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Abstract

The bacteriocin (pediocin) produced by Pediococcus acidilactici ITV26 is a bioconservative with antilisterial activity that can be
inactivated when added in free form into foods. Proteolytic enzymes or interaction/binding with some food components are
among the factors that can affect its antimicrobial activity. Hence, there is a need to protect these peptides by encapsulation into
liposomes as well as to control their release. The aim of this research was to establish conditions to obtain stable liposomes with
pediocin, to keep their activity and to control the release of the encapsulated bacteriocin. Pediocin was purified by adsorption-
desorption and liposomes were prepared by using different phosphatidylcholine concentrations (1, 3, and 5% w/v) and different
operating conditions in the microfluidizer (500—1000 bar and 1-2 cycles). The liposomes obtained were characterized by using
dynamic light scattering, backscattering light, and cryo transmission electron microscopy. In addition, the effect of pH on the
kinetics of pediocin release was studied, and its antimicrobial activity was tested by following the growth kinetics of Listeria

innocua AST-062 under different treatments with pediocin-encapsulated liposomes.
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Introduction

Bacteriocins are antimicrobial peptides of ribosomal synthesis
produced by lactic acid bacteria with the ability to inhibit the
growth of pathogenic microorganisms (Cotter et al. 2005).
Bacteriocins have a broad antimicrobial spectrum even with
phylogenetically related strains (Papagianni 2003). Research
interest has been centered on bacteriocin class II, mainly
pediocin, due to its thermostability and strong activity against
Listeria monocytogenes (Kemperman et al. 2003). Pediocin is
produced by Pediococcus spp. good cell growth and pediocin
production are obtained in complex media (MRS) which
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makes extraction and purification very expensive (De De
Vuyst et al. 2003; Beaulieu et al. 2007).

The barrel-stave mechanism used to explain the antimi-
crobial action of pediocin (class II) begins with formation
of pores between two or more amphipathic peptide species,
resulting in ion output, loss of proton power, and finally on
cell death (Jack et al. 1995; Mesa-Pereira et al. 2017). The
sequence of events leading to loss of viability of Gram-
positive bacteria after treatment with pediocin AcH in-
cludes (1) adsorption or binding of pediocin PA-1 mole-
cules to specific receptors on the cell surface, (2) entry of
pediocin molecules through the cell wall, (3) pediocin
membrane contact, (4) destabilization of functional integ-
rity by the output of small molecules such as ions and ATP,
and (5) the loss of structural integrity of the membrane
upon evidence of cellular lysis in some strains (Bhunia
et al. 1991; Rodriguez et al. 2002; Drider et al. 2006).

In our research group, a bacteriocin identified as pediocin,
produced by Pediococcus acidilactici ITV26 with a strong
antilisterial activity was obtained. However, the activity of this
bacteriocin is affected by several factors, such as inactivation
by proteolytic enzymes or by additives, linking or interaction
with food components, limited solubility, and high pH.
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Therefore, there is a need to protect these peptides by encap-
sulation and then to control their release.

Encapsulation improves antimicrobial activity and stability
of active peptides in food systems. In this direction, nano and
micro delivery systems using surfactants, lipids, carbohy-
drates, polymers, and protein have been fabricated to stabilize
and enhance the biological activity of the bioactive com-
pounds (Aditya et al. 2017). Liposomes can carry active pep-
tides such as bacteriocins by trapping these peptides into the
aqueous center or between bilayers of phospholipids due to
their amphiphilic nature (Benech et al. 2002; Laridi et al.
2003). Liposomes are spherical vesicles made of one or more
phospholipid bilamer (Taylor et al. 2005). Liposomal vesicles
are a group of amphiphilic molecules, which structure may be
described as a concentric series of molecules having a polar
head, a non-polar tail, and where each molecule has two hy-
drophobic chains (Laridi et al. 2003; Were et al. 2004; Taylor
et al. 2007; de Vos et al. 2010). Microfluidization allows en-
capsulating active agents without being exposed to sonication
and organic solvents and forming stable liposomes without
aggregation (Imran et al. 2012). However, factors such as
the concentration of phospholipids, pH, and temperature can
affect the release of bacteriocins, so it is important to charac-
terize them physicochemically in order to ensure liposome
stability and release of bacteriocin (da Silva Malheiros et al.
2010; Narsaiah et al. 2012). In this work, dynamic light scat-
tering (DLS) and backscattered light (BSL) were used to de-
termine liposome size and stability as well as cryo transmis-
sion electron microscopy (cryoTEM) for morphological
characterization.

The antimicrobial activity of pediocin against
L. monocytogenes has been proved in beef, sausages, meat
extracts, and meat products, as well as in dairy products
(Rodriguez et al. 2002). Therefore, liposomes loaded with
pediocin produced by P. acidilactici ITV26 might increase
the antibacterial effect against Listeria spp. in such food prod-
ucts and might be also used in bioactive packing films
(Benech et al. 2002; Degnan et al. 1993; Imran et al. 2012).

Materials and Methods

Materials

Soy lecithin microbiological grade (L-o-phosphatidylcholine)
was obtained from Sigma-Aldrich, Germany. All other
chemicals used in the study were of analytical grade.
Bacterial Strains

A pediocin-producer P. acidilactici ITV26, isolated in our

laboratory, and Listeria innocua AST-062 were both incubat-
ed at 37 °C for 18 h, without agitation in Man-Rogosa-Sharpe

(MRS) and Lauria-Bertoni (LB) broths, respectively. Both mi-
croorganisms were kept frozen at — 70 °C (REVCO ULT1386-
5-A30) in 40% (v/v) glycerol plus their corresponding broth.

Production and Purification of the Bacteriocin
by Pediococcus acidilactici ITV26

The bacteriocin producer strain (P, acidilactici ITV26) and the
sensitive strain (L. innocua AST-062) were activated in MRS
and LB broth, respectively. Growth of P. acidilactici ITV26
was determined by plate count.

The bacteriocin obtained from a fresh culture of
P, acidilactici ITV26 was purified by adsorption-desorption
according to Yang et al. (1992) technique. One percent inoc-
ulum (1 x 10" CFU/mL) of P. acidilactici ITV26 was added to
400 mL of MRS medium and incubated at 37 °C for 18 h.
Then, pH was adjusted to 5.5 and the culture submitted to a
heat treatment (70 °C) for 20 min followed by a heat shock
(T'<25 °C) in order to inactivate enzymes and stop growth.
The culture broth was centrifuged for 15 min (Eppendorf
5810R) at 12,000xg and 4 °C. The cell pellet obtained was
washed three times with 5 mM PBS pH 6.8, then resuspended
in 20 mL of 200 mM NaCl; the pH was adjusted to 2 with 5%
phosphoric acid and kept under magnetic stirring for 4 h at
4 °C. Later, it was centrifuged at 20,000xg for 20 min. The pH
of supernatant (bacteriocin desorbed) was adjusted to 6.8 with
1 M NaOH and sterilized by using a Millipore 0.22-pm mem-
brane (Millex®GV). It was concentrated by ultrafiltration (3
and 10 kDa), lyophilized, and stored at — 20 °C.

The bacteriocin molecular weight was determined by sodi-
um dodecyl sulfate-polyacrylamide electrophoresis (SDS-
PAGE) using a resolving gel (16.5%T, 3 %C) and a stacking
gel (4%T, 3 %C). Where (%T) indicates the relative pore size
of the resulting polyacrylamide gel and (%C) weight percent-
age of cross-linker. The ProteoSilver kit was used for staining
the gel bands, and the antimicrobial activity of SDS-PAGE
fractions was determined by bioassay in petri dish. The protein
content of purified bacteriocin and bacteriocin in cell-free ex-
tract was determined by Bio-Rad protein assay using bovine
serum albumin as the standard.

The activity units were determined by the agar diffusion
technique and quantified as follows (Schillinger and Lucke
1989):

AU 1000

mL ~ (aliquot)(D)

Preparation of Pediocin-Loaded Liposomes
by Microfluidization

Pediocin-loaded liposomes with 1, 3, and 5 (%) of phosphati-
dylcholine from soybean were prepared using a rotor-stator
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homogenizer (Ultra-Turrax® IKA® T-25) at 13,500 rpm for
3 min; this pre-emulsion was passed through a microfluidizer
(Microfluidics M-110) by using either 500 or 1000 bar of
pressure and 2 cycles of microfluidization.

Pediocin Encapsulation Efficiency

Liposomes containing pediocin were recovered from emul-
sions by using size exclusion chromatography (Sephadex G-
50 column).

The encapsulation efficiency (% EE) of the different for-
mulations was calculated by the following equation:

Y%EE — (’"—) % 100
me + m,

where m,. is the mass of bacteriocin-encapsulating liposomes
and m, is the mass of bacteriocin found in the extract (de
Mello et al. 2013).

Physicochemical Characterization of Pediocin-Loaded
Liposomes

The average particle size, zeta potential, and polydispersity
index (PDI) were determined by dynamic light scattering
(DLS) using a Zetasizer apparatus (Malvern Instruments,
Inc) and analyzed by the Zetasizer Software 7.11. A
Turbiscan was also used to evaluate if destabilization of lipo-
somes occurred by backscattering light.

Cryogenic Transmission Electron Microscopy

Biological samples are extremely sensitive to the electron
beam, and then a cryogenic transmission electron microscopy
(cryoTEM) was necessary to characterize size and in morphol-
ogy of the pediocin-loaded liposomes, using only 80 kV of
acceleration voltage and a very special sample preparation
procedure (Almgren et al. 2000) to protect them during
TEM observations. First, commercial lacey carbon film on
TEM cooper grids of 300 mesh were used, having holes but
without polymer film. To make the C-Film hydrophilic, the
Cu grids were subjected to a glow discharge in the air atmo-
sphere. Then a drop of the well-diluted solution sample is
deposited on the Cu grid with holey C-film, absorbing care-
fully the excess with a filter paper until a very thin (thickness
less than 500 nm) aqueous film of the solution sample is
reached. In order to keep the original liposome structure, the
sample was vitrified plunging it into a liquid ethane medium.
Separately, a special cryoTEM sample holder is evacuated and
cooled to LN, temperature (— 170 °C). The transference of the
sample to the LN, cooling TEM sample holder needs to be
done in the Cryoplunge 3 system, where the sample was vit-
rified, i.e., into the liquid ethane medium; so the TEM holder
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was plunged also in it, and the sample was transferred to the
TEM holder, which quickly should be introduced in the
cryoTEM. The LN, cooling TEM sample holder has an extra
external recipient to refill as necessary with LN,.

The cryoTEM used at this work was a JEOL microscope,
model JEM-2100, calibrated to a low electron beam intensity
to avoid sample damage. Images with x 12,000-40,000 mag-
nifications were taken to visualize different liposomes sizes.

In Vitro Pediocin Release Studies

Pediocin release studies were performed by suspending 50 mg
0f2.0% (w/v) pediocin-loaded liposomes into 1 mL of 0.15 M
NaCl/0.02 M phosphate buffer at pH 4.0, 5.0, 6.0, or 6.8.
Suspensions were kept at 4 °C under shaking (150 rpm) for
5 min. One microliter sample from this suspension was loaded
into a microtube and centrifuged at 3000xg for 10 min and
filtered through a 0.22 um Millipore filter. The pediocin con-
tent in the permeate was determined by Bradford. All experi-
ments were performed in triplicate.

Growth Inhibition

The growth inhibition study was carried out following a mod-
ified method of Narsaiah et al. (2013). The biological activity
of the pediocin-loaded liposomes was evaluated by determin-
ing the colony forming units (CFU) after incubation with 1%
(v/v) suspension of L. innocua AST-062 in LB medium at
37 °C for 24 h.

To six flasks with 50 mL of LB broth, 100 L of L. innocua
AST-062 inoculum was added as follows: (a) control, no
pediocin; (b) un-encapsulated pediocin (I mL; 23,333 IU);
(c) pediocin-encapsulated liposomes prepared with 3% (w/v)
PC and by using 500 bar of pressure with 1 cycle of
microfluidization (1 ml); (d) pediocin-encapsulated liposomes
obtained with 3% (w/v) PC and by using 500 bar of pressure
with 2 cycles of microfluidization (1 mL); (e) pediocin-
encapsulated liposomes prepared with 5% (w/v) PC and by
using 500 bar of pressure and 1 cycle of microfluidization;
and (f) pediocin-encapsulated liposomes prepared with 5%
(w/v) PC and by using 500 bar of pressure with 2 cycles of
microfluidization. The broth was withdrawn from each flask,
serially diluted, and plated on LB agar plate at 0, 4, 8, 12, 24,
36, 48, and 72 h and counted the colonies of L. innocua. In
addition, control assays were set up in parallel with the equiv-
alent amount of inoculum of L. innocua AST-062. All exper-
iments were performed in triplicate.

Statistical Analysis
Statistical analysis was done by using Minitab software

(2010), version 16.1.0 (Minitab Inc). The effect of different
concentrations of phospholipids, pressure, and cycles of
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Fig. 1 Growth kinetics, pH, and antimicrobial activity of P. acidilactici
ITV26

microfluidization were studied using one-way ANOVA, and
means were compared by using the Tukey multiple range test
(P <0.05). To ensure the reproducibility of the results, each
experiment was conducted at least two times in triplicate.

Results
Bacteriocin Production and Purification

The bacteriocin activity was detected after 6 h in the log
growth phase (Fig. 1). The maximum activity of the bacterio-
cin (3500 activity units/mL) occurred between 18 and 21 h,
when the strain was in the stationary phase (4 x 10° CF U/mL);
pH also decreased with time until 4.14 due to lactic acid
production.

After purification by adsorption-desorption, results from
SDS-PAGE showed that bacteriocin from P. acidilactici
ITV26 is a peptide of 4610 Da (Figs. 2 and 3). The activity
of purified pediocin raised up to 20,333 units/mL compared
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Fig. 3 Estimation of the pediocin molecular weight from electrophoretic
mobility results obtained by SDS-PAGE electrophoresis
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Fig. 2 SDS-PAGE electrophoresis of the purified bacteriocin from
P, acidilactici ITV 26

with the initial 3500 activity units/mL from the cell-free ex-
tract (Table 1).

Effect of Encapsulation Conditions on Liposome
Properties

Liposome average and size distribution

The study of liposome average size and its distribution is of
interest because of its impact in the liposome stability and
release of bacteriocin (Were et al. 2004). The effect of PC
concentration and the pressure used during encapsulation on
the liposome average size and size distribution are shown in
Fig. 4. It can be seen that the average particle size of pediocin-
encapsulating liposomes obtained by adding 3 and 5% PC,
and by using 500 and 1000 bar of pressure with 1 cycle of
microfluidization, was 144 nm. In addition, particle size dis-
tribution was unimodal in most cases when using 2 cycles of
microfluidization, with a narrow polydispersity index (PDI) of
0.4. The particle size was reduced by 97.5% with respect to
the pre-emulsion without treatment (cycle 0), and both the
particle size and PDI did not show statistical difference be-
tween 1 and 2 cycles; therefore, no overprocessing of the
sample was observed (Jafari et al. 2008). These results show
that microfluidization operating conditions used were ade-
quate for the encapsulation of the pediocin into liposomes.

In contrast to millimetric-sized carriers, nano-carriers pro-
vide more surface area and have the potential to increase sol-
ubility, enhance bioavailability, and to improve time-
controlled release (Mozafari et al. 2008). Thus, nano-sizer
results indicate that nanoliposomes containing pediocin for-
mulated using soybean-lecithin are sufficiently smaller to car-
ry out the abovementioned advantages (Imran et al. 2012). As
the PC concentration decreases, the particle size decreases
slightly, and two microfluidization cycles are required to ob-
tain homogeneous liposomes according to the light-scattering
values.
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Table 1  Purification table

Fraction Initial volume Total protein Activity (UA/ Total activity Specific activity (UA/  Purification
(mL) (mg) mL**¥) (UA) mg) factor

CFE 400 83.2 3500 + 500 1,400,000 16,826 1

Adsorption-desorption 20 15.31 20,333 = 763 406,660 26,561 1.57

Ultrafiltration 3 kDa 1 1.693 18,166 + 1040 18,166 10,730 0.64

CFE, cell-free extract. **UA/mL was determined by agar diffusion using L. innocua AST-062 as sensitive strain

Zeta Potential

The zeta potential is usually used as indicator of accessible
charges in liposome surface (de Mello et al. 2013). The zeta
potentials of emulsions were below — 20 mV, which indicates
that destabilization as coalescence, flocculation, sedimentation,
or rupture of the phospholipid bilayer might occur. These will
favor a faster release and a faster microorganism control.

Even with the zeta potential values below — 20 mV (Fig. 5),
the backscattering light analysis showed stability for most of
the treatments.
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Fig. 4 Particle size determined by DLS of pediocin-encapsulated by
adding 1, 3, and 5% of phosphatidylcholine microfluidized under 500
(A) and 1000 (B) bar of pressure
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Turbiscan Stability Index Kinetics

Turbiscan stability index (TSI) kinetics from the Turbiscan
indicate sedimentation in the pre-emulsion. However, this re-
sult might not be representative due to the opacity of the
emulsion, since the backscattered light was constant over the
time of the analysis. Otherwise, results from the Turbiscan
pointed out that liposomes obtained under one microfluidization
cycle using either 500 or 1000 bar of pressure were the most
stable, while slight destabilization phenomena such as floccula-
tion or coalescence are suggested in liposomes obtained by
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Fig. 5 Zeta potential of pediocin-encapsulated liposomes prepared with
1, 3, and 5% (w/v) of phosphatidylcholine and obtained by using 0, 1, and
2, cycles under 500 (A) and 1000 (B) bar of microfluidization pressure
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Fig. 6 Destabilization kinetics of pediocin-encapsulated liposomes prepared with 3% (w/v) of phosphatidylcholine and obtained by using 0 (A), 1 (B),

and 2 (C) cycles under 500 bar of microfluidization pressure

using 1 and 2 cycles of microfluidization both under 500 and
1000 bar of pressure (Fig. 6).

Cryo-TEM

According to the definition of Mozafari et al. (2002), lipo-
somes are “closed, continuous bilayer structures composed
mainly of lipid and/or phospholipid molecules” (Colas et al.
2007). An important advantage of liposomes is to have both
aqueous and lipid phases, which enable them to incorporate
both hydrophilic and hydrophobic materials. CryoTEM can
image both aqueous and lipid phases as it is shown in Fig. 7,
where this technique attests the presence of liposomes pre-
dominantly with spherical and bilayer structures. As revealed

by cryoTEM, liposome size diminishes as the number of
microfluidization cycles increase (see Fig. 7), which is in good
concordance with the previous DLS results (Fig. 4).
Moreover, through cryoTEM, it was also possible to realize
that the numerical density of liposome increases as the
microfluidization cycles does (Fig. 7).

Encapsulation and Inhibition Efficiency
The encapsulation efficiency was related to the percentage of
PC used; at higher PC concentration, higher encapsulation

efficiency was observed, and average values of about 88%
EE were obtained.
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Fig. 7 CryoTEM images of
pediocin-encapsulated liposomes
prepared with 5% phosphatidyl-
choline and obtained by using 0
(A, B), 1 (C, D), and 2 (E, F)
cycles under 1000 bar of
microfluidization pressure. Note
that the liposomes size diminishes
as the number of
microfluidization cycle increases,
but on the other side, its number
density increases

The bacteriocin was stable into liposomes and had a slow
and controlled release during 120 h under all pH values tested
(Fig. 8). However, at low pH value (i.e., 4.0), the ionic inter-
actions involved in the stability of liposomes are modified,
and a better release of the purified bacteriocin was observed,
as suggested by Zimmermann and Mu (2001). Under this

@ Springer

condition, the pediocin-encapsulated liposomes of about
143 nm were able to reduce 2.5 log units of L. innocua
AST-062 (Fig. 9).

Results from this work demonstrated that nanoencapsulation
of pediocin with PC allowed obtaining liposomes with inhibi-
tion activity higher or similar to those reported in literature.
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Fig. 8 Kinetic release of pediocin loaded into liposomes prepared with 1 (A), 3 (B), and 5% (C) (w/v) of phosphatidylcholine and obtained by using 1
and 2 cycles under 500 bar of microfluidization pressure
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Conclusions

Microfluidization allowed to significantly decrease liposome size
regarding those obtained with rotor-stator. According to the TSI
kinetics, just one cycle of microfluidization allowed the best
stability of liposomes. The main reason for this may be because
when using more than one microfluidization cycle, the energy
used is higher; therefore, the liposomes are reduced in size, but
the interaction forces between particles are also decreased,
allowing higher instability such as flocculation and coalescence.
These results, together with those from light scattering, zeta po-
tential, and Turbiscan measurements, suggest that the vesicles are
not sharp, and they can release fast enough for control of the
sensitive microorganism. At acid pH, fast release of the bacteri-
ocin from liposomes was observed, due to structural changes,
mainly on both protonation and deprotonation on functional
groups NH3/NH,4 + and COOH/COO, respectively. Therefore,
one microfluidization cycle would be the best encapsulation con-
dition for the pediocin produced by P, acidilactici ITV26.
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