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Abstract

Background: Bacteriocins are proteinaceous compounds produced from lactic acid bacteria. Bacteriocins are well-
known for their antibacterial potential and safety for application in food. However, the commercial availability of
bacteriocin is facing several limitations; among them is the low yield and short stability period. That calls for a new
strategy for overcoming these hurdles. Among these approaches is incorporating bacteriocin in nanoparticles. So,
the aim of this study was to enhance the plantaricin produced from isolated Lactobacillus plantarum strain using
nanotechnology.

Results: In this study, the pInEF genes encoding plantaricin EF have been identified and sequenced (accession
number of MN172264.1). The extracted bacteriocin (EX-PL) was obtained by the ammonium sulfate method. Then,
it was used for biosynthesizing plantaricin-incorporated silver nanoparticles (PL-SNPs). The synthesized nanoparticles
were confirmed by SEM-EDAX analysis. The antibacterial activity of both combined (PL-SNPs) and extracted
plantaricin (EX-PL) were tested against some strains of foodborne pathogenic bacteria. The results revealed that the
antibacterial activities were increased by 99.2% on the combination of bacteriocin with the silver nanoparticle. The
MIC of EX-PL (7.6 mg/mL) has been lowered after incorporating into silver nanoparticles and reached 0.004 mg/mL
for PL-SNPs. Despite that extracted plantaricin showed no inhibitory activity towards Listeria monocytogenes,
plantaricin-incorporated silver nanoparticles displayed inhibitory activity against this strain. Furthermore, the stability
period at 4 °C was increased from 5 days to 60 days for EX-PL and PL-SNPs, respectively.

Conclusions: Plantaricin-incorporated silver nanoparticles possess higher antibacterial activity and more stability

than the free one, which makes it more fitting for combating foodborne pathogens and open more fields for
applications in both food and pharmaceutical industries.
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Background

Lactobacillus (Lb.) plantarum is one of the common
lactobacilli, frequently found in a diversity of ecological
environments [1]. Lb. plantarum is “generally recognized
as safe” (GRAS) and possesses a qualified presumption
of safety (QPS) status, thus facilitate its utilization in the
food industry [2]. In fact, Lb. plantarum species have
been uniquely equipped with a natural ability to produce
extracellular bacteriocins like plantaricin (Pln) EF, pln
163, pln Y, and pln JLA-9 [3-6]. One of the most at-
tractive and bioactive bacteriocin metabolites produced
by Lb. plantarum is the two-peptide bacteriocin plantar-
icin EF (PInEF), which consists of two non-identical pep-
tides that are encoded by two separate genes [7-9]. The
bactericidal effect of PInEF is through attacking the tar-
get membrane, causing leakage of intracellular com-
pounds and consequently cell death [10, 11].

Nevertheless, until now, bacteriocins application as
food preservatives is undergoing various limitations such
as degradation by some proteolytic enzymes, limited
antimicrobial spectrum, low production and at the same
time needing for a high effective dosage [12].

The past decade has seen a rabid development in
nanotechnology in many fields of applications such
as in medicine, agriculture, cosmetic, electronic and
pharmaceutical industries [13]. Nanoparticles may be
classified as organic or inorganic based on the com-
ponents that construct the structure. The organic
nanoparticles are biodegradable such as that pre-
pared from a variety of natural polymers; like algin-
ate [14] and chitosan [15, 16]. While many inorganic
nanoparticles possess a smaller particle size, im-
proved stability and high drug loadings. Additionally,
it has an adaptable potential for different peptide de-
livery formulations, because of the properties pro-
vided by their high surface area. Examples for
inorganic nanoparticles include zinc, copper, titan-
ium, and silver [17]. Some of metal nanoparticles
have proved to diminish the risks associated with
foodborne pathogens [17-19]. Among these, silver
nanoparticles have gained a considerable attention
because of its antimicrobial properties against many
infectious pathogens like Pseudomonas aeruginosa,
Escherichia coli, Proteus mirabilis, Shigella flexaneri,
Salmonella Somenei, and Klebsiella pneumonia, En-
terococcus faecalis Pseudomonas fluorescens, Aeromo-
nas hydrophila, and Flavobacterium branchiophilum
[20], consequently, silver nanoparticles incorporated
a lot of science fields including foods, cosmetics, and
as antimicrobial coatings on the surface of medical
devices [21].

Bacteriocin-nanoconjugate is considered one of the
newest and encouraging solutions which recently de-
veloped to overcome some of the aforementioned
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defects which hinder bacteriocin- industrial applica-
tions. Hence, several studies have been evolved for
exploring different nanoformulations for bacteriocin
[12]. Bacteriocin incorporated nanoparticles have
found to induce several structure changes to bacterial
cells that enhancing the interaction with bacterial
membrane constituents through disturbing permeabil-
ity and forming pits, facilitating penetration inside the
cell, unbalancing respiratory functions, causing an in-
crease of reactive oxygen species and depletion of
ATP levels, intercalating between DNA bases and
interfering replication [22, 23]. At present, the most
widely investigated bacteriocin nanoconjugated types
were with metallic nanoparticles, especially with silver
which attracted significant attention. As nanosilver
particles proved to be more appropriate for conjuga-
tion with bacteriocins, because it provide higher anti-
bacterial potential with broad spectrum against
pathogenic microorganisms, more active surface, and
greater chemical stability of the nanoparticles that led
to increase in released free bacteriocin when exposed
to the human gut system without being affected by
the digestive enzymes [21, 23].

Because of nisin availability as a commercial form, a
considerable amount of literature has been published
on nisin-loaded nanoparticles [24, 25]. Although plan-
taricin have proved to be efficient antibacterial agent
[7, 9], there are still insufficient data about
plantaricin-loaded nanoparticles. This study, therefore,
is set out for sequencing the gene encoding plantari-
cin EF in the previously isolated Lb. plantarum strain,
to develop a plantaricin-loaded silver nanoparticles
and finally comparing its antibacterial activity with
the free one.

Methods

Bacterial growth and conditions

Potential antibacterial producer Lb. plantarum, strain
no. 13 were previously isolated from Egyptian traditional
butter, identified by species-specific PCR recA primer
and the presence of the gene encoding plantaricin EF
(PInEF gene) using specific primer (Table 1) was con-
firmed as formerly described [28].

Lb. plantarum, strain no. 13, was routinely cultivated
in MRS broth (HiMedia, Mumbai) at 30 °C for 24 h.
While Staphylococcus aureus ATCC 29213, Pseudo-
monas aeruginosa ATCC 27853, Streptococcus faecalis
ATCC 8043, Bacillus cereus ATCC 33018, Escherichia
coli ATCC 25922, Listeria monocytogenes ATCC 7644,
Salmonella serovar Paratyphi B. ATCC 10719 and Pro-
teus mirabilis ATCC 7002, were provided by central la-
boratories in Cairo and used as indicator strains.
Indicator strains were cultivated in nutrient agar
medium at 37 °C for 24 h.
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Table 1 Specific oligonucleotide primers sequences (Metabion; Germany)
Primer Target gene Primer sequence Amplified product Reference
Lb. plantarum recA gene F: 5 CAGAATTGAGCTGGTGGTGG3- 210 bp [26]

R: 5-TGTTACTTTCGCAACCAGAT3
Bacteriocin gene Pin EF F: GGCATAGTTAAAATTCCCCCC 428 bp [27]

R.CAGGTTGCCGCAAAAAAAG

Confirmation of the antibacterial activity

For the preparation of crude bacteriocin, 10 mL of MRS
broth was inoculated with 0.1 mL of a freshly prepared
culture of isolated strains and were incubated for 18 h at
37 °C. The grown culture was centrifuged at 4000xg for
4 min at room temperature in the centrifuge tubes. Five
milliliters of the supernatant was mixed with catalase
(Sigma) (5 mg/mL) on pH 7.0 to eliminate the effect of
hydrogen peroxide produced by the strain and incubated
at 37 °C for 2 h and the pH was adjusted to 6.5 using 1
M NaOH, then the supernatant was heated at 80 °C for
10 and filter sterilized, to obtain the crude bacteriocin
[29, 30]. To assess the protein nature of antimicrobial
substance, 5 mL of supernatant was mixed with protein-
ase K (Sigma) at (5 mg/mL) and incubated at 37 °C for 2
h. The enzyme reaction was terminated by boiling water
bath for 3 min [26]. This treated supernatant was tested
with crude bacteriocin by spot diffusion method [31].
The concentration of S. aureus as indicator strain was
matched against 0.5 Mcfarland Standard in 100 mL pep-
tone water and then diluted again (1:100) to obtain a
concentration of 1.0 x 10° CFU/mL. A lawn of the indi-
cator strain was made by spreading the cell suspension
over the surface of Mueller Hinton agar plates with a
sterile cotton swab. 10 pL of crude bacteriocin, enzyme-
treated supernatant, positive (gentamicin 10 pg) and
negative (sterilized MRS broth) controls were spotted on
the surface of inoculated agar, and plates were incubated
overnight at 37 °C for 24 h. After incubation, inhibition
was indicated by a clear zone around spots. This test
was performed in triplicate.

Detection and sequencing of the bacteriocin gene
(pInEF)

Detection of the bacteriocin gene

Detection of the p/nEF gene was carried out previously
[28], according to the method of Rizzello et al. [27], but
the method is mentioned briefly for confidence. The
strains were sub-cultured on MRS medium and incu-
bated at 30 °C for 48-72 h. After extracting and purify
genomic DNA from LAB strains (QIAamp DNA mini
kit, Dalian, China). Species-specific recA primer was
used to detect the plnEF gene [27] is shown in Table 1.
PCR conditions as follows: 25 pL of reaction mixture
containing 6 pL of bacterial DNA template, 1 pL of each
primer and 12.5 pL of Emerald Amp GT PCR mastermix
(2% premix), 4.5 pL of PCR grade water. While the

thermal cycling program comprised of an initial denatur-
ation step at 95 °C for 20 s and 40 cycles of 95 °C for 20
s, 60 °C for 40 s and 72 °C for 50 s. Melting curve ana-
lysis was performed at 95 °C for 15 s, 75 °C for 1 min
and 95 °C for 15 s to assess the specificities of the ampli-
fications. The electrophoresis was used to visualize the
amplified products using 1.5% agarose gels stained with
0.5 pg/mL ethidium bromide. The obtained bands were
photographed by a gel documentation system [32], and
the data were properly interpreted through computer
software (reference lab for veterinary quality control on
poultry production, Animal Health Research Institute,

Egypt).

Sequencing of the bacteriocin gene

The band corresponding to the correct size of the bac-
teriocin gene was purified from the gel using QIAquick®
PCR Purification kit (Qiagen, Germany) following the
manufacturer instructions. A purified RT-PCR product
was sequenced in the forward and/or reverse directions
on an Applied Biosystems 3130 automated DNA Se-
quencer (ABI, 3130, USA). A BLAST® analysis (Basic
Local Alignment Search Tool) (http://www.ncbi.nlm.nih.
gov/BLAST) was initially performed to establish se-
quence identity to GenBank accessions. The sequence
reaction was done according to the instruction of the
manufacture.

Phylogenetic analysis

Phylogenetic analysis of sequences was carried out using
the Clustal W multiple sequence alignment program
(version 1.83 of MegAlign module of Lasergene DNAS-
tar software Pairwise) and Phylogenetic analyses were
done using a neighbor-joining tree with maximum com-
posite likelihood substitution model in MEGA6. Num-
bers at nodes represent measures of robustness depend
on 1000 bootstrap replications [33].

Physico-chemical properties and 3D structure analysis of
pInEF

Some of the physicochemical properties like isoelec-
tric point, molecular weight, net charge at pH 7, and
grand average of hydropathicity (GRAVY) of the iden-
tified peptides plantaricin E and F were estimated dir-
ectly from the ProtParam website (http://web.expasy.
org/protparam/) [34]. Whereas, 3D structure predic-
tion and protein homology analysis were carried out
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by using the Phyre2 web portal for protein modeling
(http://www.sbg.bio.ic.ac.uk/servers/phyre2/html/) [35].
In addition to the prediction of the alpha helix con-
tent of the pln EF peptide by using Hierarchical
Neural Network (HNN) website( https://npsa-prabi.
ibcp.fr/cgi-bin/secpred_hnn/) [36].

Extraction of the bacteriocin (EX-PL)

The bacteriocin was precipitated from 80 mL crude ex-
tract by the addition of Ammonium sulfate in a cold
condition (temperatures of 5 °C to 10 °C), while stirring
gently to achieve 80% saturation and was then left over-
night. The precipitate was then separated from the fil-
trate by centrifugation (Hitachi-CS150ENX) at 8.000
rpm for 10 min. Then, the precipitate was dissolved in 2
mL distilled water, the finally obtained protein was 40x
concentrated [37]. Total protein concentration was de-
tected using a colorimetric method [38], and the absorb-
ance was measured within 30 min at 546 nm
wavelength.

Synthesis of plantaricin-incorporated silver nanoparticles
(PL-SNPs)

Synthesis of silver nanoparticles (SNPs) was carried
out by the method described by Adebayo-Tayo et al.
[39] with slight modifications. PL-SNPs were prepared
at room temperature by successive addition of freshly
prepared 3 mM silver nitrate (15 pL) and 0.6 mM
NaBH4 (100 pL) to 1 mL extracted plantaricin solu-
tion in water. Also, a free AgNB solution (without
bacteriocin) was prepared. The obtained mixture was
exposed to natural visible light. After 30 min, the de-
gree of the mixture color turned from colorless to
brown, which reflected the synthesis of silver
nanoparticles.

Scanning electron microscopic analysis (SEM) and energy
dispersive X-ray (EDX)

The characterization of the synthesized bacteriocin in-
corporated silver nanoparticle was examined by SEM
(model QAUNTA FEG250) to define the morphology
of the nanoparticles. For the preparation of the tested
sample, a drop of nanoparticle solution was added
over the carbon tape glued over metal stub and was
then covered with gold and examined at x 10,000
magnification then analyzed by EDX at 20 kV to ac-
curately define the elemental constitution of the
formed particles. AZTEC software (Oxford Instru-
ments NanoAnalysis, Ver 1.2) was used for the ana-
lysis, while Image] software (Version 1.38) was used
for particle size determination [40].
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Evaluation of the antibacterial activity of the EX-PL and
PL-SNPs

Spot diffusion method

The antibacterial activity of the EX-PL and PL-SNPs
produced from Lb. plantarum strain were screened
against eight indicator strains by the spot diffusion
method as described previously.

Determination of the antibacterial activity titer

The antibacterial activity titer was determined according
to the well diffusion method [41]. S. aureus was used as
an indicator strain. The MHA plates seeded with 100 pL
suspension of previously adjusted indicator strain (10°)
were allowed to dry and a sterile cork borer of diameter
5 mm was used to cut uniform wells in the agar. Two-
fold serial dilutions of free AgNB solution, an extracted
(EX-PL) and a plantaricin-incorporated silver nanoparti-
cles were prepared. Each well was filled with 50 pL of
each dilution. Eventually, after the incubation period (37
°C for 24 h), the zone of inhibition was measured. The
antimicrobial activity of bacteriocin was defined as the
reciprocal of the highest dilution showed the inhibitory
activity and was expressed as arbitrary units per milliliter
(AU/mL), calculated according to following formula: a”
x 20, where “a” is equal to 2, and “b” the number of the
wells containing the dilution that produced the inhib-
ition zone.

Minimum inhibitory concentration (MIC)

The minimum inhibitory concentration (MIC) was de-
termined by the broth macro-dilution method [42]. In
this method, different suitable stock concentrations
were made from each solution including extracted
bacteriocin, bacteriocin-incorporated silver nanoparti-
cles, and free silver nanoparticles (AgNPs). Then, a
series of two fold dilution was prepared in 1 mL MH
broth. By transferring 1 mL of each preparation to 1
mL broth. This was repeated to complete the serial
dilution. Then, each dilution was inoculated with 100
uL of the indicator strain (final concentration in each
tube was approximately 5 x 10° CFU/mL followed by
incubation for 24 h at 37 °C. A positive control tube
containing only 1 mL of two fold diluted media plus
100 pL of the indicator strain and a negative control
containing only media were also prepared. MIC was
the final dilution of tested bacteriocin that able to in-
hibit the visible growth of the indicator strain and
was expressed also as mg/mL [43].

Minimum bactericidal concentration (MBC)

MBC was determined from those dilutions that showed
no bacterial growth in the MIC test. 10 puL was spotted
on a MHA plate and incubated (37 °C for 24 h). The
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lowest concentration showing no growth of bacteria was
considered as MBC.

Stability of the antibacterial activity

For testing the stability of extracted and bacteriocin-
incorporated silver nanoparticles during storage at 4 °C,
10 pL was taken from the stored material and the bac-
teriocin activity was determined using agar well diffusion
test weekly for 2 months [41].

Statistical analysis
Antibacterial activity tests were performed in triplicate
and the results were presented as mean values + stand-
ard deviation. The statistical relevance was assessed by
Student’s ¢ test. The statistical significance level was de-
fined as P > 0.05.

Results

Confirmation of the identity of Lb. plantarum

Lactic acid bacterial isolate no. 13 was confirmed to be
Lb. plantarum by PCR specific primers and gives an
amplification product of 210 pb (Fig. 1a).

Molecular characterization of pInEF bacteriocin gene

The PCR results showed that the fragment with 428 bp
of plnEF gene of Lb. plantarum strain was successfully
obtained (Fig. 1b). Lb. plantarum 13plnEF Egypt 2018
was deposited in NCBI under the GenBank accession
number of MN172264.1.

The similarity percent of the nucleotide sequence
of the plnEF Egyptl8 loci obtained from Lb. plan-
tarum recorded 99.77% homology with p/nEF locus
of other Lb. plantarum references strain aligned
such as Lb. plantarum strain AMT74419, LS/07,
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and X7022 (Table 2). Figure 2 represents the phylo-
genetic tree based upon the Neighbor-Joining of
DNA gene sequences of p/nEF gene for Lb. plan-
tarum strain isolate no. 13. As can be seen from
Fig. 3a, the plnEF composed of two genes pln E and
pin F that encoding two peptides and are located
next to each other. Based on the gene components
obtained from the BLAST® analysis that composed
loci of plnEF, plnE gene was only differed by one
nucleotide at position 50 (adenine > guanine) from
other closely related strains except for Lb. plan-
tarum strain LS/07 (accession: CP034997.1); the re-
placement was in (adenine > thymine) as indicated

in Fig. 3b.
The gene plnE encodes a propeptide with 46 aa pro-
tein, Accession: QHN60323.1, with sequence of

“RLPQKKLAKISGGFNRDGYNFGKSVRHVVDAI
GSVAGIRGILKSIR.” While the other subunit is the
gene pInF that encodes a propeptide (QHN60324.1) with
52 residue with a sequence of “MKKFLVLRDREL-
NAISGGVFHAYSARGVRNNYKSAVGPADWVISAV
RGFIHG.”

Also, it was demonstrated that the mature pln E pep-
tide contains two moieties of GXXXG at positions 5 and
20. Whereas pln F contains one moieties of GXXXG at
position 30 (Fig. 3a).

While the BLASTX protein database homology search
on the deduced mature peptides of pln EF nucleotides
showed 100% homology to plantaricin EF for subunit
PInF and PInE with accession no. WP 003643811.1 and
WP 033611266.1 among other closely related references,
respectively.

The physico-chemical properties and structure of
the deduced mature peptides carried out through

(b)

1000 bp ladder. Lane Neg: negative control, Lane Pos: positive control

Fig. 1 Amplification products obtained from Lactic acid bacterial isolates using the recA gene primers. a The lane product of the gene encoding
Lb. plantarum indicated by the arrow. b The lane product of pInEF gene from the strain-no. 13 indicated by the arrow, using primers pairs; lane L:
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Table 2 Percent of the similarity of p/nEF gene (Lb. plantarum strain EG.LP.18.13)

Species Percent of similarity gi| Accession number

Lb. plantarum strain TCI507 99.77% gi|1851159953|CP054259.1
Lb. plantarum strain AMT74419 99.77% gi|1837877912|CP052869.1
Lb. plantarum strain LS/07 99.77% gi|1821205466|CP034997.1
Lb. plantarum strain X7022 99.77% gi|1812602472|CP048921.1
Lb. plantarum strain 202195 99.77% gi|1809139426|CP040858.1
Lb. plantarum strain SRCM101511 99.77% qi|1802495744|CP028235.1
Lb. plantarum strain SRCM102737 99.77% gi|1799535273|CP028261.1
Lb. plantarum strain SRCM101105 99.77% gi|1799509686|CP028222.1
Lb. plantarum strain SRCM100995 99.77% gi|1799506451|CP028275.1
Lb. plantarum strain 8P-A3 99.77% gi|1785299055|CP046726.1
Lb. plantarum strain 123-17 99.77% gi|1784839328|CP046656.1
Lb. plantarum strain TMW 99.77% gi|1773397096|CP021929.1
Lb. plantarum strain pc-26 99.77% gi|1699908677|CP023301.1
Lb. plantarum strain J26 99.77% gi|1611638273|CP033616.1
Lb. plantarum strain EM 99.77% gi|1588044627|CP037429.1
Lb. plantarum strain EM 99.77% gi|1584026770|CP025690.1
Lb. plantarum strain EM 99.77% i|1584026770|CP025690.1
Lb. plantarum strain TCI507 99.77% gi|1851159953|CP054259.1

gi Genlnfo Identifier

CPO20093.1_L._plantarum_K25
GUS84091.1_L._plantanm_ PCS20
CPO3702.1.L._plantarum_IDCC3501
CPO24413.1_L_plantarum_ATCG. 8014
CPO23771.1_L._plantarum WLPLOS
CP025285.1_L._plantarum_subsp_plantarum nF1-FD
CPO28424.1_L_plantarum_AS
FJ809773.1_L._plantarum_V90
CP025690.1_L._plantarum IRG
DQ323671.2.L_plantanum_J23
AL935263.2_L_plantarum_WCFS1
LC191669.1 L _plantanm_subsp._plantarum_E1
CPO02222.1_L._plantarum_subsp_plantarum_ STl
CPO37429.1_L._plantarum_EM
CPO3SST1.1_L._plantarum SRCM103303
CPO32464.1_L_plantarum_ATGKb
APO18405.1_L._plantarum_SN35N
CPO21501.1_L._plantarum_SROM102022
CPO20564 1_L._plantarum_GB-LP
CP035566.1_L_plantarum_SROM103300
| CPU28423 1 L._paraplantarum_AS-T

16P032744 1_L._paraplantarum_DSM_ 10667

@ Egypl 2018 isolate_13
@ Eqypt_2018 solate 7
| CPO13130.1_L._paraplantaum_L-29
|

—
00005

JX282602.1_L._paraplantarum_L-XM1

Fig. 2 Phylogenetic tree based upon the neighbor-joining of DNA gene sequences of PInEF gene for Lb. plantarum strain isolate no. 13
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281 CCRATICCGTCATTAGCECTGTCOGA CGATTCATCCACGGATACTTCARGCCATCRAGT TTAAGCACTAT
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351 AAGAARGCACTCRATTTATGACTGGGCCTGCAGTGCICAGCCTTTTTAGTTTATATGEGGERARTTTTAA
421 CTATGC
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Fig. 3 The DNA sequence of the gene encoding plantaricin EF of Lactobacillus plantarum strain EG.LP.18.13 (MN172264.1). a Nucleotide and
deduced amino acid sequences of pin EF; blue arrows indicate the cleavage sites in the PInE and PInF pre-mature peptides and the starts of the
corresponding mature peptides, stop codons are indicated by asterisks at the ends of the protein sequences; GXXXG motives are underlined. b
Multiple sequence alignment view of nucleotides of pre-mature fragment of pInE with other closely pInE peptides producing Lactobacillus strain
references showing the dissimilar amino acids in red

computational tools revealed that plnE has 33 amino molecular weight of 3.7 kDa, isoelectric point of 10.6
acids residue with theoretical molecular weight of 3.6  with a positive GRAVY score. The 3D structure pre-
kDa, isoelectric point of 11.2 with a slightly negative dicted with Phyre 2 (Fig. 4b, c) has been modeled
GRAVY score (- 0.027). While pInF mature peptides  with 99.8 and 99.9% confidence by the single highest
has 34 residue amino acids residue with theoretical scoring template (c2juiA) and (c2rlwA) for plnE and
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Fig. 4 EGLP.18.13 pln EF gene sequence and bioinformatics on its mature peptides. a A graphic of pln EF encoding genes (MN172264.1)
represent pInF and pInE. b, ¢ 3D-structure predicted by the Phyre 2: image colored by rainbow N (blue color)—C terminus (red color); green

of pInE and pInF peptides, respectively: the ‘SS confidence’ line indicates the confidence in the prediction; red : high confidence; blue: low
confidence. f, g Prediction of a-helix contained within each peptide of pInE and pInF, respectively. h a-helix; ¢ random coil; e extended strand

helices represent a-helices, blue arrows indicate 3-strands and faint lines indicate coil (d) and (e) are HNN secondary structure confidence analysis

pInF peptides, respectively. The secondary structure
predicted by the Phyre 2 gave one a-helical-like re-
gions (residues 10-31) for pln E with alpha helical
content of 85%, whereas it gave one long helix from
residue 7 to 32, with alpha helical content of 79% for
pln F (Fig. 4d, e). Meanwhile, the prediction of HNN
gave a-helical content of 36 and 32.35% for pln E
and pln F (Fig. 4f, g), respectively.

Antibacterial activity of crude bacteriocin and total
protein concentration

The antimicrobial activities of Lb. plantarum strain were
checked by the spot diffusion method against S. aureus.
It gives an inhibition zone of 11.5 mm after the elimin-
ation of other factors like acidity and hydrogen peroxide.
The inhibitory activity of crude preparations was com-
pletely lost after the treatment with proteinase K that
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confirmed the protein nature of the inhibitory substance.
Bacteriocin from Lb. plantarum was successfully ex-
tracted by the ammonium sulfate method. The total pro-
tein content was 609 mg/mL according to the
colorimetric method endpoint assay.

Characterization of plantaricin-incorporated silver
nanoparticles (PL-SNPs)

Color change

PL-SNPs formation was confirmed by the color change;
the appearance of brown color in the solution containing
the biomass confirmed the formation of silver
nanoparticles.

SEM

The SEM micrographs of Plantaricin-incorporated Sil-
ver nanoparticles of PL-SNPs showed high density
and spherical shaped nanoparticles with a mean diam-
eter of 78.7 nm (Fig. 5).

Analysis through energy dispersive X-ray (EDAX)
spectrometers

The EDAX graph of the PL-SNPs13 shows strong peak
of silver element and smaller peaks for C and N content,
confirmed the presence and the identification of elemen-
tal silver signal (Ag a) (Fig. 6), thus giving confidence
that silver has been correctly identified.

Antibacterial activity of EX-PL and PL-SNPs
The susceptibilities of Gram-positive and Gram-negative
bacteria to the growth inhibition by both EX-PL and PL-
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SNPs are presented in Table 3. EX-PL displayed inhibi-
tory ability against seven indicators including E. coli, S.
aureus, Ps. aeruginosa, Salm. Paratyphi B, Strep. faecalis,
B. cereus, and L. monocytogenes. Among these the max-
imum activity was observed against E. coli when com-
pared with other indicator strains. Extracted bacteriocin
EX-PL did not have inhibitory activity against L. mono-
cytogenes. However, the PL-SNPs show more inhibition
towards all tested indicators including L. monocytogenes
except for P. mirabilis which recorded the lesser inhib-
ition zone (Table 3).

Antibacterial activity titers, minimum inhibitory
concentration (MIC), minimum bactericidal concentration
(MBC) and stability

The results for Bacteriocin titers (AU/mL) and MIC
against S. aureus as an indicator strain are presented in
Fig. 7 and Table 4, respectively. The antibacterial activity
was remarkably increased by the application of nano-
technology; as it was 160 AU/mL for EX-PL, 5120 AU/
mL for free AgNPs and increased up to 20480 AU/mL
for PL-SNPs. Likewise, using nanotechnology has con-
siderably decreased the MIC of EX-PL against S. aureus
as an indicator strain. The MIC of EX-PL was 7.6 mg/
mL, while it was 0.004 mg/mL for PL-SNPs. Whereas
MBC was 15.22 mg/mL for EX-PL which was decreased
to 0.625 mg/mL for PL-SNPs. While MIC and MBC for
AgNPs were 0.39 and 12.5 pg/mL, respectively. The sta-
bility of plantaricin-incorporated silver nanoparticles and
natural plantaricin was measured periodically. The

-
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Fig. 5 Plantaricin-incorporated silver nanoparticles PL-SNPs. a The SEM micrographs of PL-SNPs. b Histogram data of particles dimensions (nm)
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Fig. 6 EDAX micrograph of plantaricin-incorporated silver nanoparticles (PL-SNPs), C: carbon content, N: nitrogen content, O: oxygen content, Ag:

silver content

stability at 4 °C for EX-PL was 5 days; however, it was
increased to 60 days for PL-SNPs.

Discussion

Lb. plantarum is the most valuable species with benefi-
cial properties, which is abundant in various habitats
such as milk and cheese. Lb. plantarum strains have
been previously isolated from dairy products of Luxor-
Egypt [28]. Strain no. 13 has been chosen for its

potential antibacterial activity. The antibacterial activity
was proved to be a result of bacteriocin production by
the elimination of other antibacterial factors, including
acidity and H,O,. Bacteriocins synthesis by LAB may be
an adept form particularly towards the environmental
conditions and microbial interactions [44, 45].

In the attained study, Lb. plantarum was confirmed to
have pInEF gene, which is responsible for the production
of plantaricin (pln) EF [28]. PInEF is the most well-
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Table 3 The antibacterial activity of extracted plantaricin (EX-PL) and plantaricin-incorporated silver nanoparticles (PL-SNPs)

expressed as diameter of inhibition zones (mm)

Indicator strains

Extracted plantaricin

Plantaricin-incorporated silver nanoparticles

L. monocytogenes ATCC 7644 0.0+£00

P. mirabilis ATCC 7002 1057 £ 04
E. coli ATCC 25922 150+ 03
S. aureus ATCC 29213 115+ 00
Ps. aeruginosa ATCC 27853 115+ 0.1
Salm. Paratyphi B ATCC 10719 126" + 04
Strep. faecalis ATCC 8043 120+ 02
B. cereus ATCC 33018 85% +03

145 + 00
65 + 0.3°

190% + 30
156 + 03
140°+ 0.1
1457 + 03
150%+ 03
145+ 05

Different letters (a, b, ) in the same raw are significantly different (p < 0.5)

characterized in class IIb bacteriocins [46]. To under-
stand the nature of bacteriocins as antimicrobial agents
requires detailed about how bacteriocins function, so it
is necessary to investigate their 3D structures, as bacte-
riocins function through structural interactions. It was
pointed out that the genes encoding the two peptides of
class IIb bacteriocins are located next to each other on
the same operon and formed in equivalent quantities,
which explains the fact, that the two-peptide bacterio-
cins interact in a functional structural inducing manner
upon exposure to the membrane of the target cells [47].

These pre-peptides with double-glycine leader sequences
are cleaved off during export to produce active mature
peptides with sizes of 33 aa (PInE) and 34 aa (PInF). In
the present study ,the 3D structures of the sequences of
the two peptides of plantaricin EF as predicted by Phyre
2 homology modeling displayed sequence similarity with
the structures of PInEF elucidated by Fimland et al. [48].
The confidence score of Phyre2 denoted the likelihood
of homology and a score > 90%; indicated that the query
protein adopts the overall same fold as the template
[35]. From former structural studies, it have been

solution. ¢ Plantaricin-incorporated silver nanoparticles PL-SNPs

Fig. 7 The arbitrary unit detection of bacteriocin using well diffusion method, against S. aureus. a Extracted bacteriocin EX-PL. b Free AgNPs
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Table 4 MIC, MBC and the stability during 60 days of natural
bacteriocin and nano-silver bacteriocin against S. aureus

Tested Total Specific MIC MBC Stability (day)

types :::iizi;t(el_\rij/l ?XS‘/'ity mg/mL mg/mL Stored at 4 °C
mL mg)

EX-PL 160 262 76 1522 5

PL-NSPs 20480 4096 00048 0.072 60

AgNPs 5120 - 00195 03125 15

Specific activity is the activity units divided by the protein
concentration (mg/mL)

established that the bacteriocin peptides are all unstruc-
tured in aqueous solutions, but both plnE and pInF can
form amphiphilic a-helices when get in contact with a
membrane. Gravy score is used to represent the hydro-
phobicity value of a peptide and is calculated from the
sum of the hydropathy values of all the amino acids di-
vided by the sequence length [34]. In the present results
pln E gave a negative value which means hydrophilic,
while pln F gave a positive value which indicates hydro-
phobic. These results is in a good agreement with Fim-
land et al. [48] who pointed out that the two helices of
plnE are both amphiphilic, while only the C-terminal
part of the pInF helix is amphiphilic and the N-terminal
part is polar. Additionally, Ekblad et al. [49] have pre-
dicted that the two peptides PInE and PInF act together
in an antiparallel manner and the C-terminus of PInE
and N-terminus of PInF are located on the external part
of target cell membranes and the N-terminus of PInE
and C-terminus of PInF stand on the inner part.

The amphiphilic a-helices detected in pInEF are im-
portant motifs in most of two-peptide bacteriocins [48,
49]. Helicity was evidenced to play an essential role in
the specificity and activity of the peptides. Determination
of o-helices in Phyre 2 is not completely accurate as it
considers both t-helices and 3;y-helices as a-helices. Ac-
cordingly, we used another computational program
(HNN) which discriminated the types of helix in the sec-
ondary structure presenting pln E with a 36 and pln F
with 32.35% a-helices content, respectively. It is note-
worthy to till that the previous CD-structural studies
yielded a helical content of about 39% and 67% in plnE
and plnF, respectively [48].

In the current study, the detection of GxxxG motifs in
the sequence of p/nEF is commonly recognized in the
class IIb bacteriocins sequences. GxxxG motifs have
shown to be essential for conjugating and facilitated
helix-helix interfaces and enabled penetration of the tar-
get cell membranes [50]. PInE has two GxxxG motifs,
one at residues 5 to 9 and one at residues 20 to 24.
While pInF has one such motif at residues 30 to 34. The
peptides are flexible in these GxxxG regions. Ekblad
et al. [49] illustrated that the replacement of glycine
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residues in the GxxxG motifs might result in the loss of
the peptide activity. So, GxxxG might affect the peptide’s
biological activity. It is worth to mention that the substi-
tution in the nucleotides in the present study led to
translation of aspartic acid (Asp-D) instead of glycine
(Gly-G) at the N-terminal region of pln E. Aspartic acids
is acidic, polar and negatively charged, that facilitates
interaction with positively charged metals ions. In
addition that it contains a shorter side chain making it
more rigid to some extent within protein structures and
more likely to be involved in protein active sites. How-
ever, glycine is uncharged and contains only a hydrogen
atom as a side chain. That glycine gives a flexibility
within protein structure. This replacement cause a de-
crease in the positive net charge, thus may be suggested
to have an effect on decreasing antibacterial activity.
However, the substitution of Gly-G to Asp-D is unlikely
to cause an alteration in the physicochemical properties
of peptides, because these amino acids are mostly prefer
to turn regions on the surface of the protein; aspartate
favors to expose their charged side chains to solvent
[51]. Also as can be noticed, this replacement is neither
fall in GXXXG motifs nor in helix regions so it is not as-
sumed to affect the function of peptides.

Because of its high solubility and yield, Duong-Ly and
Gabelli [52] specified, ammonium sulfate as the most
proper salt for initial purification step for large volumes
of proteins. Song et al. [53] and Chen et al. [54] used
ammonium sulfate precipitation method for purification
of the plantaricin from Lb. plantarum ZJ5 and plantari-
cin ZJ316, respectively. In the current results, the ex-
tracted protein possessed antibacterial activity of 160
AU/mL, these results exhibited similarity to what ob-
tained for extracted plantaricin LPL-1 with a total activ-
ity of 204 AU/mL [55] and extracted plantaricin MG
with a protein concentration of 59 mg/mL and an activ-
ity of 320 AU/mL [56]. In a more recent study, plantari-
cin GZ1-27 was extracted by the same method resulting
in a protein concentration of 102.5 mg/mL with a total
activity of 2.69x 10* IU/mL [57].

It was pinpointed that there are limiting factors that
hurdle the activity of natural bacteriocin, including the
rapid biodegradation within 3 days in the environment,
high effective concentration accompanied with a low
yield [58]. Nanotechnology is considered one of the
modern methods that have proven to overcome most of
these defects. Lazzari et al. [59] demonstrated that nano-
particles possess good stability in biological fluids, be-
sides their effective antimicrobial activities results from
the high surface area, so incorporation of nanotechnol-
ogy in bacteriocin encapsulation to improve its
characteristics, could be considered the best choice [60].
Accordingly, we have applied nanotechnology for the pro-
duction of bacteriocin-incorporated silver nanoparticles
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using the extracted plantaricin and compared the antibac-
terial activity of extracted plantaricin with its nanoparticle
formulations. PL-SNPs was successfully synthesized, and
that was confirmed by changing in color as a result of
chemical reduction of silver nitrate with sodium borohy-
dride and the formation of Ag+ which give brown color
upon exposure to sunlight [19]. EDAX is an analytical tech-
nique used for the elemental analysis or the chemical
characterization of a sample and it relies on the interaction
of some source of X-ray excitation. EDAX spectral analysis
of P-SNPs preparations gave a strong silver signal, typical
for metallic silver, also weaker signals related to carbon,
oxygen, and nitrogen were recognized which might origin-
ate from bacteriocin incorporated structures bound to the
AgNPs surface. It was elucidated that hydroxyl and amino
groups which comprises the active functional groups of
bacteriocin, can be chelated by silver, and by this means it
could cover a substantial portion of the surface of AgNPs
[23]. With regard to SEM, it was revealed that the PL-
SNPs particles have approximately spherical shapes with
approximately mean diameter of 78.7 nm, which was ap-
proximately bigger than the mean diameter of 35 nm re-
ported for the enterocin-coated silver nanoparticle [61].

It is already accomplished that the bacteriocin produced
from Lb. plantarum demonstrated a potent antimicrobial
activity [62, 63]. Although EX-PL in the current study dis-
played antibacterial activity against the seven studied indi-
cators, it did not display activity against L. monocytogenes.
Interestingly, nanomaterial’'s encapsulation boosted the
antibacterial activity of extracted bacteriocin against the
majority of tested indicator strains including L. monocyto-
genes. These findings are in accordance with Arakha et al.
[64] who have found that interfacial assembly of nisin at
silver nanoparticles enhanced its antibacterial efficacy
against nisin-resistant organisms. Furthermore, the total
antibacterial activity of the extracted bacteriocin was in-
creased by 99.6% with a great reduction of MIC values (4
pug/mL) against S. aureus after incorporation into silver
nanoparticles as compared to the free bacteriocin or
AgNPs. In the current results, the antibacterial activity of
free AgNPs was higher than extracted plantaricin and
lower than synthesized PL-SNPs, which strongly implied
that nano-formulation showed enhanced antibacterial effi-
cacy. Pal et al. [65] revealed that the conjugated antibac-
terial peptides with nanoparticles exhibited improved
potency by 80% more against all the tested strains of Ps.
aeruginosa and Klebsiella pneumonia. However in another
study, the silver-encapsulated nisin recorded MIC of 60
pg/mL that gave approximately 22% increased activity
than the non-encapsulated nisin [66]. Unfortunately, there
are scarce studies addressing the incorporation of bacte-
riocins produced by Lb. plantarum in nanoparticles, for
instance, the incorporation of a bacteriocin produced by
Lb. plantarum ATMI1 in conjugates containing gold
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nanoparticle resulted in enhanced antibacterial activity [67],
as well as the microencapsulation of bacteriocin from Lb.
plantarum SCO1 in Alginate-Gelatin Capsules produced
highly active compounds [68]. Whereas the encapsulation
of plantaricin 423 in nanofibers led to a decreased antibac-
terial activity [69].

On the other hand, in the present results, it was no-
ticed that the antibacterial activity of P-SNPs towards P.
mirabilis was very lower than that of free bacteriocin;
these results was in accordance with Abbaszadegan et al.
[70] as they found that P. vulgaris was the most resistant
test bacteria to silver nanoparticles, and they concluded
that even though it is known that silver nanoparticles is
more active against Gram-negative bacteria, its potential
likewise depends on the types of bacterial species.
Hence, the reported decreased antibacterial activity of
PL-SNPs against this species is related mostly to conju-
gation with silver nanoparticles.

Another important finding was that PL-SNPs dis-
played a better stability than AgNPs and EX-PL as the
antibacterial activity did not alter significantly over a
period of 60 days, while the extracted bacteriocins are
only suitable for short-term storage. These results in
harmony with Fahim et al. [71] who found that the
avicin-nanocomposite demonstrated antibacterial activity
lasting for at least 24 days.

Despite there is a great interest today towards peptides-
coated nanoparticles, the mechanism underlying inter-
action of the peptides with nanoparticles surface is still
not yet fully understood [72]. Insights into the electro-
static properties might facilitate speculating such inter-
action. Herein, pln EF peptide is a cationic peptide; this
cationic character enables the interaction with negatively
charged phospholipids found in bacterial membrane. Also,
it is established that both peptides are unstructured in
water and becomes structured and form an amphiphilic
a-helical structure upon contact with a membrane-
mimicking environment especially with anionic liposomes
and micelles. In fact, the a-helical content is increased in
the presence of negative ambiances, which in turn leads to
improving in the peptides’ reactivity against bacteria by
permits the peptides to partition into the bacterial mem-
brane lipid bilayer [48]. On the other hand, Abbaszadegan
et al. [70] have declared that the charge of AgNPs has a
significant effect on the antibacterial activity, as it have
been found that there was a less activity detected with the
negatively charged AgNPs, which is likely resulted from
repulsion between both bacterial cells and AgNPs; how-
ever, the toxicity of negatively charged AgNPs is related
mostly to the released amount of Ag". Also it have been
suggested that amphiphilic residue like arginine and lysine
plays a significant role in the adsorption of the peptides
on nanostructured surfaces with forming a well-arranged,
lined domain structure [73, 74]. Hence, it is possible to
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suppose that the electrostatic charge play an important
role in the first binding between peptides and silver nano-
particles through the amphiphilic residue in pln EF, which
cause the formation of a more staple AgNPs by exerting a
polyvalent effect thus preventing aggregation of particles
[22, 75]. In the same way, the secondary structure of pep-
tides would be expected to attain a more a-helix content.
Subsequently, the coated AgNPs can efficiently attach
negatively charged bacterial cells through hydrophobic in-
teractions, as it assumed that the hydrophobic side of the
structure can pass in and disrupt the bacterial membrane
[48]. Together with the fact that both pln EF and AgNPs
initial killing steps are relaying on forming pores. Conse-
quently, this will led to the synergistic antibacterial effect of
plantaricin and silver nanoparticles through the increase in
permeability of the bacterial cell membrane. With the pres-
ence of large numbers of adsorbed peptides that simplify
the penetration of nanoparticles. Then, nanoparticles to-
gether with peptides induce several killing mechanism in-
side bacterial cells. This hypnosis accords with Sharma
et al. [61] who anticipated that improvement of Enterocin-
SNPs is due to the presence of enterocin molecules on the
surface of SNPs that gave more chance for interaction with
the bacterial surface. Besides it was recently interpreted that
the enhanced antibacterial activity of the Bacteriocin/
AgNPs bioconjugate is related to the increase in the disrup-
tion of cell membrane permeability, leakages of protein and
DNA, and formation of interfacial and intracellular ROS
production which exerted oxidative stress [64, 76].

Conclusion

To the best of our knowledge, the existing study had suc-
ceeded in synthesizing plantaricin-incorporated silver nano-
particles which has not only enhanced antibacterial activity
against tested foodborne pathogenic bacteria, but also ex-
hibited good inhibitory activity against L. monocytogenes,
that was resistant to the free plantaricin. Besides, extending
the bacteriocin stability to about 2 months is considered a
noteworthy addition. Hence, this nano-preparation could
be efficiently applied in many practical approaches such as
in the food industry or in the medical applications after
wisely determining its safety for human use.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/543141-020-00093-z.

Additional file 1 Detection of antibacterial activity and the protein
nature of antimicrobial substance. Figure 1s. Antibacterial activity by disk
diffusion methods showing: inhibition zones of CFS supernatant of L.
plantarum, crude bacteriocin and absence of zone of protease treated-
crude bacteriocin.

Additional file 2 NCBI Multiple DNA Sequence Alignment Viewer of pin

EF encoding genes. Multiple alignment using BLAST of Lactobacillus
plantarum strain EG.LP.18.13 plantaricin E (pInE) gene, partial cds; and

(2021) 19:13

Page 14 of 16

plantaricin F (pInF) gene, complete cds GenBank:
gi|1799633834|gb|MN172264.1|, Presenting the deuced amino acids
dissimilarity in red color.

Additional file 3 NCBI Multiple protein Sequence Alignment Viewer of
pln EF pre-mature peptides. Multiple alignment using BLAST plantaricin E
(pInE) peptide (QHN60323.1) followed by plantaricin F (pInF) peptide
(QHN60324.1), presenting amino acids dissimilarity in red color.

Additional file 4. Phyre Investigator output for pInE mature peptide
with c2juiA template. Homology using Phyre2 of pInE peptide with
template c2juiA and secondary structure prediction.

Additional file 5. Phyre Investigator output for PInF mature peptide
with c2rlwA template. Homology using Phyre2 of PInF peptide with
template c2rlwA and secondary structure prediction.

Additional file 6. Physico-chemical properties and 3D-structure of pep-
tides. Ccomputational software used to analyses physico-chemical prop-
erties and 3D-structure of mature peptides pIn E and pIn F.

Abbreviations

LAB: Lactic acid bacteria; GRAS: Generally recognized as safe;

PCR: Polymerase chain reaction; rec A: Recombinase A; MRS: Man-Rogosa
and Sharpe; CFU: Colony forming unit; pH: Pondus hydrogenii (quantity of
hydrogen); DNA: Deoxyribonucleic acid; Lb: Lactobacillus; NCBI: National
Center for Biotechnology Information; SD: Standard deviation; SNPs: Silver
nanoparticles; EN-SNPs: Enterocin-conjugated silver nanoparticles; PL-
SNPs: Plantaricin-incorporated silver nanoparticles

Acknowledgements

Authors are grateful to Dr. Ahmed Erfan—Reference lab for veterinary quality
control on poultry, Animal Health Research Institute, Dokki, Giza, Egypt,
towards molecular aspects of this work.

Authors’ contributions

SAA and MAM conceived and designed the experiments. RR performed the
experiment. RR and SA wrote the manuscript. SAA, MAM, and HMA analyzed
the data. SA reviewed and revised the manuscript, and HMA supervised and
validated the data. All authors have read and approved the manuscript.

Funding
Not applicable.

Availability of data and materials

Authors declare that all generated and analyzed data are included in the
article. The genome sequence of Plantaricin EF Egypt 2018 strain-No.13 has
been deposited in GENBANK under Accession numbers of MN172264
[https://www.ncbi.nlm.nih.gov/nuccore/MN172264].

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Agricultural Research Centre (ARC), Food Technology Research Institute
(FTRI), Giza, Egypt. *Faculty of Science, Department of Microbiology, Ain
Shams University, Cairo, Egypt. *Health Affair, Luxor Bacteriological
Laboratory, Luxor, Egypt.

Received: 17 July 2020 Accepted: 9 November 2020
Published online: 20 January 2021

References

1. Heeney DD, Zhai Z, Bendiks Z, Barouei J, Martinic A, Slupsky C, Marco ML
(2019) Lactobacillus plantarum bacteriocin is associated with intestinal and
systemic improvements in diet-induced obese mice and maintains


https://doi.org/10.1186/s43141-020-00093-z
https://doi.org/10.1186/s43141-020-00093-z
https://www.ncbi.nlm.nih.gov/nuccore/MN172264

Amer et al. Journal of Genetic Engineering and Biotechnology

20.

epithelial barrier integrity in vitro. Gut Microbes 10(3):382-397 https.//doi.
0rg/10.1080/19490976.2018.1534513

Ricci A, Allende A, Bolton D (2017) Update of the list of QPS-recommended
biological agents intentionally added to food or feed as notified to EFSA 5:
suitability of taxonomic units notified to EFSA until September 2016. EFSA J
15(3) https://doi.org/10.2903/j.efsa.2015.4331

Hu M, Zhao H, Zhang C, Yu J, Lu Z (2013) Purification and characterization
of plantaricin 163, a novel bacteriocin produced by Lactobacillus plantarum
163 isolated from traditional Chinese fermented vegetables. J Agric Food
Chem 61(47):11676-11682 https://doi.org/10.1021/jf403370y

Chen YS, Wang YC, Chow YS, Yanagida F, Liao CC, Chiu CM (2014)
Purification and characterization of plantaricin Y, a novel bacteriocin
produced by Lactobacillus plantarum 510. Arch Microbiol 196(3):193-199
https.//doi.org/10.1007/500203-014-0958-2

Chaalel A, Riazi A, Dubois-Dauphin R, Thonart P (2015) Screening of
plantaricin EF and JK in an Algerian Lactobacillus plantarum isolate. Asian
Pac J Trop Dis 5(6):474-482 https;//doi.org/10.1016/52222-1808(15)60819-2
Zhao S, Han J, Bie X, Lu Z, Zhang C, Lv F (2016) Purification and
characterization of plantaricin JLA-9: a novel bacteriocin against Bacillus spp.
produced by Lactobacillus plantarum JLA-9 from Suan-Tsai, a traditional
Chinese fermented cabbage. J Agric Food Chem 64(13):2754-2764 https//
doi.org/10.1021/acs jafc.5005717

Layus BI, Gerez CL, Rodriguez AV (2020) Antibacterial Activity of
Lactobacillus plantarum CRL 759 against Methicillin-Resistant
Staphylococcus aureus and Pseudomonas aeruginosa. Arab J Sci Eng 45:
4503-4510 https://doi.org/10.1007/513369-020-04491-w

Heeney DD, Yarov-Yarovoy V, Marco ML (2019) Sensitivity to the two
peptide bacteriocin plantaricin EF is dependent on CorC, a membrane-
bound, magnesium/cobalt efflux protein. Microbiol Open 8:€827 https//doi.
0rg/10.1002/mbo3.827

Abdulhussain Kareem R, Razavi SH (2020) Plantaricin bacteriocins: As safe
alternative antimicrobial peptides in food preservation—A review. J Food
Saf 40:¢12735 https;//doi.org/10.1111/jfs.12735

Acedo JZ (2018) Structure elucidation and biosynthetic enzyme
characterization of bacteriocins. Doctor of Philosophy Department of
Chemistry University of Alberta. https.//doi.org/10.7939/R3833ND4P.
Kumariya R, Gars AK, Rajput YS, Sood SK, Akhtar N, Patel S (2019)
Bacteriocins: Classification, synthesis, mechanism of action and resistance
development in food spoilage causing bacteria. Microb Pathog 128:171-177
https://doi.org/10.1016/j.micpath.2019.01.002

Sidhu PK, Nehra K (2019) Bacteriocin-nanoconjugates as emerging
compounds for enhancing antimicrobial activity of bacteriocins. J King Saud
Univ Sci 31:758-767 https://doi.org/10.1016/jksus.2017.12.007

Cao Z, Spilker T, Fan Y, Kalikin LM, Ciotti S, Li Puma JJ, Makidon PE,
Wilkinson JE, Baker JR Jr, Wang SH (2017) Nanoemulsion is an effective
antimicrobial for methicillin-resistant Staphylococcus aureus in infected
wound. Nanomedicine 12(6):1543-1555

Severino P, da Silva FC, Andrade NL, Oliveira LD, Campos J, Souto EB (2019)
Alginate Nanoparticles for Drug Delivery and Targeting. Curr Pharm Des 25:
1312 https://doi.org/10.2174/1381612825666190425163424

Saeed RM, Dmour |, Taha MO (2020) Stable Chitosan-Based Nanoparticles
Using Polyphosphoric Acid or Hexametaphosphate for Tandem lonotropic/
Covalent Crosslinking and Subsequent Investigation as Novel Vehicles for Drug
Delivery. Front Bioeng Biotechnol 8:4 https.//doi.org/10.3389/fbioe.2020.00004
Mujtaba MA, Alotaibi NM (2020) Chitosan-sodium Alginate Nanoparticle as a
Promising Approach for Oral Delivery of Rosuvastatin Calcium: Formulation,
Optimization and In vitro Characterization. J Pharm Res Int 32(1):50-56
Vimbela GV, Ngo SM, Fraze C, Yang L, Stout DA (2017) Antibacterial
properties and toxicity from metallic nanomaterials. Int J Nanomedicine 12:
3941 https//doi.org/10.2147/ijn.s134526

Abdel-Azeem A, Nada AA, O'Donovan A, Thakur KV, Elkelish A (2020)
Mycogenic silver nanoparticles from Endophytic Trichoderma atroviride
with antimicrobial activity. J Renewable Mater 8(2):171-185 https://doi.org/
10.32604/jrm.2020.08960

Salem SS, Fouda A (2020) Green synthesis of Metallic Nanoparticles and
their Prospective Biotechnological Applications: an Overview. Biol Trace
Elem Res https://doi.org/10.1007/512011-020-02138-3

Sénchez-Lopez E, Gomes D, Esteruelas G, Bonilla L, Lopez-Machado AL,
Galindo R, Cano A, Espina M, Ettcheto M, Camins A, Silva AM, Durazzo A,
Santini A, Garcia ML, Souto EB (2020) Metal-Based Nanoparticles as

(2021) 19:13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 15 of 16

Antimicrobial Agents: An Overview. Nanomaterials 10(2):292 https://doi.org/
10.3390/nan010020292

Lee SH, Jun BH (2019) Silver nanoparticles: synthesis and application for
nanomedicine. Int J Mol Sci 20(4):865 https://doi.org/10.3390/ijms20040865
Lambadi PR, Sharma TK, Kumar P, Vasnani P, Thalluri SM, Bisht N, Navani NK
(2015) Facile biofunctionalization of silver nanoparticles for enhanced
antibacterial properties, endotoxin removal, and biofilm control. Int J
Nanomedicine 10:2155 https://doi.org/10.2147/ijn.s72923

Imran M, Revol-Junelles AM, Francius G, Desobry S (2016) Diffusion of
fluorescently labeled bacteriocin from edible nanomaterials and embedded
nanobioactive coatings. ACS Appl Mater Interfaces 8(33):21618-21631
https://doi.org/10.1021/acsami.6b0462 1

Ahire JJ, Neveling DP, Dicks LMT (2015) Co-spinning of silver nanoparticles
with nisin increases the antimicrobial spectrum of PDLLA: PEO nanofibers.
Curr Microbiol 71(1):24-30

Bahrami A, Delshadi R, Jafari S, Williams L (2019) Nanoencapsulated nisin:
An engineered natural antimicrobial system for the food industry. Trends
Food Sci Technol 94:20-31 https://doi.org/10.1016/j.tifs.2019.10.002

Wang D, Liu W, Ren Y, De L, Zhang D, Yang Y, Bao Q, Zhang H, Menghe B
(2016) Isolation and Identification of Lactic Acid Bacteria from traditional
dairy products in Baotou and Bayannur of Midwestern Inner Mongolia and
g-PCR Analysis of predominant species. Korean J Food Sci An 36(4):499-507
https://doi.org/10.5851/kosfa.2016.36.4.499

Rizzello CG, Filannino P, Di Cagno R, Calasso M, Gobbetti M (2014) Quorum-
sensing regulation of constitutive plantaricin by Lactobacillus plantarum
strains under a model system for vegetables and fruits. Appl Environ
Microbiol 80(2):777-787 https;//doi.org/10.1128/aem.03224-13

Refay RM, Abushady HM, Amer SA, Mailam MA (2020) Determination of
bacteriocin-encoding genes of lactic acid bacteria isolated from traditional
dairy products of Luxor province, Egypt. Futur J Pharm Sci 6:22 https://doi.
0rg/10.1186/543094-020-00031-3

Moraes PM, Perin LM, Ortolani MBT, Yamazi AK, Vicosa GN, Nero LA (2010)
Protocols for the isolation and detection of lactic acid bacteria with
bacteriocinogenic potential. LWT Food Sci Technol 43(9):1320-1324 https//
doi.org/10.1016/j.lwt.2010.05.005

Kim NN, Kim WJ, Kang SS (2018) Anti-biofilm effect of crude bacteriocin derived
from Lactobacillus brevis DFO1 on Escherichia coli and Salmonella Typhimurium.
Food Control 98:274-280 https//doi.org/10.1016/jfoodcont2018.11.004
Makhloufi KM, Carre-Mlouka A, Peduzzi J, Lombard C, Van Reenen CA, Dicks
LMT, Rebuffat S (2013) Characterization of leucocin B-KM432Bz from
Leuconostoc pseudomesenteroides isolated from boza, and comparison of
its efficiency to pediocin PA-1. PLoS One 8(8):e70484 https.//doi.org/10.
1371/journal.pone.0070484

Eschbach S, Hofmann C, Maerz M, Maier U-G, Sitte P (1990) Molecular
Cloning. A Laboratory Manual. 2. Auflage. Hrsg. von J. Sambrook, E. F.
Fritsch, T. Maniatis, Cold Spring Harbor Laboratory Press, Cold Spring
Harbour 1989, $ 115. ISBN 0-87969-309-6. Biol Unserer Zeit 20:285-285
https://doi.org/10.1002/biuz.19900200607

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGAG:
molecular evolutionary genetics analysis version 6.0. Mol Biol Evol 30(12):
2725-2729 https.//doi.org/10.1093/molbev/mst197

Gasteiger E, Hoogland C, Gattiker A, Duvaud S, Wilkins MR, Appel RD,
Bairoch A (2005) Protein Identification and Analysis Tools on the EXPASy
Server. In: Walker JM (ed) The Proteomics Protocols Handbook. Humana
Press, pp 571-607 https;//doi.org/10.1385/1-59259-890-0:571

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE (2015) The Phyre2
web portal for protein modeling, prediction and analysis. Nat Protoc 10:
845-858 https://doi.org/10.1038/nprot.2015.053

Combet C, Blanchet C, Geourjon C, Deléage G (2000) NPS@: network
protein sequence analysis. Trends Biochem Sci 25(3):147-150 https://doi.
0rg/10.1016/50968-0004(99)01540-6

Feliatra F, Muchlisin ZA, Teruna HY, Utamy WR, Nursyirwani N, Dahliaty A
(2018) Potential of bacteriocins produced by probiotic bacteria isolated
from tiger shrimp and prawns as antibacterial to Vibrio, Pseudomonas, and
Aeromonas species on fish. F1000Research 7 https;//doi.org/10.12688/
f1000research.13958.1

Scientific TF (2010) Thermo Scientific Pierce Protein Assay Technical
Handbook, Version 2. 1602063 12, p 10

Adebayo-Tayo BC, Popoola AO, Ajunwa OM (2017) Bacterial synthesis of
silver nanoparticles by culture free supernatant of lactic acid bacteria


https://doi.org/10.1080/19490976.2018.1534513
https://doi.org/10.1080/19490976.2018.1534513
https://doi.org/10.2903/j.efsa.2015.4331
https://doi.org/10.1021/jf403370y
https://doi.org/10.1007/s00203-014-0958-2
https://doi.org/10.1016/s2222-1808(15)60819-2
https://doi.org/10.1021/acs.jafc.5b05717
https://doi.org/10.1021/acs.jafc.5b05717
https://doi.org/10.1007/s13369-020-04491-w
https://doi.org/10.1002/mbo3.827
https://doi.org/10.1002/mbo3.827
https://doi.org/10.1111/jfs.12735
https://doi.org/10.7939/R3833ND4P
https://doi.org/10.1016/j.micpath.2019.01.002
https://doi.org/10.1016/j.jksus.2017.12.007
https://doi.org/10.2174/1381612825666190425163424
https://doi.org/10.3389/fbioe.2020.00004
https://doi.org/10.2147/ijn.s134526
https://doi.org/10.32604/jrm.2020.08960
https://doi.org/10.32604/jrm.2020.08960
https://doi.org/10.1007/s12011-020-02138-3
https://doi.org/10.3390/nano10020292
https://doi.org/10.3390/nano10020292
https://doi.org/10.3390/ijms20040865
https://doi.org/10.2147/ijn.s72923
https://doi.org/10.1021/acsami.6b04621
https://doi.org/10.1016/j.tifs.2019.10.002
https://doi.org/10.5851/kosfa.2016.36.4.499
https://doi.org/10.1128/aem.03224-13
https://doi.org/10.1186/s43094-020-00031-3
https://doi.org/10.1186/s43094-020-00031-3
https://doi.org/10.1016/j.lwt.2010.05.005
https://doi.org/10.1016/j.lwt.2010.05.005
https://doi.org/10.1016/j.foodcont.2018.11.004
https://doi.org/10.1371/journal.pone.0070484
https://doi.org/10.1371/journal.pone.0070484
https://doi.org/10.1002/biuz.19900200607
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1385/1-59259-890-0:571
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1016/s0968-0004(99)01540-6
https://doi.org/10.1016/s0968-0004(99)01540-6
https://doi.org/10.12688/f1000research.13958.1
https://doi.org/10.12688/f1000research.13958.1

Amer et al. Journal of Genetic Engineering and Biotechnology

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

isolated from fermented food samples. Biotechnol J Int:1-13 https://doi.org/
10.9734/0ji/2017/34588

Moodley JS, Krishna SBN, Pillay K, Govender P (2018) Green synthesis of
silver nanoparticles from Moringa oleifera leaf extracts and its antimicrobial
potential. Adv Nat Sci Nanosci Nanotechnol 9(1):015011 https://doi.org/10.
1088/2043-6254/aaabb2

Azevedo PODSD, Molinari F, Oliveira RPDS (2018) Importance of the agar-
media in the evaluation of bacteriocin activity against the same
testmicroorganisms. Braz J Pharm Sci 54(1) https://doi.org/10.1590/52175-
97902018000117533

Balouiri M, Sadiki M, Ibnsouda SK (2016) Methods for in vitro evaluating
antimicrobial activity: A review. J Pharm Anal 6(2):71-79 https://doi.org/10.
1016/jjpha.2015.11.005

CLSI: Wayne PA (2012) Clinical and Laboratory Standards Institute, Methods
for dilution antimicrobial susceptibility tests for bacteria that grow
aerobically approved standards, 9th edn Document M07-A9

Smetankova J, Hladi 'k Z, Valach F, Zimanova“ M, Kohajdova“ Z, Greif G,
Greifova” M (2012) Influence of aerobic and anaerobic conditions on the
growth and metabolism of selected strains of Lactobacillus plantarum. Acta
Chim Slov 5:204-210 https://doi.org/10.2478/v10188-012-0031-1

Chanos P, Mygind T (2016) Co-culture-inducible bacteriocin production in
lactic acid bacteria. Appl Microbiol Biotechnol 100(10):4297-4308 https://doi.
0rg/10.1007/500253-016-7486-8

Etayash H, Azmi S, Dangeti R, Kaur K (2016) Peptide bacteriocins-structure
activity relationships. Curr Top Med Chem 16(2):220-241 https://doi.org/10.
2174/1568026615666150812121103

Kjos M, Borrero J, Opsata M, Birri DJ, Holo H, Cintas LM, Diep DB (2011)
Target recognition, resistance, immunity and genome mining of class Il
bacteriocins from Gram-positive bacteria. Microbiology 157(12):3256-3267
https://doi.org/10.1099/mic.0.052571-0

Fimland N, Rogne P, Fimland G, Nissen-Meyer J, Kristiansen PE (2008) Three-
dimensional structure of the two peptides that constitute the two-peptide
bacteriocin plantaricin EF. Biochim Biophys Acta 1784(11):1711-1719 https://
doi.org/10.1016/j.bbapap.2008.05.003

Ekblad B, Kyriakou PK, Oppegard C, Nissen-Meyer J, Kaznessis YN, Kristiansen
PE (2016) Structure-Function Analysis of the Two-Peptide Bacteriocin
Plantaricin EF. Biochemistry 55(36):5106-5116 https://doi.org/10.1021/acs.
biochem.6b00588

Teese GM, Langosch D (2015) Role of GxxxG Motifs in Transmembrane
Domain Interactions. Biochemistry 54(33):5125-5135 https://doi.org/10.1021/
acs.biochem.5b00495

Betts MJ, Russell RB (2007) Amino-Acid Properties and Consequences of
Substitutions. In: Barnes MR (ed) Bioinformatics for Geneticists https://doi.
0rg/10.1002/9780470059180.ch13

Duong-Ly KC, Gabelli SB (2014) Salting out of proteins using ammonium
sulfate precipitation. In: Methods in enzymology 541. Academic Press, pp
85-94 https://doi.org/10.1016/0978-0-12-420119-4.00007-0

Song D-F, Zhu M-Y, Gu Q (2014) Purification and Characterization of
Plantaricin ZJ5, a New Bacteriocin Produced by Lactobacillus plantarum ZJ5.
PLoS One 9(8):2105549 https://doi.org/10.1371/journal.pone.0105549

Chen L, Gu Q, Li P, Li Y, Song D, Yang J (2018) Purification and
characterization of Plantaricin ZJ316, a novel bacteriocin against Listeria
monocytogenes from Lactobacillus plantarum ZJ316. J Food Prot 81(12):
1929-1935 https://doi.org/10.4315/0362-028xjfp-18-306

Wang Y, Qin Y, Xie Q, Zhang Y, Hu J, Li P (2018) Purification and
Characterization of Plantaricin LPL-1, a Novel Class Ila Bacteriocin Produced
by Lactobacillus plantarum LPL-1 isolated from Fermented Fish. Front
Microbiol 9:2276 https.//doi.org/10.3389/fmicb.2018.02276

Gong HS, Meng XC, Wang H (2010) Plantaricin MG active against Gram-
negative bacteria produced by Lactobacillus plantarum KLDS1. 0391
isolated from “Jiaoke”, a traditional fermented cream from China. Food
Control 21(1):89-96 https://doi.org/10.1016/jfoodcont.2009.04.005

Du H, Yang J, Lu X, Lu Z, Bie X, Zhao H, Lu F (2018) Purification,
characterization, and mode of action of plantaricin GZ1-27, a novel
bacteriocin against Bacillus cereus. J Agric Food Chem 66(18):4716-4724
https.//doi.org/10.1021/acs jafc.8b01124

Mills S, Ross RP, Hill C (2017) Bacteriocins and bacteriophage a narrow-
minded approach to food and gut microbiology. FEMS Microbiol Rev
41(Supp_1):5129-5153 https://doi.org/10.1093/femsre/fux022

(2021) 19:13

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

Page 16 of 16

Lazzari S, Moscatelli D, Codari F, Salmona M, Morbidelli M, Diomede L (2012)
Colloidal stability of polymeric nanoparticles in biological fluids. J Nanopart
Res 14(6):920 https://doi.org/10.1007/511051-012-0920-7

Niaz T, Shabbir S, Noor T, Imran M (2019) Antimicrobial and antibiofilm
potential of bacteriocin loaded nano-vesicles functionalized with
rhamnolipids against foodborne pathogens. LWT 116:108583 https://doi.
0rg/10.1016/}.lwt.2019.108583

Sharma TK, Sapra M, Chopra A, Sharma R, Patil DS, Malik KR, Pathania R,
Navani KN (2012) Interaction of Bacteriocin-Capped Silver Nanoparticles
with Food Pathogens and Their Antibacterial Effect. Int J Green
Nanotechnol 4:93-110 https://doi.org/10.1080/19430892.2012.678757

Azizi F, Najafi MBH, Dovom MRE (2017) The biodiversity of Lactobacillus spp.
from Iranian raw milk Motal cheese and antibacterial evaluation based on
bacteriocin-encoding genes. AMB Express 7(1):176 https://doi.org/10.1186/
$13568-017-0474-2

Sankar NR, Priyanka VD, Reddy PS, Rajanikanth P, Kumar VK, Indira M (2012)
Purification and characterization of bacteriocin produced by Lactobacillus
plantarum isolated from cow milk. Int J Microbiol Res 3(2):133-137

Arakha M, Borah MS, Saleem M, Jha NA, Jha S (2016) Interfacial assembly at
silver nanoparticle enhances the antibacterial efficacy of nisin. Free Radic
Biol Med 101:434-445 https://doi.org/10.1016/jfreeradbiomed.2016.11.016
Pal |, Bhattacharyya D, Kar RK, Zarena D, Bhunia A, Atreya HS (2019) A Peptide-
Nanoparticle System with Improved Efficacy against Multidrug Resistant
Bacteria. Sci Rep 9(1):4485 https.//doi.org/10.1038/541598-019-41005-7
Saravana KP, Annalakshmi A (2012) Enhancing the antimicrobial activity of
nisin by encapsulating on silver nanoparticle synthesized by bacillus sp. Int J
Pharma Biol Arch 3:406-410

Thirumurugan A, Ramachandran S, Gowri AS (2013) Combined effect of
bacteriocin with gold nanoparticles against food spoiling bacteria-an approach
for food packaging material preparation. Int Food Res J 20:1909-1912

Le NTT, Bach LG, Nguyen DC, Le THX, Pham KH, Nguyen DH, Thanh T
(2019) Evaluation of factors Affecting Antimicrobial Activity of Bacteriocin
from Lactobacillus plantarum Microencapsulated in Alginate-Gelatin
Capsules and Its Application on Pork Meat as a Bio-Preservative. Int J
Environ Res Public Health 16(6):1017 https://doi.org/10.3390/ijerph16061017
Heunis TDJ, Botes M, Dicks LMT (2010) Encapsulation of Lactobacillus
plantarum 423 and its Bacteriocin in Nanofibers. Probiotics Antimicro Prot 2:
46-51 https//doi.org/10.1007/512602-009-9024-9

Abbaszadegan A, Ghahramani Y, Gholami A, Hemmateenejad B, Dorostkar S,
Nabavizadeh M, Sharghi H (2015) The Effect of Charge at the Surface of
Silver Nanoparticles on Antimicrobial Activity against Gram-Positive and
Gram-Negative Bacteria: A Preliminary Study. J Nanomater 2015:8 https://
doi.org/10.1155/2015/720654

Fahim HA, El Rouby WM, El-Gendy AO, Khairalla AS, Naguib IA, Farghali AA
(2017) Enhancement of the productivity of the potent bacteriocin avicin A
and improvement of its stability using nanotechnology approaches. Sci Rep
7(1):10604 https.//doi.org/10.1038/541598-017-10157-9

Ramesh S, Grijalva M, Debut A, Beatriz G, Albericio F, Cumbal LH (2016)
Peptides conjugated to silver nanoparticles in biomedicine - a “value-
added” phenomenon. Biomater Sci 4:713-1725

Hung A, Mager M, Hembury M, Stellacci F, Stevens MM, Yarovsky | (2013)
Amphiphilic amino acids: a key to adsorbing proteins to nanopatterned
surfaces? Chem Sci 4:928-937

Mishra NK, Kumar V, Joshi KB (2015) Thermoplasmonic effect of silver
nanoparticles modulates peptide amphiphile fiber into nanowreath-like
assembly. Nanoscale 7:20238-20248 https://doi.org/10.1039/c5nr06577a
Kalakonda P, Banne S (2018) Synthesis and Optical Properties of Highly
Stabilized Peptide-Coated Silver Nanoparticles. Plasmonics 13:1265-1269
https://doi.org/10.1007/511468-017-0628-8

Gomaa ZM (2019) Synergistic antibacterial Efficiency of bacteriocin and
silver nanoparticles produced by probiotic Lactobacillus paracasei against
multidrug resistant bacteria. Int J Pept Res Ther 25:1113-1125 https://doi.
0rg/10.1007/510989-018-9759-9

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.9734/bji/2017/34588
https://doi.org/10.9734/bji/2017/34588
https://doi.org/10.1088/2043-6254/aaabb2
https://doi.org/10.1088/2043-6254/aaabb2
https://doi.org/10.1590/s2175-97902018000117533
https://doi.org/10.1590/s2175-97902018000117533
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.2478/v10188-012-0031-1
https://doi.org/10.1007/s00253-016-7486-8
https://doi.org/10.1007/s00253-016-7486-8
https://doi.org/10.2174/1568026615666150812121103
https://doi.org/10.2174/1568026615666150812121103
https://doi.org/10.1099/mic.0.052571-0
https://doi.org/10.1016/j.bbapap.2008.05.003
https://doi.org/10.1016/j.bbapap.2008.05.003
https://doi.org/10.1021/acs.biochem.6b00588
https://doi.org/10.1021/acs.biochem.6b00588
https://doi.org/10.1021/acs.biochem.5b00495
https://doi.org/10.1021/acs.biochem.5b00495
https://doi.org/10.1002/9780470059180.ch13
https://doi.org/10.1002/9780470059180.ch13
https://doi.org/10.1016/b978-0-12-420119-4.00007-0
https://doi.org/10.1371/journal.pone.0105549
https://doi.org/10.4315/0362-028x.jfp-18-306
https://doi.org/10.3389/fmicb.2018.02276
https://doi.org/10.1016/j.foodcont.2009.04.005
https://doi.org/10.1021/acs.jafc.8b01124
https://doi.org/10.1093/femsre/fux022
https://doi.org/10.1007/s11051-012-0920-7
https://doi.org/10.1016/j.lwt.2019.108583
https://doi.org/10.1016/j.lwt.2019.108583
https://doi.org/10.1080/19430892.2012.678757
https://doi.org/10.1186/s13568-017-0474-2
https://doi.org/10.1186/s13568-017-0474-2
https://doi.org/10.1016/j.freeradbiomed.2016.11.016
https://doi.org/10.1038/s41598-019-41005-7
https://doi.org/10.3390/ijerph16061017
https://doi.org/10.1007/s12602-009-9024-9
https://doi.org/10.1155/2015/720654
https://doi.org/10.1155/2015/720654
https://doi.org/10.1038/s41598-017-10157-9
https://doi.org/10.1039/c5nr06577a
https://doi.org/10.1007/s11468-017-0628-8
https://doi.org/10.1007/s10989-018-9759-9
https://doi.org/10.1007/s10989-018-9759-9

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Bacterial growth and conditions
	Confirmation of the antibacterial activity

	Detection and sequencing of the bacteriocin gene (plnEF)
	Detection of the bacteriocin gene
	Sequencing of the bacteriocin gene
	Phylogenetic analysis
	Physico-chemical properties and 3D structure analysis of plnEF

	Extraction of the bacteriocin (EX-PL)
	Synthesis of plantaricin-incorporated silver nanoparticles (PL-SNPs)
	Scanning electron microscopic analysis (SEM) and energy dispersive X-ray (EDX)
	Evaluation of the antibacterial activity of the EX-PL and PL-SNPs
	Spot diffusion method
	Determination of the antibacterial activity titer
	Minimum inhibitory concentration (MIC)
	Minimum bactericidal concentration (MBC)

	Stability of the antibacterial activity
	Statistical analysis

	Results
	Confirmation of the identity of Lb. plantarum
	Molecular characterization of plnEF bacteriocin gene
	Antibacterial activity of crude bacteriocin and total protein concentration
	Characterization of plantaricin-incorporated silver nanoparticles (PL-SNPs)
	Color change
	SEM
	Analysis through energy dispersive X-ray (EDAX) spectrometers

	Antibacterial activity of EX-PL and PL-SNPs
	Antibacterial activity titers, minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) and stability

	Discussion
	Conclusion
	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

