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Summary  This research aimed at studying the potential use of monoglyceride (MG) structured emulsions (MSEs) as
delivery and protective systems for probiotic bacteria in Ricotta cheese. To this purpose, a low-fat com-
mercial Ricotta cheese was added with MSEs formulated with milk, as water phase, and sunflower oil
(MSE-SO) or anhydrous milk fat (MSE-AMF), as lipid phase. A commercial whole milk Ricotta cheese
(W-RC) was considered as reference. A probiotic Lacticaseibacillus rhamnosus strain was inoculated as
free cells in W-RC or embedded into the MSEs and added to the low-fat Ricotta at the same reference
fat content. After physico-chemical characterisation, L. rhamnosus viability and sample destructuring
behaviour upon in vitro digestion were evaluated. At the end of in vitro digestion, both W-RC and sample
containing MSE-SO were unable to protect cells. By contrast, sample with AMF ensured a sufficient pro-
biotic viability, even after 14 days of storage at 4 °C. This result was attributed to system composition
and structure. During the gastric phase, the presence of caseins and MG-AMF mixed structures induced
the formation of clots, entrapping and protecting cells against the acidic pH of the stomach, as confirmed
by confocal micrographs and particle size. During the intestinal phase, cell viability was guaranteed by
the formation of mixed micelles promoted by MG. It was demonstrated that microbial cells located near
MG structures where they found protection.

Keywords i vitro digestion, monoglyceride structured emulsions, probiotic protection, Ricotta cheese.

salts as well as the strong acidic pH of the stomach
(Ranadheera et al., 2010; Sumeri et al., 2010; Melchior
et al., 2020). The ability of a probiotic strain to survive
depends firstly on its tolerance to acidity and bile salts,

Introduction

Products containing probiotics represent about 60—
70% of the total functional food sale with an esti-

mated annual growth rate of 7.9% for the period
2019-2025 (Grand View Research, 2020). This is due
to the increasing number of evidence of their health
benefits (Sarao & Arora, 2017; Roobab et al., 2020).
As widely accepted by the scientific community, to
claim the health benefits of a probiotic product it is
required a cell viability in the product to be consumed
higher than 10°-107 CFU g7, so that the intake of a
portion of about 100 g allows the ingestion of 10°-10°
probiotic cells (Akhtar er al., 2021; Marino et al.,
2021). At the same time, the health benefits of probi-
otic bacteria are guaranteed only if probiotics survive
the gastrointestinal transit. It should be highlighted
that the gastrointestinal tract (GIT) is stressful for
probiotic cells due to the presence of enzymes and bile
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which is an intrinsic feature of the strain (Hu et al.,
2018). However, the characteristics of the food matrix
could deeply influence the resistance of the microbial
cells to the stressful conditions suffered during diges-
tion. The structure of the matrix in this context has
been indicated as a pivotal factor impacting the micro-
bial behaviour upon digestion due to the presence of
supramolecular structures made of fats, proteins, car-
bohydrates or a mixture of them able to give protec-
tion to microbes (Ranadheera er al, 2010; Klu &
Chen, 2015; Marino et al., 2021). It is likely that the
destructuring behaviour of these structures in the gut
could deeply affect the microbial survival against gas-
trointestinal stresses.

The most suitable candidates to become probiotic
foods are dairy derivatives, such as yoghurt, fermented
milk, ice cream, cheese and cream cheese (Saarcla,
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2018). This is mainly due to the ability of these matri-
ces to maintain a good viability of probiotic bacteria
during processing and storage thanks to their intrinsic
properties, such as pH, buffering capacity, nutrient
availability and structure (Karimi et al., 2011; Kisan
et al., 2021; Marino et al., 2021). The changes of these
characteristics deeply impact the final viability of the
microbial cells and the further susceptibility upon
digestion (Coman et al., 2012; Terpou et al., 2019;
Rolim et al., 2020).

In the case of cheese, the dense protein matrix and
the fat clusters may offer protection to microbial cells
during the transit through the stomach to the intestine
(Pitino et al., 2012; Rolim et al., 2020). For instance,
Ricotta cheese was shown to be an effective food
matrix to maintain the viability of L. acidophilus La-05
and B. lactis BB-12 upon the gastrointestinal transit
(Meira et al., 2015; Kisan et al., 2021; Lopes et al.,
2021). Similar results were also observed in other
cheeses. L. acidophilus La-05 viability in Mascarpone-
type cheese was slightly reduced at the end of the
intestinal phase, while a stretched-curd cheese contain-
ing L. rhamnosus exhibited a worst but still acceptable
protective efficacy (Pitino er al., 2012; de Almeida
et al., 2018). However, other authors reported a reduc-
tion below 10° UFC g™' of L. acidophilus inoculated
in whey cheese matrix during the gastric phase
(Madureira et al., 2011). This inconsistency can be due
to the combined effects of microbial strain sensitivity
and food chemical, physical and structural properties.

To reduce the detrimental effects of these stressful
conditions, a series of protection systems are under
study (Burgain et al., 2011; Sarao & Arora, 2017; Ter-
pou et al., 2019). All of them could found application in
the food context since the most suitable delivery strat-
egy should be designed and tailored on the basis of the
target food properties. Recently, our research group
demonstrated the ability of monoglyceride (MG)-based
structured emulsions (MSEs) to protect a probiotic L.
rhamnosus strain during processing, storage and diges-
tion (Marino et al., 2017; Calligaris et al., 2018; Mel-
chior et al., 2021). Probiotics were prevalently situated
in the aqueous phase near MG lamellar structures,
where they found at the same time physical protection
against the environmental stresses and nutrients to
remain metabolically active. The formulation of the sys-
tem in terms of the composition of the aqueous phase
and lipid phase greatly affected the protection capacity
of the system during digestion (Melchior et al., 2021).

Based on these recent findings, MSEs seem to be
promising candidates as probiotic delivery and protec-
tion systems in foods. In the present study, we studied
their applicability to deliver a probiotic L. rhamnosus
strain in Ricotta cheese. Ricotta is the most popular
unripened variety of whey cheese characterised by high
moisture, soft texture and mild flavour. In this study,
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a low-fat commercial Ricotta cheese was added with
MSEs formulated with milk, as water phase, and sun-
flower oil or anhydrous milk fat (AMF), as lipid phase
and enriched with L. rhamnosus strain. The latter was
selected for its well-known probiotic properties (Pan-
dey et al., 2015) and compatibility with chemical char-
acteristics of Ricotta cheese (Boylston er al., 2004;
Borba et al., 2014; Sattin et al., 2016). The final fat
content of the reconstituted sample was comparable to
that of a reference sample that was a commercial
whole milk Ricotta cheese. Samples were stored at
4 °C for up to 14 days. After physico-chemical charac-
terisation of Ricotta (pH, confocal laser scanning
micrographs and rheological properties), the destruc-
turing behaviour upon in vitro digestion was assessed
in concomitance with L. rhamnosus viability during
ricotta cheese storage and at the end of gastric and
intestinal phases of the in vitro digestion.

Materials and methods

Materials

a-amylase from Bacillus sp. (EC 3.2.1.1), porcine pepsin
(EC 3.4.23.1), porcine pancreatin (EC 232-468-9,
8xUSP), porcine bile extract, NaH PO (2H O), NaOH,
CaClz(Hzo)z, N32C03, NaHCO3, NaCl, KCI,
KH,PO,4, MgCl,(H,0)s, (NH4),COj3, phosphate buf-
fered saline (PBS), Fast Green FCF, Nile Red, stearic
acid and palmitic acid were purchased from Sigma
Aldrich (Milano, Italy); HCl and NaOH were provided
by J. T. Baker (Center Valley, USA); Hoechst 33342
was purchased from Thermo Fisher Scientific Inc.
(Massachusetts, USA); saturated monoglycerides (fatty
acid composition: 1.4% C14:0, 59.8% C16:0, 38.8%
C18:0; melting point 68.05 + 0.5 °C) were provided by
Kerry Ingredients and Flavour (Bristol, United King-
dom). Maximum Recovery Diluent (MRD), MRS agar
and MRS broth were purchased from Oxoid (Milan,
Italy). L. rhamnosus (Lyofast LRB) was purchased from
Sacco Srl (Cadorago, Como, Italy). Sunflower oil (SO),
low-fat Ricotta cheese (2.9% fat content), whole milk
Ricotta cheese (W-RC; 11% fat content), anhydrous
milk fat (AMF; fat content 99.8% w/w) and UHT skim
milk (pH = 6.70) were purchased in a local market.
Deionised water (System advantage A10®, Millipore
S.A.S, Molsheim, France) was used.

Culture preparation

Lacticaseibacillus rhamnosus was stored at —80 °C as
30% (v:v) glycerol stock cultures in MRS broth.
Before each experiment, overnight cultures were pre-
pared by sub-culturing 100 uL of stock cultures in
100 mL of MRS broth at 37 °C for 18 h in anaerobic
conditions. Cells were then recovered by centrifugation
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at 13 000g for 10 min at 4 °C, washed three times with
PBS and resuspended in PBS to a final viability of
about 10'" CFU mL™".

Monoglyceride structured emulsion preparation

Monoglyceride structured emulsions (MSEs) enriched
with probiotic bacteria were prepared accordingly to
the procedure reported by Marino et al. (2017). In par-
ticular, the lipid phase contained 7.2% (w:w) of a mix-
ture of saturated monoglycerides added with palmitic
and stearic acid (co-surfactants) in a ratio of 5:1:1 (w:
w), 56.4% (w/w) of UHT skim milk as water phase,
and 36.4% (w/w) of SO or AMF. The L. rhamnosus
suspension was added to MSEs at a concentration of
about 10" CFU mL™".

Ricotta cheese preparation

18.5% w/w of MSEs containing L. rhamnosus were
added to commercial low-fat Ricotta cheese allowing
to obtain the same fat content of the W-RC. After
manual well-mixing for 2 min, samples were moulded
in a 100 g container and stored at 4 °C until further
analysis. Based on the lipid phase composition, the
samples were named RC-SO and RC-AMF for
Ricotta cheese containing MSEs with oil and anhy-
drous milk fat respectively. W-RC was used as refer-
ence sample. In this case, L. rhamnosus suspension was
added to W-RC at a final concentration of about
10° CFU g~! and the sample was well-mixed as previ-
ously reported for the other samples. The composition
of the systems is reported in Table 1. Samples were
stored at 4 °C for up to 14 days.

Analytical determinations

Sample characterisation
Moisture content (AACC, 2010), fat (ISO/TS, 2008)
and total nitrogen (ISO/IDF, 2004) of samples were
analysed. Total nitrogen was converted to protein
using a factor of 6.38.

pH measurement

Sample pH was measured by a standard pH meter
(Hanna Instruments pH 301, Padua, Italy) at 25 °C.

Table 1 Composition of Ricotta cheese samples

Sample Composition

W-RC Whole Ricotta cheese added with free L. rhamnosus cells
RC-SO  Low-fat Ricotta cheese added with MSE containing
sunflower oil, skim milk and L. rhamnosus
RC- Low-fat Ricotta cheese added with MSE containing
AMF anhydrous milk fat, skim milk and L. rhamnosus
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Buffer solutions (pH 4, 7 and 9) were used for calibra-
tion.

Rheological determinations

Rheological properties of Ricotta cheese were evalu-
ated at 20 °C using an RS6000 Rheometer (Thermo
Scientific RheoStress, Haake, Germany) equipped with
a Peltier cell and a parallel plate geometry with the
measuring gap of 2 mm. To determine the linear vis-
coelastic region for each sample, stress sweep tests
were performed increasing stress from 0.1 to 100 Pa at
1 Hz frequency. Frequency sweep tests were conducted
increasing frequency from 0.1 to 10 Hz using a fixed
stress value included in the linear viscoelastic region.
All measures were conducted in triplicate at the begin-
ning and at the end of storage at 4 °C.

Confocal laser scanning microscopy

Samples before in vitro digestion and after the gastric
phase were analysed with confocal laser scanning
microscopy in accordance with Melchior ez al. (2021).
The reported micrographs are single optical sections
(pinhole size 1 AU) displayed in pseudocolour.

Viability of probiotic bacteria upon storage

Ricotta cheese samples were stored at 4 °C in sterile
120 mL airtight containers for up to 14 days. At the
beginning and after 14 days of storage at 4 °C, ali-
quots of 1 g of each sample were suspended in 9 mL
of MRD and homogenised in a LabBlender 400 (PBI
International, Milan, Italy) for 2 min. Decimal dilu-
tions in MRD were then pour plated in MRS agar
and incubated at 37 °C for 48 h under anaerobic con-
ditions.

In vitro digestion of ricotta cheese samples

In vitro digestion was performed in accordance with
the INFOGEST protocol (Brodkorb et al., 2019) on
samples at the beginning and at the end of storage
(14 days) at 4 °C.

Briefly, 2.5 g of sample was weighted in 50-mL Fal-
con tubes and the oral phase was performed by adding
13 uL of 0.3 M CaCl, (H,0),, 112 uL of water, 2 mL
of simulated salivary fluid and 375 pL of a solution of
a-amylase from Bacillus sp in water (final activity 75
U mL™"). The entire mixture was maintained at 37 °C
under stirring at 13 rpm for 2 min. Subsequently, 3 uL
of 0.3 M CaCl, (H,0O),, 664 uL of water, 4 mL of sim-
ulated gastric fluid and 333 pL of porcine pepsin solu-
tion in water (2000 U mL~" in the final mixture) were
added. The pH was adjusted to 3 by adding 6 M HCI
to start the gastric phase. The chime was maintained
under stirring at 13 rpm at 37 °C for 2 h. Finally, the
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gastric chime was mixed with 20 pL of 0.3 wm
CaCl,(H,0),, 1.98 mL of water, 4 mL of simulated
intestinal fluid (SIF), 1.50 mL of 160 mM porcine bile
extract in SIF and 2.5 mL of porcine pancreatin solu-
tion in SIF (100 U mL™" in the final mixture). The pH
was adjusted to 7 by adding 1 M NaOH, and the mix-
ture was stirred at 13 rpm at 37 °C for 2 h. Samples
were collected at the end of each digestion phase, and
probiotic viability was evaluated as previously
reported. L. rhamnosus viability was reported as sur-
vival rate calculated by the following equation:

logN

100
logNy %

survival rate (%) =

where N and N, are the probiotic viability (CFU g™")
at the end of the digestion phase and before in vitro
digestion respectively.

Particle size and zeta potential of digested samples

The particle size distribution and ¢-potential of the
digested samples were measured in accordance with
Melchior et al. (2021).

Statistical analysis

All determinations were expressed as mean + standard
deviation (SD) of at least two measurements from two
experimental replications. Analysis of variance
(ANOVA) and t-test were performed by using R v.
4.1.2 for Windows (The R foundation for statistical
computing). A Tukey’s post hoc test was used to
assess differences between means (P < 0.05).

Results and discussion

Physico-chemical characterisation of the probiotic Ricotta
cheese

The chemical composition, the pH and the rheological
properties of the reconstituted Ricotta cheese contain-
ing MSEs with SO (RC-SO) or AMF (RC-AMF) as
lipid phase are reported in Table 2. As previously
described, samples were formulated to maintain the fat
content at 11% (w/w) and thus comparable to that of

Protection of probiotic bacteria in Ricotta cheese S. Melchior et al.

a commercial full-fat sample (W-RC). As expected, the
pH of all samples was approximately 6.5, which is typ-
ical for Ricotta cheese and reported as the optimal
condition for Lactobacillus growth (Boylston et al.,
2004; Borba et al., 2014; Sattin et al., 2016). Consider-
ing rheological properties, the viscoelastic behaviour of
all samples can be ascribed to that of weak gel being
the storage modulus (G’) higher than the loss modulus
(G"). In the W-RC, this is due to the acid-thermal
destabilisation of whey proteins during Ricotta cheese
processing and the formation of a protein network
(Fox et al., 2017; Rubel et al., 2019). In this system,
the fat phase (green pseudocolour) was present as
irregular fat globules embedded within the protein net-
work (magenta pseudocolour), as evident in confocal
laser scanning micrographs (Fig. 1a).

W-RC resulted in a stronger gel compared with
samples containing MSEs with SO or AMF. This
result can be probably attributed to the different struc-
tural organisation of the lipid phase (Buriti ez al.,
2005). In the reformulated samples, the lipid phase
appeared as spherical droplets uniformly distributed in
the matrix. The protein network resulted less dense in
comparison with the W-RC (Fig. 1b and c¢) probably
due to the interactions between MGs and proteins
competing at the lipid droplet surface, as previously
demonstrated by different authors (Mao et al., 2014;
Valoppi et al., 2015; Chen et al., 2020). It should be
highlighted that MG in this system is expected to
behave as emulsifiers covering the surface of lipid dro-
plets forming crystalline lamellar bilayers (Calligaris
et al., 2010). These lipid droplets contain lipids that
were partially crystallised in the case of sample con-
taining AMF or liquid lipids when sunflower oil was
used, as previously reported by Marino et al. (2017).
This is obviously due to the different fatty acid compo-
sition of AMF, rich in saturated fatty acids, and sun-
flower oil, and rich in unsaturated fatty acids. The
presence of AMF crystals in conjunction with MG
ones was probably responsible of the higher consis-
tency of the RC-AMF than that of RC-SO (Marino
et al., 2017; Melchior et al., 2021). Within this struc-
tural organisation, L. rhamnosus cells (grey signal)
were prevalently entrapped within the protein network
(Fig. 1a) in the W-RC. Differently and in accordance

Table 2 Chemical composition, pH, storage modulus (G'), loss modulus (G’) and probiotic viability (log CFU g~") of whole Ricotta
cheese (W-RC) and Ricotta cheese containing MSEs made by oil (RC-SO) and anhydrous milk fat (RC-AMF)

Moisture Fat content Protein content Viability
Sample content (g/100 g) (g/100 g) (g/100 g) pH G (Pa) G” (Pa) (log CFU g™ ")
W-RC 74.06 + 0.0° 11.70 £+ 0.60° 6.24 4+ 1.10° 6.5 + 0.1% 41564454 730473 8.97 + 0.40°
RC-SO 77.44 + 0.047 11.23 + 0.137 6.25 + 0.14° 6.4 + 0.1? 20544185 426+29° 9.14 4+ 0.08%
RC-AMF 77.61 +£0.4° 10.97 + 0.257 6.27 + 0.24° 6.5 + 0.1% 3592+318P 632+40° 9.08 + 0.25%

#¢ indicated a significant difference (P < 0.05) within means in the same column.
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10 pm

10 pm

Figure 1 Confocal laser scanning micrographs of W-RC (a), RC-SO
(b) and RC-AMF (c) stained with Nile Red (green), Fast Green (ma-
genta) and Hoechst (grey) to visualise lipids, proteins and bacterial
cells respectively. Arrows denote bacterial cells. Scale bar, 10 um.

with previous results (Melchior et al., 2021), L. rham-
nosus cells were mainly detected near the MG struc-
tures in samples containing MSE (Fig. 1b and c).
Considering probiotic viability, all samples presented a
viable count of about 10° CFU g~' (Table 2) indicat-
ing that the process operations did not impact L.
rhamnosus survival.

After 14 days of storage at 4 °C, W-RC did not
show significant (P > 0.05) modifications in pH and
rheological properties, while in both RC-SO and RC-
AMF a decrease in rheological moduli without synere-
sis was observed, accounting for 15% and 35% respec-
tively. These results could be attributed to the MSEs
structure that undergo to gel network rearrangement
upon cold storage (Melchior et al., 2021). Despite this,
after 14 days of cold storage, no significant changes
were detected in the viable counts (data not shown)
indicating that the temperature, the pH of the med-
ium, the storage duration and the sample structure did
not affect probiotic viability.

L. rhamnosus viability upon in vitro digestion

Samples were exposed to in vitro digestion to evaluate
the survival of L. rhamnosus during the gastrointestinal
transit (Fig. 2a). As expected and in accordance with
the literature, no viability reduction was recorded at
the end of the oral phase due to the short exposure to
enzyme activity and neutral pH (Melchior et al., 2021).
After the gastric phase, a survival rate reduction of
17.52% =+ 1.09 and 17.15% = 1.31 was observed in
W-RC and RC-AMF, respectively, while in RC-SO it
was significantly higher (39.59% =+ 2.17). These results
confirmed the deleterious role of enzymes and acid
environment typical of the stomach that are responsi-
ble for the damage of cell DNA, membrane and cellu-
lar proteins leading to the cell survival decrease
(Gbassi et al., 2009; Sohail et al., 2011; Gdémez-
Mascaraque et al., 2016). Thus, probiotic cells resulted
less protected upon gastric conditions in the softer gel
structure of RC-SO.

At the end of the intestinal phase, no further modifi-
cations were observed in MSEs containing samples,
while in W-RC an additional survival rate reduction
of 17.64% = 1.33 was detected. Summarising, at the
end of the digestive simulation, only RC-AMF was
able to ensure a viability higher than 10° CFU g~!
that has been established as the concentration limit to
guarantee the health benefits of the probiotic cultures
on the host (Akhtar et al., 2021; Marino et al., 2021).

L. rhamnosus viability upon in vitro digestion was
also evaluated considering samples stored for 14 days
at 4 °C (Fig. 2b). Obtained results mimic the beha-
viour previously observed (Fig. 2a) corroborating the
ability of MSE containing AMF to protect probiotics
against the stressful conditions of the GIT.
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Probiotic viability as a function of destructuring
behaviour upon in vitro digestion

To understand the role of food structure in protecting
probiotic bacteria during digestion, the destructuring
behaviour of samples upon digestion was studied firstly
with the evaluation of the particle size distributions of
digesta (Fig. 3). At the end of the gastric phase
(Fig. 3a), a polydisperse distribution was observed in
all samples. A main peak was detected between 220 and
260 nm in both W-RC and RC-AMF, while it was
shifted at 524 nm + 64 in the case of RC-SO digesta.
Moreover, systems containing MSEs exhibited an addi-
tional particle family at approximately 5300 nm, while
a peak around 60 nm was detected in W-RC and RC-
AMF. These results could be attributed to different
aggregation pathways resulting in protein-lipid aggre-
gates with different sizes induced by the acidic pH and
high ionic strength typical of the gastric phase. Consid-
ering {-potential (Fig. 4), which is correlated with the
surface electrical charge (Salvia-Trujillo er al., 2017),
the systems containing MSEs exhibited a less positive

© 2022 The Authors. International Journal of Food Science & Technology published by John Wiley & Sons Ltd
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oral phase

gastric phase intestinal phase

Digestion phase

value than W-RC probably due to the pepsin action
that would reduce the droplet charge thus promoting
aggregation (Sarkar et al., 2009; Singh et al., 2009).
These hypotheses were confirmed also by confocal laser
scanning micrographs of gastric digesta (Fig. 5). W-RC
chime (Fig. 5a) was characterised by small aggregates
and strand-like structures composed of proteins and
small lipid droplets. By contrast, in both RC-SO
(Fig. 5b) and RC-AMF digesta (Fig. 5¢), large protein
aggregates entrapping lipid droplets and monoglyc-
erides were imaged. Such result could be attributed to
the presence of proteins, deriving from milk, able to
form clots in the stomach through the combined action
of acidic pH and digestive enzymes. This coagulum is
retained in the stomach for a longer period than whey
proteins that remain soluble and rapidly pass in the
intestine (Wang et al., 2018; Dupont & Tomé, 2020).
Interestingly, it should be noted that the RC-SO clots
(Fig. 5b) were characterised by a jagged structure while
RC-AMF (Fig. 5c) presented more dense and homoge-
neous aggregates probably due to the presence of AMF
whose crystals strengthened the protein-lipid network.
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Figure 3 Particle size distribution of whole Ricotta cheese (W-RC)

and reformulated Ricotta cheese with MSEs containing oil (RC-SO)
and anhydrous milk fat (RC-AMF) after the gastric (a) and intesti-
nal (b) phases of in vitro digestion.
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Figure 4 ( potential of whole Ricotta cheese (W-RC) and reformu-
lated Ricotta cheese with MSEs containing oil (RC-SO) and anhy-
drous milk fat (RC-AMF) after the gastric and intestinal phases of
in vitro digestion. *® indicated a significant difference (P < 0.05)
between samples within the same digestion phase.

As for probiotics, in W-RC digesta, L. rhamnosus cells
were mainly located near small aggregates and protein—
lipid network (Fig. 5a) while in RC-AMF they were
physically entrapped in the dense protein clots (Fig. Sc).
The location of probiotics probably ensures physical
protection against the severe conditions of the stomach,
safeguarding cell viability. Moreover, the dense matrix
and the solid lipid phase of the sample may offer

additional protection to probiotic bacteria, as previously
observed in the case of Mascarpone-type cheese (Berga-
mini et al., 2005; Pitino et al., 2012; de Almeida et al.,
2018). By contrast, in RC-SO sample, cells were detected
outside the protein aggregates (Fig. 5b) and were thus
more exposed to the acidic pH and enzyme action.

Also, after the intestinal phase, a multimodal distri-
bution was detected for all samples with an average
diameter between 100 and 6000 nm (Fig. 3b). The
main peak, observed between 150 and 220 nm, was
attributed to the presence of milk proteins and mixed
micelles formed upon digestion (Salvia-Trujillo et al.,
2017; Calligaris et al., 2020; Melchior et al., 2021)
while the particle families detected around 5000 nm
and between 500 and 1000 nm indicated the presence
of bile salts, aggregates of fatty acids, undigested lipids
and digested milk proteins (Singh ez al., 2009; Salvia-
Trujillo et al., 2013; Alongi et al., 2019; Melchior
et al., 2021). Comparing the particle distributions in
Fig. 3, the three samples showed a slight diversity,
especially for the R-SO samples. This sample demon-
strated also a different {-potential in comparison with
W-RC and RC-AMF after both gastric and intestinal
phases. These samples exhibited a more negative
parameter compared with that of RC-SO indicating a
better absorption of the bile salt at the emulsion inter-
face as well as the presence of surface-active molecules
derived from triglyceride digestion (monoglycerides,
diglycerides and free fatty acids) or interfacial materi-
als, such as proteins (Wickham et al., 1998; Singh
et al., 2009; Sarkar et al., 2010; Ye et al., 2010). The
ability of digested components to bind bile salts proba-
bly provided additional protection to probiotics from
bile salts toxicity (Begley et al., 2005; de Almeida
et al., 2018). This intestinal behaviour seems to be
mainly attributed to the presence of fat crystal aggre-
gates than to the presence of monoglycerides. It is
likely that the softer structure of RC-SO allowed an
easier destructuring in comparison with other samples.

Conclusions

This study demonstrated the applicability of MSEs as
delivery system of probiotic bacteria in Ricotta cheese,
guaranteeing microbial survival during processing and
further storage. Both composition and structure of MSEs
determined their performances upon digestive simulation.
During the gastric phase, the destructuring behaviour of
the samples was mainly associated to the Ricotta gel
strength. An easier destructuring was noted for the sam-
ple with sunflower oil resulting in a reduced protection of
microbial cells against stressful gastric conditions. In any
case, the presence of MG structures was crucial in
favouring microbial survival thanks to their ability to
guarantee microbial physical protection while the protein
network underwent hydrolysis. Results here reported
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Figure 5 Confocal laser scanning micro-
graphs of W-RC (a;), RC-SO (b;) and RC-
AMF (c) digesta after the gastric phase.
Samples were stained with Nile Red (green),
Fast Green (magenta) and Hoechst (grey) to
visualise lipids, proteins and bacterial cells
respectively. Magnified views (a,, b, and ¢;)
are also reported to allow clearer visualisa-
tion of bacterial cells (indicated with
arrows). Scale bar, 20 um.

demonstrated the critical role of food structure in deter-
mining microbial survival during both gastric and intesti-
nal phases. Thus, the engineering of the best performing
food structure could allow to improve probiotics’ sur-
vival and food health functionality.
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