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Abstract

The global population is growing, and food waste from
spoilage and contamination is a serious problem.
Modern packaging systems are crucial nowadays to
address these problems and maximize the profitability
of the food industry by extending the shelf life and
storage of food products. Among these, active
packaging is attracting greater attention as it prevents
microbial attack and extends the storability of the
products. Bacteriocins and proteinaceous toxins from
bacteria, can be integrated into the food packaging
materials.

Though they have not been widely used in the food
packaging sector, they have previously been acclaimed
as a potential alternative to chemical preservation
techniques. This review encompasses a wide range of
bacteriocins used in food packaging to prevent
microbial contamination. More importantly, the
difficulties encountered in the industry and the latest
measures to remediate them are discussed in detail.

Keywords: Bacteriocins, anti-microbials, food packaging,
contamination, active packaging, preservation.

Introduction

Food spoilage accounts for almost 110 billion USD
worldwide every year in productivity lost and medical bills.
One in every ten people dies from consuming contaminated
food every year, which accounts for 600 million lives. These
grim statistics illustrate the need for effective, efficient, and
safe food packaging solutions. Moreover, consumers have
become more aware of the flaws and ill effects of
conventionally mass-produced synthetic packaging, pushing
the industry to develop new methods of packaging food.
Modern food packaging has become highly specialized such
as active, smart, and intelligent packaging. Continuous
monitoring of packaged food by gauging the microbial
content or inherent ripeness of the food product is smart
packaging. Physicochemical properties like pH, color,
moisture content, tamper, gas release, and chemical
composition can be checked with the help of indicators.

As a result, the packaging material may include certain
mineral components and even lab-on-a-chip type sensors.
Intelligent packaging consists of indicators, data carriers like
bar codes, and sensors that help quantify the presence of
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analytes in food products®. Active packaging gets a step
further by actively seeking to remediate the issue of food
spoilage by prolonging the shelf life of foods by denoting
that the packaging material must display some form of anti-
microbial properties.

Recently, nano-sized materials like silver, copper, and
titanium have been used and incorporated into the packaging
material with the intent of preventing microbial spoilage*.
The need for bioactive packaging stemmed from the
perceived and proven health concerns regarding the use of
such materials in packaging. Environmental concerns have
similarly influenced the requirements for biodegradable
packaging as solution®2. Bioactive packaging is a subset of
active packaging. Bioactive packaging includes bio-based
additives to enhance the shelf life as well as to fortify the
nutritional content of the overall food product which is the
niche part. Most bioactive additives such as phytochemical
constituents, vitamins, and other natural polymers are used
to achieve the requirement of antimicrobial properties in
food packaging*!.

Bacteriocins

Bacteriocins are antimicrobial proteins produced by both
Gram-positive and Gram-negative strains of bacteria. They
mimic antibiotics in their mechanism of action although
differ in the aspect of targeting only the bacterial strain that
produced them along with its closely related species®. They
were first discovered in 1925 by Gratia who was working on
highly specific antibiotics. The label “bacteriocine” was first
used in 1952 when it was revealed that various bacterial
species produced such peptides with anti-microbial activity.
Bacteriocins are classified under two broad groups, those
produced by Gram-positive bacteria and others produced by
Gram-negative bacteria as shown in the fig. 1.

The first category can be further distinguished into four
classes. Class I peptides contain atypical amino acids and are
linear (Type A) or globular (Type B) in structure and show
variance in protein charge. Class Il bacteriocins are
produced by ABC- transport proteins and are below 10 kDa
in molecular weight. Unlike class | peptides, they are not
post-translation modified and do not contain atypical amino
acids. Based on structure, they are subdivided into five types.

Class IIA bacteriocins are known for their conserved
sequences at the C-terminal and differentiated N-terminals.
They show great potential in the food preservative industry
as a result of their anti-listeria activity.
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Class IIB can be classified as dipeptides that target
Enterococcus species. They target them by forming pores in
the bacterial membrane which create ionic leakage. Class
IIC refers to the cyclical peptides which display a broad
range of antimicrobial activity like Bacteriocin AS-48. Class
11D consists of enterocins and lactococcins. They are not as
well-defined as the other subclasses. The newest addition to
the class Il bacteriocin family is 1IE which is composed of
around 3-4 peptides and has shown good activity against
Listeria monocytogenes. The third class consists of those
with molecular weight above 30 kDa. They are further
classified based on their mode of antimicrobial activity.

Bacteriolysins will dissolve the bacterial cell wall causing
cellular death whilst non-lytic antimicrobial peptides act on
intracellular targets. Class IV bacteriocins require and
include a carbohydrate moiety in their structure for full
activity. Gram-negative bacteria produce two types of
bacteriocins: Colicins secreted by E. coli and Microcins that
target enteric bacteria®. To ensure that only the recent
advancements in bacteriocin implementation  were
discussed, manuscripts published from 2015 to 2021 were
selected for this descriptive review. Fig. 2 represents a
timeline illustrating the historical progression in the field of
bacteriocins®2843,

General applications of Bacteriocins in food industries:
The most popular application of bacteriocins is their use as

Bacteriocins
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a bio preservative in dairy products, meat, eggs, and
vegetables. As of today, the only FDA-approved bacteriocin
used as a preservative is nisin used in over 48 countries.
Bacteriocins that promote growth or disease resistance can
be applied to a plant or a plant seed to help with its growth
as shown by a patent for the use of bacteriocins for plant
growth?.

There are numerous clinical applications too. Nisin,
subtilosin, fermenticin, and lacticin 3147 have shown
spermicidal properties by decreasing or altering the motility
of human sperm, which shows the potential of bacteriocins
as spermicides®.

Research in cancer therapy shows that Bacteriocins inhibit
tumor cells. Given bacteriocin's status as safe to use, they
could be a candidate for an anti-tumor drug®. Bacteriocins
increase membrane permeability leading to induced cell
death of cancer cells?®. Several bacteriocins have been
shown to exhibit antiviral properties, for instance,
against HSV-1 and HSV-2.

It has been established that bacteriocins derived from
the Enterococcus species show marked activity against
viruses from the Herpesviridae family. However, the
mechanism of such activity remains archaic*®.

Gram Positive
Bacteria

Class Il Class |

Type A

Linear Type A

Globular Type B

Fig. 1: Demarcations between the various types of bacteriocins
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Timeline of Bacteriocin Usage

1925; The first bacteriocin identified by Belgian

Scientist Andre Gratia

Fermented milk cultures and commercially
marketed in England in 1953 as an antimicrobial agent
1
Discovered that lactobacill produced antimicrobial
substances different from the organic acids by (de
Klerk and Smit 1967;Sabine 1963; Tramer 1966)
1969, nisin was approved by the Joint Food and
Agricutture Organization/World Health Organization
(FAO/WHO) as a safe food additive. 1971, structure of the first identified lantibiotic
- nisin is determined
1978, Nisin's potential as an oral antimicrobial was first 1
described 1988, In the US, nisin was approved by the Food and
1 Drug Administration
Bacteriocin research and development recieved good
funding in the 1990's and into the 21st century from the
Europen union
2006: Lactic Acid Bacteriocins were used for prevention /

treatment of cancer due to their potential cytotoxic

effect on cancerous cells

2011: Pedocin from Pediococcus acidilactici MM33 isolated

from the human gut shown to be useful for microbial

164 patents were granted in 2010-2015, which is
infections and as a food additive.

equivalent to 60% increase in comparison to

2004-2009 (81 patents) .

As of 2016, the only bacteriocin approved by the FDA

and used as a food preservative in several countries is nisin

Fig. 2: A timeline illustrating the historical progression in the field of bacteriocins
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In skin care, Bacteriocin-based lotions have been shown to
reduce inflammatory lesions as in the case of the action of
ESLS5 bacteriocin on lesions caused by P. acnes?®. Studies
by Zoumpopoulou et al®” illustrate that certain bacteriocins,
namely L. plantarum ACA-DC 269, L. fermentum ACA-DC
179, and S. macedonicus ACA-DC 198 can be used to target
pathogenic oral bacteria. It could be useful to further
investigate as it could lead to formulation of effective
antimicrobials. Bacteriocins are employed even in veterinary
circles. Antibiotic methods of treating mastitis increase the
risk of antibiotic resistance®®. Numerous studies have
demonstrated that nisin can be used as an alternative to
conventional antibiotics to bypass the effects of antibiotic
resistance3“.

Table 1 illustrates some of the inherent advantages of
bacteriocins like their nature as a safe-to-use additive in food
preservation along with a high degree of thermal stability.
The majority of bacteriocin peptides used are stable in the
neutral range of pH which is common to most food products.
Unlike certain bioactive ingredients, bacteriocins from the
lactic acid bacteria family (LAB) have yet to display any
signs of adverse effects on test subjects. Despite these
redeeming qualities, their use in commercial packaging and
preservation is limited at best.

Inherent challenges posed by bacteriocins
Ever since it was first discovered in milk in 1928, and first
commercially produced in the 1950's, nisin remains the sole
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FDA-approved bacteriocin used in the food processing
industry®. Several obstacles hinder the widespread
commercial use of bacteriocins and other such antimicrobial
peptides. First, their commercial production is expensive.
Large-scale manufacturing of bacteriocins requires a protein
purification stage which is more expensive than antibiotic
manufacturing.

Additionally, proteolytic degradation of peptides causes loss
of activity, these compounds also undergo various physical
and chemical changes during the various food processing
stages’. The majority of bacteriocins possess narrow
spectrum activity and those that show a wide range, are not
as abundant® as nisin.

Due to its limited range of activity, it is unable to protect
food from a variety of microorganisms. Finally, there is also
the threat of bacteriocin-resistant strains emerging. Despite
peptides being ubiquitous, only a few instances of resistance
have been observed*. There is evidence that a similar
phenomenon is occurring among bacteriocins. L.
monocytogenes has shown resistance to nisin, leucocin A,
pedocin and mesenterocin®’.

Advances in bacteriocin modification against proteolytic
degradation: Proteolytic degradation of a peptide often
depends upon its amino acid sequence. Previous methods
were based on chemical modification of the amino acid
sequence.

Table 1
Properties of Bacteriocins used in Food Packaging
Class Name Source Targets Food Heat pH Safety status
product | resistance | tolerance
I Nisin13555 L. lactis spp L. Fruit Relatively | Below8 | GRAS by FDA
monocytogenes, | beverages, stable
C. botulinum meat and when
dairy PEGylated
products at 160 °C
| Lacticin L. lactis L. Dairy 80 °Cfor 20 | Around 7 | Tested safe till 18
3147 DPC3147 monocytogenes, | products mins mg/kg dose in
A13047 B. subtilis rats
I1A | Enterocin Enterococcus L. Meat 80 °Cfor | Around 4 Safe to use
AL3539 faecium MMRA | monocytogenes | products 15 mins
1 Aureocin S. aureus L. Milk 16 weeks | Around 7 No adverse
AT70% monocytogenes at4°C effects noticed
Il A | Bacteriocin B. L. Raw Meat 100 °C 2-10 No adverse
CAMT2! | amyloliquefaciens | monocytogenes | products effects noticed
A Pediocin | Pediococcus spp. S. aureus, Dried, 121 °Cfor 2-10 No adverse
PA-13035 E. coli and fermented | 20 mins effects noticed
Pseudomonas meats
IA | Leucocin Leuconostoc Lactic acid Meat 100 °Cfor 2-5 No adverse
A8 gelidum bacteria, L. products 20 mins effects noticed
monocytogenes
1l Enterocin Enterococcus S. aureus, Dairy 65 °Cfor 5 4-9 Tested safe up to
AS-48633 faecalis S-48 L. products mins a concentration of
monocytogenes 200 pg/ml
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Studies done by Arias et al> demonstrate the structural
activity of these antimicrobial peptides, their results indicate
that the activity of bacteriocins increased with the inclusion
of arginine and its derivatives whilst Lysine concurrently
decreased the activity of the whole peptide. Moreover, they
indicate that a reduction in side-chain length for lysine
shows an increased stability towards proteolytic
degradation?. Backbone cyclization has shown promising
results in this aspect of development. Adding a disulphide
bond between the two cysteines or an amide bond between
the N and C terminals confers stability against the protease
degradation of bacteriocins.

Given the success of this approach in trials on the eradication
of Pseudomonas aeruginosa with the aid of D-enantiomers
of antimicrobial peptides, synthesizing D-enantiomer
versions of the current crop of peptides is a prospective
remedy*’. This might be due to the relative abundance of L-
peptides in nature as opposed to D-peptides.
Experimentation on modification efficacy illustrates that the
modifications made at sites 2-4 residues away from the
cleavage site hinder protease cleavage the most. Tests by
Werner et al®® have gauged D-alpha residue modification to
be the most protective followed by C-alpha methyl alpha
residue modification and N-methyl alpha modification.

Nanotechnology-based formulations and applications lead
the foray with advancements like nanoliposomal
encapsulation, chitosan nanoparticles, and polymeric
nanofibres. They have been proven to increase both the
stability and spectrum of activity of bacteriocins upon
application. Phytoglycogen-encapsulated nisin has been
tested against L. monocytogenes with positive results whilst
solid lipid nanoparticles of nisin show a marked increase in
active life against L. monocytogenes and S. aureus®.
Fluorination is not a suitable method of stabilizing the
peptides, as it depends upon numerous factors such as
protease cleavage site, nature of the adjacent group, location
of substitution concerning the enzymatic cleavage site, and
inherent hydrophobicity of respective bacteriocin. Once
these factors are further illuminated, fluorination can be
considered as a solid measure against protease degradation®.

Advances in bacteriocin target spectrum and
potency improvement

Bacteriocin development concerning spectrum improvement
and increased potency have witnessed numerous approaches
to remediation. From mutagenesis to nanotechnology and
combinatorial implementation to the isolation of new strains,
there have been several breakthroughs in the field. Site
saturation mutagenesis of nisin A is one such example that
yielded several nisin variants which displayed enhanced
antimicrobial activity towards strains like E. coli,
Salmonella enterica along with other Gram-positive and
negative species. The serine to glycine substitution at the
29" amino acid demonstrated by Field et al'® yielded three
S29 variants. Similar experiments by Sun et al*®
demonstrated that site-specific mutagenesis in the 29"
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position of Pediocin PA-1 yielded enhanced anti-microbial
activity in the resulting mutants.

According to conventional reasoning, combining several
bacteriocins will result in a more comprehensive strategy for
food preservation since each bacteriocin has a distinct mode
of action and targets a range of pathogenic microorganisms.
By co-expressing leucocin C and nisin Z, Fu et al** were able
to successfully protect pasteurized milk from Listeria
monocytogenes*.  Combinatorial research with the
bacteriocins nisin, pediocin 34, and enterocin FH99
demonstrated that the antibacterial impact increased
noticeably when the bacteriocins were used together®>.
Nanotechnology has been implemented in the pursuit of
improved potency with relative success. Recently, avicin
was observed displaying greater anti-bacterial activity when
paired with layered double hydroxide nanoparticles against
Lactobacillus sakei LMGT 2313%2.

Similar studies conducted on button mushrooms
demonstrated the beneficial effects of pairing nano-silica,
nisin and chitosan in anti-microbial food packaging thus
illustrating the possible improvements towards increasing
potency and spectrum of action in bacteriocins®2. New
broad-spectrum bacteriocins are being isolated and
identified with positive implications for food preservation.
For example, a broad-spectrum novel bacteriocin BM1122
was isolated from Lactobacillus crustorum MNO047 by Lu et
al® in 2020. It displayed antimicrobial activity in a wide
range of pH and temperature®®. Another broad-spectrum
bacteriocin was discovered in yak yogurt "LP 21-2" which
displayed broad-spectrum anti-microbial activity against S.
aureus, S. typhi, and even S. cerevisiae when tested®’.

Advances in reducing production costs and

increasing efficiency

As bacteriocin-producing LAB needs complex nutrition to
grow properly, the cost increases as does the difficulty of
purification?t. Medium optimization is necessary as large-
scale production of bacteriocins usually employs complex,
expensive media. One of the hardest issues to overcome is
the feasibility of scaling up production for industrial use's.
There have been various efforts to produce media for
bacteriocin growth from cheaper sources. One example is
the work done by Metsoviti et al** who showed that adequate
amounts of bacteriocins can be produced by using waste
molasses as a source of carbon.

Another study tried replacing expensive components in
MRS medium (peptone, Y.E, dextrose) with cheaper
alternatives (red lentil, molasses, and baker's yeast). The
medium with these cheaper alternatives was found to be
useful for the production of bacteriocins®. For low-cost
nisin production, Kaktcham et al®* isolated LAB from
freshwater fish and showed that fish processing by-products
supplemented with molasses work as a medium for the
production of nisin. Another factor is centrifugation, which
at the industrial scale, bottlenecks the purification process of
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nisin Z, and hence various protocols have been devised for
large-scale  bacteriocin  purification, skipping  the
centrifugation step®s.

By using the hydrophobic and cationic behavior of
bacteriocins, they can be isolated through a process called
expanded bed absorption®. This process is faster and reduces
many purification steps which increase productivity which
in turn reduces operating costs and thus, is ideal for large-
scale purification processes. Another interesting study was
done by Jawan et al*! to improve medium composition for
the production of Bacteriocin Inhibitory Substances (BLIS)
by modeling the medium optimization process using
Response Surface Methodology (RSM) and Artificial
Neural Network (ANN).

Lactococcus lactis GH1 produces BLIS which has
antibacterial action against Listeria monocytogenes. The
study found that BLIS production was 1.4 times higher in
optimized media than in nonoptimized and ANN and RSM
were concluded to be effective and adaptable approaches for
modeling complicated bioprocesses.

Advances against bacteriocin resistance

All of the observed instances of bacteriocin resistance came
from in vitro studies. The potential extent of in vivo
resistance development is unknown at this time'’. According
to research by Inglis et al,? the environment that bacteria are
exposed to will determine whether they develop resistance.
In bacteria exhibiting resistance, changes to cell surface
receptors or intracellular targets have been observed®.
Bacteriocin degradation can also cause resistance; certain
bacteria, such as Bacillus spp., produce an enzyme called
nisinase which degrades nisin. The mechanisms of
acquisition of bacteriocin resistance are complex and even
among the same species, different mechanisms have been
observed®®. The chances of resistance developing could be
reduced as bacteriocins usually act fast’.

A possible way of dealing with the risk of resistance arising
is to pair bacteriocins with other antimicrobials like in the
study done which showed that to inhibit the growth of L.
monocytogenes that grow on meat products, a mixture of
nisin and thyme essential oil is effective®. Irradiation is
another method to improve bacteriocin efficiency as shown
in the studies where the susceptibility of L. monocytogenes
to irradiation was increased by encapsulated nisin, oregano,
and cinnamon essential o0il*°.

Bacteriocins can be designed to become more efficient and
improve their functions with bioengineering as unlike
antibiotics. Amino acids in their structure can be mutated to
better target pathogens?’. Also, unlike other antimicrobials
which generally inhibit enzymes, bacteriocins cause cell
apoptosis by targeting the membranes of the cells, thus it can
be said that the evolution of cross-resistance to
antimicrobials that have different modes of action is
unlikely®°. Even so, to use bacteriocin products in a clinical
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environment, caution must be exercised no matter how
unlikely resistance is.

Conclusion

Despite being first identified nearly one hundred years ago,
nisin remains the only bacteriocin widely used worldwide.
Bacteriocins have shown ubiquitous use in various industries
for their preservative and antimicrobial properties, yet they
are severely underutilized today. While bacteriocins do face
certain problems that hinder their large-scale application,
they are not obstacles that the food sector cannot mitigate.
The consumers of today wish for less processed foods, and
chemical preservatives and opt for more natural options.
Bacteriocins can fill this market niche. Their use as an
additive in bio packaging could be particularly useful.

With great strides in biotechnology and advances in
nanotechnology, many of the stability and efficiency-related
issues can be addressed. Bacteriocins hold great potential in
the future of preservation and food packaging. Interestingly,
incorporating bacteriocins into food packaging materials can
assist in improving food safety and expanding the lifespan
of perishable foods. Bacteriocins could be used in food
packaging depending on many aspects including
compatibility with packaging materials to maintain their
durability and efficiency. They should not disrupt the
packaging's integrity or interact negatively with it. To ensure
their efficacy, bacteriocins must be released from the
packing material under controlled conditions.

The release mechanism must be created to deliver a gradual
release of bacteriocins that is both regulated and sustained.
They can target particular bacterial strains or species with
their targeted antibacterial effects. The choice of
bacteriocins should be based on the specific food products
and the pathogens or spoilage microorganisms which are of
concern. It should be subjected to regulatory approvals and
safety assessments to evaluate the safety and efficacy of new
food packaging technologies before their commercial usage.
A new generation of bio packaging might emerge when this
field attracts investors and is effectively promoted by
consumers.

Acknowledgement

All the authors are thankful to the management of Vellore
Institute of Technology, Vellore, Tamil Nadu, India for
providing constant support and encouragement.

References
1. AnJ., ZhuW., Liu Y., Zhang X., Sun L., Hong P., Wang Y., Xu
C., Xu D. and Liu H., Purification and characterization of a novel
bacteriocin CAMT2 produced by Bacillus amyloliquefaciens
isolated from marine fish Epinephelus areolatus, Food Cont, 51,
278-282 (2015)

2. Arias M., Piga K.B., Hyndman M.E. and Vogel H.J., Improving
the activity of trp-rich antimicrobial peptides by Arg/Lys
substitutions and changing the length of cationic residues, Biomol,
8(2), 19 (2018)

147


https://doi.org/10.25303/2711rjce1420150

Research Journal of Chemistry and Environment

Vol. 27 (11) November (2023)

3. Benmechernene Z., Ferndndez-No 1., Kihal M., Béhme K., Calo-
Mata P. and Barros-Velazquez J., Recent Patents on Bacteriocins:
Food and Biomedical Applications, Recent Pat. on DNA & Gene
Seq, 7(1), 66-73 (2013)

4. Bradshaw J.P., Cationic antimicrobial peptides: Issues for
potential clinical use, BioDrugs, 17(4), 233-240, (2003)

5. Callewaert R. and De Vuyst L., Expanded bed adsorption as a
unique unit operation for the isolation of bacteriocins from
fermentation media, Biosep, 8, 159-168 (1999)

6. Cebrian R., Rodriguez-Cabezas M.E., Martin-Escolano R.,
Rubifio S., Garrido-Barros M., Montalban-Lopez M., Rosales M.J.,
Sénchez-Moreno M., Valdivia E., Martinez-Bueno M., Marin C.,
Gélvez J. and Maqueda M., Preclinical studies of toxicity and
safety of the AS-48 bacteriocin, J Adv Res, 20,129-139 (2019)

7. Cotter P.D., Hill C. and Ross R.P., Food microbiology:
Bacteriocins: Developing innate immunity for food, Nature Rev
Microbiol, 3(10), 777788 (2005)

8. Smith D., Lee K.D., Gray E., Souleimanov A. and Zhou X., Use
of bacteriocins for promoting plant growth and disease resistance,
US Patent 20080248953 (2008)

9. Daw M.A. and Falkiner F.R., Bacteriocins: Nature, Function and
Structure, Micron, 27(6), 467-479 (1996)

10. De Freire Bastos M.D.C., Varella Coelho M.L. and Da Silva
Santos O.C., Resistance to bacteriocins produced by gram-positive
bacteria, Microbiol, 161(4), 683-700 (2015)

11. De La Fuente-Nifiez C., Reffuveille F., Mansour S.C.,
Reckseidler-Zenteno S.L., Hernandez D., Brackman G., Coenye T.
and Hancock R.E.W., D-Enantiomeric Peptides that Eradicate
Wild-Type and Multidrug-Resistant Biofilms and Protect against
Lethal Pseudomonas aeruginosa Infections, Chem Biol, 22(2),
196-205 (2015)

12. Fahim H.A., Khairalla AS. and El-Gendy A.O.,
Nanotechnology: A valuable strategy to improve bacteriocin
formulations, Front Microbiol, 7, 1385 (2016)

13. Field D., Begley M., O’Connor P.M., Daly K.M., Hugenholtz
F., Cotter P.D., Hill C. and Ross R.P., Bioengineered Nisin A
Derivatives with Enhanced Activity against Both Gram Positive
and Gram Negative Pathogens, PLoS One, 7(10), e46884 (2012)

14. Fu Y., Mu D., Qiao W., Zhu D., Wang X., Liu F., Xu H., Saris
P., Kuipers O.P. and Qiao M., Co-expression of nisin Z and
leucocin C as a basis for effective protection against Listeria
monocytogenes in pasteurized milk, Front Microbiol, 9, 547
(2018)

15. Garsa A.K., Kumariya R., Sood S.K., Kumar A. and Kapila S.,
Bacteriocin Production and Different Strategies for Their Recovery
and Purification, Prob Antimicrob Prot, 6(1), 47-58 (2014)

16. Ghaani M., Cozzolino C.A., Castelli G. and Farris S., An
overview of the intelligent packaging technologies in the food
sector, Trends Food Sci Tech, 51, 1-11 (2016)

17. Gradisteanu Pircalabioru G., Popa LI., Marutescu L., Gheorghe
I., Popa M., Czobor Barbu I., Cristescu R. and Chifiriuc M.C,,

https://doi.org/10.25303/2711rjce1420150

Res. J. Chem. Environ.

Bacteriocins in the era of antibiotic resistance: rising to the
challenge, Pharma, 13(2), 1-15 (2021)

18. Hastings J.W., Sailer M., Johnson K., Roy K.L., Vederas J.C.
and Stiles M.E., Characterization of Leucocin A-UAL 187 and
Cloning of the Bacteriocin Gene from Leuconostoc gelidum, J
Bacteriol, 173(23), 7491-500 (1991)

19. Holcapkova P., Hurajova A., Bazant P., Pummerova M. and
Sedlarik V., Thermal stability of bacteriocin nisin in polylactide-
based films, Polym Degrad and Stab, 158, 31-39 (2018)

20. Inglis R.F., Scanlan P. and Buckling A., Iron availability shapes
the evolution of bacteriocin resistance in Pseudomonas aeruginosa,
The ISME Journal, 10(8), 2060-2065 (2016)

21. Jawan R., Abbasiliasi S., Tan J.S., Kapri M.R., Mustafa S.,
Halim M. and Ariff A.B., Evaluation of the Estimation Capability
of Response Surface Methodology and Artificial Neural Network
for the Optimization of Bacteriocin-Like Inhibitory Substances
Production by Lactococcus lactis Gh1, Microorganisms, 9(3), 579
(2021)

22. Kaktcham P.M., Foko Kouam E.M., Tchabou Tientcheu M.L.,
Temgoua J.B., Wacher C., Zambou Ngoufack F. and Pérez-
Chabela Ma De L., Nisin-producing Lactococcus lactis subsp.
lactis 2MT isolated from freshwater Nile tilapia in Cameroon:
Bacteriocin screening, characterization, and optimization in a low-
cost medium, Lwt, 107, 272-279 (2019)

23.Kang B.S., Se0 J.G., Lee G.S., Kim J.H., Kim S.Y., Han Y.W.,
Kang H., Kim H.O., Rhee J.H., Chung M.J. and Park Y.M.,
Antimicrobial activity of enterocins from Enterococcus faecalis
SL-5 against Propionibacterium acnes, the causative agent in acne
vulgaris, and its therapeutic effect, J of Microbiol, 47(1), 101-109
(2009)

24. Karpinski T.M. and Szkaradkiewicz A.K., Characteristic of
bacteriocines and their application, Pol J Microbiol, 62(3), 223-35
(2013)

25. Kaur G., Singh T.P. and Malik R.K., Antibacterial efficacy of
Nisin, Pediocin 34 and Enterocin FH99 against Listeria
monocytogenes and cross resistance of its bacteriocin resistant
variants to common food preservatives, Braz J Microbiol, 44(1),
63-71 (2013)

26. Kaur S. and Kaur S., Bacteriocins as potential anticancer
agents, Front Pharmac, 6, 1-11 (2015)

27. Kumariya R., Garsa A.K., Rajput Y.S., Sood S.K., Akhtar N.
and Patel S., Bacteriocins: Classification, synthesis, mechanism of
action and resistance development in food spoilage causing
bacteria, Microb. Pathog, 128, 171-177 (2019)

28. LoOpez-Cuellar Ma Del R. and Rodriguez-Hernandez A.l.,
Chavarria-Hernandez N., LAB bacteriocin applications in the last
decade, Biotech. Biotech Equipment, 30(6), 1039-1050 (2016)

29.LuY., YanH., Li X, GuY., Wang X., YiY,, Shan Y, Liu B.,
Zhou Y. and Xin L., Physicochemical properties and mode of
action of a novel bacteriocin BM1122 with broad antibacterial
spectrum produced by Lactobacillus crustorum MNO047, J Food
Sci, 85(5), 1523-1535 (2020)

148


https://doi.org/10.25303/2711rjce1420150

Research Journal of Chemistry and Environment

Vol. 27 (11) November (2023)

30. Mcauliffe O., Ryan M.P., Ross R.P., Hill C., Breeuwer P. and
Abee T., Lacticin 3147, a Broad-Spectrum Bacteriocin Which
Selectively Dissipates the Membrane Potential, Appl. Envi
Microbiol, 64(2), 439-445 (1998)

31. Metsoviti M., Paramithiotis S., Drosinos E.H., Skandamis P.N.,
Galiotou-Panayotou M. and Papanikolaou S., Biotechnological
valorization of low-cost sugar-based media for bacteriocin
production by Leuconostoc mesenteroides E131, New Biotechnol,
28(6), 600609 (2011)

32. Motelica L., Ficai D., Ficai A., Cristian Oprea O., Durmu D.,
Kaya A. and Andronescu E., Biodegradable Antimicrobial Food
Packaging: Trends and Perspectives, Foods, 9(10), 1-36 (2020)

33. Mufioz A., Ananou S., Galvez A., Martinez-Bueno M.,
Rodriguez A., Maqueda M. and Valdivia E., Inhibition of
Staphylococcus aureus in dairy products by enterocin AS-48
produced in situ and ex situ: Bactericidal synergism with heat, Intl.
Diary J, 17(7), 760769 (2007)

34. Neeralakeri Bhagyashree A. and Kulkarni Badarinath D.,
Comprehensive Review on Anticancer mechanism of Bioactive
Peptides, Res. J. Biotech., 18(2), 137-143 (2023)

35. Ng Z.J., Zarin M.A,, Lee C.K. and Tan J.S., Application of
bacteriocins in food preservation and infectious disease treatment
for humans and livestock: A review, RSC Adv, 10(64), 38937—
38964 (2020)

36. Parada J.L., Caron C.R., Medeiros A.B.P. and Soccol C.R.,
Bacteriocins from lactic acid bacteria: Purification, properties and
use as biopreservatives, Braz. Arch. Bio. and Tech, 50(3), 521-542
(2007)

37.Peng S., Song J., Zeng W., Wang H., Zhang Y., Xin J. and Suo
H., A broad-spectrum novel bacteriocin produced by Lactobacillus
plantarum SHY 21-2 from yak yogurt: Purification, antimicrobial
characteristics and antibacterial mechanism, LWT, 142, 110955
(2021)

38. Raccach M., Pediococcus, Ency. Food Microbiol, Elsevier Inc
(2014)

39. Rehaiem A., Guerra N.P., Belgacem Zben, Bernardez P.F.,
Castro L.P. and Manai M., Enhancement of enterocin A production
by Enterococcus faecium MMRA and determination of its stability
to temperature and pH, Biochem Eng J, 56(1-2), 94-106 (2011)

40. Rubala Nancy J., Gururajan Gayathri, Murugan N. and
Kaliyaperumal Kathireshan, Multiplex PCR: A Molecular
Modality for Rapid Detection of CTX-M-15, AAD Al and QNR
S1 Genes among Drug Resistant Clinical Isolates of
Enterobacteriaceae in Kanchipuram, South India, Res. J. Biotech.,
17(2), 57-63 (2022)

41. Salgado P.R., Di Giorgio L., Musso Y.S. and Mauri A.N.,
Bioactive Packaging: Combining Nanotechnologies with
Packaging for Improved Food Functionality, Nanomater. Food
App,  233-270, https://doi.org/10.1016/B978-0-12-814130-
4.00009-9 (2018)

42. Sami R., Elhakem A., Alharbi M., Benajiba N., Fikry M. and

Helal M., The combined effect of coating treatments to nisin, nano-
silica, and chitosan on oxidation processes of stored button

https://doi.org/10.25303/2711rjce1420150

Res. J. Chem. Environ.

mushrooms at 4 °C, Sci. Rpt.,, 11(1), https://doi.org/10.1038/
541598-021-85610-x (2021)

43. Shin J.M., Gwak J.W., Kamarajan P., Fenno J.C. and Rickard
AH., Kapila Y.L., Biomedical applications of nisin, J Appl
Microbiol, 120(6), 1449-65 (2016)

44, Silva C.C.G,, Silva S.C.G. and Ribeiro S.C., Application of
Bacteriocins and Protective Cultures in Dairy Food Preservation,
Front. Microbiol, 9, 594 (2018)

45. Solomakos N., Govaris A., Koidis P. and Botsoglou N., The
antimicrobial effect of thyme essential oil, nisin, and their
combination against Listeria monocytogenes in minced beef
during refrigerated storage, Food Microbiol, 25(1), 120-127
(2008)

46. Soltani S., Hammami R., Cotter P.D., Rebuffat S., Said Lben,
Gaudreau H., Bédard F., Biron E., Drider D. and Fliss I.,
Bacteriocins as a new generation of antimicrobials: Toxicity
aspects and regulations, FEMS Microbiol Rev., 45(1), 1-24 (2021)

47.Suda S., Westerbeek A., O’Connor P.M., Ross R.P., Hill C. and
Cotter P.D., Effect of bioengineering lacticin 3147 lanthionine
bridges on specific activity and resistance to heat and proteases,
Chem Bio., 17(10), 1151-1160 (2010)

48. Sun L., Song H. and Zheng W., Improvement of Antimicrobial
Activity of Pediocin PA-1 by Site-directed Mutagenesis in C-
terminal Domain, Protein Pept Lett., 22(11), 1007-12 (2015)

49. Hug T., Vu K.D., Riedl B., Bouchard J. and Lacroix M.,
Synergistic effect of gamma (y) irradiation and microencapsulated
antimicrobials against Listeria monocytogenes on ready-to-eat
(RTE) meat, Food Microbiol., 46, 507-14 (2015)

50. Varella C., Santos N. Dos J., Fagundes P.C., Madureira D.J.,
Oliveira De S.S., Vasconcelos De P.B.M.A. and Freire Bastos do
Carmo de M., Activity of staphylococcal bacteriocins against
Staphylococcus aureus and Streptococcus agalactiae involved in
bovine mastitis, Res. Microbiol., 158(7), 625-630 (2007)

51. Venigalla S., Sindhuja Y.N., Srujuna K., Swathi S., Naidu Y.
and Rao G.H., Optimized Production of Bacteriocin from Cheaper
Carbon and Nitrogen Sources Using Response Surface
Methodology, Res. J. Microbiol., 12(1), 42-49 (2017)

52. Vukeli¢ S., Moschner J., Huhmann S., Fernandes R., Berger
A.A. and Koksch B., Synthesis of Side Chain Fluorinated Amino
Acids and Their Effects on the Properties of Peptides and Proteins,
Mod. Synth. Proc. React. Fluorinated Comp: Prog. in Fluorine Sci.,
427-464 (2017)

53. Werner H.M., Cabalteja C.C. and Horne W.S., Peptide
Backbone Composition and Protease Susceptibility: Impact of
Modification Type, Position, and Tandem Substitution, ChemBio.,
17(8), 712-718 (2016)

54. Yang S.C., Lin C.H., Sung C.T. and Fang J.Y., Antibacterial
activities of bacteriocins:  Application in foods and
pharmaceuticals, Front Microbiol., 5, 1-10 (2014)

55. Younes M., Aggett P., Aguilar F., Crebelli R., Dusemund B.,
Filipi¢ M., Frutos M.J., Galtier P., Gundert- Remy U., Kuhnle
G.G., Lambré C., Leblanc J., Lillegaard 1.T., Moldeus P.,

149


https://doi.org/10.25303/2711rjce1420150

Research Journal of Chemistry and Environment

Vol. 27 (11) November (2023)

Mortensen A., Oskarsson A., Stankovic I., Waalkens-Berendsen .,
Woutersen R.A. and Gott D., Safety of nisin (E 234) as a food
additive in the light of new toxicological data and the proposed
extension of use, EFSA Journal. 15(12), 5063-5079 (2017)

56. Zhang J. and Zhong J., The journey of nisin development in

China, a natural-green food preservative, Protein Cell, 6(10), 709-
11 (2015)

https://doi.org/10.25303/2711rjce1420150

Res. J. Chem. Environ.

57. Zoumpopoulou G., Pepelassi E., Papaioannou W., Georgalaki
M., Maragkoudakis P.A., Tarantilis P.A., Polissiou M., Tsakalidou
E. and Papadimitriou K., Incidence of bacteriocins produced by
food-related lactic acid bacteria active towards oral pathogens, Intl.
J. Mol. Sci, 14(3), 4640-4654 (2013).

(Received 23" May 2023, accepted 20™ July 2023)

*kkk*k

150


https://doi.org/10.25303/2711rjce1420150

