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Abstract: Synbiotic products are a type of functional food with great potential due to consumer
interest in foods that improve health and/or reduce the risk of certain diseases. In this study, synbiotic
macrocapsules were developed using Lactobacillus paracasei CBA L74 as probiotic and lactobionic
acid (LBA) as prebiotic. Firstly, the probiotic was proven to be able to use LBA as the only substrate
source checking their growth and lactic acid production. Then, four different types of capsules were
produced using sodium alginate as matrix and different hardener solutions (CaCl2 and chitosan).
The macrocapsules were characterised regarding their strength, and the best performing ones were
used for further analysis. In order to obtain a synbiotic capsule characterized by a longer stability
time due to low water activity, the capsules were dried using freeze and thermal drying. Successively,
to revitalize the microorganisms, the capsules were rehydrated in two different media (saline solution
and yogurt), subjected to simulated in vitro digestion tests and visually characterised. In addition,
their viability over time was assessed. As a result, L. paracasei was able to grow using LBA as the
only source of carbon with better production of lactic acid for prolonged periods. The more resistant
freeze- and thermal-dried capsules showed differences in rehydration kinetics, and visual changes
were also observed. In simulated in vitro digestion tests, capsules rehydrated in yogurt showed the
best results in terms of survival. Regarding their viability over time, the importance of the use of
chitosan was noted.

Keywords: synbiotic; prebiotic; probiotic; macrocapsules; in vitro digestion; drying processes; lactic
acid bacteria; lactobionic acid; Lactobacillus paracasei CBA L74; viability

1. Introduction

Currently, consumers desire high quality food products that, apart from fulfilling
their nutritional demands, have the potential to improve their health and/or reduce the
risk of some diseases [1]. In this context, functional foods have emerged, especially in
the area of dairy products, where the greatest variety of functional food products is to be
found [2,3]. These functional foods contain various bioactive compounds such as prebiotics
and probiotics.

The group of prebiotics is broad, and lactose derivatives such as lactobionic acid (LBA)
have generated strong interest in the food field [4]. As with other prebiotics, it is resistant to
digestive enzymes [5] and can be metabolised by the microflora of the gastrointestinal tract
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(GIT) [6,7]. However, its use has only been approved by the Food and Drug Administration
(FDA) in its salt form [8], although it is expected to be approved by other authorities in
the near future. Prebiotic compounds have the ability to promote the growth of probiotic
microorganisms. Probiotics are live microorganisms that, when administered in appro-
priate doses, have beneficial effects on consumers [9]. These bacteria have the capacity
to withstand the acidic environment of the stomach and reach the lower GIT, where they
can convert carbohydrates into lactic acid and other essential nutrients. In addition, they
prevent the development and growth of pathogenic microorganisms [9]. The most common
and widely used probiotics are lactic acid bacteria (LAB), especially bacteria belonging to
the genera Lactobacillus and Bifidobacterium [10]. Specifically, Lactobacillus paracasei CBA
L74 has been tested as a probiotic in in vivo studies [11] and has shown various health
benefits [11–14].

It has also been successfully used in the development of probiotic non-dairy matrix
foods [15–23]. Moreover, when probiotics are combined with prebiotic compounds, syn-
biotic products are obtained [24,25] and, some authors have suggested that this synbiotic
combination may increase the viability of the bacteria through the GIT [25,26].

These bioactive compounds are usually sensitive to chemical and physical factors [27].
To protect them against external agents, different strategies have been explored, such as
the development of films, coatings, or encapsulation techniques. Among the matrices that
can be used, alginate gels are a suitable matrix to protect and immobilise cells, as they also
allow the diffusion of metabolisms through pores [28]. The choice of the coating material
and the production conditions of the capsules (hardening times, crosslinking agents, and
concentrations) are all factors that can influence the viability of the probiotic and must be
carefully investigated [29]. Encapsulation techniques have the capacity to protect probiotic
bacteria [10] and also allow other bioactive products to be subjected to different drying
techniques, such as heat drying and freeze-drying, which can extend their shelf life [30].
In addition, these types of techniques can increase the survival and viability of probiotics
as they pass through the acidic environment of the stomach to reach the GIT.

The ultimate goal of the present work was to develop a dried synbiotic capsule, with
LBA as prebiotic and L. paracasei CBA L74 as probiotic, that allows a sufficient quantity of
bacteria to be conveyed to the intestine for a functional effect and that has a certain stability
over time.

For this purpose, the ability of the probiotic to consume LBA as a single substrate
source was first assessed. Then, four synbiotic capsules with different coatings were
developed with sodium alginate and characterised in terms of strength. The capsule type
with the best characteristics was subjected to two different drying processes (thermal drying
and freeze-drying), and the ability to rehydrate in two different media (saline solution
and yogurt) was tested in both. The viability over time of the encapsulated probiotic was
assessed and, finally, the survival of the L. paracasei was analysed in simulated in vitro
digestion tests.

2. Materials and Methods
2.1. Probiotic Microorganism, Growth Conditions and Lactic Acid Production

Lactobacillus paracasei CBA L74 (patented and provided by Heinz Italia S.p.A) was
used as the probiotic microorganism. This strain is a Gram-positive homo-fermentative,
and facultative anaerobic bacteria. It was stored at −20 ◦C and revitalized in 10 mL
of animal-free broth (AFB) (20 g/L Bacto Yeast Extract (BD Biosciences, Milan, Italy),
0.5 g/L MgSO4 (Sigma-Aldrich, Milan, Italy), 50 g/L glucose (Sigma-Aldrich), 0.5 g/L
citric acid (Sigma-Aldrich)) by incubation at 37 ◦C for 24 h. The bacterial load reached after
revitalization was approximately 8 log10 CFU/mL.

To test whether L. paracasei is able to use LBA as a substrate source, fermentation tests
on three different AFB (different in terms of carbon source) were carried out. Briefly the re-
vitalized strain was centrifuged (1600 rpm for 10 min), the supernatant discharged, and the
pellet resuspended in 40 mL of fresh AFB and incubated at 37 ◦C for 72 h. To verify the abil-
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ity of the strain to use a carbon source other than glucose, three AFBs were tested: AFB-G,
in which the carbon source was glucose; AFB-L in which the source was LBA; and AFB-GL,
in which the source was a mix of the two (1:1 ratio) (all were purchased by Sigma-Aldrich).
An initial bacterial load of approximately 6 log10 CFU/mL was observed for all. To monitor
fermentation, samples were taken at the start of fermentation (T0) and after 2 (T2), 18 (T18),
24 (T24), 48 (T48), and 72 (T72) h from inoculation. Samples were analysed for microbial
growth and lactic acid production. After serial dilutions, samples were sowed on MRS
agar (Sigma-Aldrich) plates, then incubated at 37 ◦C for 48 h. The lactic acid produced
during fermentation was determined by high performance liquid chromatography (HPLC)
(Agilent Technologies 1100), equipped with a C18 column (Agilent Zorbax C18 column—
4.6 mm × 150 mm and a pore size of 80A), with visible/UV detector. The eluent was 0.1 M
NH4H2PO4 aqueous solution at pH of 2.7 with a flow rate of 0.8 mL/min; the detection
wavelength and temperature were set at 218 nm and 30 ◦C, respectively.

2.2. Co-Encapsulation of the Probiotic and the Prebiotic and Macrocapsule Characterization
2.2.1. Encapsulation

Four different formulations were developed (Table 1). The probiotic was grown under
optimal conditions in an animal-free broth with LBA as an exclusive source of carbon
(AFB-L). To the microbial culture, 20 g/L sodium alginate (Sigma-Aldrich) was added
and mixed until a homogeneous solution was obtained. Then, the mixture was dropped
into a CaCl2 solution (0.1 or 0.5 M, Sigma-Aldrich) from a distance of 10 cm using a 1 mL
sterile syringe. The capsules were left in the CaCl2 solution for a set time (Table 1) at room
temperature with gentle agitation. After this time, some of the capsules were collected and
added to a chitosan solution (4.42 g/L chitosan (Sigma-Aldrich), 0.44% glacial acetic acid
(Sigma-Aldrich), pH 5.7–6.0 with NaOH 1 M) in which they were kept at room temperature
under gentle agitation for 40 min. Finally, the capsules were recovered and stored for
further testing.

Table 1. Summary of the different capsules developed.

Capsules CaCl2 Solution Chitosan Solution

A 0.1 M + 10 min -

B 0.1 M + 30 min -

C 0.1 M + 30 min 40 min

D 0.5 M + 10 min 40 min

2.2.2. Bloom Test

The textural properties of the capsules were studied employing the bloom test ac-
cording to the International Standard ISO 9665 [31] using a TA.XTplus Texture Analyzer
(Stable Micro Systems, Godalming, UK). The test was conducted at room temperature
using a P/0.5 1/2” probe with a test speed of 0.5 mm/s and a load cell of 5 kg. Experiments
were carried out in triplicate and reported results corresponded to the mean value.

2.3. Drying Processes

After production, capsules with the least (A) and the most (D) crosslinked coating were
dried by two different technologies: freeze-drying and thermal drying. Freeze-drying was
carried out using a lab scale freeze-dryer (Christ Alpha 1-2 LDplus, Martin Christ, Osterode
am Harz, Germany). It lasted 24 h, consisting of a main drying phase at a condenser
temperature of −20 ◦C, a pressure of 1.0 mbar for 12 h, and a final drying phase for the
removal of the residual moisture at a temperature of −56.5 ◦C and a pressure of 0.017 mbar
for 12 h. Thermal drying was carried out using a dryer (CL252, Trevi, Rimini, Italy), with
an air flow of 0.1–0.3 m/s, controlling the temperature at 37 ◦C. The drying lasted 12 h.
Capsules were evenly distributed on the surface to ensure homogeneous drying.
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2.4. Viability over Time

The impact on the viability of the probiotic over time was assessed for three dif-
ferent variables: changing carbon source, crosslinking of the capsules, and the drying
process used.

To test the impact of the carbon source and crosslinking, four different capsules were
produced: two were made using AFB-G, as described above, with the least (A from Table 1)
and the most (D from Table 1) crosslinked coating; and the other two were produced using
AFB-L, and also in this case, two crosslinking levels were used.

In Table 2 are summarized the capsule formulations. All were then subjected to freeze-
or thermal drying. The produced freeze-dried or thermal-dried capsules were stored
at 20 ◦C, and at specific sampling times the microbial viability was tested. Briefly, the
capsules were broken in 1% w/w sodium citrate solution at pH 6, and after serial dilution
the sample was seeded on MRS agar as previously described. The sampling times were
(in days): day 0 (T0, the day the drying ended), 1, 2, 4, 6, 8, 11, 14, 18, 21, and 30.

Table 2. Capsule formulations used to test probiotic viability over time, to study the impact from the
carbon source used and from the crosslinking of the coating.

Capsules Carbon Source Coating

I AFB-G 0.1M 10 min (A from Table 1)

II AFB-G 0.5M 10 min + chitosan (D from Table 1)

III AFB-L 0.1M 10 min (A from Table 1)

IV AFB-L 0.5M 10 min + chitosan (D from Table 1)

2.5. Rehydration Kinetics

The capsule with the best results in the bloom test and with the higher viability over
time was chosen for subsequent experiments. The chosen capsule, both in freeze-dried and
thermal-dried forms, was tested for its ability to rehydrate. In particular, two conditions
were tested: (1) rehydration in 0.9% NaCl solution at 37 ◦C; (2) rehydration in natural
yogurt (Danone, Danone Group SA, France) at 4 ◦C. Briefly, the capsules (freeze- or thermal-
dried) were placed in 0.9% NaCl solution or in yogurt and collected at specific times
(0, 0.25 min (15 s), 6 min, 60 min, 180 min and 1440 min (24 h)). Their water content was
measured using a volumetric titrator (Karl Fisher HI 903, Hanna instruments, Villafranca
Padovana, Italy). Finally, the rehydration capacity of the capsules was evaluated as the
ratio between the water content measured in the dried capsules compared to the initial
water content of the fresh capsules, as described below:

(Wrehydrate/Wfresh) × 100

where Wrehydrate were the grams of water adsorbed by the dried capsule during the rehy-
dration in 0.9% NaCl solution or in yogurt, and Wfresh were the grams of water measured
in the fresh capsules before drying.

2.6. Simulated In Vitro Digestion of Rehydrated Freeze-Dried and Thermal-Dried Capsules

The in vitro digestion test was performed only with the aim to test the survival of
L. paracasei, since LBA is resistant to human digestive enzymes [5]. For this purpose, the
viability of the microorganisms was tested at several times during the digestion trial and
calculated per gram of capsule. In addition, a sample of free bacteria, unencapsulated, was
tested also as control, with an initial concentration of 7 log10 CFU/mL.

The three digestive conditions (salivary, gastric, and intestinal phases) were prepared
according to Passannanti et al. [32] with some modifications. Simulated salivary fluid (SSF)
was prepared by adding 1.12 g/L KCl, 0.50 g/L KH2PO4, 1.14 g/L NaHCO3, 0.031 g/L
MgCl2(H2O)6, and 0.0058 g/L (NH4)2CO3. Simulated gastric fluid (SGF) was prepared
by mixing 0.51 g/L KCl, 0.12 g/L KH2PO4, 2.10 g/L NaHCO3, 2.76 g/L NaCl, 0.020 g/L
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MgCl2(H2O)6, and 0.048 g/L (NH4)2CO3. Simulated intestinal fluid (SIF) was prepared by
adding 0.51 g/L KCl, 0.11 g/L KH2PO4, 7.14 g/L NaHCO3, 2.24 g/L NaCl, and 0.067 g/L
MgCl2(H2O)6 (all reagents from Sigma-Aldrich).

Before the in vitro digestion test, the thermal-dried and freeze-dried capsules were
rehydrated in two different ways: in a saline solution (0.9% NaCl, 1:100 (w/v) at 37 ◦C
for 15 min) and in 120 g of natural yogurt (Danone, Danone Group SA, France) (at 4 ◦C
for 24 h).

For the salivary simulation, 25 mL of SSF were mixed with CaCl2 (Sigma-Aldrich)
and α-amylase (1333 U/mg protein, CAS 900-90-2, Sigma-Aldrich) to obtain a concentration
in the final volume of 0.083 g/L and 75 U/mL, respectively. Capsules rehydrated in saline
solution were recovered and added directly while those rehydrated in yogurt were added
with 5 g of yogurt. The oral mixture was incubated for 3 min at 37 ◦C. Afterwards, 25 mL
of SGF were added to the mixture. Porcine pepsin (2500 U/mg protein, CAS 9001-75-6,
Sigma-Aldrich) and CaCl2 were also added to this mixture to achieve a final concentration
of 2000 U/mL and 0.0083 g/L. Then, the mixture was well homogenized, the pH was
adjusted to 2.0 with HCl 5 M (Sigma-Aldrich) and incubated at 37 ◦C for 2 h. Finally,
porcine pancreatin (0.1% (w/v), CAS 9049-47-6, Sigma-Aldrich), bovine chymotrypsin
(3% (w/v), CAS 9004-07-3, Sigma-Aldrich), amyloglucosidase (260 U/mL, CAS 9032-08-0),
with a concentration in the final volume of 1.12 U/mL, [33]), and CaCl2 (0.033 g/L) were
mixed with 50 mL of SIF. This solution was added to the previous mixture and was well
homogenized, the pH adjusted to 6.5 with NaOH 5 M (Sigma-Aldrich), and incubated at
37 ◦C for 2 h.

The bacterial viability was assessed by taking samples at different times: one after
the simulated salivary phase and one after each 30 min in the simulated gastric and
intestinal phases (9 samples in total for the entire simulated digestion trial). For the
sampling, a number of capsules were collected and weighed under sterile conditions. The
capsules were homogenized and dissolved with a sterile sodium citrate solution (1% (w/w),
pH 6.0, Sigma-Aldrich) in a 1:10 proportion (capsule weight/sodium citrate volume).
Serial dilutions (1:10) were incubated on MRS agar plates (Sigma-Aldrich) for 48–72 h
at 37 ◦C. Each sample was prepared in triplicate, and results were expressed in log10 CFU/g
capsules (CFU/mL in the case of control).

2.7. Visual Characterization and Sphericity Factor (SF)

The visual characterization of the capsules was performed employing a LEICA M205Fa
fluorescence stereo microscope (Leica Microsystems Inc., Heidelberg, Germany). A mag-
nification 12× was used, and Leica Application Suite v4.0 software platform was used to
analyse the images and determine the size of the capsules.

The shape of the capsules was characterised using the spherification factor (SF).
According to this parameter, a 0 value is a perfect sphere, and a 1 value corresponds to
an elongated sphere. The SF parameter was calculated as follows:

SF = (dmax − dmin)/(dmax + dmin)

where dmax is the largest diameter and dmin is the smallest diameter perpendicular to dmax.
SF of the capsules was calculated on fresh capsules, on dried capsules, on rehydrated
capsules (saline solution and yogurt), and after the in vitro digestion tests.

2.8. Statistical Analysis

Analysis of variance (ANOVA) was applied. Fischer’s least significant difference
(LSD) was performed to determine significant differences between the data. A level of
p < 0.05 was considered significant. Analyses were carried out using Statgraphics 18®

Centurion statistical software.
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3. Results and Discussion
3.1. Analysis of the Growth of L. paracasei Using Lactobionic Acid as Substrate and Lactic
Acid Production

L. paracasei CBA L74 was inoculated in three animal free broths (AFBs) to study its
ability to use carbon sources other than glucose. In Figure 1, the bacterial growth (A) and
the lactic acid produced (B) during the fermentation are shown.
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Figure 1. Microbial growth and lactic acid concentrations on three AFBs. (A) Bacterial growth in
log10 CFU/mL and (B) lactic acid production in g/L, during fermentation on three different AFBs:
AFB-G, with glucose as carbon source; AFB-L, with LBA as carbon source; AFB-GL, with a mix
(1:1 ratio) of glucose and LBA. Bars represent standard deviation of three independent experiments.
Different letters indicate significant differences (p < 0.05).

Starting for all with a bacterial concentration of about 6.5 log10 CFU/mL, similar
growth was obtained for all the broths. Only after 72 h did it seem that the growth of the
microorganism in the AFB-G had a reduction in its viability (6.35 ± 0.49 log10 CFU/mL),
but the difference compared with the other broths (AFB-L: 7.59 ± 0.47 log10 CFU/mL;
AFB-GL: 7.66 ± 0.10 log10 CFU/mL) was not statistically significant. As for the lactic acid,
it increased over time with a very similar trend for all the broths. Only after 72 h was
a statistically significant difference (p < 0.05) observed between the fermentations carried
out in the broths with LBA (AFB-L: 3.62 ± 0.05 g lactic acid/L; AFB-GL: 3.82 ± 0.09 g lactic
acid/L) and the fermentation in AFB-G (2.37 ± 0.52 g lactic acid/L). From these results,
it was possible to state that L. paracasei CBA L74 was able to use LBA as a carbon source,
and this substrate gave the same results as glucose in terms of bacterial growth and lactic
acid production (with improved production observed over prolonged times). A similar
test [6] was performed on different Lactobacillus strains; also, from their study, L. paracasei
appeared to be able to grow using LBA (2% w/v) in the same way as using glucose.

3.2. Capsule Characterization

After having tested the ability of the microorganism to use LBA as a substrate, L.
paracasei and the prebiotic were co-encapsulated in four different types of capsules, the re-
sistance of which was tested by the bloom test. The strength of the four types of capsules
produced was analysed to choose the type of capsule with the best characteristics for fur-
ther studies. In this type of test, bloom gel strength is the mass in grams required to depress
the surface gel 4 mm [34]. Results are shown in Table 3. The most resistant capsules were
those that were made with the highest concentration of CaCl2 (0.5 M) and had an extra
layer of chitosan (D-capsules). With the rest of the capsules developed, the employed
CaCl2 concentration (0.1 M) did not seem to harden them enough, as even with a chitosan
layer (C-capsules), no significant differences were observed (p > 0.05). Therefore, the CaCl2
concentration had an influence on the strength of the capsules. Other authors have found
that the strength of the sodium alginate gel increases with the CaCl2 concentration, as the
formation of stronger and more crosslinked bound gels is favoured due to the presence of
more available Ca2+ ions [35,36]. Besides that, the chitosan coating provided extra coverage
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in the capsules, which may influence the ability of their structure to make them increase
probiotic viability [28] and to withstand the digestive conditions and help the probiotic to
survive and reach the lower gastrointestinal tract (GIT). Therefore, D-capsules were chosen
for the rest of the analysis performed.

Table 3. Bloom values (g) for the different capsules. Different letters in the same column indicate
significant differences (p < 0.05).

Capsules A B C D

Force (g) 253.7 ± 7.4 a 283.2 ± 68.3 a 304.3 ± 52.0 a 476.9 ± 38.7 b

3.3. Viability over Time of the Probiotic Encapsulated in Dried Capsules

The viability of the microorganism is a key factor in ensuring the probiotic effect on
the health of the host. Actually, there is no standard recommendation on the bacterial
concentration to consume to have a benefit; however, it is generally accepted that the
microorganism, to be defined as a probiotic, must have a concentration of at least 106 CFU
per g of product [37]. This bacterial concentration must be guaranteed at the time of con-
sumption and, considering that during storage the vital count can decrease, an assessment
of the viability over time is essential. We evaluated the impact on viability over time of:
(1) the carbon source used as substrate by the microorganism (testing two different broths:
AFB-G and AFB-L; (2) the coating (testing the least (0.1 M CaCl2 for 10 min) and the most
(0.5 M CaCl2 for 10 min and chitosan) crosslinked capsules); (3) the drying technology used
(freeze- or thermal-dried, considering that for both, a water content of about 0.1% on dry
basis was measured immediately after drying, while a value of less than 2% was measured
after 30 days). In Figure 2, the microbial concentration observed over time (days) is shown.
It may be noted that there were no differences due to the carbon source used: the same
trend was obtained on capsules with the same structure but revitalized in different broths,
and this could be affirmed for both the freeze- and thermal-dried capsules. On the contrary,
the resistance of the structure of the capsules seemed to be very important to guarantee
stability: the capsules crosslinked in 0.1 M CaCl2 for 10 min protected the microorganism
less than the other types of capsules, with a decay in the microbial concentration of about
4 log10 at the end of the time considered. The same reduction was indeed not present if the
capsules were produced by crosslinking in 0.5 M CaCl2 for 10 min and then coated with chi-
tosan. Additionally, in this case the trend between the freeze- and thermal-dried capsules
was very similar and no statistically significant differences were found. Furthermore, in the
study by Mahmoud et al. [38], the structure of the capsule seemed to be an important factor
in determining the probiotic viability over time: it was found that chitosan-coated alginate
capsules were more capable than others (with skim milk, dextrin, or denatured whey
protein) in protecting L. plantarum during storage. The importance of chitosan coating for
probiotic viability during storage was also shown by Lopes et al. [39]. Based on these data,
only the microorganisms encapsulated in the most crosslinked capsules, then coated with
chitosan, had a useful microbial concentration to be considered probiotics after 30 days of
storage, while for the other capsules only half the storage time should be considered.
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Figure 2. Probiotic viability over time. Microbial concentration measured for 30 days for the
freeze-dried capsules (A) and for the thermal-dried capsules (B). For both cases, two parameters
were studied: the broth used (AFB-G or AFB-L) and the capsule structure (if crosslinked in 0.1 M
CaCl2 for 10 min or in 0.5 M CaCl2 for 10 min and then coated with chitosan). Bars represent
standard deviation of three independent experiments. Different letters indicate significant differences
(p < 0.05).

3.4. Rehydration Kinetics

Capsules produced with AFB-L, chosen as the best from the bloom test and from the
evaluation of viability over time (D-capsules: 0.5 M CaCl2 and chitosan), were then freeze-
or thermal-dried. The rehydration capacity over time of the capsules was evaluated as the
ratio between the grams of water adsorbed by the dried capsules (freeze- or thermal-dried)
compared to the grams of water measured in the fresh capsule, before drying, as described
in the methods section. The results for rehydration capacity are shown in Figure 3.
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Figure 3. Rehydration capacity over time. Freeze- and thermal-dried capsules were placed in 0.9% NaCl solution (orange,
purple, respectively) or in yogurt (light blue, green, respectively) and collected at specific sampling times (0, 0.25 min (15 s),
6 min, 60 min, 180 min, and 1440 min (24 h)) to evaluate their rehydration capacity, as described in the methods section. Bars
represent standard deviation of three independent experiments. Different letters indicate significant differences (p < 0.05).

The freeze-dried capsules were more capable of rehydration than the thermal-dried
ones, and the difference was statistically significant. Conversely, there was no difference
according to the medium used for rehydration (saline solution or yogurt). In all cases, the
rehydration reached a maximum level after 3 h and lasted until 24 h, when the rehydration
percentages observed were 13.67 ± 3.10% for the freeze-dried capsules rehydrated in saline
solution; 14.12 ± 1.80% for the freeze-dried capsules rehydrated in yogurt; 10.24 ± 1.50%
for the thermal-dried capsules rehydrated in saline solution, and 10.00 ± 1.84% for the
thermal-dried capsules rehydrated in yogurt.
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The differences related to the drying treatment used could be due to the physical
alterations (shrinkage, altered porosity and microstructure, and reduced ability in binding
water) caused by thermal drying [40–42].

3.5. Simulated In Vitro Digestion of Rehydrated Freeze-Dried and Thermal-Dried Capsules

To evaluate the capacity of the alginate capsules to protect L. paracasei survival, freeze-
dried and thermal-dried capsules rehydrated in saline solution and yogurt were sub-
jected to a simulated in vitro digestion test. As a control, unencapsulated L. paracasei
(7 log10 CFU/mL) was used. Results are shown in Figure 4.
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Figure 4. Variation of the concentration of L. paracasei (log10 CFU/g of capsule and log10 CFU/mL in the case of control
sample) throughout the in vitro digestion test. F-S refers to freeze-dried capsules rehydrated in saline solution, T-S to
thermal-dried capsules rehydrated in saline solution, F-Y to freeze-dried capsules rehydrated in yogurt, and T-Y to thermal-
dried capsules rehydrated in yogurt. Experiments were carried out in triplicate and reported results correspond to the mean
value. Different letters indicate significant differences (p < 0.05).

In the simulated salivary phase, the probiotic concentration was equal to or greater
than 6 log10 CFU/g capsules or mL (in the case of control). The differences observed
may be due to the initial concentration of microorganisms in each type of rehydrated
capsule and not to the effect of salts and α-amylase present in the environment, as the
differences were not related to the type of capsule (freeze- or thermal-dried) or the type
of hydration (saline solution or yogurt). The main changes were observed in gastric
simulation. After 30 min in the stomach simulation, no survival was observed in the case
of the control. It is known that the acidic environment (pH < 2.0) as well as the presence of
pepsin can cause the death of the microorganisms [43]. Significant differences (p < 0.05)
were found in terms of the way the capsules were rehydrated but not between freeze- or
thermal-dried capsules. Higher survival was obtained in capsules rehydrated in yogurt
than in those rehydrated in saline solution, with a difference of 57.75%. After the simulated
gastric phase, there was a small reduction in the microbial load in the simulated intestinal
phase. At the final point, the mean survival of capsules rehydrated in saline solution was
2.3 ± 0.1 log10 CFU/g capsules, while for those rehydrated in yogurt, it was 4.8 ± 0.1 log10
CFU/g capsules. Therefore, the way in which the capsules were rehydrated influenced the
survival of the probiotic throughout the simulated in vitro digestion test in both types of
capsules (freeze-dried and thermal-dried). Yogurt, with its rich nutritional composition,
could play a dual role in the protection of microorganisms: first, by acting as a more
complex matrix to digest, compared to saline solution, with more “engaged” digestive
enzymes (the same results were obtained by Bove et al. (2013) [44], where different
food carriers of probiotics were tested during in vitro digestion, and higher survival was



Appl. Sci. 2021, 11, 11404 10 of 15

observed in complex and/or nutrient-rich ones) and second, by feeding microorganisms
with nutrients: during rehydration in yogurt, capsules can absorb water enriched with
nourishing molecules such as sugars, which can promote viability.

For probiotic microorganisms to be effective, they must withstand the conditions
of the digestive tract to reach the GIT. Although there is no scientific consensus on the
probiotic concentration needed to obtain a beneficial effect, several authors suggest that this
concentration would be between 6 and 9 log10 CFU/day [10,45]. Regarding LBA, it was not
measured during the simulated in vitro digestion test, as it is resistant to human digestive
enzymes (non-digestible fibre), and it is capable of reaching the large intestine intact [5,46].
In the case of yogurt, the recommended daily intake is between 200 and 250 g [47], meaning
two portions per day (120 g/portion). Considering the results obtained in the simulated
in vitro digestion test and adding an amount between 0.75 and 1 g of capsules per portion
of yogurt, capsules rehydrated in saline solution would have a probiotic final mean value
between 3.3 and 4.4 log10 CFU/day while capsules rehydrated in yogurt would have
a mean value between 7.32 and 9.76 log10 CFU/day. As can be seen from these results, only
capsules rehydrated in yogurt would have the capacity to deliver an adequate probiotic
dose (a minimum concentration of 6 log10 CFU/day) to the lower GIT.

3.6. Visual Characterization and Sphericity Factor (SF)

Stereo microscope images of the capsules (fresh, dried, rehydrated, and digested) are
shown in Table 4, together with the SF and the weight of the related capsule. In terms of
size, freshly made capsules showed a practically spherical shape (SF < 0.05, [48]). After
the drying process, the capsules altered their shape. Even so, the SF values obtained
(0.135 and 0.17 for the freeze-dried and thermal-dried capsules, respectively) were close to
the value of a sphere. Significantly, the freeze-dried capsules were more rounded, while
the thermal-dried ones were flatter (0.135 ± 0.023 and 0.17 ± 0.082, respectively) due to the
drying process carried out. This difference was also observed visually (B-1 and C-1).

Table 4. Sphericity factor values (SF), stereo microscope images (all with a magnification of 12×) and weight (mg) of the
capsules. D (microscope images A) refers to freshly made capsules, F-D (microscope images B1-5) to freeze-dried capsules,
and T-D ((microscope images C1-5) to thermal-dried capsules. Different letters indicate significant differences (p < 0.05).

Capsules SF Microscope Images Weight (mg)

D 0.041 ± 0.021 a
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Table 4. Cont.

Capsules SF Microscope Images Weight (mg)

F-D rehydrated in saline solution 0.049 ± 0.03 a
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Table 4. Cont.

Capsules SF Microscope Images Weight (mg)

T-D rehydrated in saline solution after
in vitro digestion 0.069 ± 0.045 e
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After the rehydration process, significant differences were found between the weight
of the capsules. Freeze-dried capsules showed a higher weight, both after hydration
with saline and yogurt and after in vitro digestion tests. These results agreed with those
obtained in the rehydration kinetics evaluation (Section 3.4), as the freeze-dried capsules
obtained a higher percentage of rehydration and therefore weighed more. In addition,
differences in the capsule surfaces after the in vitro simulated digestion tests were observed.
The freeze-dried capsules showed a surface roughness (B-3 and B-5) while the thermal-
dried capsules showed a smooth and uniform surface (C-3 and C-5). In addition, the size
of the capsules increased (as shown in B-5 and C-5) (1000 µm scale). Other authors have
also found that after simulated in vitro digestion tests, the size of sodium alginate capsules
increased throughout the digestion process, up to three times the original size [49].

4. Conclusions

As with other studied probiotic bacteria, L. paracasei CBA L74 was able to use LBA as
the only source of carbon, showing better results in lactic acid production over prolonged
periods of time. Thus, synbiotic macrocapsules with L. paracasei CBA L74 as probiotic
and LBA as prebiotic were developed and characterised. The most resistant capsules
were those prepared using 0.5M CaCl2 as hardener and with an extra layer of chitosan.
The same capsules protected the microorganisms over time better than the others tested
and were chosen for subsequent tests. From rehydration tests, it emerged that regardless
of the medium used (saline solution or yogurt), the freeze-dried capsules incorporated
water more easily than the thermal-dried ones, but in all cases the rehydration was partial.
No differences were observed between the freeze- or thermal-drying processes in terms
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of probiotic viability; hence, the composition of the capsules allowed the survival of the
probiotic to be maintained. The way in which capsules were rehydrated was a determining
factor in the survival of the probiotic in the simulated in vitro digestion tests: capsules
rehydrated in saline solution showed worse viability results compared to capsules rehy-
drated in yogurt, which could better protect microorganisms thanks to its rich nutritional
composition. The synbiotic capsules produced (both freeze-dried and thermal-dried) with
the recommended daily intake of yogurt would reach the minimum concentration for the
product to be considered “probiotic”.
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