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This research was conducted to evaluate the potential use of saturated monoglyceride (MG)-based gels

in the protection of probiotics upon in vitro digestion. For this purpose, a Lactobacillus rhamnosus strain

was inoculated into binary and ternary systems, containing MGs, a water phase composed of an aqueous

solution at controlled pH or UHT skimmed milk, and in ternary gels, sunflower oil. Gel structure character-

ization was initially performed just after preparation and after 14 days of storage at 4 °C by rheological,

mechanical, thermal, and microscopy analyses. Afterwards, probiotic viability upon in vitro digestion was

evaluated. The results highlighted that all freshly prepared samples showed good capability to protect

L. rhamnosus with the exception of the binary system containing milk. However, the digestion of samples

after 14 days of storage showed that the ternary system containing skimmed milk exhibited the best pro-

tection performance ensuring a L. rhamnosus viability of almost 106 CFU g−1 at the end of the gastroin-

testinal passage. Confocal microscopy results demonstrated that bacterial cells were located prevalently

within the aqueous domain near the monoglycerides and protein aggregates. Under these conditions,

they can simultaneously achieve physical protection and find nutrients to survive environmental stresses.

These findings suggest that MG-based gels can be proposed as efficient carriers of probiotic bacteria not

only during food processing and storage but also upon digestion.

1 Introduction

In the complex framework of functional foods, products
enriched with probiotic bacteria have received particular atten-
tion due to the well-recognized benefits of the consumption of
adequate amounts of these microorganisms.1–3 According to
recent statistics, from 2015 to 2025, the global probiotic sup-
plement market is expected to increase from 3.3 to 7 US$
billion.2 However, to support this market growth, several chal-
lenges should be addressed to ensure the delivery of probiotic
bacteria in adequate amounts to the target host site: today, it
is well recognized that a viability higher than 106–107 UFC g−1

is needed to guarantee the claimed health benefits.4 It is a
matter of fact that during food processing and storage,
microbial cells encounter a number of different stresses (e.g.
temperature, mechanical forces, oxygen, and pH) critically

affecting their viability.2,5,6 Moreover, during the gastrointesti-
nal transit, the strongly acidic conditions of the stomach, as
well as the presence of enzymes and bile salts, are expected to
significantly reduce their survival.7–9 To lessen the detrimental
effects of these stressful conditions, a plethora of protection
strategies based on food biopolymer structuring capacity has
been proposed.6,10–12 All of them could find application in the
complex world of foods because the most appropriate delivery
strategy should be designed and tailored on the basis of the
target food characteristics.

Recently, our research group demonstrated the capacity of
monoglyceride (MG)-based structured emulsions (MSEs) to
protect a probiotic L. rhamnosus strain during processing and
storage.13,14 In particular, Marino et al.13 observed that MSEs
containing milk as the water phase were able to keep
L. rhamnosus viable for up to 56 days at 4 °C. The same system
once introduced in ice creams showed a good capability of pre-
serving probiotic viability during processing and storage
without significantly impacting their sensory and quality attri-
butes.14 The protection capacity of MSEs was attributed to the
presence of a crystalline lamellar structure of saturated mono-
glycerides. It has been speculated that probiotic cells place
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themselves prevalently in the aqueous phase near the mono-
glyceride crystalline bilayers, where they can find protection
from processing and environmental stresses. However, the
roles of different system phases and their composition have
not been fully elucidated.

Despite the interesting potentialities of MSEs described
above their exploitation as a probiotic delivery system can be
claimed only if they would be able to protect the bacteria not
only during processing and storage but also during digestion.
It is well known that the microbial tolerance against digestion-
related stresses is strongly dependent not only on the
microbial strain but also on the structure and physicochemical
characteristics of the delivery system as well as the food con-
taining them.2,6,9,11,15–18 In the last few decades, many in vitro
digestion protocols have been developed to simulate the gas-
trointestinal fate of food components.19–24 The application of
these protocols could allow selecting the best performing strat-
egy among different delivery strategies before in vivo validation.
However, they have rarely been applied to study the viability of
probiotic bacteria introduced in differently structured
systems.9,18,25–27

Starting from our previous study, in the present work, the
aim was to understand the role of the composition and
resulting structure of monoglyceride-based gels in the survi-
val of a probiotic L. rhamnosus strain during storage at 4 °C
as well as upon in vitro digestion. For this purpose, binary
(hydrogel) and ternary (emulsion-gel) systems containing
MGs as structuring agents, i.e., a water phase composed of
an aqueous solution at controlled pH or UHT skimmed
milk, and ternary gels, such as sunflower oil were con-
sidered. In this way the effects of the water phase compo-
sition (aqueous phase vs. milk) and the presence/absence of
a lipid phase (hydrogel vs. emulsion gel) on both the system
structure and microbial protection capacity were studied. It
should be considered that the presence of surface-active
milk components, especially proteins, could deeply modify
the MG structuring behavior in both hydrogels and emul-
sion gels.28–31

After sample structural characterization (optical, polarized
light and confocal microscopy, differential scanning calorime-
try, mechanical and rheological analyses, and water holding
capacity analysis), the probiotic protection capacity of MG-
structured systems was studied during storage at 4 °C and
after oral, gastric and intestinal phases. The particle size, zeta-
potential and swelling capacity of the digesta were also deter-
mined to study the destructuring behavior of the gels.

2 Materials and Methods
2.1 Materials

α-Amylase from Bacillus sp. (EC 3.2.1.1), porcine pepsin (EC
3.4.23.1), porcine pancreatin (EC 232-468-9, 8×USP), porcine
bile extract, NaH2PO4(2H2O), NaOH, CaCl2(H2O)2, Na2CO3,
NaHCO3, NaCl, KCl, KH2PO4, MgCl2(H2O)6, (NH4)2CO3, PBS,
Fast Green FCF, Nile Red, stearic acid and palmitic acid were
purchased from Sigma Aldrich (Milano, Italy); HCl and NaOH
were provided by JT Baker (Center Valley, USA); Hoechst was
purchased from Thermo Fisher Scientific Inc. (Massachusetts,
USA); and saturated monoglycerides were purchased from
Kerry Ingredients and Flavour, Bristol, United Kingdom (fatty
acid composition: 1.4% C14:0, 59.8% C16:0, and 38.8% C18:0;
melting point: 68.05 ± 0.5 °C). 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 and UHT
skimmed milk (pH = 6.70) were purchased from a local
market. Deionized water (System advantage A10®, Millipore S.
A.S, Molsheim, France) was used.

2.2 Culture preparation

L. rhamnosus was stored at −80 °C as 30% (v : v) glycerol stock-
culture in MRS broth. Before each experiment, overnight cul-
tures were prepared by sub-culturing 100 µL of stock-cultures
in 100 mL of MRS broth at 37 °C for 18 h under anaerobic con-
ditions. The cells were then recovered by centrifugation at
13 000g for 10 min at 4 °C, washed three times with PBS and
resuspended in PBS to a final viability of about 109 CFU mL−1.

2.3 Monoglyceride-based system preparation

Two binary (B-) and two ternary (T-) systems were considered.
All systems contained a 7.2% (w : w) cosurfactant–monoglycer-
ide (CO–MG) mixture made of MG mixed with palmitic and
stearic acid in a ratio of 5 : 1 : 1 (w : w). The composition of the
systems is reported in Table 1. In the binary systems the CO–
MG mixture was added to UHT skimmed milk or an aqueous
solution (Milli-Q water) at pH = 10.9 adjusted with 1 mM
NaOH. The ternary systems were composed of CO–MG, a water
phase (UHT skimmed milk or the aqueous solution at pH
10.9) and sunflower oil. Based on the water phase compo-
sition, the binary samples were named B-water and B-milk and
the ternary ones T-water and T-milk.

The systems were then prepared following a previously
reported methodology.13 Briefly, the water phase (aqueous

Table 1 Composition of binary (B-water and B-milk) and ternary (T-water and T-milk) systems

System

Composition (% w/w)

UHT skimmed milk Water Oil Monoglycerides Palmitic acid Stearic acid

B-water — 92.80 — 5.14 1.03 1.03
B-milk 92.80 — — 5.14 1.03 1.03
T-water — 56.40 36.40 5.14 1.03 1.03
T-milk 56.40 — 36.40 5.14 1.03 1.03
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solution or skimmed milk) and the lipid phase containing the
CO–MG mixture with (T-) or without sunflower oil (B-) were
heated at 70 °C in a water bath. After complete melting of CO–
MG, the two phases were mixed and, immediately after, 1 mL
of L. rhamnosus suspension (about 109 CFU mL−1) was added
to the resulting mixtures. The samples were then homogenized
using a high-speed homogenizer at 1000g for 20 s.
Subsequently, the samples were cooled in an ice bath and
placed in sterile 120 mL airtight containers. All systems were
prepared in two biological replicates. Analyses were performed
after 1 and 14 days of storage at 4 °C.

2.4 Analytical determination

2.4.1 Image acquisition. Images were captured using an
acquisition cabinet (Immagini & Computer, Bareggio, Italy)
equipped with a digital camera (EOS 550D, Canon, Milano,
Italy). The samples were placed on a black background and a
digital camera was placed on an adjustable stand positioned at
45 cm in front of the samples. Light was provided by 4100 W
frosted photographic floodlights. Images were saved in the
jpeg format, resulting in 5184 × 3456 pixels.

2.4.2 Polarized light microscopy. Samples were analyzed at
room temperature using an optical microscope (Leica DM 2000,
Leica Microsystems, Heerbrugg, Switzerland) with and without
polarized light connected with a Leica EC3 digital camera (Leica
Microsystems). One drop of the sample was placed in the
middle of a glass slide and a glass coverslip was centered above
the drop. The samples were analyzed at 20 °C using 200× mag-
nification. Images were captured using the Leica Suite LAS EZ
software (Leica Microsystems, Heerbrugg, Switzerland). Images
were saved in the jpeg format resulting in 2048 × 1536 pixels.

2.4.3 pH measurement. The pH was measured using a
standard pH-meter (Hanna Instruments pH 301, Padua, Italy).
Calibration was performed using three different buffer solu-
tions at pH 4, 7 and 9. All measurements were performed in
duplicate at 25 °C.

2.4.4 Rheology. The samples were characterized at 20 °C
using an RS6000 Rheometer (Thermo Scientific, HAAKE
RheoStress, Germany) equipped with a Peltier cell. A parallel
plate geometry was used, and the measuring gap was set at
2 mm. To determine the linear viscoelastic region for each
sample, stress sweep tests were performed by increasing the
stress from 0.1 to 100 Pa at 1 Hz frequency. Frequency sweep
tests were performed by increasing the frequency from 0.1 to
10 Hz using a fixed stress value included in the linear visco-
elastic region. All measurements were conducted in triplicate
on all samples at the beginning (1 day) and at the end of
storage (14 days) at 4 °C.

2.4.5 Textural properties. The samples were placed in
plastic containers (4 cm internal diameter × 3 cm height) and
equilibrated for 1 day at 20 °C. Textural properties were
measured according to the procedure given by Chen et al. with
some modifications.30 Penetration tests were performed using
a TA.XT Plus Unit Texture Analyzer (Stable Micro Systems Ltd,
Godalming, UK) with a cylindrical probe (diameter: 8 mm) and
a 5 kg compression head at a speed of 60 mm min−1 to a total

penetration distance of 15 mm. All measurements were per-
formed on all samples at the beginning (1 day) and at the end
of storage (14 days) at 4 °C. The results are expressed as the
mean of at least 6 repetitions on 2 replicates.

2.4.6 Water holding capacity (WHC). An aliquot of 1 g of
sample was placed in a 2 mL Eppendorf tube and centrifuged
at 10 000g at 20 °C for 30 min. The supernatant was elimi-
nated, and the pellet obtained was weighed. The water holding
capacity was calculated using eqn (1).

WHC %ð Þ ¼ W0 �W1

S0
� 100 ð1Þ

where W0 and W1 are the weight (g) of water in the samples
before and after centrifugation, respectively. All measurements
were conducted on all samples at the beginning (1 day) and at
the end of storage (14 days) at 4 °C. The results are expressed
as the mean of at least 3 repetitions on 2 replicates.

2.4.7 Differential scanning calorimetry. DSC analysis was
carried out using a DSC 3 STARe System differential scanning
calorimeter (Mettler-Toledo, Greifensee, Switzerland). Heat flow
calibration was achieved using indium (heat of fusion: 28.45 J
g−1). Temperature calibration was carried out using hexane,
water and indium (with melting points of −93.5 °C, 0.0 °C and
156.6 °C, respectively). Samples were prepared by carefully
weighing 5–10 mg in 40 μL aluminum DSC pans, closed by her-
metic sealing. The samples were heated under a nitrogen flow
(20 mL min−1) during analysis. An empty pan was used as a
reference in the DSC cell. The start and end of the melting tran-
sition were taken as on-set (Ton) and off-set (Toff ) points of tran-
sition, and these are the points at which the extrapolated base-
line intersects the extrapolated tangent of the calorimetric peak
in the transition state. Total peak enthalpy was obtained by the
integration of the melting curve. The machine equipment
program STARe ver. 16.10 (Mettler-Toledo, Greifensee,
Switzerland) was used to plot and analyze the thermal data. All
measurements were conducted in duplicate.

2.4.8 Confocal laser scanning microscopy. 0.2% (w/w)
aqueous solutions of Nile Red and Fast Green FCF were used
to stain the lipid and protein phases of the MG-based systems,
respectively. Probiotic cells were stained using 0.02% (v/v)
Hoechst. After staining, the samples were dropped on a micro-
scope slide, covered with a coverslip and analyzed on a Leica
TCS SP8 confocal system (Leica Microsystems, Wetzlar,
Germany) equipped with a 100×/1.4 oil immersion objective, a
405 nm diode laser (Hoechst excitation) and a tunable white
light laser set to 535 and 633 nm (Nile Red and Fast Green FCF
excitation, respectively). Images were recorded as a z-stack
series in sequential scanning mode and are reported as
maximum intensity projections.

2.5 Evaluation of the probiotic viability during storage

Aliquots of 1 g of each gel were suspended in 9 mL of MRD and
homogenized for 2 min. Decimal dilutions in MRD were then
spread plated on MRS agar and incubated anaerobically at 37 °C
for 48 h. Viable counts in the systems were compared to those of
control samples made of the water phases (aqueous solution or
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skimmed milk) of each binary or ternary MG-gel inoculated with
L. rhamnosus (final viable count: about 108 CFU mL−1) and
stored at 4 °C.

2.6 In vitro digestion

In vitro digestion was carried out on samples at the beginning
(1 day) and at the end of storage (14 days) at 4 °C in accord-
ance with the INFOGEST protocol.32 The simulated salivary
(SSF), gastric (SGF) and intestinal (SIF) fluids were prepared
and warmed at 37 °C. 2.5 g of sample and 2.5 mL of relative
control were weighed in 50 mL Falcon tubes. The oral phase
was obtained by adding 13 µL of 0.3 M CaCl2 (H2O)2, 488 µL of
water and 2 mL of 6.55 mg mL−1 α-amylase solution in SSF
(activity: 75 U mL−1 in the final mixture). The entire mixture
was maintained at 37 °C under stirring for 2 min.
Subsequently, 3 µL of 0.3 M CaCl2 (H2O)2, 347 µL of water and
4.55 mL of a 0.07 mg mL−1 pepsin solution in SGF (2000 U
mL−1 in the final mixture) were added. The pH was adjusted to
3 by adding 100 µL of 6 M HCl to start the gastric phase. The
chyme was maintained under stirring at 37 °C for 2 h. Finally,
the gastric chyme was mixed with 20 µL of 0.3 M CaCl2 (H2O)2,
655 µL of water, 1.25 mL of 160 mM bile extract in SIF and
8 mL of 22.15 mg mL−1 pancreatin solution in SIF (100 U
mL−1 in the final mixture). The pH was adjusted to 7 by
adding 75 µL of 1 M NaOH and the mixture was stirred at
37 °C for 2 h. At the end of each phase, the sample was col-
lected and put in an ice bath to stop the enzymatic reaction.
L. rhamnosus viability was evaluated before digestion and at
the end of each phase, as previously reported (paragraph 2.5),
and compared to control samples.

2.6.1 Swelling properties. The swelling properties during
the gastric phase were measured by using the same procedure
described in paragraph 2.6 but using SGF without pepsin.33

After 2 h incubation, the samples were dried to remove excess
liquid and then weighed. The swelling ratio was calculated
using eqn (2).

Swelling ratio %ð Þ ¼ m1 �m0

m0
� 100 ð2Þ

where m0 and m1 represent the weight of the gel before and
after the gastric phase, respectively.

2.6.2 Particle size and zeta potential of digested samples.
The particle size distribution of the mixed micellar phase of
digested gels and control (UHT skimmed milk) was measured
by dynamic laser light scattering (Zetasizer Nano ZS, Malvern
Instruments, Worcestershire, UK). The samples were diluted
1 : 100 (v/v) with deionized water and placed in a cuvette where
the laser light, set at a 173° angle, was scattered by the par-
ticles. The particle size was reported as the volume-weighed
mean diameter in nm. The ζ-potential was also measured by
placing the diluted sample in a capillary cell equipped with
two electrodes to assess particle electrophoretic mobility.

2.7 Statistical analysis

All results were expressed as the mean ± standard deviation
(SD) of at least two measurements from two experimental repli-

cations. t-Test and analysis of variance (ANOVA) were per-
formed using R v. 3.1.1 for Windows (the R foundation for stat-
istical computing). Tukey’s post-hoc test was used to assess
differences between means (p < 0.05).

3 Results and discussion
3.1 Characterization of MG-based structured systems

Table 2 shows the visual appearance and micrographs under
normal and polarized light of the four MG-based systems con-
sidered in this study. As expected and in agreement with the
literature, all the samples presented a white color and a self-
standing behavior34,35 with the pH in the range of 5.19–5.57
and a very high WHC (Table 3). In both binary and ternary
systems, the self-standing behavior is due to the formation of
a network of MG crystalline lamellae.35,36 In binary systems,
double layers of MG were separated by water layers and the
swelling capacity of the aqueous lamellar phase of non-ionic
monoglycerides was enhanced by the introduction of charged
groups on the surface of the lipid bilayers (in this case stearic
and palmitic acids), increasing in this way the repulsive forces
and thus the swelling of MG structures in water.37–39 In the
ternary system, the MG crystalline lamellae surrounded the oil
droplets building up the network,36 as is well evident in the
micrographs (Table 2). It should be noted that bigger oil dro-
plets were observed in the T-milk sample in comparison with
T-water.

To better characterize the samples, rheological analyses
were performed (Table 3 and Fig. S1†). Even though all
samples presented a weak-gel like behavior with the storage
modulus (G′) higher than the viscous modulus (G″) in the
entire frequency range considered, the magnitude of both
moduli was affected by the formulation. The ternary systems
resulted in stronger gels in comparison with binary samples,
indicating that the inclusion of oil reinforced the system struc-
ture. In contrast and in agreement with previous
observations,13,28 the presence of milk components disturbed
the MG structural organization, reducing the strength of the
gel network. These results were also confirmed by the sample
hardness values (Table 3): milk containing systems showed
lower hardness values in comparison with the relevant water-
based samples. All these results clearly showed the critical role
of milk in determining the gel structure. This result is in
agreement with that of Valoppi et al. (2015), reporting that the
presence of milk native components, mainly proteins and
salts, could interfere with the MG structural organization by
changing their displacement at the water–oil interface and
modifying the swelling MG behavior affecting the electrical
charge in the medium.28 Moreover, the modification of the gel
network characteristics could be further induced by protein–
MG interactions,30,40 leading to a reduction of the availability
of MG for network building. This is also true in binary
samples, in which the presence of milk led to a less dense
structure. This hypothesis is also corroborated by the calori-
metric results showing a Ton decrease of the melting peak
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occurring at temperatures around 55–60 °C in systems contain-
ing milk (Table 4).

It is interesting to note that no significant differences were
detected in rheological parameters, thermal properties, hard-
ness values and textural properties after 14 days of storage at
4 °C in samples containing water (Tables 3 and 4). In the case
of those containing milk, the B-milk sample presented an

evident syneresis after storage, and thus it was not considered
for this and further analyses. Considering the T-milk samples,
a slight reduction of the rheological parameters after 14 days
of storage was recorded, evidencing a possible rearrangement
of the gel network structure upon storage. These changes
appeared limited and did not affect the water holding capacity
(WHC) of the system (Table 3). Finally, to highlight the

Table 2 Visual appearance, micrographs under normal and polarized light, and pH of binary (B-water and B-milk) and ternary (T-water and T-milk)
systems

System Visual appearance Micrograph under normal light Micrograph under polarized light pH

B-water 5.49 ± 0.01

B-milk 5.51 ± 0.01

T-water 5.19 ± 0.01

T-milk 5.57 ± 0.02

Table 3 Storage modulus (G’), loss modulus (G’’), hardness, and water holding capacity (WHC) of binary (B-water and B-milk) and ternary (T-water
and T-milk) systems, after 1 and 14 days of storage at 4 °C

System

Storage time (days)

1 14

G′ (Pa) G″ (Pa) Hardness (N) WHC (%) G′ (Pa) G″ (Pa) Hardness (N) WHC (%)

B-water 972 ± 23c,A 309 ± 38c,A 0.233 ± 0.012c,A 98.9 ± 0.7a,A 1048 ± 39c,A 427 ± 71b,A 0.233 ± 0.025c,A 98.8 ± 0.2a,A

B-milk 652 ± 44d 288 ± 12c 0.161 ± 0.004d 99.2 ± 0.2a — — — —
T-water 10 833 ± 933a,A 4708 ± 543a,A 0.914 ± 0.090a,A 99.1 ± 0.6a,A 10 247 ± 767a,A 4132 ± 59a,A 0.899 ± 0.031a,A 99.1 ± 0.5a,A

T-milk 2565 ± 166b,A 1205 ± 14b,A 0.385 ± 0.015b,A 99.1 ± 0.7a,A 2025 ± 146b,B 980 ± 77b,B 0.387 ± 0.014b,A 99.0 ± 0.2a,A

Lowercase letters (a–d) indicate significant differences among gels with the same storage time (p < 0.05). Uppercase letters (A–B) indicate signifi-
cant differences between each gel just after preparation and after 14 days of storage (p < 0.05).
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location of bacteria as well as the protein and MG organiz-
ation, confocal microscopy was performed on the T-milk
system, which was the most complex sample from a compo-
sitional point of view (Fig. 1). In Fig. 1a, the presence of oil
droplets (biggest green droplets) and the MG network (small
green particles) connecting them is well evident. These lipid
components were dispersed in a water phase containing milk
proteins (red signals), as shown in Fig. 1b. By adding an
additional dye to the system, bacteria (cyan signals) were also
imaged. To the best of our knowledge, live microbial cells were
rarely observed in emulsified systems.41 From the images it
can be noted that Lactobacillus cells were located in the
aqueous domain prevalently near the MG structures (Fig. 1a)
as well as protein aggregates (Fig. 1b).

3.2 MG-based system properties during digestion

The gels were exposed to gastrointestinal conditions to study
the destructuring behavior of binary and ternary systems. To
this aim, the swelling properties under gastric conditions were
measured. This analysis could give insight into the destructur-
ing phenomena occurring during digestion, giving reasons for
the capacity of the system to re-absorb water and the results
depend on the capacity of the network to allow water

diffusion.33 The samples containing water exhibited a swelling
ratio (%) of 12.95 ± 0.20 and 18.91 ± 0.05 for B- and T-water
samples, respectively. On the other hand, the swelling pro-
perties of milk containing samples were impossible to
measure probably due to the sensitiveness of milk proteins to
environmental stresses, such as acid pH and ionic strength,
which could cause protein unfolding and conformational
changes.29,33 It should be noted that no significant changes in
swelling properties were observed in stored samples.

To better understand the gel behavior upon digestion, the
particle size distributions were determined at the end of the
intestinal phase (Fig. 2). After 1-d storage (Fig. 2a), all the
systems showed a main peak with an average diameter ranging

Table 4 Enthalpy (ΔH) and T onset (Ton) of binary (B-water and B-milk) and ternary (T-water and T-milk) systems, after 1 and 14 days of storage at
4 °C

System

Storage time (days)

1 14

ΔH (J g−1) Ton (°C) ΔH (J g−1) Ton (°C)

B-water 6.43 ± 0.65a,A 58.09 ± 0.38a,A 6.12 ± 0.59a,A 57.32 ± 0.88a,A

B-milk 4.92 ± 0.39b 56.02 ± 0.54b

T-water 3.22 ± 0.30c,A 59.19 ± 0.18b,A 3.64 ± 0.11b,A 55.49 ± 0.11a,A

T-milk 4.73 ± 0.18b,A 55.09 ± 0.32b,A 4.86 ± 0.02ab,A 55.34 ± 0.37a,A

Lowercase letters (a–c) indicate significant differences among gels with the same storage time (p < 0.05). Uppercase letters (A–B) indicate signifi-
cant differences between each gel just after preparation and after 14 days of storage (p < 0.05).

Fig. 1 Confocal laser scanning micrographs of the L. rhamnosus-con-
taining T-milk system stained with Nile Red and Fast Green FCF to visu-
alize the lipid and protein phases, and with Hoechst to detect bacterial
cells. Overlay of Nile Red and Hoechst channels only, to allow clearer
visualization of bacterial localization (a) and the merged maximum
intensity z-projection of all channels (b) are reported. (Green, Nile Red;
red, Fast Green FCF; and cyan, Hoechst.)

Fig. 2 Particle size distribution of digested MG-based systems after 1
(a) and 14 (b) days of storage.
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from 300 to 450 nm. Based on the literature, this peak can be
attributed to the presence of mixed micelles formed upon diges-
tion, as well as for the sample containing milk, to the presence
of milk proteins.42,43 In fact, the same experiment performed
on a digested milk control sample showed the presence of a
similar peak with a mean diameter of around 250 nm. In MG-
containing samples, it is expected that MG participated in the
stabilization of mixed micelles as surface active molecules.44,45

When oil was included in the system (ternary samples), the
presence of smaller micelles was noted. This result can be
attributed to the additional presence of digested lipids gener-
ated as a consequence of lipid digestion in the intestinal phase
(e.g. mono- and di-glycerides and fatty acids).42,46 These obser-
vations were in agreement with those of Alongi et al. (2019)47

and Salvia-Trujillo et al. (2013)48 who described the decrease in
droplet size with the increase of the lipid content in the
digested sample. Comparing ternary systems, a narrower par-
ticle size distribution of the milk containing samples can be
noted in comparison with the water-based gel. This result can
be attributed to the presence of milk proteins in the digesta
which, being surface active, could have an emulsion stabilizing
effect locating at micelle interfaces or forming protein–lipid
complexes.40 Finally, a peak with an average diameter of
4500–5000 nm can be observed in the particle size distributions.
This can be attributed to bile salts, free fatty acids, undigested
lipids, and digested milk proteins.43,44,47,48

After 14 d of storage (Fig. 2b), broader distributions were
observed in all samples, even if the average particle size
remains almost unchanged. Interestingly, the volume of the
smaller particle family (70 nm) in T-milk was higher than that
observed just after 1 d of storage. This could be attributed to
higher lipolysis due to the reduced gel network strength
(Table 3).48

The digested samples were further analysed for their ζ-
potential (Fig. 3). This parameter is correlated with the surface
electrical charge of particles and provides information about

the digesta stability.42 It should be noted that UHT skimmed
milk digestion led to a ζ-potential of −27.69 ± 0.67 mV. The
presence of MG, as expected, decreased this parameter.31 The
additional presence of oil caused a further decrease of the par-
ticle charge, probably due to the increased number of surface-
active molecules, mainly free fatty acids, derived from lipid
digestion, as previously stated by other authors.42,46 After 14 d
of storage, the same trend was observed.

3.3 In vitro digestion of MG-based structured systems

In the last part of the research, the viability of L. rhamnosus
included in the four considered MG-based gels or digested as
free-cells in the relevant water domains was evaluated through-
out in vitro digestion (Fig. 4). After the oral phase, only a slight
viability reduction was observed in all samples, probably
because this phase is characterized by a short exposure (2 min)
at neutral pH without any antimicrobial substance. Instead,
the samples behaved differently after the gastric and intestinal
phases. After the gastric phase, the control samples showed a
viability reduction of about 3.77 ± 0.27 and 3.49 ± 0.16 log CFU
mL−1, respectively, and no further viability reduction was

Fig. 3 ζ-Potential of digested MG-based systems after 1 and 14 days of
storage. a and b indicate a significant difference (p < 0.05) after 1 and 14
days of storage within the same sample. A–C indicate a significant
difference (p < 0.05) between MG-based systems at the same storage
time.

Fig. 4 Viability of L. rhamnosus incorporated into systems containing
milk (a) and water (b), and relative controls stored for 1 day at 4 °C
before digestion and at the end of the oral, gastric and intestinal phases
of in vitro digestion. * indicates a significant difference (p < 0.05)
between the sample and relative control within the same digestion
phase. a and b indicate a significant difference (p < 0.05) among
different digestion phases within the same sample.
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observed after the intestinal phase. These results confirmed
that the gastric conditions are particularly stressful for
microorganisms.20,26,49,50 In fact, the acidic environment of
the stomach could be responsible for the damage of the cell
membrane, DNA and cellular proteins leading to the loss of
bacterial viability.51,52

Different results were obtained upon digestion of MG-gels.
All the samples containing milk (B-milk and T-milk) as well as
the T-water system showed a good protective capacity with only
∼0.5 log reduction of the microbial count at the end of the
gastric phase (Fig. 4a and b). No further reduction was noted
after the intestinal phase, except for the B-water sample.

These results highlighted the critical role of the presence of
crystalline monoglycerides during digestion in protecting bac-
teria. Comparing water containing systems after the intestinal
phase, a reduced protective capacity of B-water was observed.
This result could be attributed to the impact of the system
structure and to its destructuring behavior during digestion.
In fact, as reported in Table 3, the B-water gel was weaker than
T-water and, upon digestion, the presence of oil induced the
formation of micelles with a lower negative charge and a
broader particle size distribution (Fig. 2 and 3). In this situ-
ation, the microbes were more protected.

Regarding the B- and T-milk gels, they showed similar
results upon digestion (Fig. 4a). It can be hypothesized that
the presence of milk proteins, undergoing unfolding, cross-
linking and aggregation during the gastric phase,53 could
further protect the bacteria.

Considering that a probiotic food can be stored before con-
sumption, the L. rhamnosus viability during in vitro digestion
was evaluated by submitting trial samples stored for 14 days at
4 °C to digestion (Fig. 5). In these experiments, we excluded
the sample B-milk due to the evident syneresis, as described
in paragraph 3.1. It should be firstly highlighted that all struc-
tured and unstructured samples showed no significant
changes (p > 0.05) in the viable counts during the storage at
4 °C. Although this is a much lower temperature than the
optimal growth temperature of L. rhamnosus, the pH of the
medium and the duration of the storage at 4 °C did not cause
any loss of vitality. After the oral phase of digestion, no viabi-
lity reduction was detected, in agreement with the data dis-
cussed above. Further gastric phase conditions led to a 2–3 log
reduction of the cell viability of unstructured controls as well
as T- and B-water samples (Fig. 5a and b). Instead, the protec-
tive capacity of the T-milk gel was confirmed, as demonstrated
by the slightly reduced viability of about 0.5 log after the
gastric phase and intestinal phase. It could be supposed that
the presence of milk constituents in the system during storage
at 4 °C contributed to L. rhamnosus survival by helping the
microbes remain in a metabolically active state. It can be
speculated that bacteria in aged water containing systems pre-
sented a reduced capacity to survive the stressing conditions
encountered during digestion, which has been shown for
different probiotics.54,55 This could be due to the fact that,
even if probiotics survive during storage, their acid and bile
tolerance could decrease.56 These results are in agreement

with those reported by Marino et al.13 who observed a protec-
tive effect of a MG-gel containing milk on L. rhamnosus viabi-
lity for up to 56 days of storage at 4 °C. During digestion, the
presence of milk proteins played a key role in protecting bac-
teria, confirming the above-reported considerations.

Summarizing these results, the capacity of the MG structure
to confer protection to probiotic bacteria was confirmed also
during digestion. The highest protective ability of MG-gels was
observed for samples containing milk as the water phase,
highlighting the critical role of milk components in microbial
survival. As expected, the most critical phase for microbial sur-
vival was the gastric one (Fig. 4 and 5). The presence of crystal-
line MG structures provides protection to bacteria probably
because they could find physical protection by locating them-
selves near lipid structures (Fig. 1). Under gastric conditions,
MG crystal structures could still remain in the digesta since
they undergo melting only at temperatures higher than 55 °C
(Table 4). The additional protective role of milk components,
mainly proteins, which are expected to undergo unfolding
under gastric conditions, cannot be excluded. After the gastric
phase, further system destructuring is expected to occur as
this phase is involved in lipid digestion and mixed micelle for-

Fig. 5 Viability of L. rhamnosus incorporated into systems containing
milk (a) and water (b), and relative controls stored for 14 days at 4 °C
before digestion and at the end of the oral, gastric and intestinal phases
of in vitro digestion. * indicates a significant difference (p < 0.05)
between the sample and relative control within the same digestion
phase. a and b indicate a significant difference (p < 0.05) among
different digestion phases within the same sample.
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mation (Fig. 2 and 3).44,45,57 However, intestinal conditions
were less stressful for bacteria as demonstrated by the results
of the control samples (Fig. 4 and 5). Upon digestion of aged
samples, the presence of milk in the system appeared to be
critical. It can be inferred that bacteria survived better upon
digestion when they are “not stressed” by long storage under
nonoptimal conditions. This could impair their ability to
counteract the antimicrobial activities of acidic pH and bile
salts.

4 Conclusions

The results obtained in this study confirmed the capability of
monoglyceride self-assembled structures to protect probiotic
bacteria against stresses suffered not only during food proces-
sing and storage but also during digestion. To design an
efficient MG-based system it is necessary to consider both the
formulation and structure. In fact, the best performing gel was
the ternary system containing milk, which maintained a good
protective capacity even after storage at 4 °C. In this system
probiotic bacteria were located in the aqueous domain, where
they found at the same time physical protection and nutrients
to survive environmental stresses. The presence of milk
further improved the protection capacity of the system. These
findings suggest that MG-based gels can be effectively pro-
posed as an efficient carrier of probiotic bacteria not only
during food processing and storage but also upon digestion.
Being emulsion gels, different possible applications in foods
can be found, such as in creams and spreads, ice-creams and,
also as a more challenging possibility, in bakery products.
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