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ARTICLE INFO ABSTRACT

Keywords: Human microbial niches such as the healthy vagina, are recently emerging as “unconventional” sources of

Fermentation candidate probiotics capable of preventing from different vaginal diseases. These microorganisms could be

Er"bl‘m;s . provided as oral preparations since they can reach the vaginal niche passing through the gastrointestinal tract.
ncapsulation

However, their use in food would be challenging. The aim of this work was to develop and characterize fer-
mented soy beverages with encapsulated and non-encapsulated vaginal lactobacilli, namely Lactobacillus crisp-
atus BC4 and Lactobacillus gasseri BC9, as future dietary strategies for vaginal dysbiosis. The viability of vaginal
strains remained stable at 7 log CFU/mL of product during the entire 28 days of storage, despite the use of
encapsulated or non-encapsulated bacteria. Samples containing encapsulated bacteria, especially E-BC4+4-BC9,
showed higher Water Holding Capacity (62.29%), lactic acid content (1.43%), and a remarkable antagonistic
activity against enteropathogens. Moreover, encapsulation protected the strains from simulated GIT conditions
(>1 Log) but reduced the acceptability of the final products. Overall, strain BC4 and BC9, alone or in mix,
demonstrated to be promising co-starter cultures providing a characteristic flavor (pleasant smell and taste) and
aroma (lower hexanal, benzaldehyde and higher diacetyl, and 2,3-pentanedione, compared to control) to the
fermented soy beverages.

Sensory evaluation
Soy beverage

1. Introduction

Research related to the microbiome has broadened the public
perception of microorganisms as agents that can cause diseases but that,
at the same time, have a beneficial role in human health. The resulting
awareness and acceptance of probiotics in consumers will expand the
probiotic market of 8% between 2023 and 2032 (Cunningham et al.,
2021; Global Market Insights, 2022). However, while there is a common
opinion on the beneficial effect of probiotics, there is still a common
misunderstanding on their definition. In the scientific field, as recently
established by the International Scientific Association for Probiotics and
Prebiotics, safety and evidence of a health benefit are required as

preliminary criteria for the selection of probiotics, also considering
target sites, target populations, and way of administration (Hill et al.,
2014). Besides gut and fermented foods, human microbial niches are
recently emerging as “unconventional” sources of probiotic candidates.
For instance, several studies conducted on vaginal microbiota of healthy
women have reported Lactobacillus as the main genus present in this
niche which can be used as an excellent source of beneficial microbes
(Anahtar et al., 2018; Di Cerbo et al., 2016). Among the isolated lacto-
bacilli, the most dominant species are Lactobacillus crispatus, L. iners,
L. jensenii and L. gasseri. The beneficial effect of Lactobacillus spp. in the
vaginal ecosystem is based on a mutualistic relationship between the
vaginal microbiota and the human host. More specifically, these species
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can produce several antimicrobial compounds (e.g. hydrogen peroxide,
lactic acid) and they can compete against pathogens for adhesion sites in
the vaginal epithelium (Ahire et al., 2021), protecting the host from
different diseases, including recurrent urinary infections, bacterial
vaginosis, and vaginal candidiasis. In this sense, vaginal L. crispatus and
L. gasseri strains, isolated by Parolin et al. (2015), exhibited activity
towards several genital pathogens, including Candida (Calonghi et al.,
2017; Parolin et al., 2015, 2021), Chlamydia trachomatis (Nardini et al.,
2016; Parolin et al., 2018) Neisseria gonorrhoeae (Foschi et al., 2017)
Group-B Streptococcus (Marziali et al., 2019) and HIV1 (Nahui Palomino
et al., 2019). Their metabolic aptitude (D’Alessandro et al., 2021) (a) as
well as their safety and technological properties as functional adjunct
cultures in the food sector were also tested (Siroli et al., 2017). The
digestive fate of one of the most promising vaginal strains, namely
L. crispatus BC4, carried in a soft cheese was also evaluated by using the
SHIME® system (Patrignani et al., 2020). The strain was able to survive
the stomach and small intestine simulated conditions, arriving in the gut
with a minor reduction of living cells. This aspect is important since oral
administered vaginal strains, once they have colonized the gut, can
translocate from the large intestine to the vagina because of the spatial
proximity of the two organs. However, although they could be provided
as oral preparations, it would be very challenging to use them in foods as
a dietary strategy to prevent eventually woman dysbiosis. In fact, from
one hand they should be kept alive and functional during the entire
shelf-life of the food. On the other hand, the food should be consumed
constantly in proper amount so that the probiotics can reach and colo-
nize the human gut. The development of suitable technologies for the
maintenance of an adequate number of viable probiotic cells (>7 log
colony-forming units [CFU]/g of product) is for sure a key step. On this
regard, microencapsulation is one of the most widely used techniques
that offers protection for heat-sensitive nutrients and probiotic micro-
organisms. In order to maximize the vaginal strains viability, assuming
their potential use as functional adjunct cultures in the food sector, the
use of spray-drying for microencapsulation was also evaluated
(D’Alessandro et al., 2021) (b).

Traditionally probiotics have been consumed by humans through
fermented dairy foods, mostly of bovine origin. However, due to the
emergences of lactose intolerance, cow’s milk protein allergy, issue with
cholesterol-rich diet, veganism and negative environmental impacts of
dairy productions, there is a growing demand for non-dairy-alternatives.
Nowadays, the viability during storage of probiotics in plant-based
beverages, such as the soy based one, has been reported as highly
satisfactory (Rasika et al., 2021). Therefore, these milk substitutes may
represent promising carriers for probiotics. Several studies have also
pointed out that fermentation of soy beverages by lactic acid bacteria
can: overcome the problem of beany flavor, increase the acceptability of
these type of products by reducing their oligosaccharides (Otieno &
Shah, 2007); improve the bioavailability of isoflavones, favor the
digestion of proteins and intestinal health, enhance the antioxidant ac-
tivity of the beverage, provide more soluble calcium, and supports im-
mune system (Wang et al., 2003); increase the amount of vitamins, such
as riboflavin (Bhushan et al., 2020).

The aim of this study was to develop functional fermented soy bev-
erages using commercial starter cultures together with two encapsulated
and non-encapsulated vaginal probiotics (L. crispatus BC4 and L. gasseri
BC9, Department of Pharmacy and Biotechnology, University of
Bologna, Italy). The two strains were applied individually or in combi-
nation to assess their potential synergistic effect on the final food
product. The fermented soy beverages were then stored for 28 days at
4 °C (Cui et al., 2021), and analyzed for microbial cell loads and pH over
time. Moreover, their antagonistic activity against intestinal pathogens
and the survival of the vaginal strains through simulated
gastro-intestinal juices were evaluated. Eventually, sensory character-
istics (panel), aromatic compounds (GC-MS-SPME), and rheological
measurements were determined on the final products at the end of
storage.
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2. Materials and methods
2.1. Bacterial strains

The functional strains used in this experimental work were
L. crispatus BC4 and L. gasseri BC9, belonging to the collection of FABIT
(Department of Pharmacy and Biotechnology, University of Bologna,
Italy), isolated according to Parolin et al. (2015). Lactobacillus delbrueckii
subsp. bulgaricus and Streptococcus thermophilus were provided by Sacco
srl (Italy). Fresh cultures of each strain were obtained from frozen stocks
by two consecutive refreshments in MRS broth (Oxoid, Basingstoke,
United Kingdom) using a 1% (v/v) inoculum and incubated at 37 °C in
anaerobic conditions overnight.

2.2. Production of microcapsules

L. crispatus BC4 and L. gasseri BC9 were individually cultivated
overnight at 37 °C in 1 L of MRS broth supplemented with 0.05% t-
cysteine and incubated in anaerobic jar with AnaeroGen sachet (Oxoid).
This allowed to obtain a final concentration of at least 10° CFU/mL for
each strain. The strain cell loads were determined after serial dilutions in
0.9% NacCl isotonic solution by plating on MRS agar with 0.05% L-
cysteine and incubating at 37 °C for 48 h under anaerobiosis. One liter of
each strain culture was centrifuged at 14514xg for 15 min at 4 °C
(Avanti J-26 XP with Ja A-10 rotor, Beckman Coulter). After removing
the supernatant, the microbial pellet was washed with 1 L of 0.9% NaCl
isotonic solution and then resuspended in 500 mL of a commercial soy
beverage having the following composition: 9.04% total solids, 9.8
°Brix, pH 6.64, 1.8% fats, 2.8% carbohydrates, 3% proteins, and 0.4%
fibers. Spray-drying was conducted using a mini-spray-dryer (B191,
Buchi - Labortechnik AG, Switzerland), which was a laboratory-scale
spray-dryer equipped with a single fluid nozzle. Regarding the process
conditions, inlet and outlet air temperatures were 110 and 70 °C,
respectively. The pump rate was maintained between 19% and 36%
aspiration, while the feed flow rate was 10 mL/min. For each culture,
100 mL of suspension was spray-dried to produce an average of 5.2 g of
powder/100 mL of suspension. Spray-dried powder samples were
collected from the cyclone, mixed gently, and vacuum-packed in nylon/
polyethene, 102 pm high-barrier plastic bags (Tecnovac, San Paolo
D’Argon, Bergamo, Italy) using an S100-Tecnovac device.

2.3. Preparation of fermented soy beverages

The production of fermented soy beverages was carried out in lab
conditions. Commercial UHT soy beverage was split in 100 mL con-
tainers and each one was inoculated with starter cultures (L. delbrueckii
subsp. bulgaricus and S. thermophilus) at level of 6 log CFU/mL while the
functional strains, encapsulated or not, were inoculated at level of at
least 7 log CFU/mL. The inoculated soy beverages were incubated at
42 °C until reaching pH 4.5. At the end of fermentation, the samples
were stored at 4 °C up to 28 days. The analyses were performed after 1
(the day after production), 7, 14 and 28 days of refrigerated storage.
Seven types of experimental fermented soy beverages were produced
and defined as follows:

Control: fermented soy beverage containing starter cultures only;

BC4: fermented soy beverage containing starter cultures and
L. crispatus BC4;

BC9: fermented soy beverage containing starter cultures and
L. gasseri BC9;

BC4+BC9: fermented soy beverage containing starter cultures and
the mix of L. crispatus BC4+L. gasseri BC9;

E-BC4: fermented soy beverage containing starter cultures and
encapsulated L. crispatus BC4;

E-BC9: fermented soy beverage containing starter cultures and
encapsulated L. gasseri BC9;

E-BC4+BC9: fermented soy beverage containing starter cultures and
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the encapsulated mix of L. crispatus BC4+L. gasseri BCO.

2.4. Starter cultures and probiotic strain viability in fermented soy
beverages

The viability of starters cultures and vaginal strains was assessed
after 1, 14 and 28 days of storage. Five grams of fermented soy beverage
were placed into 45 mL of PBS and homogenized in a stomacher
(Labblender 80, Pbi International, Milan, Italy) for 3 min. Decimal di-
lutions of the homogenates were made in 0.9% NaCl and 0.1 mL of
appropriate dilutions was spread onto the surface of different agar
media. S. thermophilus was counted on M17 agar (Oxoid, Basingstoke,
Hampshire, UK) while L. delbrueckii subsp. bulgaricus was counted
anaerobically on MRS agar (Oxoid) acidified with glacial acetic acid
(Merck, Darmstadt, Germany) at pH 5.4. Both M17 and MRS plates were
incubated at 45 °C to preclude the growth of the two vaginal strains. On
the other hand, L. crispatus BC4 and L. gasseri BC9 were anaerobically
counted onto MRS supplemented with 0.2% (w/v) Lithium chloride,
0.3% (w/v) Sodium propionate and 0.05% i-cysteine or MRS with
0.05% t-cysteine, respectively, incubated at 30 °C to preclude the
growth of the L. delbrueckii subsp. bulgaricus. The be sure that the proper
bacteria were counted, the morphology of each strain was checked.

2.5. Physico-chemical analysis

Physico-chemical analyses (soluble solids (°Brix), water holding ca-
pacity (%), lactic acid (%) and pH) were measured in the fermented soy
beverages after 1 day of storage, according to Torrico et al. (2019). Total
soluble solids were measured using a digital refractometer for °Brix
determination (DBR 95 digital refractometer, XS Instruments, Carpi,
Italy). The refractometer was calibrated with distilled water. The mean
values of six replicates and the standard deviations were calculated. The
water holding capacity (WHC %) of the samples was determined using a
refrigerated centrifuge (Avanti J-26 XP with Ja A-10 rotor, Beckman
Coulter). Fermented soy beverages (5 g) were centrifuged at 4500 x g for
15 min at 4 °C. After centrifugation, the clear supernatant formed was
collected and weighed. Triplicates were measured for each sample and
the mean was calculated. The extent of whey separation of the fer-
mented samples was calculated from the weight of the supernatant and
the fermented soy beverage using the following equation: WHC (%) =
(1- (weight of supernatant (g) x weight of fermented soy beverage (g))
x 100. Titratable acidity (lactic acid %) was measured according to the
methods of Shori et al. (2013). Approximately 10 g of the fermented soy
beverage were diluted with the same amount of distilled water and
titrated with 0.1 M NaOH using a 0.5% phenolphthalein indicator until
the end point of a faint pink colour was reached. The titratable acidity
was expressed as % lactic acid based on the weight of the sample using
the following formula: lactic acid (%) = (V x 0.009)/(W x 100), where
V is the volume of 0.1 M NaOH (mL) and W is the weight of fermented
product (g). Titratable acidity was determined from the average of three
replicates for each sample. The decrease in pH during fermentation and
its evolution during 28 days of storage at 4 °C was monitored using the
Basic 20 pH meter (Crison Instruments, Modena, Italy).

2.6. Survival to simulated gastric and intestinal juices of the vaginal
strains present in the fermented soy beverage

To evaluate the resistance of the vaginal strains, encapsulated or not,
to simulated gastric and intestinal juices when carried in the fermented
soy beverages, the method described by D’Alessandro et al. (2021) (b)
was performed with some modifications after 14 days of storage at
refrigerated conditions. Briefly, the first sample was mixed with the
same volume of a “saliva-gastric” solution. The saliva-gastric solution
contained CaCl, (0.22 g/L), NaCl (16.2 g/L), KCl (2.2 g/L), NaHCOs3
(1.2 g/L), and 0.3% (w/v) porcine pepsin (Sigma-Aldrich, Milan, Italy).
The sample was quickly brought to pH 3 with HCl 1 M and then
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incubated for 90 min at 37 °C in a water bath (WB-MF, Falc Instruments,
Treviglio, Italy). After this, 1 mL of sample was collected to assess mi-
crobial cell viability (acid step). Instead, 2 mL of the sample were
centrifuged (13800xg, 4 min and 4 °C) and the resulting pellet was
washed with 2 mL of NaCl 0.9% isotonic solution (13800xg, 4 min and
4 °C) before resuspending it in 2 mL of simulated intestinal juice (PBS
solution with 0.3% bile and 0.1% pancreatin 100 units/mg porcine
pancreatin from porcine pancreas, Sigma-Aldrich, Milan, Italy). The
incubation time in the thermostatic bath was 90 min at 37 °C. Then, 100
pL was taken from the sample in order to assess the resulting cell
viability by microbiological sampling.

2.7. Antagonistic activity against intestinal pathogens

All the investigated fermented soy beverages were tested for their
antagonistic activity towards the intestinal pathogens enterotoxigenic
Escherichia coli H10407, Salmonella choleraesuis serovar typhimurium,
Yersinia enterocolitica (Department of Pharmacy and Biotechnology,
University of Bologna, Italy, Giordani et al., 2018) by overlay assay, as
described in (D’Alessandro et al. (2022) with minor modifications.
Pathogenic strains were routinely grown in BHI broth, at 37 °C with
gentle agitation, pathogens were subcultures twice before being used in
the experiments. Five pl of each fermented beverage were spotted over
the surface of MRS plates (containing 0.05% t-cysteine and 1.2% agar)
and incubated in anaerobic conditions at 37 °C for 24 h. Then 100 pl
(corresponding to approximately 7-8 log CFU) of overnight subcultures
of the pathogenic strains were inoculated into 10 mL of BHI 0.7% agar
and poured over the spots. The plates were further incubated at 37 °C for
additional 24 h, then checked to evaluate the presence of a growth in-
hibition zone. The inhibition halos were measured from the outer
perimeter of the spots in four directions and the average was considered.
The antagonistic activity was expressed in relation to the observed zone
of inhibition: +, inhibition <10 mm; ++, inhibition between 10 and 13
mm; + + +, inhibition between 13 and 16 mm; + + ++, inhibition >16
mm.

2.8. Sensory evaluation

The sensory evaluations of all the fermented soy beverages were
carried out by ten untrained panelists, aged 20-60 years, according to
the Likert scale (from 1: strongly agree to 5: strongly disagree) consid-
ering color, smell, taste, texture and body, overall acceptability, general
appearance, at the beginning (1 day) and at the end of designed shelf-life
(28 days).

2.9. Aroma profiles

Volatile compounds of fermented soy beverages were monitored
after 24 h from coagulation and after 28 days of refrigerated storage
using gas chromatography-mass spectrometry (GC-MS) coupled with
solid phase micro extraction (SPME) using the method described by
Patrignani et al., (2017a).

2.10. Rheological measurements

Rheological measurements on fermented samples were carried out at
4 °C using a controlled stress—strain rheometer mod. MCR 300 (Physica/
Anton Paar, Ostfildern, Germany) equipped with a bob and cup geom-
etry (CC27) and a Peltier system. The rheological behavior was analyzed
in steady state conditions. After a pre-shearing of 500 s at 0.1 s, vis-
cosity was measured increasing shear rate from 0.1 to 100 s within
500 s, taking 50 measurements points. The maximum shear was chosen
in order to avoid considerable loss of viscosity that can be observed
when ihigh shear values are used (Lucey, 2004). To better highlight
differences between samples, viscosity curves were fitted according with
the Casson model (Ramaswamy & Basak, 1991; Lee & Lucey, 2006;
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Glicerina et al., 2015) (1)

Casson model : 6°° =63 1, 7" 1)

where: oy is the yield stress and 7, is the so-called “plastic viscosity’*.

2.11. Statistical analysis

The microbiological and physico-chemical data are the mean of 3
repetitions. The obtained data were analyzed by Statistica software
(version 8.0; StatSoft, Tulsa, OK, USA) adopting the analysis of variance
(ANOVA) and Tukey’s test for data comparisons.

3. Results and discussion

3.1. Viability of the bacteria in fermented soy beverages during the
refrigerated storage

Concerning starters viability, the microbial cell loads of L. delbrueckii
subsp. bulgaricus and S. thermophilus measured in fermented soy bever-
ages during refrigerated storage are reported in Fig. 1.

The data clearly showed that L. delbrueckii subsp. bulgaricus
decreased significantly after 14 days of storage and particularly when
non-encapsulated L. gasseri BC9 was added alone or mixed with
L. crispatus BC4. This behavior was confirmed at the end of the storage
period (28 days). According to Patrignani et al. (2017), decrease of
L. delbrueckii subsp. bulgaricus could be due to the interaction with the
vaginal strains. On the contrary, with respect to the control,
S. thermophilus viability was not affected by the presence of the probiotic
strains, either encapsulated or not, during the entire shelf-life of the
product. Actually, an increase in S. thermophilus was observed, especially
in presence of L. gasseri BC9, and it was confirmed in the samples
collected during the shelf-life. A similar behavior was reported by other

log CFU/g
(9]

~
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studies. In fact, according to Minervini et al. (2012), the addition of
probiotic lactobacilli increased the survival of S. thermophilus in a Fior
di Latte cheese. Also Patrignani et al. (2017) reported a higher con-
centration of S. thermophilus in fermented milks supplemented with
encapsulated probiotic lactobacilli, even after 56 days of storage at 4 °C.
In a more recent study, Cui et al. (2021) showed a significantly higher
amount of S. thermophilus in soy beverage fermented by starter cultures
and probiotics compared to the same product not supplemented with
adjunct cultures. Several aspects should be considered when discussing
the survival of probiotic strains in foods. The most important one is for
sure the probiotic survival during food production and storage process.
In fact, many factors can impact the viability of these bacteria in food
products, such as intrinsic parameters (like pH, titratable acidity, oxy-
gen, water activity, presence of salt, sugar, hydrogen peroxide, bacte-
riocins, artificial flavoring and coloring agents etc.), processing
parameters (e.g. incubation temperature, heat treatment, cooling and
storage conditions of the product, packaging materials, scale of pro-
duction), and microbiological parameters (strain of probiotics
employed, rate and proportion of inoculation) (Palanivelu et al., 2022;
Putta et al., 2018). Therefore, the number of viable cells of L. crispatus
BC4 and L. gasseri BCO per gram of fermented soy beverage were
determined in all the products during the 28 days of storage at 4 °C
(Table 1).

The viability of vaginal strains remained at around 7 log CFU/mL of
product from the beginning of the refrigerated storage till the end,
despite the use of encapsulated or non-encapsulated bacteria with no
significant differences, also considering the type of vaginal strain
(L. crispatus BC4, L. gasseri BC9). This is in line with the requirements for
probiotic functional foods concerning the minimum recommended level
of probiotics (~ 6-7 log CFU/mL or g of product) (Kumari et al., 2022;
Roobab et al., 2020). Some authors reported that lactic acid bacteria
(LAB), also probiotics, can reach up to 8-9 log CFU/g (Li et al., 2012;

RS

L. delbrueckii
subsp. bulgaricus

L. delbrueckii
subsp. bulgaricus

L. delbrueckii
subsp. bulgaricus

S. thermophilus

S. thermophilus S. thermophilus

T-1 day T-14 days T-28 days

® Control BC4 @ BCS9 m BC4+BC9 HEE-BC4 HEE-BCO9 HEE-BC4+BC9

Fig. 1. Cell load viability (log CFU/g) of starter cultures (L. delbrueckii subsp. bulgaricus and S. thermophilus) in fermented soy beverages considering the presence of
probiotic strains, the use of microencapsulation and refrigerated shelf-life. Control: fermented soy beverage; BC4: fermented soy beverage with L. crispatus BC4; BC9:
fermented soy beverage with L. gasseri BC9; BC4+BC9: fermented soy beverage with the mix of L. crispatus BC4+L. gasseri BC9; E-BC4: fermented soy beverage with
encapsulated L. crispatus BC4; E-BC9: fermented soy beverage with encapsulated L. gasseri BC9; E-BC4+BC9: fermented soy beverage with the encapsulated mix of
L. crispatus BC4+L. gasseri BC9. Within the same group, data with the same superscript letter must be considered not statistically different (p > 0.05).
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Table 1

Cell load viability (log CFU/g) of vaginal strains (Lactobacillus crispatus BC4 and
Lactobacillus gasseri BC9) in fermented soy beverages considering the presence of
probiotic strains, the use of microencapsulation and refrigerated shelf-life
(observed after 1, 14 and 28 days of storage). BC4 and E-BC4: respectively fer-
mented soy beverage with L. crispatus BC4 unencapsulated and encapsulated;
BC9 and E-BC9: respectively fermented soy beverage with L. gasseri BC9 unen-
capsulated and encapsulated; BC4+BC9 and E-BC4+BC9: respectively fer-
mented soy beverage with the mix of L. crispatus BC4+L. gasseri BC9
unencapsulated and encapsulated. Within the same column data with the same
superscript letter must be considered not statistically different (p > 0.05).

Target Fermented soy Cell load viability (log CFU/g)
bacterium beverage 1day 14day 28day
L. crispatus BC4 ~ BC4 7.17 % £ 7.25% + 6.81°% +
0.3 0.4 0.4
E-BC4 7.49 % + 7.38% + 6.99 2 +
0.2 0.3 0.3
BC4 + BC9 7.08 % + 6.97 * + 6.72° +
0.4 0.3 0.4
E-BC4 + BC9 7.24% + 7.31% + 6.71% +
0.3 0.3 0.3
L. gasseri BC9 BC9 6.95 % + 6.88 % + 6.78 % +
0.5 0.5 0.3
E-BC9 7.12% + 6.95% + 6.84 % +
0.4 0.4 0.3
BC4 + BC9 7.23°%+ 7.16 % + 7.14°% +
0.3 0.2 0.2
E-BC4 + BC9 7.39% + 7.07 % + 6.95?% +
0.3 0.3 0.3

Icier et al., 2015) of viable cells in soy beverage without the need of
additional carbohydrates. According to Kumari et al. (2022), this
beverage is commonly used as a cheap and appropriate medium for the
growth of several LAB, also intended as a suitable delivery carrier for
various probiotic strains (Kumari et al., 2021).

3.2. Physico-chemical properties observed in fermented soy beverages

Selected physico-chemical properties, such as soluble solids (°Brix),
water holding capacity (%), lactic acid (%) and pH, of the fermented soy
beverages after 1 day of refrigerated storage are shown in Table 2. The
soluble solids values of the control (3.03°Bx) and the fermented products
with non-encapsulated vaginal strains did not differ significantly (p >
0.05). The remaining samples (E-BC4, E-BC9, E-BC4+9) not only
differed from the previous ones, but also from each other, showing
marginal differences. The highest value was determined in the sample
containing E-BC4+BC9 (6.53°Bx). Water-holding capacity (WHC),
which is thought to be an important attribute to measure the ability of
food structure to bind water in its protein matrix (Torrico et al., 2019;
Zayas, 1997), was also analyzed. In general, WHC values of the bever-
ages fermented with non-encapsulated vaginal strains were not signifi-
cantly different and were ranging from 37 to 39%. Interestingly, the

Table 2
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samples containing the capsules had higher WHC values (50-62%),
suggesting that the addition of the capsules may have increased the
water retention capacity of the sample, an important aspect, especially
given the type of food we are looking at. Lactic acid concentration
increased significantly (p < 0.05) after one day of storage, especially in
samples containing encapsulated bacteria, such as E-BC4+49 in which
lactic acid reached 1.43%. This had an impact also on the pH value of the
products. Over time, the pH value of control sample decreased slowly
during the first 3 weeks, while it reduced of about 0.6-0.7 units during
the fourth week. Excluding day 1, the pH values of the control over 28
days at 4 °C were always significantly different from the other samples
(Fig. 2). In fact, already after the first week of storage, pH drops were
observed for the remaining samples, more moderate for E-BC9, E-BC4,
BC9, BC4 and more noticeable for BC4+BC9 and E-BC4+BC9. In gen-
eral, the pH of fermented soy beverages produced with
non-encapsulated probiotic cultures decreased within the first 21 days of
storage, while they remained quite stable up to 28 days with pH values
that never went below pH 4.39. On the contrary, samples containing
encapsulated probiotics showed a more constant pH reduction during
the entire 28 days of storage, reaching values below 4.35 at the end of
incubation. The stronger acidification of the samples containing
encapsulated bacteria can depend on the capsule that protect better the
cells from inhibiting factors (e.g. low pH). Indeed, a higher efficient
fermentation was also reported by Simo et al. (2017) for encapsulated
bacteria in red wine compared to the use of non-encapsulated ones. The
decrease in pH, resulting from chemical interactions that occur in fer-
mented soy beverage in presence of vaginal strains can have an impact
on the sensory panel and the aroma profiles of the final products.

3.3. Survival to simulated gastric and intestinal juices of the vaginal
strains present in the fermented soy beverages

To achieve the highest beneficial effects, probiotics must survive
during food processing, storage, and consumption, as well throughout
the GIT, retaining their bioactivity at their target site. Also, for the
present study this aspect is fundamental. In fact, even if the final target is
the vaginal environment, these orally administered vaginal strains need
first to survive trough the passage in the gastrointestinal tract. Then,
from there they can transfer to the vagina due to the spatial proximity of
the two organs and they can colonize the gynecological niche thanks to
their physiological trophism for the vaginal mucosa. According to
several studies (Basu et al., 2018; Putta et al., 2018; Roobab et al., 2020;
Shori, 2016) an important role in the stability of probiotics and resis-
tance to GIT conditions could be provided by the food matrix. However,
which role the matrix plays is still not clear. In addition, microencap-
sulation could improve the survival rate of probiotics, using several
encapsulation methods, such as extrusion, emulsion, and freeze or
spray-drying (Rashidinejad et al., 2022). In this framework, the per-
formances of both the fermented soy beverage and the microencapsu-
lation in maintaining strain viability were tested after 14 days of
refrigerated storage and subsequent passage through simulated gastric

Physico-chemical analyses (°Brix, water holding capacity (%), lactic acid (%) and pH) performed on all the investigated fermented soy beverages, after 1 day of
refrigerated storage. Control: fermented soy beverage; BC4: fermented soy beverage with L. crispatus BC4; BC9: fermented soy beverage with L. gasseri BC9; BC4+BC9:
fermented soy beverage with the mix of L. crispatus BC4+L. gasseri BC9; E-BC4: fermented soy beverage with encapsulated L. crispatus BC4; E-BC9: fermented soy
beverage with encapsulated L. gasseri BC9; E-BC4+BC9: fermented soy beverage with the encapsulated mix of L. crispatus BC4+L. gasseri BC9. Within the same observed
parameter (°Brix, water holding capacity (%), lactic acid (%) and pH) data with the same superscript letter must be considered not statistically different (p > 0.05).

Sample Soluble solids (°Brix) WHC (%) Lactic acid (%) pH

Control 3.03+0.06° 39.17+1.18% 0.58+0.01° 4.5540.01°
BC4 3.30+0.1° 37.21+0.47% 0.65+0.02° 4.5240.02°
BC9 3.00+0.1° 38.04+2.11° 0.50-£0.03° 4.56+0.01°
BC4+9 3.2340.25° 39.07+2.81% 0.59+0.01° 4.5140.02°
E-BC4 4.13+0.21° 50.50+2.12° 0.83+0.03° 4,55+0.01°
E-BC9 5.23+0.12¢ 52.33+2.11° 0.86+0.02° 4.56+0.01°
E-BC4+9 6.530.06% 62.2942.11° 1.4340.06° 4.49+0.02°
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Fig. 2. pH values recorded during the refrigerated shelf-life (1,7, 14 and 28 days) of all the investigated fermented soy beverages. Control: fermented soy beverage;
BC4: fermented soy beverage with L. crispatus BC4; BC9: fermented soy beverage with L. gasseri BC9; BC4+BC9: fermented soy beverage with the mix of L. crispatus
BC4-+L. gasseri BC9; E-BC4: fermented soy beverage with encapsulated L. crispatus BC4; E-BC9: fermented soy beverage with encapsulated L. gasseri BC9; E-BC4+BC9:
fermented soy beverage with the encapsulated mix of L. crispatus BC4+L. gasseri BC9. Within the same timepoint, samples with the same superscript letter must be

considered not statistically different (p > 0.05).

and intestinal phase (Fig. 3).

The presence of the microcapsule protected the vaginal strains from
the different simulated digestive steps. In fact, at the end of the intestinal
incubation bacteria were at least 6 log CFU/ml, compared to the cell
load of 5 log CFU/mL for the strain non-encapsulated. On this regard the
fermented beverages containing encapsulated probiotics met the

log CFU/g

initial inoculum

gastric juice

requirements for probiotic functional foods (Kumari et al., 2022). In
fact, spray-drying provided a greater protection from the natural phys-
iological barriers present in the GIT compared to the use of the food
matrix alone. The good performances of this kind of microencapsulation
for these specific vaginal strains were recently observed by D’ Alessandro
etal. (2021) (b). More specifically, the authors studied the production of

@ L.crispatus BC4 in BC4 fermented soy beverage

@ L. gasseri BC9 in BCY fermented soy beverage

M L.crispatus BC4 and L. gasseri BC9 in BC4+BC9

fermented soy beverage

L.crispatus BC4 in E-BC4 fermented soy beverage

B L. gasseri BC9 in E-BC9 fermented soy beverage

B L.crispatus BC4 and L. gasseri BC9 in E- BC4+BC9
fermented soy beverage

intestinal juice

Fig. 3. Cell load viability (log CFU/g) of vaginal strains (Lactobacillus crispatus BC4 and Lactobacillus gasseri BC9) in fermented soy beverages when subjected to a
gastro-intestinal juices simulation, considering the use of microencapsulation, and refrigerated shelf-life (T14). Within the sampling point (initial inoculum, gastric
juice or intestinal juice), data with the same superscript letter must be considered not statistically different (p > 0.05).
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soy beverage microcapsules of L. crispatus BC4 and L. gasseri BC9, which
resulted with suitable morphology, good technological features in terms
of water activity and moisture content. Moreover, the encapsulated
bacteria demonstrated a better viability over time (1 year of storage) and
upon simulated GIT conditions. As already mentioned, fermented soy
beverages produced with encapsulated vaginal strains were able to
withstand the simulated conditions of the GIT, meeting the minimum
requirements for probiotic foods (~ 6-7 log CFU/mL or g of product),
even though the initial inoculation of vaginal strains into the food
product was lower than in D’Alessandro et al. (2021) (b). It is also
important to mention that the viability was assessed through plate
counting. Sublethal injuries may turn cells into a viable but
non-culturable state (Vinderola et al., 2019). Therefore, the encapsula-
tion may have protected the cells also from this event and at the same
time a higher number of metabolic active cells may be present in the
final product.

3.4. Antagonistic activity of fermented soy beverages against intestinal
pathogens

Fermented soy beverages were tested for their antagonistic activity
towards the intestinal pathogens enterotoxigenic E. coli H10407,
S. choleraesuis and Y. enterocolitica by overlay assay (Table 3). All sam-
ples reduced enteropathogens growth, especially E. coli H10407 and
S. choleraesuis, as indicated by the formation of inhibition halos. Those
containing starter cultures only (control) displayed a moderate antag-
onistic activity towards the three enteropathogens, and such activity
was kept stable over 21 days of refrigerated storage. For fermented
products containing non-encapsulated L. crispatus BC4, L. gasseri BC9 or
their mixture, the activity against E. coli H10407 and Y. enterocolitica
was maintained and showed a slight increase after 14 and 21 days of
storage. The addition of non-encapsulated vaginal lactobacilli into soy
beverage enhanced the antagonistic activity against S. choleraesuis,
especially for samples at 14 days of storage. Interestingly, samples added
with encapsulated vaginal lactobacilli displayed the best profile of
pathogen growth inhibition, especially after 14 and 21 days of refrig-
eration. The overall better performances of fermented soy beverages
containing vaginal probiotics may depend on the metabolites that bac-
teria can produce and accumulate in the product, such as lactic acid,
hydrogen peroxide or even bacteriocin. In addition, previous literature
data had clearly indicated that the vaginal lactobacilli considered in this
study, especially L. crispatus strains, were characterized by production of
organic acids as demonstrated by the pH values of their cell free su-
pernatants, and the volatile molecule profiles when inoculated in milks,
registering the highest abundances of acetic acid and short chain fatty
acids (Siroli et al., 2017). Also in this study, the observed reduction in
pH of the samples containing vaginal probiotics with respect to the
control suggest a higher production of acids. However, the lower pH
measured cannot explain alone the superior properties of the samples

Table 3
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containing encapsulated bacteria. According to Siroli et al., 2017, these
bacteria should not produce bacteriocins. Therefore, the superior ac-
tivity observed in the fermented products containing encapsulated
bacteria could derive from the protection exerted by the capsule on the
bacterial cells. In fact, encapsulation can enhance, or allow to maintain,
better fermentation performances (production of more metabolites)
compared to non-encapsulated cells which, on the contrary, are more
sensitive to environmental stressors (Simo et al., 2017).

3.5. Sensory evaluation

The results of the sensory evaluation of all the investigated samples
carried out at the beginning (1 day) and at the end of the designed shelf-
life (28 days) are shown in Figs. 4 and 5, respectively.

In the first test performed after 1 day of storage, fermented soy
beverages containing encapsulated probiotics showed significant lower
scores in terms of texture and body. At the end of storage (28 days) the
same samples received lower marks for more descriptors (such as taste,
texture and body, overall acceptability, and general appearance),
especially for those made with the encapsulated mixed probiotics. On
the contrary, better evaluations were provided for samples containing
non-encapsulated bacteria after 28 days of storage. Notably, although in
terms of overall acceptability and texture and body, the preferred
sample was the control, the differences with the remaining samples
containing the non-encapsulated vaginal strains were limited. Further-
more, if in terms of general appearance, no differences were highlighted
between the control and the samples mentioned above (BC4, BC9 and
BC4 + BC9) in terms of taste, the preferred sample was BC9 while in
terms of smell it was BC4. Even in terms of colour, no differences
emerged between control, BC4 and BC9, while the sample containing
the mix of the two non-encapsulated vaginal strains differed more,
scoring a lower value than the samples mentioned above. More in gen-
eral, fermentation of soy beverage or soy-based foods could significantly
impact the sensory features of the final products in a positive way. In
fact, even though soy beverage is a great nutrient supplement, its
acceptance by consumers could be limited due to disagreeable beany
flavour, the presence of antinutritional factor, that compromises mineral
natural availability, and indigestible oligosaccharides, such as raffinose
and stachyose, which cause flatulence (Lin et al., 2023; Theodoropoulos
et al., 2018). To address these limitations, fermentation by LAB, espe-
cially when probiotics, has been proposed as a useful tool for improving
nutritional bioavailability, supplying health benefits and enhancing
physicochemical and sensory properties. In fact, soy natural flavor is
generally described as beany and astringent and it is not well accepted
by consumers. Fermentation provides a characteristic aroma and the use
of probiotics to ferment soy beverage has been reported to significantly
increase the final odor and flavor of the product (Ara et al., 2002). This
can be related to the production of organic acids and flavoring agents, as
well as through the metabolism of n-hexanal which is generally

Evaluation of the antagonistic activity of fermented soy beverages against enterotoxigenic E. coli H10407, S. choleraesuis, and Y. enterocolitica over refrigerated storage.
T1, day1; T7, day 7; T14, day 14; T21, day21. +, inhibition halo <10 mm; ++, inhibition between 10 and 13 mm; + + +, inhibition between 13 and 16 mm; + + ++,
inhibition >16 mm. The diameter of inhibition, for each strain, was the average of three replicates. Control: fermented soy beverage; BC4: fermented soy beverage with
L. crispatus BC4; BC9: fermented soy beverage with L. gasseri BC9; BC4+BC9: fermented soy beverage with the mix of L. crispatus BC4+L. gasseri BC9; E-BC4: fermented
soy beverage with encapsulated L. crispatus BC4; E-BC9: fermented soy beverage with encapsulated L. gasseri BC9; E-BC4+BC9: fermented soy beverage with the

encapsulated mix of L. crispatus BC4+L. gasseri BC9.

Sample E. coli H10407 S. choleraesuis Y. enterocolitica

T1 T7 T14 T21 T1 T7 T14 T21 T1 T7 T14 T21
Control ++ ++ ++ ++ ++ ++ ++ ++ + + ++ ++
BC4 ++ ++ +++ ++ +++ +++ ++++ +++ + + +++ ++
BC9 ++ ++ +++ +++ +++ +++ +++ ++ + + ++ ++
BC4+9 ++ ++ ++ +++ +++ ++ ++++ ++ + ++ ++ ++
E-BC4 ++ ++ ++++ +++ +++ +++ ++++ ++ + + ++ ++
E-BC9 + ++ ++++ ++ ++ ++ ++++ 4+ + + ++ ++
E-BC4+9 + ++ +++ ++++ ++ +++ ++++ ++++ ++ ++ +++ +++
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3.6. Volatile compounds

The sensory property of soy beveragesis a crucial aspect, affecting
the consumers’ choices. Identifying volatile compounds can help to
understand their flavor characteristics and the impact of fermentation
on the final products (de Ovalle et al., 2018; Madjirebaye et al., 2022).
Volatile compounds of fermented soy beverages measured and identified
after 1 and 28 days of refrigerated storage are presented in Tables 4 and
5, respectively. Even if each fermented product was characterized by a
specific aroma profile, molecules belonging to alcohols, aldehydes, ke-
tones, and organic acids were detected in all the samples. Based on our
results (Table 4) there were apparent changes in flavor substances after
fermentation. In fact, hexanal, the main volatile compound in soy

Color

Color
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Fig. 4. Sensory analysis of all the investigated
formulated soy beverages performed at 1 day of
refrigerated storage considering six descriptors such
as color, smell, taste, texture and body, overall
acceptability, and general appearance. Control: fer-
mented soy beverage; 4: fermented soy beverage with
L. crispatus BC4; 9: fermented soy beverage with
L. gasseri BC9; 4 + 9: fermented soy beverage with the
mix of L. crispatus BC4+L. gasseri BC9; E-4: fermented
soy beverage with encapsulated L. crispatus BC4; E-9:
9 fermented soy beverage with encapsulated L. gasseri
BC9; E-4+9: fermented soy beverage with the
encapsulated mix of L. crispatus BC4+L. gasseri BCO.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)

——=—— Control

~==--E9
-==-- E4+E9

Fig. 5. Sensory analysis of all the investigated
formulated soy beverages performed after 28 days of
refrigerated storage considering six descriptors such
as color, smell, taste, texture and body, overall
acceptability, and general appearance. Control: fer-
mented soy beverage; 4: fermented soy beverage with
L. crispatus BC4; 9: fermented soy beverage with
L. gasseri BC9; 4 + 9: fermented soy beverage with the
mix of L. crispatus BC4+L. gasseri BC9; E-4: fermented
soy beverage with encapsulated L. crispatus BC4; E-9:
fermented soy beverage with encapsulated L. gasseri
BC9; E-4+9: fermented soy beverage with the
encapsulated mix of L. crispatus BC4+L. gasseri BCO.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)

——— Control

—-e-- E9
- E4+E9

beverage (1.468 ppm) responsible for the characteristic beany flavor
was remarkably reduced not only by the starters (0.109 ppm), but also
by the vaginal strains. In fact, the lowest hexanal concentration (0.067
ppm) was reached with BC4 (Table 4). After fermentation, a similar
trend of reduction was observed in the above mentioned sample (BC4)
for other aldehydic compounds, such as benzaldehyde (from 0.865 to
0.458 ppm) and nonal (from 0.885 to 0.048 ppm), frequently associated
with the beany unwanted flavor, also known as “grassy flavor” and
“oxidized oil” flavor. In addition, soy beverages fermented by starters or
mixed cultures with vaginal strains contained desirable aroma com-
pounds, including diacetyl (between 1.048 and 2.911 ppm), 2,3-penta-
nedione (between 0.148 and 0.356 ppm), acetoin (between 0.202 and
0.573 ppm) and 2-heptanone (between 0.041 and 0.127 ppm), as
recently reported by other studies on these food products. These com-
pounds have suitable buttery, creamy or fruity aromas and are mainly



M. D’Alessandro et al.

Table 4
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Volatile compounds (reported as ppm) in soy beverage and in all the investigated fermented products, after 1 day of refrigerated storage detected by GC-MS coupled
with a solid phase micro extraction (SPME). Control: fermented soy beverage; BC4: fermented soy beverage with L. crispatus BC4; BC9: fermented soy beverage with
L. gasseri BC9; BC4+BC9: fermented soy beverage with the mix of L. crispatus BC4-+L. gasseri BC9; E-BC4: fermented soy beverage with encapsulated L. crispatus BC4; E-
BC9: fermented soy beverage with encapsulated L. gasseri BC9; E-BC4+BC9: fermented soy beverage with the encapsulated mix of L. crispatus BC4+L. gasseri BC9.

Molecules expressed in ppm Soy beverage Control T1 day BC4 T1 day E-BC4 T1 day BC9 T1 day E-BC9 T1 day BC4+BC9 T1 day E-BC4-+BC9 T1 day
Diacetyl n.d. 1.547 1.792 1.048 2911 1.144 1.514 0.627
Isobutyl ketone 0.248 0.217 0.088 0.175 0.137 0.140 0.152 0.149
2,3-Pentanedione n.d. 0.168 0.249 0.200 0.356 0.273 0.232 0.148
Acetoin n.d. 0.253 0.202 0.279 0.342 0.573 0.275 0.227
2-Hexanone 0.390 0.144 0.071 0.102 0.102 0.100 0.136 0.321
4-Heptanone n.d. 0.189 0.063 0.192 0.107 0.332 0.260 0.157
2-Heptanone n.d. 0.056 0.041 0.082 0.069 0.127 0.077 0.068
2-Nonanone n.d. 0.029 0.014 0.027 0.023 0.061 0.021 0.038
Ethanol 1.134 1.190 0.998 1.035 1.313 1.554 1.023 1.047
1-Pentanol n.d 0.302 0.327 0.365 0.365 0.566 0.295 0.352
1-Hexanol 0.537 1.094 1.262 2.263 1.508 4.786 1.371 2.872
2-Hexanol 0.089 0.063 0.041 0.074 0.063 0.060 0.074 0.112
Ciclohexanol 0.866 0.900 0.899 0.682 0.892 1.191 0.905 1.034
1-Octanol 0.118 0.089 0.149 0.134 0.126 0.239 0.128 0.301
Hexanal 1.468 0.109 0.067 0.024 0.113 0.053 0.100 0.206
Nonanal 0.885 0.119 0.048 0.092 0.081 0.138 0.115 0.151
Acetic acid 0.317 0.723 0.409 1.019 1.243 1.404 2.035 2.354
Hexanoic acid n.d. 0.039 0.031 0.041 0.046 0.086 0.070 0.035
Benzaldehyde 0.865 0.624 0.458 1.449 0.700 0.975 0.812 1.211
Benzene 0.476 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Xylene 0.070 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
2-Pentylfuran 0.223 0.021 0.009 0.008 0.008 0.011 0.008 0.010

Note: “n.d” means no determined.

Table 5

Volatile compounds (reported as ppm) in all the investigated fermented soy beverages, after 28 days of refrigerated storage, detected by GC-MS coupled with a solid
phase micro extraction (SPME). Control: fermented soy beverage; BC4: fermented soy beverage with L. crispatus BC4; BC9: fermented soy beverage with L. gasseri BC9;
BC4-+BC9: fermented soy beverage with the mix of L. crispatus BC4+L. gasseri BC9; E-BC4: fermented soy beverage with encapsulated L. crispatus BC4; E-BC9: fer-
mented soy beverage with encapsulated L. gasseri BC9; E-BC4+-BC9: fermented soy beverage with the encapsulated mix of L. crispatus BC4-+L. gasseri BCO.

Molecules expressed in ppm Control T28days BC4 T28 days E-BC4 T28 days BC9 T28 days E-BC9 T28 days BC4+BC9 T28 days E-BC4+BC9 T28 days
Diacetyl 0.335 0.382 0.226 0.391 0.055 0.342 0.032
Isobutyl ketone 0.029 0.031 0.042 0.028 0.054 0.039 0.051
2,3-Pentanedione 0.114 0.066 0.084 0.118 0.028 0.068 0.026
Acetoin 0.231 0.534 0.253 0.267 0.118 0.243 0.281
2-Hexanone 0.054 0.026 0.049 0.023 0.071 0.029 0.027
4-Heptanone 0.139 0.287 0.415 0.123 1.072 0.141 0.035
2-Heptanone 0.058 0.025 0.079 0.025 0.056 0.022 0.043
2-Nonanone 0.046 0.020 0.055 0.028 0.069 0.082 0.028
Ethanol 0.156 0.252 0.177 0.180 0.487 0.222 0.166
1-Pentanol 0.418 0.418 0.473 0.370 0.176 0.062 0.151
1-Hexanol 0.359 0.291 0.436 0.376 0.525 0.485 0.975
2-Hexanol 0.045 0.024 0.086 0.026 0.023 0.030 0.048
Ciclohexanol 0.034 0.144 0.023 0.017 0.026 0.486 0.024
1-Octanol 0.053 0.136 0.058 0.063 0.112 0.965 0.094
Hexanal 0.066 0.007 0.045 0.034 0.020 0.049 0.032
Nonanal 0.049 0.035 0.068 0.032 0.066 0.050 0.061
Acetic acid 1.752 1.688 3.494 1.271 4.286 1.436 5.711
Hexanoic acid 0.024 0.046 0.054 0.084 0.044 0.030 0.046
Benzaldehyde 3.295 2.159 2.142 0.632 1.502 0.952 2.394
2-Pentylfuran 0.021 0.010 0.047 0.010 0.042 0.042 0.033

derived from the biotransformation of linoleic acid (Poliseli-Scopel
et al., 2013). According to Yuan and Chang (2007) furans are associated
with an unpleasant flavor and indicate color changes in soy beverages.
Fermentation probably affects their contents, which is why furan com-
pounds have drastically decreased after fermentation (from 0.223 up to
0.008 ppm) (Table 4). Our results are in line with what observed by
Madjirebaye et al. (2022) and Yi et al. (2021) who found a decrease in
furans (2-Pentylfuran) upon LAB fermentation. Besides this, acetic acid
contents detected increased significantly, especially with the progress of
the shelf-life (Table 5) for the samples containing encapsulated vaginal
strains.

To better understand the effects of the variables adopted (presence of
probiotic, encapsulation), on the aroma profiles of the fermented
products, a principal component analysis (PCA) was performed with the

volatilome data. The projection of the samples and the related mole-
cules, analyzed after 1 and 28 days of storage (Figs. 6 and 7), were able
to explain respectively 72.39% and 58.41% of the total variance among
the samples. As reported above, the main volatile compounds in soy
beverage were hexanal, nonal and 2-pentylfuran while molecules such
as diacetyl or 2,3-pentanedione, recognized as desirable aroma com-
pounds in fermented milk-type products, were characterizing control
and products with non-encapsulated strains (Fig. 6). Encapsulation
influenced the distribution of the samples in the space more than the
type of vaginal strain both at the beginning and at the end of the shelf-
life (Figs. 6 and 7).
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Projection of the cases on the factor-plane ( 1 x 2)
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Fig. 6. Plot of cases (a) and variables (b) obtained by PCA elaboration of the total volatile molecules characterizing the soy beverage (unfermented) and the fer-
mented products after 1 day of refrigerated storage. Control: fermented soy beverage; BC4: fermented soy beverage with L. crispatus BC4; BC9: fermented soy
beverage with L. gasseri BC9; BC4+BC9: fermented soy beverage with the mix of L. crispatus BC4+ L. gasseri BC9; E-BC4: fermented soy beverage with encapsulated
L. crispatus BC4; E-BC9: fermented soy beverage with encapsulated L. gasseri BC9; E-BC4+BC9: fermented soy beverage with the encapsulated mix of L. crispatus BC4+

L. gasseri BC9.
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Fig. 7. Plot of cases (a) and variables (b) obtained by PCA elaboration of the total volatile molecules characterizing the fermented soy beverages after 28 days of
refrigerated storage. Control: fermented soy beverage; BC4: fermented soy beverage with L. crispatus BC4; BC9: fermented soy beverage with L. gasseri BC9;
BC4+BC9: fermented soy beverage with the mix of L. crispatus BC4+L. gasseri BC9; E-BC4: fermented soy beverage with encapsulated L. crispatus BC4; E-BCO:
fermented soy beverage with encapsulated L. gasseri BC9; E-BC4-+BC9: fermented soy beverage with the encapsulated mix of L. crispatus BC4+L. gasseri BC9.

3.7. Rheological properties of fermented soy beverages

Flow properties could be useful to better understand the gel structure
of fermented soy beverage or yogurt (Kumari et al., 2022). In Fig. 8 the
viscosity curves of different samples at different time of storage are
shown. To reduce the number of variables, it was decided to analyze
only the control sample and the fermented soy beverage made with the
mix of vaginal probiotics (BC4+BC9 and E-BC4-+BC9).

All samples exhibit a typical non-Newtonian behavior (shear thin-
ning), characterized by a decrease of viscosity with the shear rate in-
crease in agreement with the studies of Lee & Lucey (2006); Li et al.
(2014) and Zhu et al. (2020). This behavior can be explained by the
structural breakdown of the molecules due to the hydrodynamic forces
generated and to the increased alignment of the constituent molecules
(Glicerina et al., 2013). Moreover, to better explain results obtained
from the curves, the yield stress, classically defined as the minimum
shear stress that must be applied to the material to initiate flow (Sun &
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Gunasekaran, 2009), and Casson plastic viscosity, expressed as the force
required to maintain a constant flow in the product, are showed in
Figs. 9 and 10, respectively. All samples were well fitted by the Casson
model, providing high correlation coefficients (R?) that ranged from
0.85 to 0.99.

As shown in Figs. 9 and 10, both rheological parameters seem to
show a similar trend when comparing the various samples and consid-
ering the shelf-life progress. The sample containing the encapsulated
vaginal strains showed the highest values in terms of yield stress and
viscosity after 1 day of storage (T1) which was followed by a decrease
with the progress of the shelf-life. At the final time (T28), no significant
differences were observed among the samples considered for both the
parameters. More in general, as reported by Zhu et al. (2020) fermen-
tation has a significant effect on the rheological properties of soy
beverage, converting it from a Newtonian fluid into a non-Newtonian
fluid. In the same study, significantly higher viscosity values were re-
ported for soy beverage fermented by riboflavin producing lactobacilli



M. D’Alessandro et al. LWT 180 (2023) 114713

1000000
100000 1@
= y —O— T1 CONTROL
.~ ! —O— T1E-BC4+BCO
% —&— T1 BCA+BCY
- 10000 —e— T14 CONTROL
E —8— T14 E-BC4+BCO
§ —a&— T14 BC4+BCO
2 1000 T28 CONTROL
= T28 E-BC4+BCY
T28 BC4+BCO
100

0 20 40 60 80 100
Shear rate (1/s)
Fig. 8. Viscosity curves of control, E-BC4+BC9, BC4+BC9 samples during the refrigerated storage (T1 means 1 day of storage at 4 °C, T14 means 14 days of storage
at 4 °C, T28 means 28 days of storage).
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Fig. 9. Yield stress (Pa) values reported for control, E-BC4+BC9, BC4+BC9 during the refrigerated storage (T1 means 1 day of storage at 4 °C, T14 means 14 days of
storage at 4 °C, T28 means 28 days of storage. Within the same timepoint, data with the same superscript letter must be considered not statistically different (p
> 0.05).
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Fig. 10. Viscosity (mPa*s) values reported for control, E-BC4+BC9, BC4+BC9 during the refrigerated storage (T1 means 1 day of storage at 4 °C, T14 means 14 days

of storage at 4 °C, T28 means 28 days of storage. Within the same timepoint, data with the same superscript letter must be considered not statistically different (p
> 0.05).
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compared to the non-fermented soy beverage. Moreover, the reduction
observed in yield stress and plastic viscosity during storage can be
related to a partial whey separation, however not perceived on the
sensory test, or a decreased charge, which weakens colloidal stability
caused by the post acidification phenomenon. According to Walstra &
Wouters (2006) and Han et al. (2012), this involves also a strong acid
taste, as highlighted indeed by volatile and sensory analysis. However,
other studies reported a decrease in fermented soy beverage viscosity by
increasing the shear rate, showing non-Newtonian fluid behavior (Li
et al., 2014; Zhu et al., 2020). On the basis of these considerations, the
resulting rheological properties of fermented soy beverages could be
influenced by many factors such as composition of the beverage, strains
of lactic acid bacteria and fermentation conditions.

4. Conclusions

The results obtained in this work showed that L. crispatus BC4 and
L. gasseri BC9 were able to grow well in soy beverage, also increasing the
viable cells of S. thermophilus during the refrigerated storage. Their
viability remained stable at around 7 log CFU/mL of product during the
entire 28 days of refrigerated storage, despite the use of encapsulated or
non-encapsulated bacteria. However, the use of encapsulation had
multiple effects. From one hand, encapsulated bacteria resulted more
active as demonstrated by lactic acid production, pH reduction and their
tolerance to this food matrix. Moreover, encapsulated bacteria survived
better to in vitro GIT conditions fulfilling the desirable criteria for pro-
biotic functional foods. On the contrary, their presence during storage
reduced the sensorial acceptability of the products but provided the best
inhibitory activity against intestinal pathogens. Non-encapsulated
vaginal strains improved the release of aroma compounds (such as
diacetyl or 2,3-pentanedione), typical of fermented dairy products, and
reduced the undesired ones which provide beany flavour. In conclusion,
L. crispatus BC4 and L. gasseri BC9 resulted promising strains to be used
as co-starters to produce fermented soy beverage. The use of encapsu-
lation seems to be a useful technology to improve the survival and ac-
tivity of these strains. However, further studies are required to optimise
the encapsulation process also considering the sensorial impact of the
final product.
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