides that have the ability to
destabilize or penetrate the OM. This self-promoted uptake
mechanism of peptides promotes the uptake of the lysin
moiety throughout the OM into the periplasm, where the
lysin can degrade the PG layer (Briers et al., 2014a). Such
engineered lysins are developed as Artilysin®s (Lysando).
A series of experiments to design Artilysins and to evalu-
ate their effectiveness against Gram-negative bacteria were
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performed. A lead example is Artilysin Art-175, which
consists of the KZ144 endolysin and the sheep myeloid
antimicrobial peptide (SMAP-29) (Briers et al., 2014b). This
engineered lysin is able to penetrate the OM and Kkill
a diversity of P. aeruginosa strains, including multidrug-
resistant (MDR) strains with up to a 5-log reduction in
cell number. Furthermore, serial exposure to subinhibitory
doses of Art-175 did not elicit resistance development, and
no cross-resistance with resistance mechanisms of 21 ther-
apeutic antibiotics was observed. A high bactericidal effect
has also been reported against Acinetobacter baumannii
(reduction of >8 log units) and its persisters (reduction
of 2.35 + 0.42 log units in the absence of 0.5 mM EDTA)
(Defraine et al., 2016) and colistin-resistant E. coli isolates
from swine, cattle, and chicken (reduction of 4.4 to 5.1 log
units) (Schirmeier et al., 2018). In another study, Yang et al.
(2015) designed a new engineered lysin, PlyA, by fusing the
lysin OBPgp279 with a fragment of the cecropin A peptide
(residues 1-8 KWKLFKKI). The activity of this modular
enzyme was assessed against A. baumannii and P. aerug-
inosa. It was shown that PlyA was effective against both
tested species in the exponential growth phase, while the
activity decreased against cells in the stationary growth
phase. The effectiveness of PlyA against cells in the sta-
tionary growth phase was enhanced by the use of OM
permeabilizing compounds such as EDTA and citric acid.
However, a further study showed that this particular engi-
neered lysin was ineffective in culture medium, milk
matrix, and serum. In turn, Ma et al. (2016) created con-
structs composed of the Lysep3 lysine (targeting E. coli)
and a polypeptide containing either 5, 10, or 15 cationic
amino acids or a polypeptide containing both cationic and
hydrophobic amino acids. The construct with a polypep-
tide of 15 cationic amino acids was the most effective
against E. coli (antibacterial reduction was 9%—42%) and
showed killing effects against three other Gram-negative
bacteria: P. aeruginosa (38 + 3% reduction), Salmonella spp.
(17 £+ 2% reduction), and Shigella spp. (8 + 2% reduction).
Interestingly, the effectiveness of constructs containing
cationic amino acids increased with the length of the
chain.

8.4 | Innolysins

The concept of innolysins focuses on the binding of
endolysins with phage receptor-binding proteins (RBPs)
(Zampara et al., 2018). The first reported study (Zampara
et al., 2020) described a chimera composed of endolysin
and the phage RBP Pb5, both from phage T5. This protein
binds irreversibly to the FhuA receptor. By using various
combinations with or without flexible linkers, 12 con-
structs were obtained. The innolysins were tested against

i Foud Science and Food Safety

E. coli, and muralytic activity was observed. The reduction
in E. coli cell counts suggests that these innolysins over-
come the OM barrier and degrade the PG. Furthermore,
an E. coli fhuA deletion mutant was used to demonstrate
that the FhuA receptor is needed for the antibacterial activ-
ity of the selected innolysin Ecé6. In addition, the selected
innolysin was found to be active against other bacterial
species carrying FhuA homologs, such as Shigella sonnei
and P. aeruginosa. In a follow-up study by Zampara et al.
(2021), they expanded the innolysin concept to the food-
borne pathogen C. jejuni. A novel C. jejuni-specific RBP,
the H-fiber originating from a prophage region of C. jejuni
CAMSA2147, was identified. This H-fiber was fused to dif-
ferent enzymatic activity domains of endolysins. The in
vitro study revealed innolysins Cjl and Cj5 as the best
fusion proteins to eliminate C. jejuni from contaminated
chicken skin stored at 5°C. Both Cjs showed a reduction
level over 1 log unit under these settings. Moreover, the
authors point to the need to search for more new phage
RBPs to improve the efficiency of innolysins against C.
jejuni. While only shown for E. coli and C. jejuni, the
innolysin concept could be more widely explored for other
pathogens.

8.5 | Lysocins

The concept of lysocins relies on the use of delivery systems
from colicin-like bacteriocins for translocation across the
OM (Heselpoth et al., 2019). Colicin-like bacteriocins form
translocons that transport catalytic (bactericidal) domains
through protein channels in the OM. Lukacik et al.
(2012) and Yan et al. (2017) used bacteriocin-lysin hybrid
molecules derived from pesticin (targeting the FyuA OM
protein) and colicin A (targeting vitamin B12 transporter,
BtuB), respectively, to actively transport lysins across the
OM of Gram-negative bacteria. In 2019, Heselpoth et al.
evaluated a lysin-bacteriocin fusion protein (PyS2-GN4)
containing the translocation domains of pyocin S2 (PyS2)
and GN4 lysin. In this molecule, the PyS2 domains are
responsible for translocation through the OM, whereas the
GN4 lysin degrades the PG. A series of experiments showed
2 to 4 log reductions in planktonic P. aeruginosa cells
at PyS2-GN4 concentrations between 0.1 and 100 ug/mL,
in addition to activity against biofilms, activity in serum,
and antipseudomonal efficacy in a murine model of bac-
teremia. Mice treated with 25 mg/kg of lysocin were 100%
protected from death, and organs of lysocin-treated mice
did not show any detectable Pseudomonas bacteria. These
results are promising and seem to be a potential tool for the
effective elimination of pathogens not only in the clinical
context but also with regard to food pathogens. However,
similar to innolysins, the protein dependence of lysocins
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for uptake is expected to render the approach more sus-
ceptible to resistance development due to mutations or
deletions, which could, however, also be associated with
virulence loss.

8.6 | Modularity principle

All the approaches above are characterized by modular-
ity, meaning that the fusion proteins are composed of
modules from different origins. Shuffling these modules
results in modular proteins with diverse biochemical and
antibacterial properties (Schmelcher et al., 2012). This
modularity principle can be boosted by the use of the
VersaTile technique, which is a combinatorial DNA assem-
bly method dedicated to constructing large and complex
libraries of modular proteins. This technique has been
applied to lysins engineered with OM-permeabilizing pep-
tides (Artilysin concept; Briers et al., 2014a) and innolysins
(Zampara et al., 2020). VersaTile allows shuffling of non-
related DNA sequences without the need for traditional
restriction/ligation. Instead, type IIS restriction enzymes
are used to cut outside their recognition site with the
possibility to freely choose the restriction site. A library
of approximately 10,000 variants was created in a single
day using this technique (Gerstmans et al., 2020). The
leading variant 1D10 completely killed two A. bauman-
nii strains (NCTC 13423 and RUH 134) in 50% human
serum and slowed biofilm formation in an ex vivo pig skin
model of burn wound infection (Gerstmans et al., 2020).
The same technique was used to create the innolysins
described above (Zampara et al., 2020), where the lead-
ing variant Ec21 was effective against E. coli resistant to
third-generation cephalosporins isolated from production
animals and meat. Three out of six selected E. coli strains
were sensitive to the innolysin Ec2l, with a reduction
reaching 3.31 + 0.53 log units. The VersaTile technique is
promising, and although it has been mainly tested to iden-
tify engineered lysins useful in therapeutic applications,
the method is generic and can also be targeted to food
pathogens.

8.7 | Insilico search for antimicrobial
peptides

Some lysins comprise peptides, usually in their C-
terminus, that exert a strong antibacterial effect that is
not based on PG degradation (Szadkowska et al., 2022).
Such antimicrobial peptides (AMPs) are responsible for
the natural ability of some lysins to permeate the OM of
Gram-negative bacteria. Vazquez et al. (2021) performed
a bioinformatic analysis of the C-terminal ends of lysins

directed against Pseudomonas. The assessment of the
physicochemical properties allowed for the estimation of
the probability of AMP occurrence based on the k-nearest
neighbors (kNN) predictive model. The authors selected
lysin variants with such peptides that may interact with the
OM, and they showed that two variants, Pae87 and Ppl65,
had muralytic and bactericidal activity against P. aerugi-
nosa and other Gram-negative bacteria. Thus, the concept
of predicting AMP-like regions seems to be a good strategy
for the search for, design of and, consequently, the acquisi-
tion of phage lysins with an intrinsic antibacterial activity
that can constitute the basis for further engineering.

8.8 | Lysin-based dendrimers

Another concept to improve the antimicrobial properties
of phage lysins is the use of dendrimers. Dendrimers are
organic chemical compounds with a regular, branched
structure composed of sequentially linked multifunctional
units (Markowicz-Piasecka & Mikiciuk-Olasik, 2016). Due
to their structure and properties, dendrimers are an excel-
lent vehicle for drugs and genes (Sheveleva et al., 2019).
Until now, dendrimers have been mainly used in studies
as vehicles for therapeutic substances that are already used
in clinical practice (Gorzkiewicz et al., 2020; Popova et al.,
2017). However, in a recent study by Quintana-Sanchez
et al. (2022), the antimicrobial activity of a cationic car-
bosilane dendrimer was evaluated in combination with
endolysin KP27, and the antibacterial activity of the mix-
ture against P. aeruginosa PAOI was higher than that of the
enzyme alone (Quintana-Sanchez et al., 2022). Notably, the
structure of dendrimers also enables lysins to be protected
against the influence of external factors related to techno-
logical processes (e.g., high temperatures, pH changes) and
to maintain the antibacterial activity of lysins in the final
food product. In summary, the dendrimer-lysin concept
should be further explored to assess its potential to target
a broad panel of bacteria, including foodborne pathogens.

8.9 | Liposome-mediated lysin delivery

Liposomal encapsulation of lysins has been reported to
increase the effectiveness of endolysins against Gram-
negative bacteria (Bai et al., 2019b). This approach has been
demonstrated for the phage-derived lysin BSP16Lys using
cationic liposomes composed of dipalmitoylphosphatidyl-
choline (DPPC), cholesterol, and hexadecylamine. The
activity of this encapsulated enzyme was evaluated against
S. Typhimurium and E. coli, and reduction levels of approx-
imately 2 log CFU/mL were obtained for both strains.
In one study (Ning et al., 2023), lysin-loaded liposome
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systems containing octadecylamine, cationic guar gum
(CGG), or liposomes coated with CGG were used to elimi-
nate Vibrio parahaemolyticus, the major agent responsible
for seafood-borne bacterial illnesses. The most stable CGG
liposome formulation, L-C, decreased the number of V.
parahaemolyticus cells in infected clams from 6.62 to 4.85
and 4.54 log CFU/g at a final Lys lysin concentration of
25 and 50 ug/mL, respectively. That studies support the
usefulness of liposome embedded lysin for controlling V.
parahaemolyticus contamination in food and aquaculture
fields.

The solution of encapsulating phage-derived lytic pro-
teins in the structure of liposomes seems to be a prospec-
tive tool for combating Gram-negative bacteria, especially
since the high efficiency does not require additional sup-
port with OM permeabilizers and can be combined with
the abovementioned engineering methods. Liposomes,
similar to dendrimers, can also have a protective func-
tion, which can maintain the activity of lysins during food
processing, influencing the microbiological quality of food.

8.10 | Encapsulation in alginate-chitosan
nanoparticles

One of the strategies to increase the effectiveness, espe-
cially therapeutic effectiveness, of lysins is encapsulation
in alginate-chitosan nanoparticles (Alg-Chi NPs) (Gondil
& Chhibber, 2021). Chitosan-based formulations have
an advantage over other delivery systems because they
increase the bioavailability of the therapeutic agent and
are also safely removed from the host after release of the
agent (Gondil & Chhibber, 2021). For instance, Kaur et al.
(2020) used this strategy to increase the clinical utility
of LysMR-5 with high lytic activity against MRSA and
Staphylococcus epidermidis but with low stability and short
half-life in vivo. It was shown that formulating LysMR-
5 in the Alg-Chi NP complex increased the bactericidal
properties against S. aureus. In addition, a biphasic release
profile was observed under physiological pH conditions
(pH 7.2). Moreover, the hemocompatibility and cytotox-
icity assays confirmed the applicability of this delivery
system for in vivo studies. The results of these studies
indicate the promising potential of Alg-Chi NPs as a drug
delivery system for in vivo research (Kaur et al., 2020). Nev-
ertheless, scientific reports on the use of Alg-Chi NPs as a
delivery system for lysins targeting Gram-negative bacteria
are lacking.

In summarizing the methods of improving lysins in
terms of their effective application against Gram-negative
bacteria, it should be noted that engineered lysins are
mainly tested as an application against human pathogenic
strains intended for use in the clinic. It is worth remem-
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bering that food contamination and food poisoning remain
global problems. Therefore, the methods used to improve
lysins in the fight against Gram-negative bacteria should
also be carried out against Gram-negative foodborne
pathogens, taking into account specific food matrices,
which may contribute to the creation of an effective
strategy for the elimination of these pathogens and the
prevention of foodborne diseases.

9 | CONCLUSIONS AND FUTURE
PERSPECTIVES

Annual reports by the WHO indicate that foodborne
diseases are a real global problem even in the 2Ist cen-
tury when the awareness and advancement of cleaning
and disinfection methods are at an unprecedentedly high
level. Therefore, it is necessary to search for new and
more effective methods of combating pathogens in the
food processing environment. Additionally, the problem
of antibiotic resistance makes the search for alterna-
tive antimicrobials an overriding goal of the scientific
community. Most bacteria prevalent in the food industry
and the clinic are Gram-negative bacteria. Therefore, the
development of new antibacterials should target this group
of bacteria.

In recent years, phages and phage lysins have been
extensively tested for use as antibacterials. Phages have
already been studied fairly well in the food context. The
high effectiveness against foodborne pathogens in food
matrices, in biofilms, and under food storage conditions
has been extensively documented and has resulted in
the development of commercially available phage prepa-
rations approved for use in food (Table 2). In turn, the
use of phage lysins in a food context is largely lim-
ited to Gram-positive bacteria, with only a few studies
focusing on the use of phage lysins against foodborne
Gram-negative pathogens in food matrices. In recent
years, different strategies to improve the effectiveness of
phage lysins against Gram-negative bacteria have been
reported. Nevertheless, it should be noted that most of
this research is focused on clinical application. Therefore,
future research should focus on the control of persistent
foodborne pathogens, taking into account various food
products, biofilms, and storage conditions.

Overall, phage-derived lysins represent a promising tool
for combating Gram-negative pathogens in both the food
processing and healthcare sectors. The use of advanced
molecular biology tools will help in generating constructs
with high activity against Gram-negative bacteria, which,
in the near future, may promote the development of
“next-generation lysins” that can be applied in the food
sector.
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