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Infectious diseases caused by bacteria that can be transmitted via food, livestock and humans are always

a concern to the public, as majority of them may cause severe illnesses and death. Antibacterial agents
have been investigated for the treatment of bacterial infections. Antibiotics are the most successful
antibacterial agents that have been used widely for decades to ease human pain caused by bacterial

infections. Nevertheless, the emergence of antibiotic-resistant bacteria has raised awareness amongst

public about the downside of using antibiotics. The threat of antibiotic resistance to global health, food
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security and development has been emphasized by the World Health Organization (WHO), and research

studies have been focused on alternative antimicrobial agents. Bacteriocin, a natural antimicrobial
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1. Introduction

A pathogen is an organism, which can be an infectious agent in
causing diseases in human beings, animals or plants. Patho-
gens raise concerns from us due to their impacts on human
health by infection via foods, livestock or animals. Previously,
antimicrobial drugs or antibiotics have been chosen in the
treatment of infectious diseases caused by pathogens. However,
the increase of the usage of antibiotics in killing pathogens has
led to the emergence of antibiotic-resistant bacteria, which will
be the next challenges for humankind.' Recently, studies on
bacteriocin or bacteriocin-like inhibitory substances (BLIS) have
been focused on finding out an alternative therapeutic option
for bacterial infections. Bacteriocin has been chosen as
a potential drug candidate to replace chemicals and antibiotics
in future due to its lower toxicity and proteinaceous nature.
Besides, the usage of antibiotics in killing pathogens may cause
a disruption of the gut microbiota, as it is not only killing the
targeted microbial community, but also the surrounding
microbial community, as shown in Fig. 1(a).> Consequently, the
disruption of the gut microbiota leads to immunological,
metabolic and neurological disorders.? In contrast, bacteriocin
re-shape the microbiota by Kkilling the targeted pathogens
without killing the other surrounding microbial community, as
shown in Fig. 1(b).* Bacteriocin is a natural antimicrobial
peptide produced by bacteria to protect themselves from other
bacteria or pathogens by inhibiting or killing it without harm-
ing themselves.® Bacteriocin is usually produced by lactic acid
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peptide, has been chosen to replace antibiotics for its application in food preservation and infectious
disease treatment for livestock and humans, as it is less toxic.

bacteria (LAB) or other bacteria, such as Bacillus strains,
Staphylococcus strains and Escherichia coli strains. LAB is
a group of Gram-positive bacteria with high tolerance to acidic
environment, non-spore forming, either rod or spherical in
shape, which shares similar characteristics in terms of metab-
olism and physiology.® They play a vital role in fermentation by
using carbohydrates as their main source, producing lactic
acids as the main product.” Basically, LAB can be divided into
a few genera, which comprise Lactobacillus, Lactococcus, Leuco-
nostoc, Pediococcus, Streptococcus, Aerococcus, Alloiococcus, Car-
nobacterium,  Dolosigranulum,  Enterococcus,  Oenococcus,
Tetragenococcus, Vagococcus and Weissella.* They are mainly
grouped into two categories, which are homofermentative and
heterofermentative LAB. During the process of fermentation,
lactic acid is mainly produced by homofermentative LAB,
whereas lactic acid, acetic acid or alcohol and carbon dioxide
are produced by heterofermentative LAB.° From previous
studies, some LAB were found to have an ability to produce
antimicrobial substances, especially bacteriocin, to protect
themself from other spoilage bacteria and pathogen.
Bacteriocins can be categorized into mainly three classes.
Class I bacteriocins are made of peptides that are small in size,
which is less than 5 kDa. They contain specific post-
translationally modified residues, which include lanthionine
and B-methyllanthionine. The representative bacteriocin from
class I are nisin Z, A and Q, enterocin W and nukacin ISK-1.*°
Class 1II bacteriocins are bacteriocin with sizes of less than 10
kDa, resistant to heat, non-modified and hydrophobic peptides.
Usually, they can be grouped into two sub-classes, which are
class IIa and class IIb. Class IIa bacteriocin, such as leucocin A
and pediocin PA1, are widely used in food preservation due to
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Fig. 1 Killing or inhibition actions of (a) antibiotics and (b) bacteriocin on gut microbiota.

its pediocin-like Listeria. Class IIb bacteriocins exert or improve
the antimicrobial effects via synergistic activity of two comple-
mentary peptides, such as plantaricin A and enterocin X. They
contain amphiphilic and hydrophobic regions, and are mostly
cationic and active in the range of nanomolar to picomolar
concentrations." Class III bacteriocins are made of large
proteins with sizes of more than 30 kDa, and are likely to be
altered or degraded when subjected to heat. The representative
bacteriocins from class III are lysostaphin, enterolysin A, and
helveticin J.*> Nisin Z is a bacteriocin used to reduce the adhe-
sion of Candida albicans to human oral cells.” It is a class I
bacteriocin with a size of 3.5 kDa that can be extracted from
Lactococcus lactis NZ22186 or L. lactis NZ9800."* Besides that,
the combination of nisin, pediocin 34 and enterocin FH99 was
found to have high antimicrobial activity against Listeria mon-
ocytogenes ATCC 53135." There are so many studies that have
been done on the investigation of the purification techniques
and application of bacteriocin. In this paper, the application of
bacteriocin in food preservation, livestock health and medicine
will be discussed.

2. Application of bacteriocins in food
preservation

Living environments, which include soil, sea, river and air, are
occupied with microorganisms.*® Some of them may cause food
and beverage contamination, which leads to food and beverage
spoilage. Food and beverage spoilage is always a concern in the
food industry, as it may destroy the taste of the food and
beverage, as well as cause some foodborne illnesses in human
beings."”” The harmful microbes that cause foodborne illness
can be divided into five groups, which are bacteria, viruses,
parasites, protozoa, and fungi.'® They are called pathogens, in
which they are usually found as the root causes of food

38938 | RSC Adv, 2020, 10, 38937-38964

intoxication and food infection.' Food intoxication is caused by
toxic substances produced by bacteria in food, leading to a rapid
reaction of our body system after consuming the contaminated
food.*® For instance, Staphylococcus aureus can cause inflam-
mation of the small intestine in humans after consuming food
contaminated with enterotoxin produced by it.** Food infection
will occur after eating the food containing living pathogens that
are able to grow and multiply in the human intestinal tract,
leading to an intestinal infection.” However, the reaction will
be slower. One of the examples is diarrhea illness in humans,
which is caused by Salmonella infection.*

Chemical additives have been used widely to preserve food,
but they can cause a lot of human health problems due to the
toxicity of the chemical additives. This concern has led to the
high demand of natural and chemical-free products used to
preserve food in the market to avoid health problems.* Thus, so
many research studies have been recently done on investigating
bio-preservatives that can be used for inhibiting pathogens that
can cause food spoilage.”®?® Bio-preservation refers to the
method of using non-pathogenic microorganisms or metabolites
produced by microorganisms to prolong the storage period of the
food.”® The most remarkable bio-preservative that has been used
in food factories to prevent food spoilage is bacteriocin or BLIS,
such as nisin, pediocin, enterocin and leucocin.*® Table 1 shows
the bacteriocins used in food preservation, which includes nisin,
enterocin, pediocin, leucocin, lactoccocin, carnocyclin, carno-
bacteriocin, piscicolin, sukacin, aureocin, mycocin, bacteriocin
7393A, bacteriocin 7293B and bacteriocin CAMT2.

2.1 Nisin

Nisin is one of the bacteriocins that has been approved by the
US Food and Drug Administration (FDA) and World Health
Organization (WHO) to be applied in food factories.*® The first
identification of Nisin was done in 1928 from fermented milk

This journal is © The Royal Society of Chemistry 2020
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cultures, and sold in England in 1953 as an bio-preservative due
to its ability to inhibit the growth of pathogens, which is
beneficial to food preservation.** Nisin is a bacteriocin with
a molecular size of 3354 kDa, and is made up of 34 amino acids.
It is produced by Gram-positive bacteria, including Lactococcus
and Streptococcus species. Nisin belongs to class I (lantibiotic)
bacteriocin, which contains five lanthionine rings. Its solubility
in water and stability can be increased by decreasing the pH
value, with the highest solubility of 57 mg mL ™" achieved at pH
2-3.%% Nisin is safe to be used for humans with a concentration
of less than 83.25 mg kg™ ' and less than 66.7 mg kg ' for
mouse. However, it may cause a contraceptive effect in humans
at a concentration of 300-400 pg mL~".* Nisin is found to exert
inhibition activities against many groups of Gram-positive
foodborne bacteria, such as Bacillus cereus, Clostridium botu-
linum, L. monocytogenes and S. aureus.>® Besides that, many
studies proved that the combination of nisin with antibiotics
can kill or inhibit the growth of Gram-negative pathogens. Up to
now, there are a lot of natural and bio-engineered variants of
nisin that have been reported. Natural nisin refers to the nisin
that has been extracted from Lactococcus or Streptococcus strains
without gene modification, while the bio-engineered nisin
variant is derived from the genetically modified Lactococcus or
Streptococcus strains to enhance their inhibitory effects against
Gram-negative pathogens.*® For example, nisin Z can be
produced by L. lactis NZ22186 naturally, while nisin Z N20K can
be extracted from the genetically modified L. lactis NZ9800.%°
Nisin plays a vital role in preventing food spoilage, as it can
kill or inhibit many foodborne pathogens in a wide range of
foods, either in liquid form or solid form.*” Nisin is widely used
to inhibit the growth or kill L. monocytogenes and S. aureus in
cheese to prolong its storage duration.*® Besides that, a previous
study demonstrated that the prevention of milk and milk
product spoilage can be done by adding nisin to the food matrix
to inhibit the growth of B. cereus, C. botulinum and Clostridium
perfringens.® Furthermore, L. monocytogenes, B. cereus and C.
botulinum are always found in dairy, culinary, bakery products
and beverages, which may cause food spoilage and bacterial
infection. Nisin, as a antimicrobial agent, can inhibit the
growth of these pathogens and prolong the expiration date.*
Nisin is also used in meat and meat products to inhibits the
growth of C. botulinum and L. monocytogenes.** From previous
studies, nisin Z was proved to exhibit inhibition activity against
L. monocytogenes 13 and 699 with MIC of 1 and 0.2 ug mL ™",
respectively.*> Besides that, nisin Z was found to exert inhibitory
activity against methicillin-resistant Staphylococcus aureus
(MRSA), a pathogen that might cause skin and lung infection in
humans with MIC of 4.17 pg mL '.* B. cereus is a Gram-
positive, motile and facultative anaerobe with a rod-like shape
that may cause abdominal pain, watery diarrhea, rectal
tenesmus and moderate nausea.** B. cereus IFR-NL94-25 was
proved to be inhibited by nisin with MIC around 5-10 pg
mL~".* Furthermore, 25 ug mL " of MIC of nisin was needed
for the inhibition of C. botulinum.*® Moreover, C. perfringens is
a Gram-positive anaerobe with a rod-like shape that may cause
food poisoning, leading to diarrhea and abdominal cramps.*” It
was proved to be inhibited by nisin with MIC at 0.75 pg mL~".*®
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2.2 Enterocin

Enterocin is a circular bacteriocin produced by Enterococcus
spp., which comprises 70 amino acid chains. Enterococcus is
a Gram-positive bacteria that belongs to the large genus of
LAB.* Two species of Enterococcus that can be found in the
human intestines are Enterococcus faecalis and Enterococcus
faecium.>® In 1899, Thiercelin was the first scientist to describe
the Enterococci group as ‘enterocoque’ due to their enteral habit.
However, the genus Enterococcus was described by Thiercelin
and Jouhaud in 1903, and classification of Streptococci was done
by Lancefield in 1933.** Basically, enterocin can be divided into
four classes. However, classes II and III enterocins, such as
enterocin AS-48, have been of interest due to their ability to
inhibit a wide range of pathogens that cause food spoilage.
Basically, enterocin can be used as a food preservative in two
ways, either produce it with in situ method, in which enterocin-
producing strains are added to food to produce enterocin, or
adding purified or semi-purified enterocin to food for prevent-
ing food spoilage.>* The Enterococcus species are used wisely as
a artisanal starter culture in dairy food production, such as
cheeses.” Meanwhile, some of the enterococcal strains are able
to produce enterocin, which can inhibit the growth of other
foodborne pathogens in food, prolonging the storage period.
The in situ bacteriocin production is definitely giving double
advantages to food industry, in which the enterococcal strain
can be used as a starter culture for food and as a food preser-
vative.”> However, many researchers have proved that the use of
purified or semi-purified enterocin for the sole purpose of food
preservation is more beneficial, as compared to in situ enterocin
production, due to some negative effects of the enterocin-
producing strains to the environment of hostile foods.*®
Nowadays, there is a trend to take ready-to-eat vegetables
without or with minimal food processing to minimize the lost
nutrients. Nevertheless, the consumption of ready-to-eat vege-
tables may cause food contamination by pathogens, leading to
infectious diseases in humans.** To solve this problem, the use
of enterocin AS-48 produced by E. faecalis A-48-32 was found to
be an effective antimicrobial agent in inhibiting the growth of B.
cereus, Bacillus macroides, Paenibacillus spp. and S. aureus in
fresh vegetable sources. The growth of B. cereus, B. macroides,
Paenibacillus polymyxa, Paenibacillus amylolyticus and S. aureus
in food was proved to be inhibited by 10 ug mL™* of enterocin
AS-48.* Besides that, enterocin AS-48 is also used to preserve
soybean sprouts, canned fruits and vegetable foods by inhibit-
ing the growth of L. monocytogenes at MIC of 1 ug mL™ " and
Bacillus coagulans at MIC of 6 ug mL~".* Milk is a dairy product
consumed by humans for the source of protein, and it is widely
used in cheese production. However, it can be easily contami-
nated with pathogens due to its high nutrient content. Enter-
ocin plays an important role in preserving milk and milk
products. There have been so many previous research studies
done on investigating the inhibitory effects of enterocin on the
pathogens found in milk and milk products.*"*>*® Enterocin A
from E. faecium CTC492 and Enterocin 416K1 from E. casseli-
flavus IM 416K1 were found to be used in cottage cheese to
inhibit the growth of L. monocytogenes with 4.57 pg mL™" of
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MIC.”” The combination of enterocins A and B was also applied
in the bio-preservation of munster cheese against the pathogen
L. monocytogenes.*® For the preservation of goat's milk and goat
milk's cheese, enterocins L50A and B from E. faecium F58 and
enterocin CRL 35 from E. faecium CRL35 were utilized in the
inhibition of the growth of L. monocytogenes.>* In the production
of non-fat hard cheese, enterocin AS-48 produced by E. faecalis
A-48-32 was added to inhibit the growth of B. cereus.*
Furthermore, it was also used in the preservation of skimmed
milk to inhibit the growth of S. aureus.*® Besides that, enterocin
CCM 4231 from E. faecium CCM 4231 was claimed to have
antimicrobial effects against S. aureus and L. monocytogenes in
the preservation of skimmed milk, yoghurt and Saint-Paulin
cheese.’” In addition, enterocin is also widely used in meat,
fish, meat products and some beverages.* Enterocins A and B,
and sakacin K from E. faecium CTC492 and L. sakei CTC494,
respectively, were used to inhibit the growth of Lactobacillus
sakei CTC746 for maintaining the quality of cooked pork.*
Enterocins A and B produced from E. faecium CTC492 were
claimed to have antimicrobial effects against pathogens, such
as Listeria innocua, L. monocytogenes and L. sakei, that can be
found in dry fermented sausages and cooked ham.®* Enterocin
416K1 extracted from Enterococcus casseliflavus IM 416K1 was
found to be a bio-preservative in Cacciatore (Italian sausages) to
inhibit the growth of L. monocytogenes.®* Furthermore, enter-
ocin AS-48 produced by E. faecalis A-48-32 is used widely in the
preservation of infant rice-based food, fruit juices and apple
cider against the growth of B. cereus, Alicyclobacillus acid-
oterrestris and Bacillus licheniformis.*® The combination of
enterocin CCM 4231, enterocin 13 and sakacin K from E. fae-
cium CCM 4231, E. faecium RZS C13 and L. sakei CTC494,
respectively, were demonstrated to have antimicrobial effects
against L. monocytogenes and L. innocua in Spanish style dry
fermented sausages.®® In the production of fish spread, enter-
ocin 1071 A and B extracted from E. faecalis BFE 1071 was found
to have an inhibitory effect against L. innocua, Staphylococcus
epidermis and Proteus vulgaris.** It was claimed that enterocin
EJ97 from E. faecalis EJ97 can be used in the production of
vegetable (Zucchini) puree to inhibit B. macroides and Bacillus
maroccanus.®® Besides that, B. cereus (that causes spoilage of
custard cream) can be inhibited by enterocin MR-10A produced
by E. faecalis N1-33. In the production of alcoholic and non-
alcoholic beer, enterocins L50A and B from E. faecium L50
play the important roles in inhibiting the growth of Lactoba-
cillus brevis and Pediococcus damnosus for preventing spoilage.®®

2.3 Pediocin

Pediocin is a class II bacteriocin with a molecular weight of 2.7-
17 kDa, which comprises a hydrophilic N-terminal and
a hydrophobic C-terminal variable.®” It was first described in
1990. It is made of 44 non-posttranslational modified peptides,
which comprises aliphatic and aromatic amino acids.®® Ped-
iocin, which is produced by Pediococcus strains, has high
stability towards heat, a wide range of pH values, and some
protease enzymes. Pediocin was found to have ability in the
inhibition of pathogens that may cause food spoilage, such as
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C. perfringens and L. monocytogenes, by absorbing the amino
acids at the phospholipid layer of the cytoplasmic membrane of
the targeted cells.* Pediocin can be applied in food via two
ways, either through the in situ method by inoculating the food
matrix with Pediococcus, Enterococcus or Lactobacillus strains
with the optimal control to produce pediocin for inhibiting the
growth of pathogens in food, or the direct use of pediocin to the
food matrix with optimal concentration. However, adding
pediocin directly to food has some disadvantages, such as
changes in its solubility and amphiphilic nature.*®

Pediocin plays a vital role in preventing the problems of food
and beverage spoilage. For instant, pediocin PA-1 produced by
Pediococcus acidilactici MCH14 was demonstrated to exert
antimicrobial effects against L. monocytogenes and C. per-
fringens, which extend the shelf life of dried sausages and fer-
mented meat products. The count of L. monocytogenes was
proved to be reduced by 2 log cycle after 1 month storage at 4 °C
and 0.6 log cycle after a half-month storage at 15 °C by adding
5000 BU per mL. Besides that, the count of L. monocytogenes was
proved to be reduced by 2 log cycle after 1 month storage at
10 °C and 0.8 log cycle after half month storage at 15 °C by
adding 5000 BU per mL.* Pediocin PA-1 was also used in salad
dressings to inhibit the growth of Lactobacillus bifermentans.”
Besides that, it was found to exert an antimicrobial effect
against Leuconostoc mesenteroides, which is beneficial to the
preservation of fresh beef, vacuum-packed beef and cottage
cheese with MIC of 4 mg mL ™~ ".”* Furthermore, pediocin PA-1
has been proved that it can help in preserving the fish fillets
by inhibiting the growth of L. monocytogenes.”” For sous vide
products, Bacillus subtilis and B. licheniformis can be inhibited
by pediocin PA-1 to extend its shelf life.** In the production of
fermented soymilk, pediocin PA-1 from E. faecium NCIM 5423 or
Lactobacillus plantarum Acr was claimed to exert the antimi-
crobial effect against L. monocytogenes to prolong the storage
period.” Besides that, pediocin 34 extracted from Pediococcus
pentosaceous 34 was proved to have an inhibitory effect on L.
monocytogenes in milk products and meat."

2.4 Leucocin

Leucocin is a class IIa bacteriocin that is produced by Leuco-
nostoc spp. Leucocin A produced by Leuconostoc gelidum UAL187
was demonstrated to exhibit an antimicrobial effect on the
growth of L. monocytogenes in the preservation of milk products,
fresh meat and sausage.” Leucocin A is a plasmid-mediated
bacteriocin with a molecular size of 3.93 kDa that is made up
of 37 amino acid residues.” It was found to exhibit inhibition
activity against L. monocytogenes FSL C1-056, FSL J1-177, FSL
N3-013, FSL R2-499 and FSL N1-227 with MIC of >2200.0 uM.”®
Besides that, it was proved to exert an inhibitory effect against
C. divergens UAL9, a pathogen that may cause the spoilage of
meats. C. divergens UAL9 was proved to be inhibited by leucocin
A with MIC of 1.7 uM.”” In the preservation of milk, leucocin K7
from Leuconostoc mensenteroides K7 was claimed to has inhibi-
tion activity against L. monocytogenes with MIC of 28 ug mL™".*
Furthermore, L. innocua CIP 80.11, which had been found in
Spanish style dry fermented sausages, was proved to be
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inhibited by leucocin B-KM432Bz produced by Leuconostoc
pseudomesenteroides KM432Bz with MIC of 64 nM.”® Moreover,
it was claimed to exhibit an inhibitory effect on the foodborne
pathogen L. monocytogenes CIP 82.110 in meat and meat prod-
ucts. The MIC of leucocin B-KM432Bz needed in the inhibition
of L. monocytogenes CIP 82.110 was 16 nM.”®

2.5 Other bacteriocins

There are still many other bacteriocins that have been demon-
strated by researchers to be used as antimicrobial agents in food
preservation, which includes leucocin A,” leucocin B,”® suka-
cin,® carnocyclin A,** carnobacteriocin BM,*' piscicolin 126,
lactococcin  BZ,** aureocin A70,** natamycin,** mycocin,*
bacteriocin CAMT2,%¢ bacteriocin 7293A3* and bacteriocin
7293B.*' The combined use of carnocyclin A, carnobacteriocin
BM1 and piscicolin 126 produced by Carnobacterium maltar-
omaticum UAL307 was proved to exert antimicrobial effects
against food pathogens, such as E. coli DH5a, Pseudomonas
aeruginosa ATCC 14207 and Salmonella typhimurium ATCC
23564 in milk products and meat.** Besides that, for the pres-
ervation of meat products, sukacin produced by L. sakei is also
used to inhibit the growth of L. monocytogenes.® In the
production of skimmed and full-fat milk, lactococcin BZ was
demonstrated to exert an antimicrobial effect against L. mono-
cytogenes to prevent the spoilage of milk.** Besides that, aur-
eocin A70 produced by S. aureus was proved to have an
inhibitory ability against L. monocytogenes in skimmed milk.*
The contamination of yeasts and molds in cheese, fresh dairy
products, processed meat and beverages are always of concerns
in food industries as it causes food spoilage, which influences
the revenue of the company. To solve this problem, natamycin
extracted from Streptomyces natalensis or Streptomyces gilvo-
sporeus is claimed to have antimicrobial effects against yeasts
and molds, which can prolong the storage period of cheese,
fresh dairy products, processed meat and beverages.** In addi-
tion, mycocin is a bacteriocin produced by Debaryomyces han-
senii DSMZ70238 that can be used in the preservation of meat
and meat products by inhibiting the growth of L. mono-
cytogenes.* Furthermore, bacteriocins 7293A and 7293B, which
are produced by lactic acid bacteria, Weissella hellenica BCC
7239 was proved to be an effective antimicrobial agent for the
inhibition of P. aeruginosa, Aeromonas hydrophila, S. typhimu-
rium and E. coli in meat and meat products.* In the production
of meat, milk products and meat products, bacteriocin CAMT2
from Bacillus amyloliquefaciens ZJHD3-06 can be used to inhibit
the growth of L. monocytogenes, S. aureus, E. coli and Vibrio
parahaemolyticus.®®

3. Application of bacteriocin in
medicine

The antimicrobial effects of penicillin against a wide range of
pathogens were considered a big contribution in the medical
field to cure many infections caused by bacteria or viruses.
During the 1950s and 1960s, there were a lot of new antibiotics
that had been discovered and used in the treatment of

RSC Adv, 2020, 10, 38937-38964 | 38945


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06161a

View Article Online

Review

RSC Advances

Juowruoaiaud Hd jo
o3ueI OpIM B 0 20UB)SISAI Y31 SIT 03 dNP SIADN YIBWIOIS JO JUIUNBIT)

SHY pue

SHA s191]
-dsqns s1op] T
pue y91V S1790]

L0T a1} 103 syuade [eL1dloeqUUE [erIUlod ore SHE pPUe 9TV UINIe[ :S0Id 0)(d "H SI90[N YOBWOIS 9TV uonoe -dsqns s1on] T
uIw (g 1938 SIUNOD Ul uondNpal 30[-¢ & 03 dn eAI[eS UBWINY UT SUDINWL
90T 's 9onpai1 ued 1opmod paup Aexds /pTE UONOE] 9peId Pooj B :S01g suvnut g SOLLIED [BIUI
Papaau SOIOIqIIUE JO 9SOP Y3 9oNPaAI pue Isurede UrAwoduea 10 sauow D suonoajur Jutof onaypsord LV1€Ddd $1v]
$0T pue T o urqoruad jo Aesyye Terqodrwnue ) daoidwir ZFT€ UIONIe] :S0Id pue VS pue 931 [eoL3INS pue UD[S V1€ upnoe ~dss s1pov) T
apoyffip
‘D U0 Z PUR V UISIU Jo AIANO® 93 10 1S3} 0l Ul OU ST dI9Y) :SUOD
v uistu 03 a[qndadsns os[e a1am saxods ajffip uo[o0d Jo
661 "D pue apiffip ‘D Jo ymoid oy JIqIYUI UBd Z PUe Y UISIU YIoq SOIJ aponffip D UONEUWIW Ul PUE BIOYLIBI 7 Pue V UISIN
INO palLIed
SI SuBWINY pue [9powl [ewWIUe Ue Y3m Apnis Areurwrpaid ou :suo)
P219232p
sye1 Jo A3o[ojewiary pue Iyouolq ‘SSunj ‘eayoeIn jo [ewiouqe
861 ou SB 9Jes aq 03 paaoid sem NV 76T I8 UOIIBIIUIIUOD [IIM UISIU :S0IJ sna.ny s uonodyul Joen A1ojeridsay A UISIN
N0 paLLIEd
SI suewny pue [9pou [ewiue ue YIm Apms Areurwipaid ou :suo)
$309JJ2 9PIS SII PUE UIDIGNIOXOP JO SISOP Y3 IS8A109P ABW STYL, *dUO[. SISaUIZ0UTDIRD (urorqnioxop
UIoIqNIOd0p 03 Paredwiod Sk I20UED JO J09JJ9 JUSUIILI] UT ISBIIOUT un[s ur AJ112A9s U3IIM PaUIqUIOD)
161 JUBOYIUSIS SMOYS UIDIGNIOXOP UYIM V UISIU JO UOIBUIQUIOD U} :SOId Inowny adnpay 190URD V UISIN
INO paILIEd
SI SUBWINY pue [9powl [ewWTue Uue y3mm Apnis Areurwrpaid ou :suo) sisoydode
oaza u1 TealaIns sguojoid pue odza uz sisauadrIown) SIAIYUI 3 renuarsyoxd
*A)IPIGIOW I9Y3IN dSNED PUE SINSS[) PUE S[[30 [BULIOU 03 [EJUSWILIIP Bumonpur £4q
are yorym ‘Aderayy uonerpel pue -owayd pue A1931ns Jurodrapun sIsauagLIown)
961 JO peasul DOSNH 10§ onnadeIday) dANBUIdIE 3¢ UED I :S0Id DDSNH 2onpay 190UBD V UISIN
SoouRqINISIP [eINonIsen|n o3 Jurpes] ‘wioy reyd4Ay o3 arodsoiserq SUOII0JJUL
€1 3} WOIJ sup21gp *H JO UOIRWLIOJSURI) 9} SIQIYUI Z UISTU :S0Id sunoqp D Wea1ISpoo[q pue [BSOINIA 7 UISIN
SIUIWUOIIAUD
Hd jo a3ue1 apim e 03 20UeRISISAI YSIY SIT 03 NP SIdON YOBWO0IS
10T Jo JusuIean) ay3 10y juade [eLIAlORqIIUE [ERU0d € ST UISTU :S01d uoidd "5 SI90[N YOBWOIS
sonoiquue urxAwA[od Jo S[9Ad] 1amo[ ApuedoyIudis Jo uonensiurupe
o3 y3no1yy A1orxoy urxAwidjod sonpar Aewr STy, "papasu surxAwA[od
JO UONBIJUIOUOD ) UTONPaI AQ JUSWILII} UOTIdJUI Uun|
G6T pue 10T o3 ut surxAwiAjod jo Aoedze o3 2ouBYUD 0) Pasn aq Ued UISIU :S0Id psourdn.tav ‘q suonoajur Jung
SBENIE)
9SIOAPE OU (IIM SPUNOM [BUOISIOXD JO JUI[EaY PUNOM dIBII[D08 puk
€6 2INSO[D PUNOM JB[NWINS UBD UISIU [IIM JUISSIIP PUNOM ) :SOId VSIIN SUONIAJUI UD[S UISIN -dds s1ovp 1
LEBlIEREIEN | SUu0d pue soId S[[22 10 sumpIpaw ur uonedrddy UIo0113)0eq urens 3unpoid
suadoyyed Jo sad4f,
p231e],

suewny Joj JUsWeaJ} 9SeasIp SNONRDaJUI Ul gy WO} UIdoLaIdeq jo uoneonddy  z aiqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"€7:02:02 20-T0-9202 U0 papeo|umod "020g BINBURIYN £Z UO Paus!|dnd 901l ss300y uadO

This journal is © The Royal Society of Chemistry 2020

38946 | RSC Adv, 2020, 10, 38937-38964


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06161a

View Article Online
RSC Advances

Review

T 3w §2-ST°T 3O DIN

sprduruaw
puUE SUOTOAJUT ULS ‘UONIJUl

0¢T UM apruownaud -y ysurede 30939 A1031qIYUT 319X ¥ UISO[qNSs :S0I1d avownaud Y 1oen ATeunn ‘eruownaud
d[qe[TeAe SI UIDO0L1910B( )
JO UOTIBZIId)ORIRYD JNOQE UOIIBULIOJUI OU ‘Jey]) SOpISag “INO PaLLIed
SI SUBWINY pue [9powl [eWIue ue Y3m Apnis Areurwrpaid ou :suo)
T 3w 67 9-¢TT'€ JO
60T DTN YIIM S17pa1duld “J Isurede 109339 A1031qIyUl 119X3 Y UISO[NqNS :S0Id syparduid g SSO[ 300} pUB SHIIUOPOLId]
J[qe[TeAe SI UIDOLIa3oB( 3y}
JO UOTIBZIId)ORIRYD JNOQE UOIIBULIOJUI OU ‘Jet]) SOpISdg *INO PILLIEd
SI suewWNY pue [9poW [BWIUR Uk YIm Apnis Areurwiifoid ou :suop
13w sz1°¢ Jo
60T DI Y3m sypaapf -7 Isurede 109330 A1031qIYUI 119Xd Y UISO[IIGNS :S0Id sywoanf g uonodajuI 30BN ATeurin v uiso[nqns 89T syuqns g
sn1ose) SUIZoIddu
N0 parLLIed pue sepadisArs ‘spin[eo
SI SUBWINY pue [9powl [ewWue ue Y3m Apnis Lreurwrpaid ou :suo) ‘sprqisuod ‘snidudreyd
60T a[qe3s 3eay SI  UIDLIRAI[RS :SO0IJ sauaodd s ‘19A9) OIJRWINAYI ‘I9A9) JI[1BIS
N0 paLLIEd
SI suewWNy pue [9pou [eWIUR Uk YI3m Apnis Areurwiifoid ou :suop spduruaw
JAU 90°0—-£0°0 PUNOIe ST YdIyM ‘mo[ A10A ST avruownaud pUe BIWAINOR] ‘UOTIdJUL T8D
60T 'S JIQIYUI 0} PaPaaU DIA Y3 PUE 3[qeIS 183y ST (I UIILIBAI[ES :SOId avownaud g ‘Uo1309yUI SNUIS ‘Bruownaud
N0 paLLIEd
SI suewWINy pue [9poul [BWIUR Ue YIm Apnys Areurwiifoid ou :suop
JAU T°0 ST YOTyMm ‘MOJ ST S129D] suewny pasrwoxduw
60T “UT JIQIYUI 0} PIPIAU DIIA ) PUE 9[qeIS JeaY ST (0 UIDLIBAI[ES :S0Id S1300] U7 -0d0UNWWI Ul SUOTDIFUL
N0 paLLIEd
SI suewWNY pue [9pou [BWIUR Uk YI3m Apnys Areurwiifoid ou :suop
AU T0°0 ST YoTyMm ‘MO] AI2A ST SubjuouLLafiq J9INS
60T *D 3IqIYUI 0 PIPIU DIIA Y} PUE 3[qeIS JeaY ST (0 UIDLIBAI[ES :SOId suvjuouLLafiq "D eruownaud pue ewaddwyg d UIdLIBAI[ES SnUDAIIDS S
N0 paLLIEd
SI SueWINY pue [9pOW [BWIUR UE 3m Apnys Areurwiifoid ou :suop UOJUI UD[S pue
JUSWUOIIAUD dds wni30vq UONDJUI JOEI) [RUNSIIUIONSES
493 Hd a8uer apm e pue jeay 03 90ULISISAI YSIY SeY g UIDLIBAI[ES :SOId -oudio0p ‘sprpiesopus ‘snrudieyd
N0 paLLIEd snIse; SUIZnoIodu
SI SuBWINY pUE [9POW [BWIUR UB 3Im Apnys Areurwiifaid ou :suop pue sepadisAIs ‘spin[Eo
JUOWIUOIIAUD ‘sprqisuol ‘snrdudreyd
It Hd a8uer apm e pue jeay 0} 90UBISISAI YSIY SeY g UIDLIBAI[ES :SOId sauaodd s ‘19A9) OTJRWINAYI ‘I9A9) JI[1BIS g UIDLIBAI[ES
N0 paLLIEd
SI SuBWNY pue [9pow [ewWIUe Ue YIim Apnis Areurwifaid ou :suop spduruaw
JUSWUOIIAUD pUE BIWAINOR] ‘UONDJJUL J8D
01T Hd a8uer apim e pue Jeay 03 20ue)SISaI Y31y Sey ¢V UIDLIBAI[ES :S0Id avownaud *§ ‘Uuo1309yUI SNUIS ‘eruowinaud TV UIDLIBAI[RS T SnUDADs °§
S90UdIJOY Su0d pue soid S[[99 10 auprpaw ur uonedrddy U[o0119308q urens Supnpoid
suadoyyed Jo sad4[,
pa3edre],

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"€7:02:02 20-T0-9202 U0 papeo|umod "020g BINBURIYN £Z UO Paus!|dnd 901l ss300y uadO

(‘puoD) ¢ egel

RSC Adv, 2020, 10, 38937-38964 | 38947

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06161a

View Article Online

Review

RSC Advances

SONOIqIIUE JO 93eSOP ) 29NPaI pue avruownaud
‘s uo urqorduwre pue urforuad se yons sonoIqIIUE JO 109150 UORIqIYUI

snduruowr
pue BIWAI9IOR] ‘UONIAJUI 18D

8CI 93 20UBYUD 0) pasn g Ued I "I[qeIS 3eaY ST UIPIOBSIIUW :SOIJ avownaud °§ ‘uondIJUI SNUIS ‘BIUOWNIUJ
1IN0 patiIed SI suewny uo uonedrdde sj1 pue urproesiow
Jo (pooiq sns.aa wnipYIda) uonoe Jo 211s Uo Apnis ou :sUOD
UIpIoeSIaW AqQ paonpur jou a1am safgoid aunyod ay3
U[ SOOUDIJIP ‘I3 SIPISag "90IW PajeaIjun Ul punoj yng ‘urproesiaw eruownaud 8TLYS ‘G8-X
U3IM P2JeII} OTUWI UI PUNOJ JOU 21dM SI1IT) 0-1030BJ SISOIOIU pUE UOTIOdJUT UIBIIISPOO[q TIH urens
002 INowWN) pue ¢T-UnN3[IaJUI PAIBAI[H "9[qeIS 38y ST UIPIOBSISW :SOIJ VSN ‘opouniny ‘sassadsqy UIPIOBSION -ds snjjvg
d[qe[IeA. SI UIDOLIa)de] Y}
JO UONBZIIOBIBYD JNOCE UOHBWLIOJUI OU ‘Jey) SIPISad ‘INO PILIILd
SI SUBWINY pUE [9pOW [BWIUR Ue YIm Apmis Areurwiifoid ou :suod
13w ¢z¢g jo
60T DI YIM 1U0p.L03 °S ISUTeR 309139 A103IqIYUT S1I9Xd Y UISO[NINS :S0Id nuop.o3 s uonewoy anberd reyuaq
d[qe[Teae SI UID01I9)deq 3y}
JO UONRZLIFORIBYD JNOCE UOHBUWLIOJUI OU ‘JBey) SIPISIF ‘INO PILLILD
SI SUBWINY pUB [9pOW [BWIUR UE YIIm Apmis Areurwijoid ou :suod
113w oS Jo DIN BIWAIdIOB] PUEB SUONIAJUI
¥ UIm Dsoursniap ‘g ysurede 309339 A1031qIyUI S119Xd YV UISO[IIGNS :S0Id psourdn.iav ‘d j0B1 ATRULIN ‘rUOWINAU]
d[qe[TeAe SI UIDOLI2)B( )
JO UONBZIIOBIBYD JNOCE UOHIBUWLIOJUI OU ‘JBy) SIPISAg *INO PILIILd
SI SUBWINY PUE [9pOW [eWIUE Ue Y3m Apnis Areururrjaid ou :suop)
L T8w sT'T
€Tl JO DIIA Y3IM 20Uu0s *§ ISurede 109339 A1031qIyul 119X Y UISO[1INS :S01d 19UU0S °S SISO[[931YS
a[qe[Teae SI UID01I9)deq 33
JO UONBZIIAIOLIBYD JNOCE UONBUWLIOJUI OU ‘Jey) SIPISId INO PILLILD snIose; 3UIZ1o1dau
SI SUBWINY pUB [9pOW [BWIUR UE YIIm Apmis Areurwirfoid ou :suo) pue seadis£1s ‘sprned
L_T38w sz'T Jo ‘snrppisuos ‘snrdudreyd
60T DI M sauagodd s 3surede 10939 A1031qTYUIT 319Xd ¥ UISO[NIGNS :SO0Id sauadodd - ‘10A9J ONBWINAYI ‘I9A3J 39[TRIS
J[qe[TeAe SI UIDOLI2eq 33
JO UONBZIIOLIBYD JNOCE UOHIBUWLIOJUI OU ‘JBy) SIPISAg “INO PILIILd uonoajur A1oyerrdsar
SI SUBWINY pUe [9pOW [BWIUR UB YIm Apmis Areurwurfoid ou :suo) pUB UONDIJUI UDRS ‘UONIJUL
1 3w 67T 30 DI sauafo.ap -y 10 joBI) ATRULIN ‘SPIZUTUIW
60T I Souado.Lap -y Isurede 309j39 A1031qIYUI 319X ¥ UISO[NANS :S0Id sauagolan g “UOT3O9JUL [BUNISIIUIOTISBD
d[qe[Teae SI UID0LI9)deq 3y}
JO UONBZIIAOLIBYD JNOCE UONBUWLIOJUI OU ‘Jey) SIPISIg ‘INO PILLILD
SI SUBWINY pUE [9pOW [BWIUR Ue YIm Apmis Areurwiifoid ou :suod syuanred pasturoiduwod
T 3w ¢'1 30 DIN -ounwwit
121 I vprydoziy.s -y surede 30939 A1031qIYUI 319X Y UISO[NqNS :S01d ppydoziyd Ul BLINPIOE dIUO[RWIAION
J[qe[TeAe SI UIDOLI2)eq 33
JO UONRZLIFORIBYD JNOCE UOHBWLIOJUI OU “JBy) SIPISIF *INO PILLILD
SI SUBWINY PUe [9pOoW [eWIUE Ue Y3m Apnis Areuruirjaid ou :suop
RERlICREIEN | SU0d pue soid S[[99 10 aumpIpaw ur uonedddy UIo0119308q urens Supnpoid
suadoryed Jo sad4[,
po3adie],

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"€7:02:02 20-T0-9202 U0 papeo|umod "020g BINBURIYN £Z UO Paus!|dnd 901l ss300y uadO

(yaltlew)

¢ o9el

This journal is © The Royal Society of Chemistry 2020

38948 | RSC Adv, 2020, 10, 38937-38964


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06161a

View Article Online
RSC Advances

Review

ss

6¥

V€T pue 99

€€1 pue €1

€€T pue €T

0€T

6¢I pue o1

Aoanoadsar

‘SPIOJ 8°TT PUR $°9 ‘T°€T ‘6°9 PISBIIIIP dIoM UdIUYM ‘DILLIJUI

'S 31qIyur 03 urdexopjoidio pue ‘ouoxerngad ‘urporuad ‘urpordwe 4q
PapPaau DI 23 99NPax 03 pasroid sem | "paLLaua °§ JO UTen)s JUBISISAI
-urqoruad pue -urexofjoidid e jsureSe uexojordid pue ‘OUOXelIyad
‘urpotuad ‘urprordure se yons sonoiqnue YIrm UOTIIRINUL
o1SI319UAS Sey OS[e N “19A9J OLI)UD PUE BIWIISIR( ‘SHILINUI0NSES
JO JUSWIEII) I} UT SUOTE PIsn 3 Ued A[UO J0U ST DOZH UID0INUD SO0Id
U T 10J D, S6 PUB D, 06 I8 PaAdIYdE 3q

ued s210dsopud Jo UOnEANIORUI ) YITYM UT $210dSOPUD JO ATATNISUIS
389y 93 9SBIIDUI OS[E 8F-SV UIDOIAIUF "UPOIIUD | _Tw 31 §€-0T JO
Burppe ym ATprder sasea1odp $72.499 °g Jo JUNOD [[90 S[qeIA Y} SOId
J[qe[reAe SI UIDOLII0Bq )

JO UONEZIIAIOBILYD JNOJE UONHEULIOJUI OU Iy} SOPISag INO PIILIed
SI SUBWINY pue [9powl [ewWIUe Ue [3m Apnis Areurwipaid ou :suo)
9-7 Hd 23uer IIM JUSTWUOIIAUD JIPIO. 0) JOUEISISAI Y3IY pue
(aanssaxd 1sd sT 38) D, TZT 01 dn 9[qEISOULIAY] ST €T UIOOINUD :SOId
V UID0I3)Ud

PUE SIO [BIUISS SWAT) JO ISN UONBUIQUIOD ) AQ PIIUBYUD o UBD
31 "SNOTACO 10U ST 7702 7 UO ¥ UIDOIAIUD JO 103JJ2 UONIIYUI ) :SU0D
ursAjowray sonpoid Jou Sa0p pue Ise[eIed

07 JUBISISAT ‘SNo2oeura)oxd ‘O[qeISOUIaY) ST Y UID0INUD :SOIJ

V UID0I2)UD PUE S[I0 [BUISSD

QWA JO SN UOIIRUIqUIOd Y} AQ PIOUBYUD 3 UED I] "SNOTACO

10U ST $9u2503(00u0W *T UO Y UID0INUL JO 10913 UONIQIYUI ) :SU0D
ursAjoway sonpoid Jou S90p pue Ise[eIed

09 JUBISISAI ‘SN020eUT2)01d ‘O[qeISOULIdY) ST ¥ UID0INUD :S0IJ

INo palLIed s1 suewny uo uonesridde s31 pue UIpESIOW

Jo (pooiq sns.aa winiEIda) UOHOE JO 231S UO APNIS OU :SUOD
somjoIqIIue Jo 3esop 3y} 20NPAI pue syvIav)

"g pup wnapf g uo ur[Idure se yons SoNOIqIUE JO 399JJ2 UONIqIYUT
9} 90UBYUD 03 PIsn ¢ Ued [ "J[EIS 3B SI UIPIOBSIOW :SOIJ

N0 pariIed ST suewny uo uonedrjdde sir pue urproesIaW

Jo (pooiq sns.oa wnipyds) uonoe Jo 231 uo Apnis ou :sU0D
SonjoIqIUE Jo 93eSOP A1) 9ONPAI pUE SN W

uo urjrordwe pue ur[IUad Se Yons sonoIqunue Jo 109j9 UonIqIyul
31} 9OUBYUD 03 PIsh aq Ued I "UIIIqNS PUL UISIU UBY) II[Ted
A1anoe Tere)deqnue seonpoxd pue J[qels 3eay SI UIPIOLSIdUW :SOId
Ino pariIed ST suewny uo uonedrjdde s)1 pue urproesIaW

Jo (pooiq sns.oa wnipyds) uonoe Jo 231 uo Apnis ou :sU0D

DILIIUI S

SNaLad g

snany] ‘W

109 °q

sauagoyouow T

Sypoapf g pue
wnavf g

snany ‘W

I9A9J D1IIUD pue
BIUWIDIJOR( ‘SHLISIUA0IISED

spunom pue joen uoneirdsal
JO SUOIIdJUI pUE BIOYIIBI]

SPI3UIUAW pUB BIUOWNAUJ

19ppe[q JO UOTIdJUL

SISOLISISTT

Joe1) ATRULIN PUB WEIISPOO[]
‘up[s ‘uswopqe Jo SuUOndIAYUI

SPI3UIUaW pUB BIUOWNAUJ

DO0TH UPOoINUY

87-SV UDOINUY

€T unoINUy

V umoinug

00¢ vy “d

sypoanf g

€aT vy H

PI9TOIN
s1ov] T

CEBlICREYEN |

Su0d pue soid

S[[9o 10
suadoyred
paadiey,

aupIpaw ur uonedddy

UId0119)08(
Jo sad4T,

urens guronpoid

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"€7:02:02 20-T0-9202 U0 papeo|umod "020g BINBURIYN £Z UO Paus!|dnd 901l ss300y uadO

(‘PI0D) 2 =geL

RSC Adv, 2020, 10, 38937-38964 | 38949

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06161a

View Article Online

Review

RSC Advances

Poo[q sjoym

ur uone3ardde [[20 10 uononpoid saroads uaZAxo aAOBII ONPUT
J0U PIp Pue ‘SDGY UeWINY JO %T URY) SSI] PAZA[OWAY pUE SISR[qOIqL
UO $309JJ9 J1X01034d ou pake[dsIp 1 ‘Jey]) SIPISIY "UOIIeWIO]

wyyolq sjuasaxd Apuaroyge osfe 3nq IouuewW Judpuadop-asop e

$95S90SB JBIPIELIBIIUT
pue suonodjyul (FAd)

LET PUe 68 ut siprutapida *§ Jo YamoId 93 A[Uo Jou SHIYUT UTULIIPI[TeS :S01d sipruLiapids ' SIIIPIEIOPUD dATEA DTIAYISOI
pooiq afoym ur uonedaidde [[20 10 uononpoid sarads uadAxo
9AT}OBII 99NPUI J0U PIP PUE ‘SO UeWINY JO 9T ULy} SSI] PazA[owray
pUE SISB[qOIqY UO $109JJ3 JIX01014d ou paAe[dSIp 1 ‘YY) SapIsag
‘uoneurIoy wyyolq sjuasaxd APUSIohIe os[e Ing Iouuew judspuadop 211S [BOI3INS puUR UD]S
LET PUR 68 -9SOP B UI $712.1D °S JO [1m0I13 213 A[UO JoU SIIQIYUT UTWIdPI[[ed :S01d snauny °§ “oen A1ojeridsar Jo suonodajur UTuIapI[[eD wnuins s
INO PILLIEd ST SUBWINY PUE [9POUI [EWIUE UE ()M SIUID
‘d uo ururraprda Jo 309530 uonIqIyur a3 jo Apnis Areurwirjaid ou :suo)
JUSTWUOIIAUD
8€T Hd jo a3uel oapim B pue JBIY 03 20ULISISAI Y31 Sey ururapids :so1d Souow 'd SauOy
INO PILLIED ST SUBWINY PUE [9POUI [EWIUE UL YIM SNIIGO.LIDUD
‘d uo uruapida Jo 309330 uoniqIyur a3 jo Apms Areurwirjaid ou :suop
JUSWUOIIAUD $9s599sqe Jun| pue
8cT Hd jo a3uer opim e pue JBaY 03 20UL)SISAI Y31y sey ururapids :so1d sna1qoLavup J )sea1(q ‘IAT] ‘UTRIq JO UOTOJUT
INO PILLIED SI SUBWINY PUE [9POW [EWIUR UB YIM SNIIN] A
uo uruIepida Jo 309339 uoniqIyul o jo Apnys Areurwiaid ou :suo)
JUSWUOIIAUD
ovT Hd 23uer opmm e pue jeay 03 ddueISISaI Y31y sey urwrapids :soid snaany ‘W STISUTUOW pUB BIUOWNIUJ
snruojrad
INO PaLIIed ST SUBWINY PUE [9POUT [EWIUR UE [IIM SISOLIX D [e11930€q snoauejuods
uo ururapids Jo 309339 uonIqIyul oy jo Apnis Areurwrfoid ou :suo) pUE SIIUNSEIPIW ‘Juejul
JUSTWUOIIAUD Ue Ul UOTIIJUT JUNYS pINgJ
LET Hd a8uer opim & pue Jeay 03 aouelsisal Y31y sey urwiopids :soid SIS0L9X D reurdso1qaiad ‘spipresopus
INO PILIIEd ST SUBWINY PUE [9POW [EWIUR UE TIIM SDIan)
*s uo ururaprda Jo 302339 uonIqIyuI aY) Jo Apnis Areurwifaid ou :suo)
JUSTUOIIAUD anssn Jos pue punom
6T Hd o3uer opim & pue Jeay 03 adue)sIsal Y31y sey urwropids :so1d syvaavf ‘s “oe1) ATRULIN JO SUOTIOAJUT
INO PILLIED ST SUBWINY PUE [9POW [eWITUE Ue [IM Sauagodd STITOSe] SUIZ[I0I0dU
'S uo urwIapida Jo 309y uonIqIyuI 3y3 jJo Apnis Areurwraid ou :suo) pue sepadisA1a ‘sniny[ed
uroruad Jo 9sop 9} 20NPaAI Ued I “Jey) SIPISF “JUIWUOIIAUD ‘soTqisuol ‘snrdudreyd
8¢t Hd 23uer apim e pue jeay 03 soue)sisal Y3y sey urwiapids :soid souadodd s ‘I0ARJ OTIBRWINAYI ‘19A3J 19]1BOS
INO PIIIIEd ST SUBWINY pUE [9POW [EWITUE U )M apruowmnaud
' uo urwrapida Jo 309y uonIqIyuI ay3 jJo Apnis Areurwiiaid ou :suo) snduruawr
JUSTWUOIIAUD PUE BIWAI2)Ok( ‘UONIJUL Ted
LET Hd o3uer opim & pue Jeay 03 aoue)sisal Y31y sey urwropids :soid apjuownaud °g ‘uonoayul SNUIS ‘BIUOWNAUJ
INO PIILIEd ST SUBWINY pUE [9POW [EWITUE UE [IIM SNAIND
*s uo uruapida Jo 103339 uonIqIyuI 3 Jo Apms Areurwjaid ou :suopn
JUSTWUOIIAUD 911S [BOI3INS pUR UD|S
LET Hd a8uer opim & pue Jeay 01 aouelsisal Y31y sey urwropids :soid SN24ND °§ “oen A1oyerrdsar Jo suonoayur ururepidg sipruiapida °g
LEBlIENRIEN | Su0d pue soid S[[22 10 sumpIpaw ur uonedrddy UIo0113)08q urens 3uronpoid
suadoyyed Jo sad4[,
pa3edre],

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"€7:02:02 20-T0-9202 U0 papeo|umod "020g BINBURIYN £Z UO Paus!|dnd 901l ss300y uadO

(‘puoD) ¢ egel

This journal is © The Royal Society of Chemistry 2020

38950 | RSC Adv, 2020, 10, 38937-38964


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06161a

View Article Online
RSC Advances

Review

8T Aniqess gd pue rewray g3y sassassod ST/YS UIDUIWIID] :SOIJ psourdn.iav ‘q
pooiq afoym ur uonedardde [[20 10 uononpoid saroads
uo3AX0 9A1IOBAI 90NPUI JOU PIP PUE ‘SOGY UBWINY JO %T UBY) SSI]
PpazAToway pue SISe[qoIqy UO S109JJ9 J1X010340 ou pakeldstp 1 ‘yerpy
SaPISag *SONOIqIUE Jo 23eSOP Y] 0NPAI PUR SIUID ‘J UO SONOIqIIUE
LET pUe 68 JO 303332 UONIQIYUL 273 IUBYUD 0} PAsn 2q Ued UTWIAPI[[eS S01d souow ' SoudYy
pooiq afoym ur uonedaidde [[20 10 uononpoid saroads uadixo
9AT}OBII 9oNPUI J0U PIP PUE ‘SOIY UeWINY JO 94T UBY) SSI] PazA[owray
PUE SISB[qOIqY UO SI02JJ9 J1X0J0IAd ou PakeldsIp I1 Jet]) sapisog
*SonoIqIIUE JO 23eSOpP Y3 ONPAI PUR $7191¢0oDUD d UO SONOIqIIUE $9s590sqe Sun| pue
LET pUe 68 JO 309339 UONIQIYUI 3Y) DUBYUS 0} Pasn aq Ued UTULIAPI[[eS :S01d $No1gOLODUD )SBaI1q “I9AI[ ‘UTRIq JO UOTIOdJUL
pooiq afoym ur uonedardde [[20 10 uononpoid saroads
U23AX0 2A1}OBAI 20NPUT JOU PIP PUR ‘SOY UBWINY JO 9%T UBY) SSI
pazAToway pue SISe[qoIqy U0 30919 JIX010340 ou pakeldstp 1 ‘yey
S9PISag "SONOIqIIUE JO 93BSOP ) 20NPAI PUR $71271] ‘A UO SONOIqIIUE
LET PUE 68 JO 302339 UONIQIYUI 3} IUBYUS 0} Pasn aq Ued UTWIaPI[eS :so1d snam] ‘W SHISUTUW pUE BIUOWNIUJ
pooiq afoym ur uonedaidde [[20 10 uononpoid saroads snruojrad
Uu23AX0 2A1}OBII 20NPUI JOU PIP PUE ‘SOGY UBWINY JO %T UBY) SSI [er1930eq snoauejuods
PpazATowaY] pue SISe[qoIqy U0 10913 J1X010140 ou pake[dsIp 1 ‘yey pUE SIUNSEIPaW Yuejul
SopISag *SONOIqIIUE JO 93ESOP 33 99NPAI PUE SISOL9X ) UO SONOIqIIUE Ue Ul UOTIDJUI JUNys pIngj
LET PUR 68 J0O 103739 UONIQIYUL ) DUBYUS 0] Pasn 3 UBD UTULIDPI[[ES 501 S1S049X D Teurdso1qa1ad ‘spipiedsopus
pooiq afoym ur uonedardde [[20 10 uononpoid saroads
U23AX0 2A1}OBAI 20NPUT J0U PIP PUE ‘SOY UBWINY JO %T URY) SSI
pazAJoway pue SISe[qoIqy UO 30913 JIX010340 ou pakeldsip 1 ‘yey
SoPISag *SONOIqIIUE JO A3BSOP I} 2ONPAI PUE S170Ianf S UO SONOIqIIUE anssn Jos pue punom
LET PUE 68 JO 302339 UONIQIYUI 33 IUBYUS 0} Pasn aq Ued UTWIaPI[ed :so1d sypoavf s “Joen) ATeurin Jo suondayuL
pooiq sfoym ur uonedaidde [[20 10 uononpoid sardads uadixo
9AT}OBDI 2ONPUI JOU PIP PUE ‘SOIY UeWINY JO 9T UBY) SSI] PazA[ouray SnIIosey SUIZnoIdau
PUE SISB[qOIqY UO SI02JJ9 J1X0)03Ad ou PakeldsIp I1 Jet]) sapisog pue se[odIsA1a ‘snInyao
'sonoIqrue Jo aesop ay) donpal pue sauadodd ‘s uo sonoiqnue ‘snrqrisuol ‘snidudreyd
LET PUR 68 JO 103732 UOTIQIYUL ) JIUBYUD 0} PAsn 2q Ued UTWLIAPI[[eS S01d souasodd - ‘19A2J DTIRWNAYT ‘I9A] 19[18IS
pooiq sfoym ur uonedardde [[20 10 uononpoid saroads uadAxo
9ATIORII 2ONPUT JOU PIP PUE ‘SOFY UBWINY JO 94T UBY) SSI] PazA[owray
pUE SISB[qOIqY UO S309JJ2 JIX030340 ou pake[dsIp 1 “yey) sapisog spduruau
'sonjoIqrue Jo 23esop Y3 20Npal pue avuownaud 'S Uo SdNOIqrUE PUE BIWDI2)OE( ‘UONIJUL Ted
LET PUE 68 JO 302339 UONIQIYUI 33 IUBYUS 0} Pasn aq Ued UrWIapI[es :so1d avuownaud °g ‘uonoayul SNUIS ‘eruowWnaud
poo[q a[oym ur uonedaidde 90 10 uononpoid sarads uaAxo
9AT}OBDI 9ONPUI JOU PIP PUE ‘SOIY UBWINY JO 94T UBY) SSI] PazA[owray
pUE SISE[OIqY UO SI09JJ ITX010340 ou pake[dsIp 1 “Jet]) SapIsog
'sonjoiqriue Jo 23esop Y3 2oNpal pue SuvjnwIs ‘S UO SONOIqIIUE
I¥1 pue 68 JO 303332 UONIQIYUL ) IUBYUD 0} PAsn 2q Ued UTWIIPI[eS S01d suppnus °§ SUOT}OQJUT TB[NONIL0ISO
S90UQI9JOY Su0d pue soid S[[22 10 supIpaw ur uonedrddy UIo0119)08q urens 3uronpoid
suadoyyed Jo sad4y,
po3adie],

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"€7:02:02 20-T0-9202 U0 papeo|umod "020g BINBURIYN £Z UO Paus!|dnd 901l ss300y uadO

(‘PawoD)

¢ o9el

10, 38937-38964 | 38951

RSC Adv, 2020

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06161a

View Article Online

Review

RSC Advances

supaiqIp D pue

sypasuis d
INO PILLIED ST SUBWINY PUE [9POU [EWIUE U [}IM ‘wngpajonu o
TTAS UIDUSWLILJ JO 30912 uoniqiyur ay3 jo Apnys Areurwiiord ou :suoD SUDTIUL0OUIIIID
S9SEISIp [BIO JO -Qwounpon v
uonuaaaid 10 Yieay rero unjouwroid 103 yoeoidde aaneuralfe ue pasn ‘snu1Lqos °s 11ds
9%T pue ¥¥1 9q Aewl pue JUSWUOIIAUD JIPIOE Je J[qeIS ST TS UIDUIWIJ S0Id ‘supgnut s S1IAISULS pue SaLLIED [eIUa 11dS UnuawiIag wnuaudf 1
N0 paLLIEd
SI suewIny pue [opow [ewrue ue Yim dds wniagongoudion uo ST/LVS UONOdJUI UDS pue
UIOUIULIDY JO 10919 uonIiqryul ay) jo Apnis Areurwifoid ou :suop dds wni30vq UONDAJUI J0BI) [RUNSIIUIOIISLS
8T Aqess gd pue rewrray) y3ryg sassassod GT/YS UDUIWLIDJ :SOIJ -auiop ‘STIpIBOOPUD ‘snLSuhIeyd
INO0 PoLLIEd ST SUBWINY PUE [9POW [BWIUE UE YIIM SNAIND 'S UO STLVS
UIOUIULIdY JO 109159 UonIqIyul ay) jo Apnys Areurwiifaid ou :suop 211s [ea1dIns pue upys
8T Arqels Hd pue rewzay) Y3y sassassod ST/YS UIOUDWIJ :S0I1J sna.ny s “oen A1ojeridsal Jo suonoajur
INO PILLIEd ST SUBWNY PUE [9POW [EWIIUE UB [IIM 7]02 “F UO STLVS
UTOUSWLISY JO 399JJ9 UONIQIYUI 9Y3 Jo Apnis Areurwirpaid ou :suopD
8¢ Ariqers gd pue rewrayy ydiy sassassod ST/VS UIOUIWLIDY :SOId 17709 g Iappe[q JO UOTdd UL
JNO PILLILD ST SUBWINY PUE [9POW [EUWITUE UB YIIM $1911] A UO STLVS
UIOUIULIdY JO 309159 UonIqIyul ay) jo Apnis Areurwiifaid ou :suop
8T Arqels Hd pue rewzoy) Y3y sassassod GT/YS UIOUDWIJ :S0I1J snamj ‘W SpISUIUSW pUB BIUOWNAUJ
no
PoLLIEd ST SUBWINY PUE [9POW [BWIUR UB YIM DSOULSNLID ‘d UO STLVS BIUI2I)0R( PUE SUONIJUL STLVS STLVD
UIOUIULIdY JO 309159 UonIqIyul ay) jo Apnys Areurwiifaid ou :suop joen ATeunn ‘eruownaud UTOUIULID] wnuaudf 1
LEBlIENRIEN | Su0d pue soid S[[22 10 sumpIpaw ur uonedrddy UIo0113)08q urens 3uronpoid
suadoyyed Jo sad4[,
pa3edre],

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"€7:02:02 20-T0-9202 U0 papeo|umod "020g BINBURIYN £Z UO Paus!|dnd 901l ss300y uadO

(‘puoD) ¢ egel

This journal is © The Royal Society of Chemistry 2020

38952 | RSC Adv, 2020, 10, 38937-38964


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06161a

Open Access Article. Published on 23 Nhlangula 2020. Downloaded on 2026-01-07 20:20:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

infectious diseases.®” However, the findings of new antibiotics
began decreasing after 1985. Meanwhile, the discoveries of
bacteria that were resistant to antibiotics increased signifi-
cantly, and this threatened human beings. Pathogens had been
proved to develop mechanisms for resisting drugs, in which the
drug binding sites were altered and the access of the antimi-
crobial agents to its intracellular site had been reduced or
inhibited.*® One of the examples of drug-resistant bacteria is
MRSA, which is the general pathogen that may cause skin
infection. MRSA was first discovered in hospitals during the
1960s after methicillin was used wisely in the treatment of skin
infections. This problem alerted humans to find out alternative
antimicrobial agents that can be used in killing or inhibiting
pathogens. Bacteriocin, with its proteinaceous nature, was
recommended by many researchers to replace antibiotics for
the treatment of infectious disease due to its low toxicity.*>**
Many research studies have been done to investigate bacte-
riocin, which can be used to solve human health's problems,
such as urinary tract infection, skin infection, diarrhoea, dental
carries, lung infection, bloodstream infection, mastitis, respi-
ratory tract infection and cancer.” Table 2 shows the bacterio-
cins applied in the infectious disease treatment for humans,
comprising nisin, lacticin, salivaricin, subtilosin, mersacidin,
enterocin, gallidermin, epidermin and fermencin.

3.1 Nisin

Nisin, a bacteriocin produced by Lactococcus lactis spp., is found
to be used not only in the food preservation, but also can be
used in the treatment of infectious disease caused by bacteria.’*
Skin infection is usually caused by S. aureus, and MRSA has
emerged from the usage of methicillin in the treatment of the
infection.** Recently, there are many research studies that have
been done on the investigation of bacteriocin to replace meth-
icillin in the treatment of skin infection, as the failure to treat
the infection caused by MRSA may lead to death. Electrospun
nanofibre wound dressing that comprises nisin has been
proved that can be used in wound healing to prevent skin
infection by MRSA. In the treatment of skin infection, wound
dressing (that contains nisin) was found to be effective in the
reduction of the colonization of S. aureus, and it accelerated the
wound healing process.” Besides that, nisin was demonstrated
to have an antimicrobial effect against Clostridium difficile. C.
difficile is a bacterium that may cause diarrhea and inflamma-
tion of the colon.** Previous studies proved that older people in
hospital, or for those who are taking antibiotics for long term
treatment, may be infected by C. difficile as compared to others.
Around a half million of citizens from United States was re-
ported to be infected by C. difficile every year and the infection
cases was getting severe and more difficult to treated.®® Nisin A
and nisin Z were claimed to be effective bacteriocin that can be
utilized in the inhibition of the growth of C. difficile. The
minimum inhibitory concentration (MIC) of nisin A and nisin Z
were 0.8 ug mL " and 6.2 pg mL ™", respectively.”® Furthermore,
dental caries are a common health problem that affects all ages
of humans. Nisin was also proved to have inhibitory abilities
against pathogens that cause dental caries, which were

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

Streptococcus mutans, Streptococcus sanguinis and Streptococcus
sobrinus. The MIC of nisin needed to inhibit the growth of S.
mutans, S. sanguinis and S. sobrinus are 625-1250 IU per mL,
156.25-312.5 IU per mL and 1250-2500 IU per mlL,
respectively.’”

In addition, nisin Z has been demonstrated to be used for
the treatment of mucosal and bloodstream infections caused by
C. albicans.®® Bloodstream infection, which is also called can-
didemia, can lead to infection of other parts of the body, such as
the eyes, kidney, liver, and brain by the spreading of C. albicans
from your bloodstream. Candidemia may cause illness, such as
fever, skin rash, low blood pressure and abdominal pain, as well
as death if without treatment.”® Previous studies proved that
nisin Z was able to inhibit the growth of C. albicans at 500 pg
mL " by disturbing the cell membrane structure of C. albicans
and increasing the granulation of the cytoplasm.®” Besides that,
nisin F was proved to have inhibition activity against S. aureus,
which may cause infection of the respiratory tract. 8192 AU
per mL of nisin F was proved to has significant antimicrobial
effect against S. aureus.'* Furthermore, nisin was demonstrated
to be used in the treatment of lung infections and stomach
ulcers to inhibit the growth of P. aeruginosa and Helicobacter
pylori, respectively.’* In addition, nisin A was proved to be an
alternative agent used in the treatment of cancer. Nisin A can be
used to reduce tumorigenesis by inducing preferential
apoptosis, and the combination of nisin with doxorubicin was
claimed to be an effective agent used in the reduction of tumour
severity in skin carcinogenesis.*

3.2 Lacticin

Lacticin is a broad-spectrum bacteriocin produced by L. lactis
subsp. that belongs to the lantibiotics groups.'® Lacticin 3147
produced by L. lactis ssp. lactis DPC3147 has been demonstrated
to exert an antimicrobial effect against a range of pathogenic
bacteria. Lacticin 3147 was proved to be an effective antimi-
crobial agent that can be used in the treatment of skin and
surgical site or prosthetic joint infection.'® The most common
bacterium that causes skin infections is S. aureus. Lacticin 3147
was proved to have inhibitory ability on the growth of MRSA
ST291. Lacticin 3147 showed lower MIC against MRSA ST291 as
compared to nisin Z and penicillin G, which is 3.85 pug mL™".*
Besides that, lacticin 3147 was claimed to have inhibition
activity against the growth of Cutibacterium acnes.*®* C. acnes is
grouped as a lipophilic anaerobic, Gram-positive bacterium that
can be commonly found on normal skin, oral environment,
nose, urogenital tract and large intestine. C. acnes may cause
infections during orthopedic surgery, especially those that are
related to implants and prosthetic joint infections.'®® The MIC
needed for the inhibition of the growth of C. acnes LMG 16711
was 2.50 ug mL~ .

Furthermore, lacticin 3147 can be used in the prevention of
dental caries. It was shown to exert inhibitory effect against S.
mutans, which is the common pathogen that causes oral plaque
formation in humans. A previous study reported that the
concentration of lacticin 3147 at 1280-5120 AU per mL was
needed to inhibit 50% growth of S. mutans. The study claimed
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that the S. mutans strain in human saliva could be eliminated if
40 000 AU per mL was used.'® In addition, lacticins A164 and
BHS5 produced by L. lactis subsp. lactis A164 and L. lactis subsp.
lactis BH5, respectively, were demonstrated as the most strong
bacteriocins among lacticins that could be used in the treat-
ment of stomach ulcers caused by H. pylori.**” H. pylori is
a pathogen that can be found in the gastric mucosa. It is the
main root cause of gastritis and peptic ulcer. The antimicrobial
activities of lacticin A164 and lacticin BH5 against H. pylori
ATCC 43504 were 1 310 000 AU per mL and 655 000 AU per mL,
respectively. MIC of lacticin A164 and lacticin BH5 needed to
inhibit the growth of H. pylori ATCC 43504 was 12.5 mg 1~ .18

3.3 Salivaricin

Salivaricin is a bacteriocin that is produced by Streptococcus
salivarius and belongs to class II lantibiotics.'® Many research
studies proved that salivaricin has contributed to the health
sustainability in humans. Salivaricin was shown that it not only
can be used to maintain oral health, but also can be used in the
treatment or prevention of skin or lung infections. Streptococcus
pneumoniae is a pathogen that causes pneumonia, sinus infec-
tion, ear infection, bacteremia and meningtis. Salivaricin A2
produced by S. salivarius K12 was demonstrated to exert anti-
microbial effects against S. pneumoniae ATCC 27336, A8, All1,
Al14, AI6 and AI7. The MIC of salivaricin A2 to be required in
the inhibition of the growth of S. pneumoniae ATCC 27336, AIS,
AI11, Al14, AI6 and AI7 were 32, 32, 16, 32, 128 and 128 ug mL™ ",
respectively."™ Besides that, Streptococcus pyogenes is a patho-
gens that causes many infectious diseases in humans, such as
scarlet fever, rheumatic fever, pharyngitis, tonsillitis, cellulitis,
erysipelas and necrotizing fasciitis."** Salivaricin B from S. sal-
varius K12 was found to exert inhibition activities against S.
pyogenes with MIC of 2.16 uM. The growth of S. pyogenes was
proved to be inhibited by 50% by using 1.0 uM of salivaricin B.
The inhibition activity can be increased to 90% by using 2.0 pM
of salivaricin B, and the cell will be totally inhibited if treated
with 2.5 pM."*?

Furthermore, salivaricin B was also shown to have inhibition
activity against Corynebacterium spp GH17."*> Corynebacterium
spp was found in triggering diseases, such as pharyngitis,
endocarditis, gastrointestinal tract infection and skin infec-
tion."* The MIC for the inhibition of growth of Corynebacterium
spp GH17 by salivaricin B was 2690 nM."**> Besides that, sali-
varicin D from S. salivarius 5M6c was proved to exert inhibitory
ability against Clostridium bifermentans.’® C. bifermentans is
a Gram-positive, spore-forming, anaerobic bacterium that
always causes infectious diseases, such as empyema and
pneumonia to humans.”* The MIC of salivaricin D for the
inhibition of the growth of C. bifermentans was found at around
0.01 nM.' Leuconostoc lactis is a Gram-positive, catalase-
negative and facultatively anaerobic, which may cause infec-
tions in immunocompromised hosts. Up to now, there are still
limited treatments and antibiotics that are available for the
infections caused by Ln. lactis.*™ To solve this problem, sali-
varicin D was claimed to have an antimicrobial effect on Ln.
lactis. The MIC of salivaricin D to inhibit the growth of Ln. lactis
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was proved at around 0.1 nM.'” Salivaricin D was also
demonstrated as an antimicrobial agent in the inhibition of the
growth of S. pneumoniae D39, TIGR4 and R6 for the prevention
of pneumonia. The MIC of salivaricin D to inhibit the growth of
S. pneumoniae D39, TIGR4 and R6 were proved at 0.03, 0.06 and
12, respectively. Besides that, salivaricin D also exerted inhibi-
tory effects against S. pyogenes 08198 with MIC value of
7.2 nM.'*®

3.4 Subtilosin

Subtilosin is a bacteriocin that can be produced by Bacillus
strains. Bacillus spp is an aerobic, Gram-positive bacteria with
rod shape, which can be usually found in soil, water or natural
flora in the intestines.'*® Subtilosin A is a bacteriocin with
a molecular weight of 3398.9, which consists of 32 usual amino
acids and some non-amino acid residues. Subtilosin A,
produced by B. subtilis 168, was claimed to exert antimicrobial
effects against many Gram-positive and Gram-negative patho-
gens."” Subtilosin A was proved to have an inhibitory effect
against E. faecalis. E. faecalis is a Gram-positive bacterium that
may cause infections in humans, especially infection of the
urinary tract. The MIC at 3.125 mg L' of subtilosin A was
demonstrated to have significant inhibition activity against E.
faecalis OGX-1. Besides that, subtilosin A was proved that it
could be used to inhibit the growth of Porphyromonas gingiva-
lis.''® P. gingivalis is a Gram-negative, anaerobic, non-motile
bacterium with rod shape, which binds to the human oral
cavity and always causes periodontitis and tooth loss."™*® The
MIC values of subtilosin A needed for the inhibition of the
growth of P. gingivalis ATCC 33277, P. gingivalis ATCC 33277
KDP129, P. gingivalis ATCC 33277 KDP133 and P. gingivalis W83
were 3.125, 3.125, 6.25 and >100 mg L, respectively.''®
Furthermore, subtilosin A was proved to exert an inhibitory
effect against Klebsiella pneumoniae. K. pneumoniae is a Gram-
negative, non-motile and rod-shaped facultative anaerobe that
may cause pneumonia, urinary tract infection, skin infections
and meningitis. The MIC of subtilosin A for the inhibition of the
growth of K. pneumoniae ATCC 4352, K. pneumoniae UMN1, K.
pneumoniae UMNS5, K. pneumoniae UMN3 and K. pneumoniae
UMN4 were >200, >200, 1.25, 5.0 and 25.0 mg Lfl, respec-
tively."® Subtilosin A was also found to have an inhibitory effect
against K. rhizophila. K. rhizophila is a Gram-positive bacterium
that can be normally found on the normal skin and mucous
membrane of humans, but it may cause infections, such as
methylmalonic aciduria in immunocompromised patients.
1.25 mg L ™" of subtilosin A was proved to be the MIC needed to
inhibit K. rhizophila ATCC 9341."*" In addition, the growth of
Enterobacter aerogenes was demonstrated to be inhibited by
subtilosin A. E. aerogenes, known as Klebsiella aerogenes now, is
a Gram-negative bacterium with rod shape, which may cause
gastrointestinal infection, meningitis, urinary tract infection,
skin infection and respiratory infection. The growth of E. aero-
genes ATCC 13408 was proved to be inhibited by the MIC of
subtilosin A at 1.25 mg L~"."® Subtilosin A was also claimed to
have inhibition activity against S. pyogenes, a pathogen that may
cause infections in human. The MIC of subtilosin A to inhibit S.

This journal is © The Royal Society of Chemistry 2020
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pyogenes ATCC 19615 was proved at 1.25 mg L™ '.?* Besides that,
subtilosin A was proved to be used as an antimicrobial agent in
the treatment of shigellosis. Shigellosis is the infection that may
be caused by Shigella sonnei, leading to diarrhea, fever and
stomach cramps. 1.25 mg L™ of subtilosin A was proved to be
the MIC to inhibit the growth of S. sonnei ATCC 25931."*
Moreover, the inhibition of the growth of P. aeruginosa was
achieved using subtilosin A. P. aeruginosa is a Gram-negative,
encapsulated, rod-shaped bacterium that may cause infectious
diseases, such as pneumonia, urinary tract infections and
bacteremia in humans. The MIC of subtilosin A needed to
inhibit the growth of P. aeruginosa ATCC 9027 was 50 mg L~ 1.1
In addition, subtilosin A was proven to exert inhibitory effect
against S. gordonii Challis, which was the pathogen found in the
oral cavity to cause dental plaques. A MIC of 83.25 of subtilosin
A was claimed to exert significant inhibitory effect on S. gordonii
Challis ATCC 49818."**

3.5 Mersacidin

Mersacidin is a bacteriocin that belongs to the lantibiotic group,
which consists of 20 amino acids and a lanthionine group in its
structure. It is produced by Bacillus spp and proved to have
inhibition activities against Gram-positive pathogens.'”> S. aureus
is a Gram-positive bacterium with rod shape, which may cause
infectious diseases in humans, such as abscesses, furuncle,
bloodstream infection and pneumonia.’ Mersacidin produced
by the Bacillus sp. strain HIL Y-85, 54728 was claimed to exert
antimicrobial effects on a few S. aureus strains, which including
S. aureus SH1000, R33 MRSA, SG511, SA137/93A and SA137/93G.
The MIC of mersacidin needed to inhibit the growth of S. aureus
SH1000, R33 MRSA, SG511, SA137/93A and SA137/93G was
proved at 32, 32, 1, 35 and 30 pg mL™ ", respectively.’” Besides
that, mersacidin was shown to have inhibition activities against
S. pneumoniae BAA-255, a pathogen that causes pneumonia in
humans. The MIC of mersacidin needed to inhibit the growth of
S. pneumoniae BAA-255 was 2 pg mL~".'?® Furthermore, mersa-
cidin was demonstrated to have inhibition activity against
Micrococcus luteus. M. luteus is a Gram-positive and non-motile
bacterium reported as a opportunistic pathogen that may cause
pneumonia and meningitis. The MIC of mersacidin needed to
inhibit M. luteus ATCC4698 was 1.2 ug mL~'.* In addition,
mersacidin was proved to have an inhibitory effect on the E.
faecium and E. faecalis strains, which might cause infections in
the abdomen, skin, bloodstream and urinary tract. The MIC of
mersacidin needed for the inhibition of the growth of E. faecium
ATCC19579, E. faecalis ATCC29212 and E. faecium 7131121 VRE
were proved at 32, 64, 64 pg mL ™", respectively.'*

3.6 Enterocin

Enterocin is a bacteriocin produced by Enterococcus spp that is
active against Gram-positive pathogens.”® Enterocin A was
claimed to exert inhibitory effect against L. monocytogenes. L.
monocytogenes is a facultative anaerobic that may cause listeri-
osis.”® The groups of people that can be easily infected by L.
monocytogenes are newborns, older adults, pregnant women,
and people with immunodeficiency disorders.”*> The MIC of
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enterocin A needed to inhibit the growth of L. monocytogenes
EGDe was around 4.57 ug mL™". It was found that the inhibition
activity of enterocin A against L. monocytogenes EGDe can be
improved by the combination of both enterocin A and thyme
essential oil, in which only 0.9 and 1.2 ug mL™" of MIC of
enterocin and thyme essential oil, respectively, were needed for
the inhibition of the L. monocytogenes EGDe."** Besides that,
enterocin LD3 from Enterococcus hirae LD3 was proved to have
antimicrobial effects against M. luteus MTCC 106 with MIC at 80
pg mL~" and MBC at 128 pg mL~".*** Enterocin A was also
found to have inhibition activity against E. coli NCDC 135 with
MIC at 112 pg mL~ " and MBC at 180 pg mL™*.*** In addition,
enterocin AS-48 was proved to have inhibition against B. cereus
ATCC 14579. B. cereus is a Gram-positive, motile and facultative
anaerobe with rod shape, which can be usually found in the soil
environment, and causes diarrhea and infections in the respi-
ration tract and wounds. The MIC of enterocin AS-48 needed for
the inhibition of the growth of B. cereus ATCC 14579 was 2.5 pug
mL~".* Enterocin E20C produced by E. hirae 20C was also
demonstrated to exert an antimicrobial effect against Salmo-
nella enterica. S. enterica is a Gram-negative and facultative
aerobe with rod shape that may cause gastroenteritis, bacter-
emia and enteric fever. The MIC of enterocin E20C needed for
the inhibition of the growth of S. enterica was 0.5 pg mL~

155

3.7 Epidermin

Epidermin is a tetracyclic bacteriocin that belongs to type A
lantibiotic. It comprises 21 amino acids with meso-lanthionine,
3-methyllanthionine, and S-(2-aminovinyl)-p-cysteine in the
structure. Epidermin produced by Staphylococcus epidermidis
exhibits antimicrobial activities against a wide range of Gram-
positive bacteria.”*® Epidermin was claimed to exhibit inhibi-
tion activities against pathogens S. aureus SG 511 and E 88,
which might cause respiratory tract, skin and surgical site
infections. The MIC of epidermin needed to inhibit the growth
of S. aureus SG 511 and E 88 were the same at 8 ug mL ™ '.'%
Besides that, epidermin was also applied in the treatment of
infection caused by S. epidermidis. S. epidermidis is a Gram-
positive and facultative anaerobe that can be usually found in
normal human flora. A MIC of 6.25 ug mL ™" epidermin was
needed for the inhibition of S. epidermidis 12228.'*” Further-
more, epidermin was also claimed to exhibit inhibitory effect
against S. pneumoniae ATCC 6302, a pathogen that may cause
pneumonia. A MIC of 4 ug mL™' epidermin was required to
inhibit the growth of S. pneumoniae ATCC 6302."*’

Moreover, S. pyogenes ATCC 8668, a pathogen that might
cause respiratory tract infections in humans, was found to be
inhibited by epidermin with MIC of 1 pg mL™~".*® Epidermin was
also proved to inhibit S. faecalis ATCC 29212, a pathogen that
may cause infections in the urinary tract, wound and soft tissue.
The MIC of epidermin needed to inhibit the growth of S. faecalis
ATCC 29212 was proved at 64 ug mL ™~ ".** In addition, epidermin
was proved to have inhibition activity against Corynebacteriurn
xerosis. C. xerosis is a Gram-positive aerobe that can be found in
the normal flora of the nasopharynx and skin, and may cause
endocarditis, cerebrospinal fluid shunt infection in an infant,

RSC Adv, 2020, 10, 38937-38964 | 38955


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06161a

Open Access Article. Published on 23 Nhlangula 2020. Downloaded on 2026-01-07 20:20:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

mediastinitis and spontaneous bacterial peritonitis. The MIC of
epidermin needed to exert inhibition activity against C. xerosis
was 1 pg mL~ """ Besides that, M. luteus ATCC 9341 and 15957,
pathogens that cause pneumonia and meningitis, were proved to
be inhibited by epidermin with MIC of 0.25 and 1 pug mL™",
respectively.'*® Peptostreptococcus anaerobicus is a Gram-positive
and non-spore forming anaerobe that may lead to infection of
the brain, liver, breast, and lung abscesses in humans. It was
claimed to be inhibited by epidermin with MIC of 0.25 pg
mL~ " Furthermore, epidermin exhibited inhibition activity
against Propionibacterium acnes IF 31002. P. acnes is a Gram-
positive anaerobe that may cause acne in humans. It was

—1 138

proved to be inhibited by epidermin with MIC of 0.25 pg mL™ .

3.8 Gallidermin

Gallidermin is a bacteriocin that is produced by Staphylococcus
gallinarum, which is made up of 22 amino acids in its structure.
It is grouped as lantibiotic due to its lanthionine-containing
peptide structure.”® It was demonstrated to have inhibition
activity against a wide range of Gram-positive pathogens, such
as S. aureus and S. epidermidis. S. aureus is the common path-
ogen that causes respiratory tract, skin and surgical site infec-
tions in humans. Gallidermin was claimed to exhibit inhibition
activities against S. aureus SG 511, E 88, MSSA and MRSA with
MIC at 4, 8,5.77 and 0.72 ug mL™, respectively.’*” Besides that,
gallidermin was proved to exhibit antimicrobial activity against
S. epidermidis (12228, 117, RP62A and N15) with MIC of 6.25 pg
mL 1% Gallidermin was also proved to exert an inhibitory
effect on the growth of Staphylococcus simulans. S. simulans is
a Gram-positive pathogen that may cause osteoarticular infec-
tions in humans. 0.15 ug mL~" of gallidermin was needed to
inhibit the growth of S. simulans 22.**'

Furthermore, gallidermin was claimed to exhibit an inhibitory
effect against S. pneumoniae ATCC 6302, a pathogen that may
cause pneumonia. The MIC of gallidermin required to inhibit the
growth of S. pneumoniae ATCC 6302 was 4 pg mL™~".*¥” Moreover,
S. pyogenes ATCC 8668, a pathogen that might cause respiratory
tract infections in humans, was found to be inhibited by galli-
dermin with MIC of 1 pg mL™.*” Besides that, gallidermin was
proved to inhibit S. faecalis ATCC 29212, a pathogen that may
cause infections in the urinary tract, wound and soft tissue with
MIC of 64 ug mL~".* In addition, gallidermin was proved to have
inhibition activity against C. xerosis with MIC of 1 pug mL~'.1*?
Gallidermin was also proved to exhibit an inhibitory effect
against M. luteus ATCC 9341 and 15957 with MIC of 0.25 and 0.5
ug mL~ ", respectively.’” Furthermore, P. anaerobicus was claimed
to be inhibited by gallidermin with MIC of 0.5 ug mL ™. P. acnes,
a pathogen that causes acne in humans, was demonstrated by
gallidermin with MIC of 0.125 ug mL ™ '.*%

3.9 Fermencin

Fermencin is a novel bacteriocin with a broad-spectrum, non-
pore forming and cell wall that can be produced and extracted
from Lactobacillus fermentum. L. fermentum is a Gram-positive
and facultative anaerobe with rod shape that belongs to the
LAB group.”® Up to now, there is still less fermencin to be
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reported. From previous studies, there were two types of fer-
mencins, which included fermencin SA715 and SD11, and they
had been characterized and proved to have inhibition activities
on pathogens. Fermencin SA715 produced from L. fermentum
GA715 was proved to exhibit an inhibitory effect on the growth
of P. aeruginosa PA7, a pathogen that might cause infectious
diseases such as pneumonia, urinary tract infections and
bacteremia in humans. The MIC of fermencin SA715 needed for
the inhibition of the growth of P. aeruginosa PA7 was proved at
around 51.79 uM.*® Besides that, fermencin SA715 was proved
to exert an inhibitory effect on M. luteus ATCC 10240, a path-
ogen that might cause pneumonia and meningitis with a MIC
value of 8.93 uM.*®

Furthermore, it was also claimed to have inhibition activity
against E. coli UT181, a pathogen that might cause diarrhea,
urinary tract infection and pneumonia. The MIC of fermencin
SA715 needed for the inhibition of E. coli UT181 was 103.57 uM.
Moreover, S. aureus RF122 was proved to be inhibited by 103.57
uM of fermincin SA715.”® Fermencin SA715 was also proved to
exhibit inhibition activity against Corynebacterium spp. GH17,
pathogen that might cause pharyngitis, endocarditis, gastroin-
testinal tract infection and skin infection with MIC of 12.95
uM.*® Fermencin SD11 is produced by L. fermentum SD11 with
a molecular size of 33 593 Da, and was found to exhibit a wide
range of inhibition activity against Gram-positive bacteria and
fungus.™** Fermencin SD11 was proved to be a useful antimi-
crobial agent to combat the oral pathogens, such as S. mutans
ATCC 25175, S. sobrinus ATCC 33478, Aggregatibacter actino-
mycetemcomitans ATCC 33384, Fusobacterium nucleatum ATCC
25586, P. gingivalis ATCC 33277 and C. albicans ATCC 90028.*
Fermencin SD11 was proved to exhibit more than 125 000 AU
per mL of antimicrobial activity against S. mutans ATCC 25175
and S. sobrinus ATCC 33478, and exhibit more than 9090.9 AU
per mL of antimicrobial activity against A. actino-
mycetemcomitans ATCC 33384, F. nucleatum ATCC 25586, P.
gingivalis ATCC 33277 and C. albicans ATCC 90028. In addition,
it was also claimed to exert an inhibitory effect against LAB
strains, which included Lactobacillus casei ATCC 393, L. fer-
mentum ATCC 14931, Lactobacillus paracasei CCUG 32212. L.
plantarum ATCC 14917, Lactobacillus rhamnosus ATCC 7469 and
Lactobacillus salivarius ATCC 11741 with more than 125 000 AU
per mL of antimicrobial activities.™*

4. Application of bacteriocin in
livestock health

Livestock are domesticated animals that are raised agricultur-
ally to provide labor and commodities, such as milk, meat, eggs,
furs and leathers. Livestock, as food sources, provide nutrients
needed by humans everyday, such as proteins, fats and vita-
mins. It is important to have proper feeding and hygiene to
sustain the livestock health and enhance the economic via
maximized production. However, animals on the farm are still
easily infected by viruses and bacteria. The examples of infec-
tious diseases caused by bacteria in livestock are mastitis, post-
weaning diarrhea, meningitis, arthritis, endocarditis,

This journal is © The Royal Society of Chemistry 2020
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pneumonia and septicemia.'”” Mastitis is a common disease
that can be found in dairy cattle. It refers to the inflammation of
the mammary gland and under tissue as the results of bacteria
infection, chemical or thermal injury. Mastitis is normally
caused by the contamination of the milking machine or hands
with pathogens, such as S. aureus, Streptococcus uberis, and
Streptococcus dysgalactiae, leading to damage in the milk-
secreting tissues and ducts, and can be fatal for severe cases
without proper treatments.**® To solve this problem, there are
limitations in using antibiotic treatments, such as gentamicin,
which may lead to the emergence of pathogens that are resistant
to antibiotics.®® Besides that, another infectious disease that
can be commonly transmitted in swine is post-weaning diar-
rhea (PWD). PWD is caused by an E. coli infection in the
intestine of pigs, leading to diarrhea, dehydration, growth
retardation in surviving piglets, as well as death without treat-
ments."* As a alternative to antibiotics, many research studies
have investigated the use of antimicrobial agents or bacteriocin
from LAB or other bacteria that exert inhibitory ability to inhibit
or kill the pathogens in livestock.'>***> However, the bacterio-
cins that have been proven for health sustainability in livestock
are less, which include nisin, lacticin and garvicin, and mace-
docin, as shown in Table 3.

4.1 Nisin

Nisin is a bacteriocin with a size of 3.5 kDa that has been
approved by the FDA and WHO. Not only it can be applied in
food preservation, but also can be used in the treatment of
livestock diseases. The inhibitory activity of nisin is higher at
neutral pH, and it has high resistance to heat.™ Nisin plays an
important role in the treatment of respiratory tract infections in
swine and cow. The most common respiratory infections caused
by bacteria in swine are pneumonia and pleurisy, which lead to
losses in the country economy. These diseases are mainly
caused by the pathogen found in the respiratory tracts of pigs,
such as S. aureus, S. suis, Actinobacillus suis, Actinobacillus
pleuropneumoniae, and Haemophilus parasuis, which may be
transmitted via contact between swine in a farm. There are
broad-spectrum antibiotics needed to kill the pathogens, which
cause respiratory infections in swine, leading to the emergence
of drug-resistant pathogens that are harmful to animals and
humans.*® To solve this problem, nisin extracted from L. lactis
was proved to exert inhibitory effect against S. suis. Nisin was
found to inhibit the growth of S. suis by disrupting the cell
membrane of S. suis, which leads to cell lysis. Other than
infection of the respiratory tract, nisin also contributes to the
treatment of meningitis, arthritis, endocarditis, pneumonia
and septicemia in swine. In the inhibition of the growth of S.
suis, the minimum inhibitory concentration (MIC) and the
minimum bactericidal concentration (MBC) of purified nisin
needed are in the range of 1.25-5 pg mL~ " and 5-10 ug mL ",
respectively.’> Furthermore, nisin A was demonstrated as an
antimicrobial agent that can inhibit the growth of pathogens,
which cause mastitis in lactating dairy cows, including S.
aureus, Staphylococcus intermedius, Streptococcus agalactiae, S.
dysgalactiae, E. faecalis and E. coli with MIC of 1, 0.06, 0.25, 1, 4,
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128 pg mL ™", respectively. However, the inhibition activity of
both nisin A and cefazolin on the growth of mastitis pathogens
was claimed to be improved when the combination of nisin A
and cefazolin was used instead of using alone. The MIC of
cefazolin alone needed for the inhibition of S. aureus, S. inter-
medius, S. agalactiae, S. dysgalactiae, E. faecalis and E. coli were
0.5, 0.5, 0.13, 0.13, 32 and 2 pug mL ™', respectively. For the
combination use, the MIC of nisin A and cefazolin needed to
inhibit S. aureus, S. intermedius, S. agalactiae, S. dysgalactiae, E.
faecalis and E. coli were 0.25 and 0.06 nug mL™*, 0.03 and 0.13 ug
mL ™, 0.13 and 0.06 pg mL™*, 0.5 and 0.06 ug mL ", 0.5 and 8
pug mL~', 32 and 1 pg mL ™7, respectively.'s!

4.2 Lacticin

Lacticin 3147 is a common bacteriocin that has been used in the
treatment of mastitis in lactating dairy cows to inhibit the
growth of S. dysgalactiae M and S. aureus 10.*** In 1995, the first
isolation of lacticin 3147 was done by extraction from an Irish
kefir grain. Lacticin 3147 is extracted from L. lactis subsp. lactis
DPC3147, which consists of the two peptides, which are Ltna
and Ltnp in structure.'®® There are many in vivo tests that have
been done in previous studies. In one of the tests, a group of
cows was given lacticin 3147 in to their teat seal, while another
group of the group was without any addition of lacticin 3147.
After that, all of their teats were introduced with S. dysgalactiae.
The result showed that all of the cows from the group with the
help of lacticin 3147 was free from mastitis, but 6 of the cows
from the group without the addition of lacticin 3147 was
infected by mastitis."®” Another test was carried out by coating
the teats with pathogens that can cause mastitis, dipping with
the lacticin 3147-containing fermented teat dip for 10 min. The
result proved that there was a obvious reduction in the level of
pathogens, in which the growth of staphylococci, S. dysgalactiae
and S. uberis was reduced by 80%, 97% and 90%, respectively.
These studies have proven that lacticin 3147 is contributing to
the prevention of cows to be infected with mastitis. The
concentration of one gram of oil based teat seal that contains
2560 AU lacticin 3147 was proved to have a significant inhibi-
tion effect against the pathogens that causes mastitis in cows.
However, some studies demonstrated that the addition of
Tween 80 can improve the inhibition activity.'*®

4.3 Garvicin

Garvicin is a class II bacteriocin produced by L. garvieae strains.
L. garvieae is a Gram-positive, facultative and non-spore form-
ing LAB that produces lactic acid as the final product of
fermentation. It is resistant to high pH levels, including at pH
9.6. With the medium that contains 6.5% NacCl, it was able to
growth optimally at the temperature range from 4 to 45 °C.**° L.
garvieae can be found in the gastrointestinal tract of humans,
but it was proved to have very low virulence to humans. L. gar-
vieae can be isolated from dairy products, and the majority of
them were found to have ability in the production of bacterio-
cins that can be used to kill or inhibit pathogens.**® Garvicin can
be produced by different strains isolated from different sources.
Some examples of garvicin are garvicin Q, XS, L1-5. ML and LG

This journal is © The Royal Society of Chemistry 2020
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34.** Garvicin L1-5 is the first bacteriocin produced by L. gar-
vieae to be reported, which can be isolated from cow's milk."*>
Garvicin A belongs to a class IId bacteriocin that can be
produced by L. garvie 21881. Garvicin Q can be obtained from
the L. garvie isolated from fermented pork sausage.'* Besides
that, garvicin ML can be produced by L. garvie from the intestine
of a Mallard duck source, and garvicin LG34 can be produced by
L. garvie from the Chinese traditional fermented cucumber
source.'® However, there are only a few types of garvicin that
have been proven to have antimicrobial effects on the patho-
gens found in livestock to cause infection disease. Garvicin KS
produced by L. garvieae KS1546 has been demonstrated to have
inhibitory activity against Acinetobacter baumannii and S.
aureus, which cause mastitis in cows. However, there is a study
that indicates the production of garvicin KS by L. garvieae
KS1546 at the optimal factors in batch culture in GM17 is
relatively low, which is only 80 BU per mL. Some research
studies proved that the new medium formulation can enhance
the productivity of garvicin KS. From the result, a 60-fold of
garvicin KS can be produced if medium that contains pasteur-
ized milk and tryptone is used. The production of garvicin KS
can be further increased to around 20 000 BU per mL, which is
4-fold further if the increment of the gene dose of their gene
cluster, gak, in the native producer is done. However, the
highest garvicin KS that has been reported is 164 000 BU per
mL, which was achieved by increasing the gene dose, main-
taining the pH value at 6 and dissolved oxygen level at 50-60%
in the medium for L. garvieae KS1546.*%*

4.4 Macedocin

Macedocin is a bacteriocin produced by Streptococcus mace-
donicus spp with around 2794.76 Da of molecular mass that
comprises 22 amino acid residues. It is active within the pH
range of 4 and 9, and it is resistant to high temperature and
pressure.’® Macedocin was found to exhibit antimicrobial
activities against mastitis pathogens that might be found in
cows, which include S. agalactiae, S. dysgalactiae, S. uberis, S.
aureus and S. epidermidis. The MIC of macedocin ST91KM from
Streptococcus gallolyticus subsp. macedonicus ST91KM needed to
inhibit the growth of S. agalactiae RPSAG1 and RPSAG2, which
are resistant to oxacillin and methicillin, were proved at 640 and
1280 AU per mL. Besides that, the MIC of 640 AU per mL of
macedocin ST91KM was claimed to exhibit inhibition activities
against S. dysgalactiae RPSD1, RPSD2, RPSD3 and RPSD4,
strains that are resistant to oxacillin and methicillin. Further-
more, the MIC of macedocin ST91KM for the inhibition of the
growth of S. uberis RPSU1, RPSU2, EDSU1 and EDSU2, which are
resistant to oxacillin and methicillin, were 640, 160, 640 and 160
AU per mL, respectively. In addition, the MIC of 640 AU per mL
of macedocin ST91KM was proved to exert an inhibitory effect
on the growth of S. aureus RPSA1, RPSA2, EDSA0267 and
EDSA0269, which are resistant to oxacillin, penicillin and
methicillin. Moreover, S. epidermidis RPSE1 (that is resistant to
oxacillin, penicillin and methicillin) was proved to be inhibited
with MIC of 2560 AU per mL of macedocin ST91KM."*

This journal is © The Royal Society of Chemistry 2020
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5. Overall conclusion and summary

Many research studies have proved that bacteriocin exerts
antimicrobial activities on pathogenic bacteria that may cause
infectious diseases such as pneumonia, dental carries, urinary
tract infection, mastitis and meningitis. Bacteriocin has high
potential to be used as the replacement for antibiotics in the
future due to its low toxicity and proteinaceous nature for
solving the problem of antibiotic resistance. Besides that,
bacteriocin shows synergistic interaction with antibiotics, in
which the combination of bacteriocin and antibiotics can
enhance the inhibition or killing activities of antibiotics on
pathogens, as well as reduce the dose of antibiotics to be used in
the treatment of bacterial infections. In addition, bacteriocin re-
shape the microbiota by killing the targeted pathogens without
killing the other surrounding microbial community, which is
preferable to be used as an antibacterial agent as compared to
antibiotics. From previous studies, there are pros and cons of
each bacteriocin species based on their expertise. Recently, the
investment in bacteriocin research has shown a clear upward
trend in response to the potential applications of these anti-
microbial peptides in the field of food, livestock and medicines.
The patent development for bacteriocins has been increasing
since the last decades. However, there are still less bacteriocins
to be marketed and approved for use in food preservation and
treatment for infectious diseases by the FDA and WHO, as
compared to antibiotics. This may be due to the lack of clinical
tests done for bacteriocins to be used in humans or animals. In
the future, more research studies should be done to completely
characterize potent bacteriocins and clinically test it.
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