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Abstract This study focused on the microencapsulation
of enterocin from Enterococcus durans (E. durans MF5) in
whey powder (WP) using a spray-drying technique followed
by the evaluation of how complexation can preserve the
enterocin structure and antimicrobial activity against food-
borne pathogens. Crude enterocin samples (1 and 5%) were
microencapsulated in 10% WP. The antimicrobial activity
of unencapsulated (crude) enterocin and microencapsulated
enterocin was tested against the target bacteria Salmonella
Typhimurium, Escherichia coli, Listeria monocytogenes,
Listeria innocua, and Listeria ivanovi. The microencapsu-
lation yields were 31.66% and 34.16% for concentrations of
1 and 5% enterocin, respectively. There was no significant
difference between these concentrations. Microencapsu-
lated enterocin was efficient for up to 12 h of cocultivation
with Listeria sp., and the concentration required to inhibit
the growth of target bacteria presented values of 6400 AU/
mL (arbitrary unit). Microencapsulated enterocin demon-
strated enhanced efficacy against Listeria species and E.
coli when compared with crude enterocin (p < 0.05). Fourier
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transform-infrared spectroscopy and differential scanning
calorimetry results confirmed the presence of enterocin in
the microparticles. Scanning electron microscopy showed
cell damage of the target bacteria. The results showed that
complexation with WP preserved enterocin antimicrobial
activity during spray-drying, indicating its potential use as
a food preservative.

Keywords Whey protein - Spray dryer process -
Salmonella Typhimurium - Escherichia coli

Abbreviations

AMPs Antimicrobial peptides
WP Whey protein

AU Arbitrary units

SEM  Scanning electron microscopy
E10 Concentrations of 1 wt%

E50 Concentrations of 5 wt
Introduction

Increased consumer demand for artificial additive-free and
long shelf-life foods places pressure on the industry for
the development of alternative additives to obtain safe and
healthy food. Therefore, the importance of natural preserva-
tive compounds is increasing due to the more extensive use
of such compounds in food rather than synthetic compounds
(Sidhu and Nehra 2020).

Bacteriocins are antimicrobial peptides (AMPs) riboso-
mally synthesized on lactic acid bacteria that are capable
of inhibiting both food pathogens and bacteria from gram-
negative and gram-positive groups and represent a very
promising strategy in food conservation (Calo-Mata et al.
2008; Acuna et al. 2015). They can be produced by several
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bacterial species, including nisin, subtilin, lichenicidin,
cinnamycin, actagardine, epidermin, lacticin, carnobacte-
riocin, piscicolin, divergicin, mutacin, mundticin, mesen-
terocin, enterocin, sakacin, leucocin, curvacin, enterocin,
lysostaphin, duramycin, brevinin, ruminococcin, curvaticin,
and columbicin (Kumariya et al. 2019). The main target of
bacteriocins is the bacterial cell membrane, causing cell per-
meabilisation and pore formation, thus leading to cell death
(Nilsen et al. 2003).

The interest in the use of enterocins from the genus Ente-
rococcus as bio-preservatives has increased considerably
because of their high antilisterial activity (Jaouani et al.
2014). Most bacteriocins are heat stable, stable at low pH
values, nontoxic to humans, and sensitive to proteases pre-
sent in the human gut; thus, their use as a food preservative
can meet the demands of consumers for safe food (Sidhu
and Nehra 2020). Enterocin antimicrobial activity can be
efficient against some gram-negative pathogenic bacteria,
such as Salmonella sp. and Escherichia coli, causing cell
wall alteration (Tosoni et al. 2019).

However, despite having several advantages, the associa-
tion of bacteriocins with the food matrix can compromise
their antimicrobial action. These stresses include the action
of proteases, pH, and other matrix actions and can result in
the unfolding of peptides with subsequent aggregation or
denaturation, creating substantial problems regarding a pos-
sible loss of their antimicrobial activity (Lee 2002).

In this context, microencapsulation techniques have
received special attention for protecting the encapsulated
material from adverse environmental conditions, such as
high acidity, the presence of hydrolytic enzymes, extreme
temperatures, chemicals, bile salts, molecular oxygen, and
antimicrobial agents (Srivastava et al. 2013). Among the
different approaches used for microencapsulation, the spray-
drying process represents the principal technique frequently
applied for microencapsulation due to its available equip-
ment and low cost (Tavares et al. 2019). Similar to the choice
of technique, the encapsulating material is also important.
Choosing a material that is low cost, easy to obtain, and has
well-established nutritional value for consumers is extremely
significant in the encapsulation process (Korma et al. 2019).
Therefore, in our work, whey protein (WP) was chosen as an
encapsulating agent for enterocin.

WP is a dairy protein prepared from by-products of
cheese production, formed by a mixture of f-lactoglobulin,
a-lactalbumin, bovine serum albumin, immunoglobulins,
and other minor proteins. Thus, it is commonly applied in
encapsulation to enhance the stability of compounds, such as
essential oils, probiotics, and bacteriocins (Wang et al. 2018;
Condurache et al. 2019; Puttarat et al. 2021). In contrast,
the encapsulation of enterocin in whey protein is poorly
reported.

The interest in species of the genus Listeria is because
it contains more thermoresistant species; among them, L.
monocytogenes has been widely related to postprocessing
contamination (Luque-Sastre et al. 2018). In the genus Lis-
teria, L. monocytogenes and L. ivanovii are two patho-
genic food-borne pathogens involved in several listeriosis
outbreaks, and they represent a severe human and animal
disease with high mortality rates among elderly and immu-
nocompromised individuals (Beye et al. 2016; Jordan and
McAuliffe 2018). Additionally, other Listeria species have
gained attention as pathogens. For instance, L. innocua has
been shown to be capable of infecting mouse and zebrafish
cells (Moura et al. 2019) and have the ability to invade
Caco-2 cells at the same levels as L. monocytogenes (den
Bakker et al. 2010).

Thus, the purpose of this study was to investigate the
viability of enterocin microencapsulation by spray drying
with whey protein and the antimicrobial efficiency of the
resulting microencapsulated enterocin against foodborne
pathogens Listeria sp. and others.

Material and methods
Samples

The study was conducted with bacteriocin-producing strain
E. durans strain MFS5. It was isolated from whey in previ-
ous studies (Tosoni et al. 2019). Enterotoxigenic Escherichia
coli (E. coli ETEC, Salmonella Typhimurium strain ATCC
68,169/UK-1, L. monocytogenes, L. innocua strain CLIP
12,612, and L. ivanovi were used as indicator microorgan-
isms (foodborne pathogens).

Strains belong to the Laboratory of Basic and Applied
Microbiology (LAMBA) of the Federal University of Tech-
nology-Parana (Londrina, PR, Brazil) and were maintained
at — 80 °C in Brain Hearth Infusion (BHI Neogen Culture
Media, USA) broth supplemented with 20% glycerol. Before
use, the frozen stock was inoculated into 10 mL in De Man,
Rogosa and Sharpe (MRS—Neogen Culture Media, USA)
medium for E. durans MF5 and BHI to other strains, main-
tained at 37 °C for 24 h.

Production and precipitation of enterocin

The strain E. durans MF5 was cultured in MRS (pH 6.2)
adjusted to 1.0 x 10® colony forming unit/mL (CFU/mL) and
maintained at 180 rpm for 24 h at 37 °C. The culture was
centrifuged at 7000 rpm for 15 min. The supernatant was
adjusted to pH 6.5 with 1 N NaOH and lyophilized (Liotop,
L101 Liobras) for precipitation. The obtained powder was
diluted in sterile ultrapure water to a final concentration of
100 mg/mL.
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Microencapsulation of enterocin and determination
of powder yield

Enterocin encapsulation was performed following the pro-
tocol described by Xiao et al. (2011) with modifications.
The encapsulating matrix (10%wt/v WP, SOORO®, Brazil)
was aseptically added to vials containing sterile water and
kept under magnetic stirring for 30 min to hydrate the pow-
der. Two concentrations of enterocin were prepared at 1 and
5 wt% of the lyophilized enterocin in relation to the whey
encapsulation solution.

The solutions were subjected to spray drying (LabMaq
MSD1.0), under the following conditions: 150 °C at the
inlet temperature; outlet temperature equal to 110 °C; air
pressure 5.0 kgf/cm? and flow rate of 0.8 L/h. The negative
control was produced using only the encapsulating agent
(WP powder). The microcapsule powders were collected
from the cyclone chamber to sterile bottles and stored at
4 °C.

After the spray-drying process, the mass of dry powder
was measured to calculate the percentage of powder yield (n
%) according to the Eq. 1 (Xiao et al. 2011):

mass of dry powder

n(%) = x 100 (1)

mass of encapsulanting materials used

Antimicrobial activity and determination
of the arbitrary units

The antimicrobial activity of crude and encapsulated
enterocin were determined as described by Furlaneto-Maia
et al. (2020). Thus, 20 mL of 0.8% semi-solid BHI medium
containing the target bacteria (Salmonella Typhimurium,
E. coli, L. monocytogenes, L. innocua, L. ivanovi) at a con-
centration of 1.5 % 108 cells/mL, were transferred to Petri
dishes. After solidification, 5 mm wells were made. The
two microencapsulated enterocin formulations (E10 and
E50) were diluted in sterile water at concentrations of 1
and 5 wt%, and 40 pL of these solutions were deposited in
wells on BHI-containing target bacteria. Unencapsulated
crude enterocin was tested at the same concentrations. The
plates were incubated at 37 °C for 24 h. Inhibition halos
around the wells were measured and presented in millim-
eters (mm). The inhibitory activity of enterocin against
Listeria sp was also expressed as AU per milliliter. For
this, crude and microencapsulated enterocin 5 wt% at 1:2
(v/v) dilutions were deposited on 5 mm wells on BHI agar
containing Listeria sp. and incubated at 37 °C for 18 h. The
AU/mL was defined as the reciprocal of the last dilution
that showed growth compared to the control, multiplied
by 100.

@ Springer

The action of microencapsulated enterocin

The time-killing kinetics of crude and encapsulated
enterocin followed the protocol described by Furlaneto-Maia
et al. (2020). L. monocytogenes, L. innocua and L. ivanovi
were grown at 1.5x 108 cells/mL. The strains were exposed
to 5%wt/v (E50) enterocin for up to 12 h. Optical density
(ODg) (S60 Libra, Biochrom) values were measured at
proper time intervals. The control group, without exposure
to enterocin, was used as an indicator of bacteria growth.

Scanning electron microscopy (SEM)

The ultrastructural alterations of L. monocytogenes,
L. innocua and L. ivanovi cells exposed to crude and encap-
sulated enterocin were investigated by SEM (Furlaneto-
Maia et al. 2020). The control group was grown without the
enterocin. After incubation for 12 h at 30 °C, the treated and
control cell samples were harvested, washed with potassium
phosphate buffer, and fixed with 2.5% (v/v) glutaraldehyde
at 4 °C for 18 h. Post-fixation was carried out for 1 h at
25 °C with 1% osmium tetroxide and was dehydrated with
gradient alcohol solutions (50%, 70%, 90%, and 100%) crit-
ical-point-dried in CO, (BALTEC DCP 030 Critical Point
Dryer), and finally coated with gold (BALTEC SDC 050
Sputter Coater). The samples were examined by scanning
electron microscopy (FEI Quanta 200 Scanning Electron
Microscope).

Fourier transform infrared spectroscopy (FTIR)
and differential scanning calorimetery (DSC) analysis

The chemical interactions between whey powder and the
enterocin structure were identified using the FTIR (IR Affin-
ity, Shimadzu). The sample powder was blended with KBr
(potassium bromide- Merck) powder and pressed into pel-
lets. The FTIR spectrum of the samples was measured at a
resolution of 4 cm™!, with 32 accumulations, in transmission
mode from 400 to 4000 cm™! wavelength range (Aghbashlo
et al. 2013).

The DSC thermograms of the samples were performed
obtained using a calorimeter (Perkin Elmer DSC4000). Sam-
ples (4 mg) were sealed in aluminum pans and were heated
from 0 to 300 °C at a scanning heating rate of 20 20 °C/min
under a nitrogen atmosphere (flow rate, 20 mL/min).

Statistical analysis
Three independent experiments were performed for both

biological analysis (antimicrobial activity and bacterial
growth). The means of the variables were compared using
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one-way ANOVA and Tukey’s test. A p value <0.05 was
considered statistically significant.

Results and discussion
Determination of the powder yield

The resulting powder yields of the spray-drying encapsula-
tion process were equal to 31.66% and 34.16% for E10 and
ES0, respectively. These values corroborated the encapsu-
lation studies of probiotics in WP using the spray-drying
method (Bordini 2019). This range of powder yield was
mainly due to flaking of the dried powder. Nevertheless,
according to Nambiar et al. (2017), higher wall material con-
centrations resulted in a soaring solid content that led to a
surge in the feed viscosity, thus enhancing the feed viscosity
up to an optimum point that suppressed the internal circula-
tion and oscillation of droplets and prevented the colliding of
wet droplets onto the drying surface, thereby improving the
encapsulation yield. On the other hand, Puttarat et al. (2021)
obtained a powder yield value of 64% when encapsulating
Lactobacillus reuteri in WP, even using 7% wt/v, in contrast
with the present work (10% wt/v of WP).

Another important parameter that influences the hygro-
scopicity of the produced encapsulated material is the spray
dryer inlet temperature (Pui et al. 2020); however, in the
present study, the inlet temperature applied was equal to
150 °C, in contrast with the 120 °C used by Puttarat et al.
(2021). Thus, the values in the literature are divergent in
relation to the powder yield obtained, as this yield must be
associated with the highly hygroscopic nature of the whey
powder when compared to the whey protein used by some
authors (Puttarat et al. 2021). Handling whey powder prod-
ucts is often difficult due to the presence of lactose which
solidifies into an amorphous state during rapid drying (eg
spray drying). This amorphous state is thermodynamically
unstable and hygroscopic, absorbing moisture from the envi-
ronment and later plasticizing. This causes the individual
whey powder particles to become sticky, reducing energy
yield (Ibach and Kind 2007). However, regardless of this
behavior, in this study, enterocin microencapsulated in whey
powder had a very satisfactory yield, demonstrating its value
as an encapsulating agent.

Antimicrobial activity and determination of arbitrary
units

E. durans MF5 crude enterocin and encapsulated enterocin
were evaluated for their antimicrobial activity against
two gram-negative bacteria, E. coli and S. Typhimurium, and
three gram-positive strains, L. monocytogenes, L. innocua
and L. ivanovi, by the agar well diffusion method. E. durans

MFS5 harbours enterocin-encoding genes (entA, entB,
and entX), as previously described by our group (Tosoni
et al. 2019). Bacterial strains comprised of multiple
enterocin-encoding genes may possess unique combinations
of desirable biotechnological properties, particularly antimi-
crobial properties. In this study, the use of crude enterocin
samples resulted in a quick and low-cost way to obtain this
natural bioactive compound for microencapsulation.

All three tested conditions (crude enterocin sample and
1% and 5% encapsulated enterocin) were effective against
the majority of the tested microorganisms (E. coli and Lis-
teria species), as indicated by the inhibition zones (Fig. 1a).
The antibacterial activities of microencapsulated enterocin
were higher than the activity of crude bacteriocin (Tukey’s
test, p <0.05) (Fig. 1c). L. monocytogenes showed inhibition
halos of 10.0 + 1.1 mm for crude enterocin, while encapsu-
lated enterocin (1% and 5%) produced inhibition halos of
18.0+ 1.8 and 16.7 + 1.9 mm, respectively. For L. innocua,
inhibition halos were 15.0 + 1.2 mm for crude enterocin,
and 19.8 +£1.7 and 23.1 £1.9 mm for 1% and 5% encapsu-
lated enterocin, respectively. L. ivanovi showed inhibition
halos of 13.9+ 1.3 mm for crude enterocin, while encapsu-
lated enterocin (1% and 5%) produced inhibition halos of
25.4+1.8 and 23.1 + 1.9 mm, respectively. Finally, for E.
coli, the crude bacteriocin produced inhibition halos diame-
ter=9.2—-12.0 mm, while 1% and 5% encapsulated enterocin
produced halos=15.0-19.2 and 13.0-18.0 mm, respectively.
The crude enterocin did not present inhibitory activity
against S. Typhimurium. On the other hand, an inhibition
zone around encapsulated enterocin was observed (data not
shown), indicating that complexation with WP improved the
antimicrobial efficiency against this species. Similar results
have been reported by Abid et al. (2019) since they found
that exopolysaccharides may act as protective agents of nisin
under spray-drying conditions.

When measuring growth inhibition (mm) (Fig. Ic) in
relation to the corresponding bacteriocin activities (Fig. 1b),
the inhibition zone diameters coincided with the peak bacte-
riocin activity of 6400 AU/mL. Consistent with the results
of our study, Garcia-Toledo et al. (2019) and Abid et al.
(2019) also reported a greater antimicrobial efficiency of
the microencapsulated bacteriocin. The net charge of the
bacteriocin allows it to form complexes with anionic or cati-
onic proteins, which occurs mainly via electrostatic inter-
actions under different conditions, promoting the stability
of the bacteriocin in the environment in which it is found
(Amara et al. 2017).

Although enterocin had no antimicrobial effect against
Salmonella, it was efficient against E. coli and Listeria,
giving it greater potential as a biological preservative can-
didate. The inhibition spectrum of enterocin is relatively
broad, preventing the growth of Listeria sp. and many other
gram-negative and gram-positive bacteria (Rehaiem et al.
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enterocin 1%
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Fig.1 a Antibacterial activity (growth inhibition zone after 24 h
incubation at 37 °C) of spray-dried encapsulated E. durans MF5
enterocin and crude enterocin against Listeria monocytogenes; b arbi-
trary units of crude and encapsulated enterocin (5%) against Listeria

2010; Rocha et al. 2019; Qiao et al. 2020). L. monocytogenes
and Listeria sp. remain a significant challenge for the food
industry due to their ubiquitous nature, ability to grow at
refrigeration temperatures, and ability to persist during many
manufacturing processes (Smith et al. 2016), justifying the
relevance of studying physical and biological mechanisms
to control these food pathogens.

Action of microencapsulated enterocin

A time-kill curve assay was used to reveal the duration of the
activity of crude and encapsulated enterocin. As observed
in Fig. 2, the encapsulated enterocin prevented or killed Lis-
teria sp. within 12 h compared to the control (absence of
enterocin). Although crude enterocin affected the growth
of Listeria sp., the results obtained with encapsulated
enterocin were more satisfactory, amalgamating with the

@ Springer
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species; ¢ growth inhibition zones of crude enterocin and encapsu-
lated enterocin (1% and 5%), measured in mm, against Escherichia
coli, Listeria monocytogenes, Listeria innocua and Listeria ivanovi.
The results represent the average of three independent experiments

results described above, i.e., encapsulated enterocin had a
stronger antimicrobial effect (Tukey’s test, p <0.05) (Fig. 2).
Similar results were also obtained by Furlaneto-Maia et al.
(2020) and Qiao et al. (2020), who showed the inhibitory
action of the bacteriocin for up to 5 h of incubation. Studies
performed by our group showed that enterocin controlled
the growth of Shiga toxin-producing E. coli for up to 24 h
(Tosoni et al. 2019).

In fact, the use of enterocin is of particular interest to the
food industry, as it contributes to biologically guaranteeing
the microbial safety of food products and increasing their
shelf-life instead of chemical additives (Jaouani et al. 2015).

Scanning electron microscopy (SEM)

Figure 3 shows SEM images of L. monocytogenes,
L. innocua and L. ivanovi treated with encapulated enterocin
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Fig. 2 Optical density (OD), as 0,001
a function of time, of Listeria
monocytogenes, Listeria inoc-
cua and Listeria ivanovi growth 0,000

in the presence of crude and £
microencapsulated enterocin. 3

Controls comprised Listeria 8 0,000
species growth in absence of >
enterocin. The results represent ‘2

the average of three independent a 0,000
experiments 2
S

0,000

0,000

=== L. monocytogenes - control

|, monocytogenes - crude
enterocin

=== L. monocytogenes -
encapsulated enterocin 5%
L. innocua - control

L. innocua - crude enterocin

- .
==, innocua - encapsulated
enterocin 5%
L. ivanovi - control
== . ivanovi - crude enterocin
6 9 12 e L. ivanovi - encapsulated

enterocin 5%

Fig. 3 Effect of encapsulated enterocin (5%) on Listeria species.
Scanning electron microscopy (SEM) micrographs images show
untreated cells of L. monocytogenes (control) (a), Listeria monocy-
togenes (b) Listeria innocua (c¢) and Listeria ivanovi (d) cells treated
with encapsulated enterocin (5%) for 12 h. Cell damage and floccu-

at 12 h of incubation. As shown in Fig. 3a, untreated
L. monocytogenes cells exhibited intact cell structures with
smooth membrane surfaces. When exposed to enterocin,
the cell morphology was altered, suggesting damage to cell
membrane integrity, as indicated by shrinkage or disruption
of the cell (Fig. 3b—d).

lant extracellular material are highlighted; micrographs of spray-dried
whey powder (e), encapsulated enterocin (5%) (f) (Magnification of
4000-10,000x). Two independent experiments were performed to
monitor the reproducibility of the results

These results indicated that encapsulated enterocin
increased the cell membrane permeability, pore formation,
and destruction of the cell structure, with consequent cell
death. Similar results were reported for the bacteriocin from
Lactobacillus (Klayraung and Okonogi 2009; Lu et al. 2014)
and enterocin (Sheoran and Tiwari 2009; Furlaneto-Maia
et al. 2020).
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According to Masias et al. (2017), class-Ila bacteriocins
bind to the bacterial cell envelope-associated mannose phos-
photransferase system, leading to pore formation and the
leakage of intracellular macromolecules. Taken together, our
results suggest that encapulated enterocin has characteristics
that are promising for future applications to control patho-
genic Listeria species.

SEM images of the whey powder and encapsulated
enterocin are illustrated in Fig. 3e, f. The spray-dried
microcapsules had a diversity in size and spherical shapes.
According to Fernandes et al. (2016), Chew et al. (2018)
and Karrar et al. (2021), the microstructure of the formed
particles depended on the drying conditions, such as the dry-
ing temperature, and the use of low temperatures led to the
formation of microparticles with rough surfaces.

— Crude Enterocin
— |=—Encapsulated enterocin
|~ \Whey powder

1651, 1536 1291
| €

4000

3500

3000 2500 2000 1500 500

Wavelength (cm™)

1350 1300 1250 1200

Wavelength [cm‘1)

35

Characterization of microparticles by FTIR and DSC

FTIR analysis was performed to investigate the interaction
between enterocin and whey protein powder (Fig. 4a). The
obtained results highlighted that enterocin was successfully
grafted into WP samples. The characteristic peak band of
enterocin was attributed to the N-terminal disulfide bond (at
530/cm) (Morisset et al. 2004). The peak bands in the region
of 3100-2800 cm™! indicated the presence of hydrogen-
bonded OH stretching and NH, group stretching. In addition,
the vibration of the angular deformation (bending) of the
C=C aromatic bond was detected at 1411 cm™", the out-of-
plane angular deformation of the ring by the C=C group was
detected at 664 cm™', and the out-of-plane angular deforma-
tion of the C—H aromatic group was detected at 622 cm™",
all referring to tyrosine. In the region of 1600 cm™!, the
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Fig. 4 FTIR spectra of whey protein powder, crude and microencapsulated enterocin (a); Highlighted area of FTIR spectra (b); DSC curve of
crude enterocin (c); DSC curve of whey protein powder (d) and DSC curve of microencapsulated enterocin (e)
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vibration corresponding to the C=0 stretching of the amide
group of asparagine was observed, which was similar for
enterocin (Abdel-Hamid et al. 2018).

In Fig. 4b, the region between 1200 and 1350 cm™!
was enlarged to highlight the bands located at 1307 and
1296 cm™! that correspond to the a-helix structure and the
disordered structure as well as the band referring to the
B-pleated conformation structure at 1261 cm™'. Comparison
of the whey powder sample with the encapsulated enterocin
revealed that there was a significant reduction in the inten-
sity of the band relative to the B-pleated structure, indicating
that the interaction of the encapsulated enterocin in the whey
led to a modification of the protein structure (Dhumal et al.
2019; Yin et al. 2020).

The results revealed that the addition of enterocin to WP
solution and spray-drying resulted in an increased peak
at 1600 cm™! related to that electrostatic interactions and
hydrogen bonding that occurred between enterocin and WP,
and its antimicrobial action was not affected (Fig. 4b—e). The
DSC curve for crude enterocin indicated that the residual
moisture in the sample was eliminated at 110 °C, observing
the beginning of an endothermic peak. From 118 °C, the
thermal degradation behaviour of the sample could be iden-
tified. For the whey sample, the beginning of the endother-
mic peak occurred at 140 °C, with a maximum at 150 °C,
and it showed a broad peak at 203 °C relative to protein
denaturation (Gharanjig et al. 2020).

In the encapsulated enterocin sample, it can be seen that
there was an increase in the thermal stability of the sample,
with the displacement of degradation to 137 °C and 154 °C.
These results may be due to the interaction between encap-
sulated enterocin and whey protein, which was favoured by
spray-drying processing. According to Ramos et al. (2019),
heat or pressure can promote changes in the conformational
structure of the protein, exposing its free SH groups initially
covered by the structure of the native protein.

Conclusion

Crude enterocin produced by E. durans MF5 and enterocin
microencapsulated in whey protein were active against the
foodborne pathogens gram-positive Listeria species and
gram-negative E. coli ETEC. This is the first report to dem-
onstrate microencapsulation of enterocin in whey protein
powder, and its preserved/increased antibacterial activity
indicates its potential use as a food preservative. Further
studies on food systems are encouraged for the application
of this microencapsulated enterocin.
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