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Milk contains antimicrobial proteins, such as lactoferrin from whey or proteins from the milk fat globule
membrane (MFGM), which can be used in functional foods to strengthen children and adult defenses.
Foodborne bacteria, such as Staphylococcus aureus, can contaminate dairy products causing intoxication.
The aim of this study was to evaluate the antibacterial activity of lactoferrin, free and in dairy matrices,
against S. aureus before and after gastrointestinal digestion. Six dairy formulas, supplemented with
lactoferrin and MFGM, were subjected to technological treatments and their antibacterial effect was
analyzed after in vitro digestion. Intact lactoferrin slightly reduced S. aureus growth, but its digests lost
this activity. Gastric digests of non-treated or homogenized formulas reduced significantly the bacterial
growth, probably due to the antimicrobial peptides generated by pepsin, while pasteurization decreased
such activity. Intestinal digests showed the greatest antibacterial effect, probably due to the action of
intestinal enzymes and the generated peptides.

© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).

1. Introduction

Milk is a good source of bioactive components that can be used
to elaborate functional foods designed to improve health and pre-
vent certain pathologies (Roberfroid, 2000). In the process to
transform milk into products, the dairy industry generates some
by-products, such as whey and buttermilk (Svanborg, Johansen,
Abrahamsen, & Skeie, 2015).

Whey is a dairy by-product that results of the separation of
precipitated casein during cheese manufacture. It is a greenish
yellow liquid whose physicochemical composition varies depend-
ing on the type of milk (bovine, ovine, etc.), the season, the phase of
lactation, and the cheese manufacturing method used (rennet or
acid coagulation) (Pires, Marnotes, Rubio, Garcia, & Pereira, 2021).
Whey consists of lactose, proteins, fat and mineral salts (Walzem,
Dillard, & German, 2002). Whey is a magnificent raw material for
obtaining a wide variety of compounds with technological interest.
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Specifically, whey proteins have functional properties that are very
useful in the food area (Barukci¢, Jakopovi¢, & Bozani¢, 2019) and
some of these proteins have interesting biological properties.
Among the latter, lactoferrin (LF) is a multifunctional iron-binding
glycoprotein with a molecular weight of 80 kDa. LF is expressed
and secreted by epithelial cells in exocrine secretions (Telang,
2018). This protein belongs to the transferrin family and has
numerous protective effects such as anti-inflammatory, antimi-
crobial, antioxidant and immunomodulatory activity (Garcia-
Montoya, Cendoén, Arévalo-Gallegos, & Rascén-Cruz, 2012). LF is
essential in the newborn diet and plays an important role in pro-
tecting babies against infections and promoting the maturation of
their innate and adaptative immune system (Superti, 2020). Some
infant formulas are supplemented with LF, with the aim of pre-
venting infections in premature newborns. In Europe, bovine LF
was allowed as a food ingredient in 2012 and in the Regulation (EC)
N° 258/97 the levels at which it can be used were established
depending on the food category (European Commission, 2012). LF
has bacteriostatic and bactericidal activity against a multitude of
bacteria, and this is due to two different mechanisms. LF binds and
sequesters free iron from the medium, preventing microorganisms
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from obtaining this substrate necessary for their growth. Addi-
tionally, bactericidal activity involves a direct interaction of LF with
the pathogenic agent, destabilizing the bacterial membrane and
altering its permeability and viability (Superti, 2020).

Buttermilk is another by-product form dairy industry. It is a
yellowish white liquid product obtained in butter manufacture.
Buttermilk has a relatively high content of phospholipids from the
milk fat globule membrane (MFGM), which also have some bioactive
proteins that are beneficial to health due to their various antibacte-
rial and antiviral activities (Ali, 2019). One of the main functions of
this membrane is to protect fat from enzymatic degradation. How-
ever, the MFGM could be affected after being subjected to some
technological treatments carried out on milk, such as heat treatment,
refrigeration or spray-drying (Singh, 2006).

In addition to the impact of technological treatments, dairy
proteins and peptides are also subjected to multiple modifications
during gastrointestinal (GIT) digestion. Protein hydrolysis occurs by
proteinases, such as gastric pepsin and pancreatic trypsin and
chymotrypsin, giving rise to a variety of peptides, some of which are
bioactive. Likewise, peptides can be hydrolyzed by peptidases from
pancreatic secretions, turning them into small peptides and free
amino acids that will be absorbed at the intestine passing into
blood (Mohanty, Mohapatra, Misra, & Sahu, 2016). For maintaining
the activity of bioactive peptides, it is necessary that they survive
the proteolysis generated in the GIT tract. The stability of several
bioactive peptides from proteins, such as LF and epidermal growth
factor, has been reported (Jahan-Mihan, Luhovyy, El Khoury, &
Anderson, 2011). The proteolysis of LF with pepsin generates a
bioactive peptide with demonstrated antibacterial effect, lacto-
ferricin. Furthermore, lactoferrampin, another peptide with anti-
bacterial potential that is located near lactoferricin in the three-
dimensional structure of the protein, is also generated in LF
digestion (Furlund et al., 2013).

Stahpylococcus aureus is a facultative anaerobic and Gram-
positive coccus with a size of 0.5—1 pm of diameter, which pro-
duces coagulase and catalase. It is immobile, does not form spores
and can grow at temperatures between 18 and 40 °C. S. aureus
belongs to the Staphylococcaceae family. The genus Staphylococcus
is made up of 52 species, being S. aureus one of the species most
regularly associated with pathologies in humans (Pasachova,
Ramirez, & Munoz, 2019). S. aureus mainly causes nosocomial in-
fections that have been associated with diseases such as pneu-
monia and other respiratory and cardiovascular infections (Cheung,
Bae, & Otto, 2021). Multidrug-resistant S. aureus infections repre-
sent a significant threat to global human health. The spread of
antibiotic resistance arises in bacterial pathogens through the
conjugative transfer of plasmid DNA, which encodes resistance
genes. The molecular basis for resistance transmission by the
nicking enzyme in S. aureus (NES) is necessary for conjugative
transfer. NES imitates and terminates the transfer of plasmids that
confer resistance to a variety of drugs, such as vancomycin,
gentamicin and mupirocin (Edwards et al., 2013). Some strains of
S. aureus produce enterotoxins that cause staphylococcal food
poisoning. The foods mainly involved in food poisoning of this type
are meat products, bakery products, milk and dairy products.
Poisoning occurs due to the ingestion of enterotoxins produced in
food, due to improper handling and storage at high temperatures
(Argudin, Mendoza, & Rodicio, 2010). The incidence of staphylo-
coccal poisoning according to European data is 0.06 cases per
100,000 inhabitants, which mean a low prevalence (EFSA-ECDC,
2017). Infant powdered milk formula are not sterile products, and
can be contaminated with pathogens, such as Cronobacter sakazakii
or S. aureus, due to mishandling or improper storage (Wang et al.,
2012). For this reason, some clinical cases of foodborne illness in
children are related to the consumption of infant formula
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contaminated with pathogens, especially C. sakazakii, Salmonella
enterica and S. aureus (Cho et al., 2019). In fact, S. aureus, according
to 2020 European Union reports, was the cause of 43 outbreaks of
foodborne illnesses, 402 cases of human illnesses and 32 hospi-
talizations (EFSA-ECDC, 2021). Hence, the use of natural antibac-
terial compounds in milk formula, such as LF, is not only convenient
for infant intestinal health, but also as an strategy of hurdle tech-
nology to control the proliferation of bacterial contaminants.

Therefore, the main objective of this study was to analyze the
effect of in vitro digestion on bovine LF alone and as a supplement
of dairy formulas, focusing on its antimicrobial effect against
S. aureus. Furthermore, the effect of different technological treat-
ments on the antibacterial activity of these dairy formulas was
determined. For this, six dairy formulas, based on whey or butter-
milk and supplemented with LF and MFGM, were subjected to
homogenization or pasteurization and their antibacterial effect
against S. aureus was analyzed after the different steps of an in vitro
digestion.

2. Material and methods
2.1. Obtaining dairy fractions

Raw bovine milk was supplied by the dairy company Villacorona
(El Burgo de Ebro, Spain). It was processed at the Food Science and
Technology Pilot Plant of the University of Zaragoza, located at the
Veterinary Faculty. The quality of milk was assured by measuring
the pH, acidity, fat percentage, and alkaline phosphatase and lac-
toperoxidase activities. Milk was heated and skimmed as explained
in our previous study (Abad et al., 2022a).

Skim milk was heated at 35 °Cin a 25 L cheese vat and 30% CaCl,
was added at dilution 1:8000 (v/v). Next, bovine rennet was added
to milk at dilution 1:15,000 (v/v) and incubated for 1 h. After
achieving casein coagulation, the curd was cut with a lyre obtaining
whey, which was filtered through cheesecloth and glass wool,
lyophilized and kept at —20 °C for later use.

To obtain buttermilk, the cream (43% of fat) obtained in the
previous skimming phase was used. The cream was cooled and
subjected to mechanical stirring with a Phillips Cucina mixer
(Philips, Amsterdam, The Netherlands). This process was carried
out until phase inversion took place, thus obtaining butter grains,
which were formed by the agglomeration of milk fat globules,
allowing the release of buttermilk. The obtained buttermilk was
filtered through cheesecloth and glass wool, lyophilized and kept
at —20 °C. A part of buttermilk was subjected to one-phase ho-
mogenization at 250 bar, using the Panda model homogenizer (GEA
Niro Saovi, Parma, Italy).

MFGM was obtained by centrifuging buttermilk, homogenized
or not, at 40,000 g for 30 min at 4 °C. The pellet obtained after
centrifugation contained the MFGM (Ripollés et al., 2018).

The amount of protein present in dairy fractions was analyzed
by performing a bicinchoninic acid test, obtaining values of
153.8 mg protein per g of whey, 136.7 mg protein per g of butter-
milk, and 97.7 mg protein per g of MFGM.

Commercial bovine LF was donated by the company Tatua Nu-
tritionals (Morrinsville, New Zealand). Its iron saturation was below
10% and its purity was higher than 90%. The lipopolysaccharide
level of this LF was determined (Abad et al., 2022b) and it was
considered minimal, so it did not influence the results.

2.2. Preparation of samples and dairy formulas
Six dairy formulas (F1—F6) were prepared to be subjected to

static in vitro GIT digestion and to subsequent evaluation of their
antimicrobial activity against S. aureus. All the formulas were based
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on whey or buttermilk and supplemented with bovine LF
(10 mg mL~!) and MFGM (the pellet obtained in the centrifugation
of a volume of buttermilk in 1:1 ratio with the base of the formula).
Two formulas (F3 and F4) were made with homogenized butter-
milk and/or MFGM, and two other formulas (F5 and F6) were
subjected to a pasteurization heat treatment at 72 °C for 20 s
(Table 1).

For thermal treatment, F5 and F6 were aliquoted into 1 mL vials
and a thermal probe connected to a data logger (Almeno 2409,
Ahlborn, [lmenau, Germany) was placed inside one vial for tem-
perature control. First, two water baths (Unitronic 200 and Pre-
cisterm S-138, both from J.P. Selecta, Barcelona, Spain) were
tempered at 60 °C and 72 °C, respectively. The samples were
introduced into the first bath at 60 °C and, upon reaching that
temperature, they were transferred to the bath at 72 °C. Once they
reached 72 °C, they were held for 20 s. After pasteurization, sam-
ples were immediately cooled down immersing them into ice and
stored at —20 °C until use.

2.3. In vitro gastrointestinal digestion

The digestion process used followed the InfoGest Consensus
Method and it was based on the protocol by Mackie and Rigby
(2015) and Brodkorb et al. (2019) with modifications.

A static in vitro digestion of LF and dairy formulas was per-
formed. This process consists of three consecutive phases: salivary,
gastric and intestinal phase. First, the digestion solutions were
prepared according to the concentrations of salts detailed in Abad
et al. (2022a): simulated salivary solution (SSS) at pH 7, simulated
gastric solution (SGS) at pH 3 and simulated intestinal solution (SIS)
at pH 7.

For digestion, 4 mL of the corresponding sample was taken, to
which 3.2 mL of SSS, 20 pL of CaCly(H20); and 780 uL of Milli-Q
water were added, giving rise to a final volume of 8 mL that was
adjusted to pH 7. The mixture was incubated under agitation for
2 min at 37 °C. After this time, a 4 mL aliquot of this sample was
taken, which was called salivary digest (SD) and it was frozen in
liquid nitrogen. The remaining volume was subjected to the next
phase of the digestion.

To carry out gastric digestion, 3 mL of SGS, 2 pL of CaCly(H0)s,
0.8 mL of porcine gastric pepsin (Sigma Aldrich, St Louis, MO, USA)
at a concentration of 2000 U mL ™! and 118 uL of Milli-Q water were
added to the salivary digest. The mixture was adjusted to pH 3 and
incubated for 2 h at 37 °C under agitation. After incubation, a 4 mL
aliquot of this sample was removed and frozen in liquid nitrogen to
inactivate the effect of the enzymes. This aliquot was called gastric
digest (GD). The remaining volume was subjected to the last stage
of digestion.

Table 1
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For intestinal digestion, 2.2 mL of SIS, 8 uL of CaCly(H20)3, 1 mL
of pancreatin (Sigma Aldrich, 8 x USP) to achieve 100 U mL~' of
trypsin activity in the final mixture, 0.5 mL of 10 mm porcine bile
(Sigma Aldrich) and 262 pL of Milli-Q water were added. The
mixture was adjusted to pH 7 and incubated for 2 h at 37 °C under
agitation. At the end of the incubation, the entire sample was frozen
in liquid nitrogen. This fraction was called intestinal digest (ID).

The three frozen digests were lyophilized and subsequently
resuspended with the adequate volume of Milli-Q water to obtain a
final LF concentration of 5 mg mL™. The digests and the original
undigested LF and formulas were filter sterilized using a 2 um
prefilter and a 0.45 pm low binding protein filter for later use in the
assays.

2.4. Culture of Staphylococcus aureus

The bacterial strain used in this study was S. aureus CECT 435,
supplied by the Spanish Type Culture Collection (CECT, Valencia,
Spain), which corresponds with the strain ATCC 25923 of the
American Type Culture Collection. This strain of S. aureus is a hu-
man clinical isolate, so the results of this study may have relevance
in practice. S. aureus ATCC 25923 is used as a standard laboratory
testing control strain. It is sensitive to a variety of antibiotics,
including methicillin. The S. aureus ATCC 25923 was chosen
because it is recommended as reference strain by international
quality standards, since 2003 until nowadays (ISO, 2003, 2023).

The bacteria were fixed to porous rings and stored in cryovials
at —80 °C for the reference stock. To cultivate S. aureus, a porous
ring was transferred to a tube with 10 mL of trypticase soy broth
(TSB) (Merck, Darmstad, Germany) supplemented with yeast
extract (YE) (Oxoid, Basingstoke, UK) at 0.6% (v/v). It was incubated
for 24 h at 37 °C in aerobiosis. The culture was seeded by depletion
on a plate of trypticase soy agar (TSA) (Merck) with 0.6% YE, and the
plate was incubated for 24 h at 37 °C to obtain isolated colonies for
the assays.

A single colony of S. aureus was incubated at 37 °C in 10 mL of
TSB with YE for 8 h (exponential phase) or for 18—20 h (stationary
phase). Serial dilutions were made with 1% (w/v) bacteriological
peptone water (Oxoid) to reach an approximate concentration of
10° colony forming units (cfu) mL~".

Both the culture of S. aureus and the following assays were
carried out in a sterile environment in a Telstar laminar flow hood
model PV-30/70 (ThermoFisher Scientific, Rockford, IL, USA).

2.5. Antibacterial activity of lactoferrin against S. aureus
S. aureus culture obtained from exponential and stationary

phase were used to analyze the effect of bovine LF on bacterial
viability depending on the growth phase. Native LF at different

Composition of the six dairy formulas (F1-F6) elaborated on a base of whey or buttermilk and subjected to ho-
mogenization or pasteurization. LF: lactoferrin at 10 mg mL~'. MFGM: milk fat globule membrane.

Formula Base Supplement Treatment

Formula 1 (F1) Whey LF —
MFGM

Formula 2 (F2) Buttermilk LF —
MFGM

Formula 3 (F3) Whey LF Homogenization
Homogenized MFGM

Formula 4 (F4) Buttermilk (Homogenized) LF Homogenization
Homogenized MFGM

Formula 5 (F5) Whey LF Pasteurization
MFGM

Formula 6 (F6) Buttermilk LF Pasteurization

MFGM
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concentrations (0.5, 1, 2, 5 and 10 mg mL~!) was mixed with the
bacterial suspension at 10°> cfu mL~! in a 1:1 ratio (v/v). Samples
were incubated at 37 °C for 4 or 24 h, to determine the effect of LF
depending on incubation time, and then were seeded in TSA with
YE plates. After an incubation of 24 h at 37 °C, colonies were
counted. A control sample, with bacterial suspension and peptone
water instead of LF was included. All samples were analyzed in
duplicate in three independent experiments.

2.6. Antibacterial activity of digests against S. aureus

The same procedure detailed in section 2.5. was carried out to
determine the antibacterial activity of LF and dairy formulas, before
and after the different stages of digestion, against S. aureus. This
analysis was performed only at stationary phase of growth. All
samples were evaluated in duplicate in three independent experi-
ments. Two different incubation times, 4 and 24 h at 37 °C, were
tested.

2.7. Statistical analysis

Results are presented as the mean + standard deviation. Their
statistical analysis was performed using the statistical software
GraphPad Prism v8.0.2 (GraphPad Software, San Diego, CA, USA).
The normality of data was verified with the Shapiro—Wilk test. For
data that followed a normal distribution, analysis of variance
(ANOVA) was used to compare the means of three or more un-
paired groups, and Dunnet's test was used as a multiple comparison
test. Data that did not follow a normal distribution were subjected
to the non-parametric Kruskal—Wallis test followed by Dunn's test
as a multiple comparison test. Differences with a p-value <0.05
were considered statistically significant.

3. Results and discussion
3.1. Antibacterial activity of lactoferrin against S. aureus

The antibacterial activity of bovine LF against S. aureus was
evaluated in different stages of bacterial growth. The results ob-
tained in the exponential (8 h of incubation) and in the stationary
(18—20 h of incubation) phases after 4 and 24 h of incubation with
different concentrations of LF are shown in Fig. 1. The S. aureus
culture was quite resistant to the effect of LF during the exponential

10

S. aureus (log cfu/mL)

0 T T T T T T
C 0.5 1 2 5 10

LF concentration (mg/mL)
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phase (Fig. 1A); while the stationary phase culture was slightly
sensitive to this protein (Fig. 1B).

LF did not show any antibacterial effect against S. aureus in
exponential phase; none of the concentrations of this dairy protein
decreased the growth of the bacteria (Fig. 1A). These results agree
with those of Bhimani, Vendrov, and Furmanski (1999), who
demonstrated that S. aureus (ATCC 6538) at exponential phase was
weakly sensitive to human and bovine LF. It is known that S. aureus
is able to produce siderophores (Perry et al., 2019), which are
responsible for the absorption of iron present in the medium and
bound to LF; avoiding the effect of this protein and maintaining the
growth of the bacteria (Hussan et al., 2022). When S. aureus and LF
coexist in an environment that does not have enough iron, as our
culture medium, a competition occurs between the bacteria and
the protein to capture the iron from the medium. It has been re-
ported that when S. aureus is in the exponential phase of growth, it
produces siderophores that can uptake iron bound to transferrin,
an iron-binding protein very similar to LF (Lindsay, Riley, & Mee,
1995). Furthermore, it has been shown in a study by Aguila et al.
(2001) that the addition of iron to the culture medium favoured
the growth of S. aureus, decreasing the antibacterial effect of human
LF.

In contrast to our results, in the study by Padrao et al. (2016), in
which the function of a composite of bacterial cellulose and LF as
edible antimicrobial packaging was evaluated, they verified that LF
had an effect against S. aureus in the exponential phase. All the LF
concentrations tested in that study (0.25, 0.5, 1, 2.5, 5 and
10 mg mL~!) reduced the specific growth rate of S. aureus, although
this effect was not dose dependent, since the antibacterial activity
was very similar at concentrations between 0.5 and 10 mg mL™.
However, in this referenced study the strain of S. aureus used was
not specified, so a strain more sensitive to the action of LF could
have been used.

In the study by Bai et al. (2010) several segments of recombinant
bovine LF were expressed in Pichia pastoris and their antibacterial
activity evaluated against S. aureus (the same strain used in our
study). The results showed that the protein including the inter-lobe
region and the N-lobe of LF exerted higher antibacterial activity
against S. aureus in exponential phase than the N-lobe alone or the
whole recombinant LF at 5 mg mL™.

In our study, the incubation of the bacteria with a concentration
of 5 mg mL~! of LF for 4 h began to inhibit the growth of S. aureus in
stationary phase. However, after 24 h of incubation, a lower amount

B
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* * *
T 8- .
£
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LF concentration (mg/mL)

Fig. 1. Antibacterial activity of bovine LF at different concentrations against S. aureus at (A) exponential phase and (B) stationary phase after an incubation of 4 h (@) and 24 h (m). C:
control of bacteria with peptone water without LF. The values represent the mean + standard deviation of two replicates in three independent experiments (n = 6). Asterisks
indicate significant differences respect to control (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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of LF was necessary to start inhibiting bacterial growth (Fig. 1B).
Kutila, Pyorala, Saloniemi, and Kaartinen (2003) obtained similar
results to ours. In their study, LF at 1.67 and 2.67 mg mL~"' signifi-
cantly slowed the growth of S. aureus; and LF at 2.67 mg mL™!
decreased the maximum growth after 20 h of incubation. There-
fore, it can be stated that the activity of LF against S. aureus is dose
dependent and varies depending on the incubation time.

3.2. Antibacterial activity of simulated digestion solutions

Before analyzing the effect of LF, dairy formulas and their
respective digests, we tested whether the simulated digestion so-
lutions (SSS, SGS and SIS) had an antibacterial activity against
S. aureus by themselves (Fig. 2). Both salivary and gastric solutions
did not present antibacterial effect, allowing the normal growth of
the bacteria. However, the SIS significantly decreased the growth of
S. aureus after an incubation of 4 and 24 h, reducing the amount of
the bacteria in 3 and 4 logarithmic units (u.log), respectively. Pre-
vious studies have demonstrated that pancreatin, present in SIS,
has antibacterial effect against S. aureus (Banerjee et al., 2020), and
that bile acids also decrease the growth of certain bacteria such as
Listeria monocytogenes and Salmonella typhimurium (Akritidou
et al.,, 2022). Therefore, it is important to consider these results in
order to analyze correctly the effect of intestinal digests of LF and
dairy formulas.

3.3. Antibacterial activity of lactoferrin and its digests against S.
aureus

The analysis of the antibacterial effect of LF and its digests is
illustrated in Fig. 3. Salivary and gastric digests did not show an
antibacterial activity against S. aureus. The only sample that
significantly inhibited the growth of the bacteria was the ID.
However, it could be expected that the effect of this digest after 4 h
of incubation was mainly due to the components of the SIS, since
the decrease in the number of bacteria was similar to that obtained
only with the solution (Fig. 2). At 24 h of incubation, the effect
shown by the ID was slightly greater than that obtained with SIS,
which could be due to the long-term effect of the LF peptides
generated in the intestinal phase.

In the study by Dionysius and Milne (1997), LF peptides were
obtained by digestion of LF with pepsin and, once purified, their

10

* %k X

* ok *

S. aureus (log cfu/mL)

0 1 1 1 1
c sss SGS SIS

Fig. 2. Antibacterial activity of simulated digestion solutions with digestive enzymes
against S. aureus after an incubation of 4 h () or 24 h (m). C: control of bacteria with
peptone water, SSS: simulated salivary solution, SGS: simulated gastric solution, SIS:
simulated intestinal solution. The values represent the mean + standard deviation of
two replicates in three independent experiments (n = 6). Asterisks indicate significant
differences respect to control (****p < 0.0001).
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Fig. 3. Antibacterial activity of LF and its digests against S. aureus after an incubation of
4 h (m) or 24 h (m). C: control of bacteria with peptone water without LF, LF 5: LF at
5 mg mL~", SD: salivary digest, GD: gastric digest, ID: intestinal digest. The values
represent the mean + standard deviation of two replicates in three independent ex-
periments (n = 6). Asterisks indicate significant differences respect to control
(*p < 0.05, **p < 0.01).

antibacterial activity against some bacteria, including S. aureus
(ATCC 9144), was analyzed. Although the conditions used in that
study were different from ours, since no simulated digestion so-
lution was used and times and temperatures were not the same,
S. aureus showed relative resistance to these peptides generated
after digestion with pepsin.

Flores-Villasenor et al. (2010) analyzed the antibacterial effect of
synthetic LF peptides against Escherichia coli and S. aureus (ATCC
25923). In that study, lactoferricin and lactoferrampin inhibited the
growth of S. aureus by more than 85%, which is not consistent with
our results. However, it should be noted that in the study by Flores-
Villasenor et al. (2010) the peptides used were synthetic and pu-
rified, and not a digest of LF with more complex composition, as in
our case.

In the study carried out by Aguila et al. (2001), the effect of LF
and its peptides generated by acid proteolysis was analyzed on
laboratory strains of S. aureus and on clinical isolates of this bac-
terium. Furthermore, they evaluated the influence of the culture
medium and its composition on the antibacterial activity of LF and
its peptides. When LF was added to a culture of S. aureus in a me-
dium without iron, the growth of the laboratory strains decreased
in a dose-dependent manner. By adding iron to this culture, the
action of LF was reversed, increasing the bacterial growth. On the
other hand, the LF peptides did not show antibacterial effect against
S. aureus when added to growth-supportive media, which coincide
in some way with our results. They concluded that when culture
conditions are optimal for bacterial growth, S. aureus exhibits the
ability to effectively counteract the bactericidal mechanisms exer-
ted by LF-derived peptides, probably by repairing the cell wall
damage that these peptides may have caused. Finally, in the study
by Aguila et al. (2001), the clinical isolates of S. aureus, with a strain
similar to that used in our study, showed higher resistance to LF
than laboratory strains.

3.4. Antibacterial activity of dairy formulas and its digests against
S. aureus

Finally, the effect of different dairy formulas containing LF and
MFGM, and some of them subjected to technological treatments,
and their digests against S. aureus was analyzed (Fig. 4). Mostly,
dairy formulas before digestion did not produce a decrease in the
growth of S. aureus; however, their effect against this bacterium
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*xkp < 0.001, ****p < 0.0001).

increased with the different stages of digestion. In general, the IDs
were the samples with the highest antibacterial activity, followed
by GDs. After 24 h of incubation, the decrease in the number of
bacteria with the ID was not exclusively due to the effect of the
digestive enzymes present in the SIS, which had produced a
decrease of 4 u.log (Fig. 2). Possibly, the antimicrobial peptides
(AMPs) generated in the digestion exerted some effect, reducing
the number of bacteria up to 6 u.log (Fig. 4).

Some studies have affirmed that milk-derived peptides present
antibacterial effect against S. aureus. Folliero et al. (2022) analyzed
the activity of AMPs derived from casein of kashk, an Iranian dairy
product similar to whey, against S. aureus in wound healing. They
concluded that the peptide fraction obtained was effective,
reducing the skin colonization rate of S. aureus with a dose-
dependent effect.

Furthermore, several AMPs have been evaluated for their po-
tential to inhibit pathogens in different food matrices. A novel
antimicrobial peptide from the whey acidic protein of Larimichthys
crocea (LCWAP) presented a mechanism of action against S. aureus,
with a minimal inhibitory concentration (MIC) of 15.6 pg mL~!
(Yang et al., 2020). The MIC of peptide LCWAP was lower than the
MIC of the entire protein (184.5 pg mL~!). This showed that LCWAP
has a strong inhibitory effect against S. aureus, and this effect is
dose-dependent. Furthermore, LCWAP reduces biofilm formation
by S. aureus in a manner directly proportional to the peptide con-
centration (Yang et al., 2020).

BCp12, another novel AMP isolated from buffalo casein hydro-
lyzated, also showed antibacterial activity, damaging the S. aureus
wall and causing pores in it (Shi, Li, Yang, Wei, & Huang, 2023), and
an inhibitory effect on biofilm formation by S. aureus (Li et al., 2022).
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In our study, the effect of the first four formulas, F1 and F2
without treatment and F3 and F4 subjected to homogenization,
presented a very similar activity in all their digests. However, the
last two formulas, F5 and F6, subjected to a pasteurization treat-
ment, suffered a loss of activity, especially in the digests obtained
after gastric digestion (Fig. 4).

Although more antibacterial effect was observed with the F2
(Fig. 4B), based on buttermilk, than with the F1 (Fig. 4A), based on
whey, the differences in antibacterial activity against S. aureus be-
tween these two dairy matrices were minimal.

When LF is added to a matrix, it can interact with other proteins
and components, such as the casein micelles (Anema & De Kruif,
2011), thus reducing LF activity. This would explain the low anti-
bacterial activity against S. aureus of the undigested formulas
compared to the digested formula.

It has been reported that homogenization modifies the inter-
action between LF and caseins (Lee & Sherbon, 2002), and favours
the digestibility of proteins, improving the release of bioactive
peptides (Tunick et al., 2016). However, dairy formulas subjected to
a thermal treatment are more susceptible to pepsin hydrolysis, and
this treatment could denature some proteins, causing the loss of
their activity (Halabi, Croguennec, Bouhallab, Dupont, & Deglaire,
2020). Furthermore, thermal treatments, such as pasteurization
or ultra-high-temperature, increase fat and protein aggregation
due to the breakdown of MFGM (Tunick et al., 2016); which could
explain the loss of activity in the GDs of F5 and F6, being the pro-
teins aggregated, preventing a correct digestion and peptide
liberation.

The Commission Regulation (EC) N° 2073/2005 of 15 November
2005 on microbiological criteria for foodstuff established limits on
the count of S. aureus to avoid the production of toxins. The
maximum limit in whey was set to 10° ufc g~! (European
Commission, 2005). Therefore, although some of the tested sam-
ples decreased the count of S. aureus, it did not ensure inhibition of
enterotoxin production. Only those samples that decreased the
count by 6 u.log (IDs) could be considered effective against the
production of toxins by S. aureus.

4. Conclusions

In the last decade, the addition of MFGM to infant formulas has
attracted great interest. Some proteins present in MFGM have a
protective role due to its ability to inhibit infections by bacteria and
to generate bioactive peptides. Furthermore, supplementation of
infant formulas with bovine LF has also increased in recent years,
contributing to potentiate the protective capacity of formulas
against various pathogens and also to contribute to the develop-
ment of a healthy microbiota in the infant.

The results obtained in this study show that native bovine LF
and its digests do not appear to have a clear effect on their own
against S. aureus; but when it is added to a dairy formula as sup-
plement together with MFGM, the antibacterial effect increases.
Furthermore, it could be considered that the production of en-
terotoxins by S. aureus was inhibited by the IDs of the formulas,
since they decreased the colony counts to 2 u.log.

In addition, gastric digests of dairy formulas reduce the growth
of S. aureus both at 4 and 24 h of incubation, possibly due to the
AMPs generated during the GIT digestion. Technological treat-
ments, such as homogenization or pasteurization, modifies the
effect of digestion on proteins and, consequently, the antibacterial
activity against S. aureus. In our results, pasteurization treatment of
dairy formulas altered the digestion process, reducing the anti-
bacterial activity of gastric digests compared to those of non-
thermally treated formulas. However, pasteurization does not
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affect the intestinal digests, which had an effect against S. aureus
similar to that of the untreated formulas.

Furthermore, it is also likely that S. aureus adapted to LF during
incubation and developed resistance mechanisms, such as the
expression of siderophores.

All these results allow us to deepen our knowledge of the ac-
tivity of milk proteins and peptides in complex environments such
as the GIT tract and thus enhance their use as supplements in dairy
formulas, and revalue the by-products generated in the dairy
industry.
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