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ABSTRACT  
 

New  scientific data are opening to the exploration of new candidate probiotics, belonging to human 

microbial niches such as human milk and healthy vaginal ecosystem. In this framework, my PhD 

project was intended, throughout the selection of new candidate probiotics from these human 

microbial niches, for the development of tailored fermented foods, as food strategy to increase the 

well-being of specific consumers. According to this aim, during my PhD project several activities 

were investigated. The first one, concerning the isolation of Lactobacillus and Bifidobacterium 

strains from human milk to find new probiotic candidates to be included in food products showed 

promising results. Moreover, probiotics have been also proposed to improve female genital health, 

and microbial strains isolated and connected with healthy vaginal ecosystem could be used to 

prevent or treat vaginal dysbiosis. In this context, as second activity, vaginal lactobacilli previously 

characterized for their technological features and antagonistic activity against several female uro-

genital pathogens were investigated for their metabolic aptitude and additional probiotic features, 

showing interesting results hypothesizing their inclusion in foods. In addition, in order to preserve 

vaginal strains viability during food processing/digestion it was also evaluated the potential of 

microencapsulation by spray-drying on these strains. In this framework the results obtained were 

highly promising from the perspective of using encapsulated powders in food formulations to obtain 

novel functional foods. Moreover, another activity connected with the main idea to develop a food 

strategy for the administration of these selected vaginal strains was carried out. One of the most 

promising vaginal strains Lactobacillus crispatus BC4, was supplemented in a Squacquerone cheese, 

and its digestive fate was evaluated adopting SHIME® system. The results showed that during 

colonic digestion / fermentation, L. crispatus BC4 was metabolically active. Additionally, although 

probiotic delivery to humans has traditionally been associated with fermented dairy foods, recently 

the demand for non-dairy-alternatives as potential probiotics carrier is increasing. In this 

framework, my latest PhD activity was connected with the development of fermented soy milks 

supplemented with encapsulated and non-encapsulated selected functional vaginal strains such as 

L. crispatus BC4 and L. gasseri BC9. The same formulated fermented soy milks were also investigated 

for their nutritional qualities and after in vitro digestion for their specific functionality  on post-

menopausal fecal microbiota and protein bioaccessibility. The results showed the great 

potentialities for L. crispatus BC4 and L. gasseri BC9  as co-starter cultures and the suitability of soy 

milk as a potential vehicle for their delivery. 
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!ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŀƴŎƛŜƴǘ DǊŜŜƪ ƭŀƴƎǳŀƎŜΣ ǘƘŜ ǘŜǊƳ ǇǊƻōƛƻǘƛŎ ƳŜŀƴǎ άŦƻǊ ƭƛŦŜέΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ŜŀŎƘ 

substance or organism that promote an health condition for the host. More in deep, several 

beneficial effects have been associated to probiotic bacteria; from improving the nutritional value 

of food products to reducing the serum cholesterol,  from enhancing the functionality of the host 

immune system and gut to reducing lactose intolerance symptoms or colon cancer risk, etc. 

(Zommiti et al., 2020) /ƻƴǎƛŘŜǊƛƴƎ ǘƘŜǎŜ ǊŜŎƻƎƴƛȊŜŘ ŦǳƴŎǘƛƻƴŀƭƛǘƛŜǎΣ ƛǘΩǎ ƴƻǘ ǎǳǊǇǊƛǎƛƴƎ ǘƘŀǘ ǇŜƻǇƭŜ 

are paying attention in consuming products made with probiotics. In recent years, among the 

products with health claims developed and publicized by the media, products supplied with 

probiotics stand out, also underling different types of delivery systems,  including food products 

(e.g., dairy products, processed meat, vegetable products, juices, and cereal- based products), 

nutritional supplements (liquid, tablet, capsule, and powder) or drugs (Zendeboodi et al., 2020). 

1. History of terms associated to probiotic  

In this context, probiotics have been re-defined several times. In fact, during the 1908 the first 

probiotic definition was provided by Metchnikoff, who suggested how the intake of fermented milk 

products was connected with longevity effects (Metchnikoff, 1908; Zendeboodi et al., 2020). Then 

in 1965, Lilly and Stillwell proposed that a microorganism could provide growth stimulators for 

another microorganism, connecting this positive effect with a potential application of the term 

άǇǊƻōƛƻǘƛŎέ (Lilly and Stillwell, 1965)Φ  ¢ƘŜ ŦƛǊǎǘ ǳǎŜǊ ƻŦ ǘƘŜ ǘŜǊƳ  άǇǊƻōƛƻǘƛŎέ ǿŀǎΣ ƘƻǿŜǾŜǊΣ tŀǊƪŜǊ 

for the description  of substances and organisms connected with the microbial balance in the 

gastrointestinal tract (Parker, 1974). The use of the word substances in this definition led to a 

connotation that included antibiotics. The Parker's definition was improved by Fuller (Fuller, 1989), 

whƛŎƘ ƛŘŜƴǘƛŦƛŜŘ ǇǊƻōƛƻǘƛŎ ŀǎ άƭƛǾŜ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎ ŀōƭŜ ǘƻ ǇƻǎƛǘƛǾŜƭȅ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ǿŀǊƳ-blooded 

animal health by reestablishing the natural gut microbiota, emphasizing the positive effects around 

ŀƴƛƳŀƭǎέΦ While another definition was proposed by Havenaar where for probiotics were intended 

άƳƻƴƻ-or mixed cultures of live microorganisms which, when applied to animal or man, beneficially 

ŀŦŦŜŎǘ ǘƘŜ Ƙƻǎǘ ōȅ ƛƳǇǊƻǾƛƴƎ ǘƘŜ ǇǊƻǇŜǊǘȅ ƻŦ ǘƘŜ ƛƴŘƛƎŜƴƻǳǎ ŦƭƻǊŀέ (Parker, 1974). Schaafsma has 

expanded this last definition and for probiotics were intended viable microorganisms that exercise 

health effects on the host, if ingested in adequate numbers, more than the intrinsic basic nutrition 

(Schaafsma, 1996). In addition, in relation to food according to Salminen's definition, for probiotics 

were also intended viable microorganisms inoculated into products, such as dairy products, able to 

improve host health and nutrition (Salminen, 1996). Consequently, based on this last definition, the 
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relationship between food matrix and microorganisms, especially when claimed as probiotics, is 

considered a crucial aspect and is frequently investigated. However, it's necessary to underline how, 

considering the presence of viable probiotics in non-dairy products, the identification of dairy 

products as only matrix of probiotics was not acceptable. In 2001, Schrezenmeir and de Vrese 

(Schrezenmeir & de Vrese, 2001) expanded the meaning of probiotics to viable microorganism able 

to exert health effects independent of the site of action. During the same year, according to WHO 

ŀƴŘ C!h ŦƻǊ ǇǊƻōƛƻǘƛŎǎ ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘΥ άƭƛǾŜ microorganisms which when administered in 

adequate ŀƳƻǳƴǘǎ ŎƻƴŦŜǊ ŀ ƘŜŀƭǘƘ ōŜƴŜŦƛǘ ƻƴ ǘƘŜ ƘƻǎǘέΦ CƛƴŀƭƭȅΣ ƛƴ 2014, the International Scientific 

Association for Probiotics and Prebiotics (ISAPP) modified the last proposed definition, defining for 

ǇǊƻōƛƻǘƛŎǎ άƭƛǾŜ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎΣ that when administered in adequate amounts, confer a health 

ōŜƴŜŦƛǘ ƻƴ ǘƘŜ Ƙƻǎǘέ (Hill et al., 2014a). Since then, the ISAPP definition has been widely used by 

scientific community also as criteria selection for drugs, foods, and supplements as probiotic 

products in most of governmental institutions. In this sense, according to this definition, viability is 

one of the key conditions ŦƻǊ ŎƻƴǎƛŘŜǊƛƴƎ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎ ƻǊ ǊŜƭŀǘŜŘ ǇǊƻŘǳŎǘǎ ŀǎ άǇǊƻōƛƻǘƛŎǎέΦ 

Despite of this, new insights, especially during more recent years, have showed that dead/ 

inactivated cells (intact cells or ruptured cells/cell extracts) as well as the cell metabolites could 

provide significant benefits on human health (Di Lena et al., 2015). Thus, the reference to the term 

άǾƛŀōƛƭƛǘȅέ ǊŜƭŀǘŜŘ ǘƻ ŀƭƭ ǇǊƻōƛƻǘƛŎ ŘŜŦƛƴƛǘƛƻƴǎΣ ƳŀȅōŜΣ ŎƻǳƭŘ ōŜ ƳƻŘƛŦƛŜŘΦ On the other hand, in some 

specific cases the use of living cells could have an undesirable effect on the health. For example, it 

has been observed that probiotics can modulate the immune system; however, the administration 

of living probiotic cells to host with weak immune system could increase inflammatory responses 

(Kothari et al., 2019). In such cases, inclusion of dead cells could represent a good alternative.  

1.1 Sources of Probiotic Strains 

The main sources of probiotic strains may emanate from human origins like human large intestine, 

small intestine, or even breast milk. In addition, other potential sources could be of animal origin, 

such as various food biotypes including raw milk or fermented food products. In this framework, 

probiotic strains isolated from human microbiome are potentially characterized by high adhesive 

levels to the human intestinal epithelial barrier than others, and more likely to be safe. Nevertheless, 

several probiotic dietary foods and supplements may carry different bacteria and microbes with no 

history of human or animal origins. More in general, the functional bacterial strains used in the 

supplements and/or probiotic foods should play a central role for human health in: cholesterol 
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lowering and its metabolism, colonization in the intestinal, respiratory and urogenital tracts, 

inhibition of the carcinogenesis, directly or/and indirectly, via the stimulation of the immune 

system, the metabolism of lactose, the absorption of calcium and the potential of vitamin synthesis, 

alleviating the rate of constipation and diarrheal disorders, mitigating gastritis and ulcers, helping 

to reduce acne, rash face and skin problems; and also for the treatment of uro-genital infections 

(Zommiti et al., 2020). In this sense according to a wide literature data (Calonghi et al., 2017; ñahui 

Palomino et al., 2017; Parolin et al., 2015; Reid et al., 2001) healthy vaginal ecosystem recently 

emerging as an interesting source of candidate probiotics, especially for the management of vaginal 

infections but also for their potential antagonistic activity against gastro-intestinal and foodborne 

pathogens (Siroli et al., 2017)Φ Lƴ ǘƘƛǎ ŦǊŀƳŜǿƻǊƪΣ ƛǘΩǎ ƴŜŎŜǎǎŀǊȅ ǘƻ ǳƴŘŜǊƭƛƴŜ Ƙƻǿ ǘƘŜ ǳǎŜ ƻŦ ƳƛŎǊƻōƛŀƭ 

strains, especially when claimed as probiotics cannot avoid their safety, functional, and 

technological characterization according to World Health Organization (WHO), Food and Drug 

Organization (FAO), and EFSA (the European Food Safety Authority) requirements (Hill et al., 2014b). 

1.2 Selection Criteria of Probiotics 

According to the WHO, FAO, and EFSA safety, functionality, and technological utility represent the 

key criteria for the selection of probiotic microorganisms. In addition, as recently established by the 

International Scientific Association for Probiotics and Prebiotics (Hill et al., 2014a) the probiotic 

potential is directly connected to particular strains, not to the genus or species of a microorganism. 

In this sense, selected in vitro experiments are available and performed to investigate whether the 

selected microbial strains fulfill the above criteria. Consequently, on the basis of studies concerning 

these validated in vitro ŜȄǇŜǊƛƳŜƴǘǎΣ ƛǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ǎŜƭŜŎǘ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜƛǊ 

potential as probiotic strains. Many in vitro tests can be followed for these microbial strains with 

animal and human trials. The first step in the selection of a probiotic  strain is the determination of 

its taxonomic classification, which may give an indication of the origin, habitat and physiology of the 

strain. Concerning the safety of a bacterial strain, its origin, its antibiotic resistance and the total 

absence of virulence factors associated with pathogenic cultures are the main basis of the safety 

characterization. Regarding the functional features, viability is a prerequisite for probiotic 

functionality, promoting several mechanisms, such as adherence to epithelial cells, reduction of 

mucosal gut permeability, immuno-modulatory effects, and this could represent also an important 

industrial challenge (Galdeano & Perdigon, 2004). In fact as reported by Lee (2009) strains should 

address several requirements, also directly associated with the technology of their manufacture, 
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showing their ability to survive and maintain their biotechnological properties, throughout the 

storage and distribution processes. As there is an evident lack of common standards for the entire 

probiotic applications, the most relevant approach to verify the properties of a microbial strain is to 

target populations, in particular, evaluating specific physiologic functions by specific investigations 

(Saarela et al., 2000). In addition, about the final product, their probiotic dose levels should be based 

considering their effectiveness in human clinical trials. This aspect is also directly connected with 

the detected colony-forming units per gram (CFU/g) of product, considering all the product 

processing and storage. In this sense, concerning the minimum effective values, it is generally 

accepted that probiotic products should have a minimum concentration of 106-7 CFU per milliliter 

or gram of product. Moreover, for the probiotic benefits in order to be transferred to the consumer,  

a total amount from 108 to 109 CFU of  their microbial cell load must be consumed each day 

(Kechagia et al., 2013). More in general, the investigation of the following selected criteria (Table 1) 

could be considered as a useful starting point for the selection of the probiotics strains, also 

considering their commercial applications. 

Table 1. Key and desirable criteria for the selection of probiotics in commercial applications  

General Property 

Safety criteria 

Origin 

Pathogenicity and infectivity 

Virulence Factors ς toxicity, metabolic activity and 
intrinsic properties, i.e., antibiotic resistance 

GRAS status 

Technological criteria 

Genetically stable strains 

Desired viability during processing and storage 

Good sensory properties 

Oxygen and heat tolerance 

Large-scale production 

Functional criteria 

Documented health benefits 

Human gastric juice tolerance 

Immunostimulation without proinflammatory effect 

Cholesterol and lactose metabolisms 

Anticarcinogenic properties 

Antagonistic activity against gastrointestinal, uro-
genital, foodborne pathogens 

Ability to reduce pathogen adhesion to surfaces 

Retain viability following consumption 
 

Desired metabolic activity, considering the interaction 
with the gastrointestinal microbiota, following 

consumption and digestion 
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1.3 Probiotics health benefits 

Over the past decades, scientific research directed on probiotics and their health benefits has risen 

sharply. In fact,  in the last decades, a wide number of scientific works have highlighted the potential 

key role of probiotic microorganisms to prevent or cure various disbyosis and disorders; based on 

the promising insights emerging from several in vitro and in vivo investigations and suggesting a 

powerful connection by these so-called probiotics and the human immuno-modulatory responses 

(Floch et al., 2015; Hill et al., 2014b; Ritchie & Romanuk, 2012). Concerning their potential use and 

their direct and/or indirect impact on human health improvement, probiotics are responsible for 

the development of the microbiota present in the gastrointestinal tract (GIT) in order to assure an 

appropriate microbial balance lined by pathogens and the good bacteria, also recognized as 

homeostasis (Oelschlaeger, 2010; Schachtsiek et al., 2004). These functional microorganisms, due 

to this equilibrium, could, for example, reestablish the natural microbiota after an antibiotic therapy 

(Cremonini et al., 2002; Johnston et al., 2006). In addition, according to several studies (also based 

on clinical evidences) directed on these functional microbes for their application on several fields of 

research, their high effectiveness and wide-range application is reported in Table 1.1. More 

specifically this report,  concerning several consistent studies, applies on patients suffering from 

various disorders (diabetes, obesity, dyslipidemia, hypertension, antibiotic-associated diarrhea, 

inflammatory bowel disease, constipation, irritable bowel syndrome, lactose intolerance, food 

hypersensitivity, allergic rhinitis, cancer and side effects associated with cancer, bacterial vaginosis, 

infections of the respiratory and urinary tract, anxiety and depressive disorders); it could be 

considered as useful to provide significant extrapolations on their  potential health benefits  in view 

of novel prospects and future outlooks. 

Table 1.1 Report on clinical studies focused on the probiotics uptake on patients suffering from various 

disorders and the observed specific benefits. 

 
Probiotic Microorganisms 

 
Reported Specific Benefits in Indicated 

References 
 

 
References 

 

 
Overweight and Obesity 

 

Enterococcus faecium, Streptococcus 
thermophilus 

Reduction in body weight, systolic Blood 
Pressure LDL-C (Low-Density Lipoprotein 

Cholesterol) and increase in fibrinogen levels. 

(Agerholm-Larsen et al., 
2000) 

Lactobacillus gasseri SBT2055 Significant decrease in body mass index (BMI), 
waist, abdominal Visceral Fat Area (VFA) and 

hip circumference. 
(Yd Kadooka et al., 2010) 
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Ligilactobacillus salivarius Ls-33 Increase in the ratios 
of Bacteroides, Prevotellae and Porphyromonas. 

(Larsen et al., 2013) 

Lactobacillus gasseri SBT2055 Decrease in BMI and arterial blood pressure 
values. 

(Yukio Kadooka et al., 
2013) 

Lactiplantibacillus plantarum Reduction in BMI and arterial blood pressure 
levels. 

(Sharafedtinov et al., 
2013) 

Lactobacillus 
acidophilus La5, Bifidobacterium 

lactis Bb12, Lacticaseibacillus 
casei DN001 

Drastic modifications in gene expression in 
PBMCs as well as BMI, fat percentage and 

leptin values. 

(Zarrati et al., 2014; 
Zarrati, Salehi, et al., 

2013; Zarrati, Shidfar, et 
al., 2013) 

Bifidobacterium, Streptococcus 
thermophilus 

 

Improvement in lipid profile, insulin sensitivity, 
and decrease in CRP (C-reactive protein). (Rajkumar et al., 2014) 

Lacticaseibacillus paracasei N19 No effects have been noticed. (Brahe et al., 2015) 

Lactobacillus 
acidophilus La5, Bifidobacterium 

animalis Bb12 

Significant drop in fasting glucose 
concentration and increase in HOMA-IR 

(Homeostasis Model Assessment of Insulin 
Resistance). 

(Ivey et al., 2015) 

 
Type-2 diabetes and Dyslipidemia 

 

Lactobacillus 
acidophilus La5, Bifidobacterium 

lactis Bb12 
Total cholesterol (TC) and LDL-C improvement. 

(Hanie S Ejtahed et al., 
2012) 

Lactobacillus 
acidophilus La5, Bifidobacterium 

lactis Bb12 

Decreased fasting blood glucose and 
antioxidant status. 

(H S Ejtahed et al., 2011) 

Bifidobacterium animalis DSMZ 
23733, Bifidobacterium breve DSMZ 

23732 

 
Reduction of total cholesterol (TC). (Bordoni et al., 2013) 

Bifidobacterium animalis DSMZ 
23733, Bifidobacterium breve DSMZ 

23732 
Reduction of total cholesterol (TC). 

(Mohamadshahi et al., 
2014) 

Lactobacillus acidophilus La-
5, Bifidobacterium animalis BB-12 

Improved HDL-C levels and reduced LDL-C/HDL-
C ratio. 

(Hariri et al., 2015) 

Lactiplantibacillus plantarum A7 
Decreased methylation process, SOD 

(superoxide dismutase). 
(Tonucci et al., 2017) 

Lactobacillus acidophilus La-
5, Ligilactobacillus animalis BB-12 

Significant difference between groups 
concerning mean changes of HbA1c, TC, and 

LDL-C. 
(Shimizu et al., 2015) 

Lactobacillus acidophilus, 
Limosilactobacillus reuteri NCIMB 

Reduced LDL-C (Low-Density Lipoprotein 
Cholesterol) levels. 

(J. Sun & Buys, 2015) 

Limosilactobacillus reuteri NCIMB 
30242 

Reduced low-density lipoprotein cholesterol by 
11.64% and total cholesterol by 9.14% in 

hypercholesterolemic adults 
(Jones et al., 2012) 

Various strains of LAB 
Control of blood cholesterol-

Hypocholesterolemia-effect and hyperlipidemia 
(S. C. Wang et al., 2014) 

Weissella koreensis Significant anti-obesity effect (Le & Yang, 2018) 

 
Constipation 

 

Bifidobacterium animalis DN-173 
010, Escherichia coli Nissle 

1917 Lacticaseibacillus casei Lcr35 
Treatment of functional constipation in adults. 

(Chmielewska & 
Szajewska, 2010) 

Bifidobacterium lactis 
Improvement of the whole gut transit time, 

stool frequency, and stool consistency. 
(Dimidi et al., 2014) 
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Bifidobacterium 
animalis subsp. lactis, BB-12(R) 

Manage symptoms of occasional constipation (Eskesen et al., 2015)  

 
Antibiotic-Associated Diarrhea, Diarrheas, Colic, Ulcerative colitis 

 

Saccharomyces 
cerevisiae, Saccharomyces boulardii 

Reduction of diarrhea rates in children 
receiving probiotic yeast (7.5%) compared to 

those receiving placebo (23%). 
(Kotowska et al., 2005) 

Limosilactobacillus reuteri ATCC 
55730 

Elimination of pain and symptoms in direct 
association with intestinal colic. 

(Niv et al., 2005) 

Probiotic VSL#3 
Remission in 42.9% of patients in the probiotic 

group versus 15.7% in the placebo group. 
(Sood et al., 2009) 

Escherichia coli Nissle 1917 Treatment of inflammatory bowel disease. (Behnsen et al., 2013) 

Bifidobacterium longum CMCC 
P0001 

Treatment of gastro-intestinal disorders. (Yu et al., 2013) 

Lactobacillus, Bifidobacterium 
Reduction of the incidence of severe 

necrotizing enterocolitis by 57% and the risk of 
mortality by 35%. 

(AlFaleh & Anabrees, 
2014) 

Lacticaseibacillus rhamnosus, 
Saccharomyces boulardii 

A protective role in preventing antibiotic-
associated diarrhea after intake of 

5011 CFU/day. 
(Hayes & Vargas, 2016) 

Lacticaseibacillus rhamnosus GG 
Probiotics may decrease duration of acute 
diarrhea in infants and children by ~1 day 

(Szajewska et al., 2013  

Bacillus licheniformis 
Reduce the effect of antibiotics use in 
treatment of diarrhea and can detoxify 

aflatoxin B1up to 94.7% in food matrixes. 
(Rao et al., 2017) 

Bacillus clausii Treatment of acute diarrhea in children (Ianiro et al., 2018) 

Limosilactobacillus reuteri 
Reduced crying time by an average of 25.4 min 

per day and Treat colic in breastfed infants 
(Sung et al., 2018) 

Bacillus clausii UBBC-07 
Reduced severity of diarrhea in children under 

5 years of age 
(Sudha et al., 2019) 

 
Alleviation of lactose intolerance 

 

Streptococcus lactis, Streptococcus 
plantarum, Streptococcus cremoris, 
Streptococcus casei, Streptococcus 

diacetylactis, Streptococcus 
florentinus, Streptococcus cremoris 

Improved lactose digestion and tolerance. (Hertzler & Clancy, 2003) 

Lactobacillus delbrueckii subsp. 
bulgaricus and Streptococcus 

thermophilus 

Consumption of live yogurt cultures in yogurt 
improves the digestion of lactose present in 

yogurt in individuals with lactose maldigestion. 
Yogurt should contain at least 108 CFU live 

probiotic strains per gram 

(EFSA Panel on Dietetic 
Products, 2010) 

Bifidobacterium animalis DSM 
26137 and Lactiplantibacillus 

plantarum DSM 26329 

Significant reduction of diarrhea frequency and 
flatulence. 

όwƻǑƪŀǊ Ŝǘ ŀƭΦΣ нлмтύ 

 
Allergic Rhinitis 

 

Streptococcus paracasei-33 
Clinical improvements in nasal blockage, 

rhinorrhea, and nasal itching. 
(Y. Peng et al., 2015) 

Lacticaseibacillus paracasei-33 
Significant evidence of beneficial clinical and 

immunologic effects of probiotics in the 
treatment of seasonal Allergic Rhinitis. 

(Güvenç et al., 2016) 
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Blood Pressure 
 

Various strains of Lactobacillus sp. Regulation of blood pressure. (Khalesi et al., 2014) 

Lactobacillus 
helveticus and Saccharomyces 

cerevisiae 
Reduction of hypertension effects 

(Hendijani & Akbari, 
2018) 

Atopic Dermatitis   

Limosilactobacillus fermentum VRI 
033 PCCϰ 

Reduction in SCORAD (SCORing Atopic 
Dermatitis). 

(Weston et al., 2005;) 

Bifidobacterium 
animalis subsp lactis 

Important decrease in the sternness of atopic 
dermatitis with an improvement in the ration of 

IFN- and IL-10. 
(Gøbel et al., 2010) 

Lacticaseibacillus rhamnosus HN001 
Substantially reduced the cumulative 

prevalence of eczema in infants 
(Wickens et al., 2013) 

 
Cancer and side effects associated with cancer 

 

Lacticaseibacillus rhamnosus 573 
Patients had less abdominal discomfort, with 

less hospital care and fewer chemo dose 
reductions. 

(Österlund et al., 2007) 

Lactobacillus acidophilus, 
Bifidobacterium bifidum 

Reduction in incidence of diarrhea and better 
stool consistency. 

(Chitapanarux et al., 
2010) 

Lactiplantibabillus 
plantarum CGMCC 

1258, Lactobacillus acidophilus LA-
11, Bifidobacterium longum BL-88 

Significant improvement in the integrity of gut 
mucosal barrier and reduction in infections 

complications. 
(Z. M. Liu et al., 2011) 

Lacticaseibacillus casei Shirota (LcS) 
Significant evidence of cancer preventing 

particularly colorectal cancer. 
(Shida & Nomoto, 2013) 

Lacticaseibacillus casei ATCC 393 
Significant in vivo anti-proliferative effects 

accompanied by apoptotic cell death in colon 
carcinoma cells. 

(Tiptiri-Kourpeti et al., 
2016) 

Lactobacillus 
acidophilus and Bifidobacterium spp. 

Inhibit growth of tumor cell, produce anti-
carcinogens and reduces cancer risks 

(Vasiljevic & Shah, 2008) 

Lacticaseibacillus paracasei Anticancer activity (Tarrah et al., 2019) 

 
Bacterial Vaginosis 

 

Lacticaseibacillus rhamnosus 

The vaginal administration of the probiotic 
strain leads to stabilization of the vaginal flora 
with obvious reduction of bacterial vaginosis 

recurrence. 

(Marcone et al., 2010) 

Lactobacillus 
gasseri LN40, Lactobacillus 

fermentum LN99, Lacticaseibacillus 
casei LN113, Pediococcus 

acidilactici LN23 

Strain LN is characterized by a high colonial rate 
in the vagina bacterial vaginosis, patients and 
women receiving LN strain were totally cured 

2ς3 days after administration. 

(Ehrström et al., 2010) 

Lactobacillus acidophilus La-
14® and Lacticaseibacillus 

rhamnosus HN001® 

The addition of a combination of the probiotic 
strains La-14® and HN001® alongside bovine 

lactoferrin to antibiotic treatment, was shown 
to significantly improve symptoms of BV. It also 

decreased the recurrence rate, as compared 
with antibiotic treatment alone. 

(Russo et al., 2019) 

Lactobacillus crispatus CTV-05 

The administration of 2 billion CFU of L. 
crispatus CTV-05 to 228 premenopausal women 

with recurrent BV using a vaginal applicator 
daily for 24 weeks led to 30% of recurrence of 

(Cohen et al., 2020) 
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BV in the intervention group compared with 
45% of the placebo group 

 
Depression, Anxiety and Mental disorders 

 

Lactobacillus 
helveticus R0052 Bifidobacterium 

longum R0175 

Probiotic supplementation reduced aggressive 
and ruminative thoughts in response to sad 

mood. 
(Messaoudi et al., 2011) 

Lactobacillus, Bifidobacterium Beneficial effects on mental health and mood. (Mayer et al., 2015) 

 

1.4 Mechanisms of action of probiotics 

Inside a human organism, probiotics are a current strategy to treat dysbiosis, restoring microbial 

diversity and modifying the perturbed intestinal microbiota, with specific mechanisms of action that 

are still investigated. For this reason, the considered mechanisms of action of probiotics were 

concerning 1) colonization and normalization of perturbed intestinal microbial communities in 

children and adults; 2) competitive exclusion of pathogens and bacteriocin production, if able to 

produce; 3) enzymatic activity and production of volatile fatty acids; 4) cell adhesion; 5) modulation 

of the immune system; and 6) interaction with the brain-gut axis.  

1.4.1 Colonization and Normalization of Intestinal Microbial Communities in Children and Adults 

A crucial factor in the creation of the gut microbiome in adult life is directly connected with the early 

colonization of the infant gastrointestinal tract, which begins before childbirth and continues into 

childhood (Yang et al., 2016). Some factors are influencing the early intestinal colonization, such as 

the genetic constitution of the newborn, method of childbirth, use of antibiotics, type of feeding, 

ŀƴŘ ǘƘŜ ƳƻǘƘŜǊΩǎ ŎƻƴŘƛǘƛƻƴ ό ŦƻǊ ŜȄŀƳǇƭŜ ƛƴŦƭŀƳƳŀǘƻǊȅ ŎƻƴŘƛǘƛƻƴύ (Hesla et al., 2014). In addition, 

bacteria isolated from the placenta, umbilical cord blood, and meconium (Enterococcus faecium, 

Propionibacterium acnes, Staphylococcus epidermidis, and Escherichia coli) as well as the bacteria 

present in the vagina and in human milk seem to be important for infant gut colonization  (Aagaard 

et al., 2014; Jimenez-Truque et al., 2012, 2012). In this sense, adhesion of bacteria to host surfaces 

is a crucial aspect of host colonization because it prevents the mechanical clearing of pathogens 

(Ribet & Cossart, 2015). Concerning preclinical studies in children, the use of probiotics have found 

positive results such as normalization of perturbed microbiota composition, intestinal maturation, 

decreased pathogenic load and infections and improved immune response; however, only a few of 

these studies documented specific changes in the composition of the microbiota (Szajewska et al., 

2013). In clinical studies in children, specific administered probiotic strains have shown potentialities 
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in attenuation of the severity of different pathologies such as necrotizing enterocolitis (NEC), 

Inflammatory Bowel Disease (IBD), nosocomial and antibiotic-associated diarrhea, colic, and 

allergies (Hashemi et al., 2016; Hojsak et al., 2018; Szajewska et al., 2013). Moreover, breastfeeding 

or formula feeding could modify microbial diversity and succession in the infant gut. Although 

commercially available formulas are supplemented with bacteria considered to be probiotics, little 

is known about the ability of these bacteria formulas to have a long-term impact on infant gut 

microbial composition and function (Bazanella et al., 2017). As well, significant differences in the 

composition of the microbiota and in metabolite amounts have been reported between infants 

birthed vaginally and those birthed by cesarean delivery (Bazanella et al., 2017). According to 

selected studies (AlFaleh & Anabrees, 2014; Olsen et al., 2016), preventative therapy with probiotics 

for premature newborns has been indicated as a strategy to reduce the risk of severe (NEC). In fact, 

probiotic formulations made with Lactobacillus alone or in combination with Bifidobacterium have 

led to decreased mortality, days of hospitalization, and days after which exclusive enteral nutrition 

is reached. Concerning infant colic, it was observed by Chau et al. (2015); Xu et al. όнлмрύΤ ¦ǊōŀƵǎƪŀΣ 

DƛŜǊǳǎȊŎȊŀƪπ.ƛŀƱŜƪ ŀƴŘ {ȊŀƧŜǿǎƪŀ όнлмс) that the use of Lactobacillus reuteri improves crying spell, 

but only after 2ς3 weeks of treatment, at the same time with the natural progress of this illness. 

With regard to a study concerning the consumption of Bifidobacterium breve showed beneficial 

health effects for infants after probiotic therapy compared to those replaced with placebo at the 

end of the study (Pärtty et al., 2015). Regarding the treatment of pediatric diarrhea and antibiotic-

associated diarrhea, probiotics can restore microbial balance and thus inhibit the proliferation of 

pathogens such as Clostridium difficile, acting as both preventive and treatment; however, most of 

the studies mainly provided clinical effects and tolerance and safety data but did not provide 

potential mechanisms of action  (Gil-/ŀƳǇƻǎ Ŝǘ ŀƭΦΣ нлмнΤ DƻƭŘŜƴōŜǊƎ Ŝǘ ŀƭΦΣ нлмтΤ ¦ǊōŀƵǎƪŀ Ŝǘ ŀƭΦΣ 

нлмсΤ ¦ǊōŀƵǎƪŀ and Szajewska, 2014). In addition, Hajare and Bekele (2017) have tested the effect 

of Lactobacillus acidophilus strain LBKV-3 on fecal residual lactase activity in undernourished 

children <10 years,  underling how lactase activity increased with the progress of the treatment. In 

this sense some evidence suggesting the clinical potential of probiotics against lactose intolerance 

are reported, and B. animalis has been recognized among the most studied and effective species 

(Oak & Jha, 2019; West et al., 2015; Zhang et al., 2016). Another common disease of infancy and 

early childhood is the cow-milk allergy (CMA). According to Lifschitz and Szajewska (2015) the 

majority of affected children have symptoms mainly connected with the gastrointestinal tract 

and/or skin. In this sense Bunyavanich et al. (2016) have reported how seems to be a connection 
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between dysbiosis in the intestinal microbiota and the pathogenesis of CMA. The administration of 

probiotics such as Lacticaseibacillus rhamnosus GG (Lactobacillus rhamnosus) in an highly 

hydrolyzed formula resulted in increased tolerance for CMA for infants, comparing with the formula 

alone ( Canani et al., 2016). 

With regard to healthy adults, probiotic administration increases the production of  short chain fatty 

acids (SCFA), fecal moisture, frequency of defecation, and volume of stools (Olivares et al., 2006). 

As for instead subjects in overweight conditions, the administration of De Simone formulation® 

reduced the concentrations of lipids and inflammatory markers such as high-sensitivity C-reactive 

protein, enhanced insulin sensitivity, and produced changes in the composition of the gut 

microbiota (Rajkumar et al., 2014). Concerning patients living with obesity and hypertension, it was 

observed by Sharafedtinov et al. ( 2013) that Lactiplantibacillus plantarum TENSIA (Lactobacillus 

plantarum)  reduced BMI and blood pressure. Concerning IBD condition, intended as a group of 

systemic pathologies related to the gastrointestinal tract, generally the work of the epithelial barrier 

is affected with further complications (Plaza-Díaz et al., 2018). In this sense IBD initial state and 

progress could be correlated with an altered gut microbiota. Concerning relative treatments, 

probiotic administration trials in patients living with Crohn disease (CD) showed no remission effect. 

Despite of this,  probiotic treatment by patients with ulcerative colitis give the impression to be 

more successful in the remission of the pathology, in particular with De Simone formulation® and a 

combination of Lactobacillus and prebiotics όDŀƴƧƛπ!ǊƧŜƴŀƪƛ ϧ wŀŦƛŜƛŀƴπYƻǇŀŜƛΣ нлмуύ. In addition, 

the use of butyrate-producing bacterial strains for patients with CD have increased butyrate 

production and have enhanced the integrity of the epithelial barrier (Geirnaert et al., 2017). As 

reported by Goldenberg et al. (2017) probiotic administration for the treatment of  Clostridium 

difficileςassociated diarrhea resulted in efficient mitigation of this condition.  

1.4.2 Competitive Exclusion of Pathogens  

Competitive exclusion is intended as the condition where a single species of bacteria competes for 

receptor sites in the intestinal tract more strongly than other species (Bermudez-Brito et al., 2012). 

The specific pathways and key regulatory mechanisms underlying these effects of probiotics are 

largely unknown. The proposed main mechanisms for competitive exclusion of pathogens are 

reduction in luminal pH, competition for nutritional sources, and production of bacteriocin or 

bacteriocin-like substances, if the employed strain are able. Several scientific investigations have 

focused on the reduction of human pathogens such as Salmonella typhi and Escherichia 
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coli (Muñoz-Quezada et al., 2013). In addition, selected probiotic metabolites seem to play a role in 

the modulation of diverse signaling and metabolic pathways in cells. More specifically, organic acids, 

bacteriocins, hydrogen peroxide, amines, as components of the probiotic metabolome, have been 

reported by Kumar et al., (2012) to interact with multiple targets in some metabolic pathways that 

regulate cellular proliferation, differentiation, apoptosis, inflammation, angiogenesis, and 

metastasis.  In this sense, antimicrobial peptides known as bacteriocins, which prevent the 

proliferation of selected pathogens could be produced by bacteria, such as some lactobacilli 

(Garcha, 2018; Carasso et al., 2013; Pinto et al., 2011), lactococci (Bukvicki et al., 2020a; Siroli et al., 

нлмсΤ {ƛǊƻƭƛΣ tŀǘǊƛƎƴŀƴƛΣ 5Ω!ƭŜǎǎŀƴŘǊƻΣ Ŝǘ ŀƭΦΣ нлнлύ and bifidobacteria (Martinez et al., 2013). 

Bacteriocins are ribosomally synthesized peptides with antibacterial activity composed of Ḑ 30ς60 

amino acids. These molecules act at bacterial cytoplasmic membranes, targeting energized 

membrane vesicles to disrupt the proton-motive force (Umu et al., 2017). Bacteriocins were 

classified, considering their primary structures, molecular weights, post-translational modifications, 

and genetic characteristics (Mokoena, 2017). In particular, some of these compounds have been 

shown to inhibit the growth of Helicobacter, Clostridium difficile, rotaviruses, and multidrug-

resistant Shigella spp. and E. coli in some gastrointestinal conditions (Kumar et al., 2016) and have 

activity against selected uro-pathogens (Mokoena, 2017). 

1.4.3 Enzymatic activities and production of volatile fatty acids 

In the gut lumen, the enzymatic activities of probiotics can perform a key role for their biological 

effects. Lactobacilli and bifidobacteria exhibit more than 20 different enzymatic activities. For 

ŜȄŀƳǇƭŜΣ ŎƻƴŎŜǊƴƛƴƎ ōŀŎǘŜǊƛŀƭ ʲ-ƎƭǳŎǳǊƻƴƛŘŀǎŜ όʲDύΣ ŀ Ǝƭȅcosidase widely present in intestinal 

microbiota, has been reported to influence metabolism and detoxification in mammals. During 

detoxification in the liver, xenobiotic and harmful substances are conjugated with glucuronides by 

ǳǊƛŘƛƴŜ р-diphospho-glucuronosyltransferase to become more hydrophilic metabolites which can 

be secreted into the intestine in bile and then eliminated from the body. However, the glucuronides 

ŀǊŜ ŎŀǘŀƭȅǘƛŎŀƭƭȅ ƘȅŘǊƻƭȅȊŜŘ ōȅ ƛƴǘŜǎǘƛƴŀƭ ōŀŎǘŜǊƛŀƭ ʲD ( Chen et al., 2017). As a result, the metabolites 

are converted back into the hydrophobic and toxic form, causing intestinal damage. According to 

Kulkarni and Reddy, (1994), Bifidobacterium longum, when added to the diet, it contributes to 

ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ƛƴǘŜǎǘƛƴŀƭ ƳƛŎǊƻōƛƻǘŀ ōȅ ƭƻǿŜǊƛƴƎ ǘƘŜ ŀŎǘƛǾƛǘȅ ƻŦ ʲ-glucuronidase, which is associated 

with the inhibition of aberrant crypt formation. Moreover, in a systematic review of randomized 

clinical trials (RCTs) testing probiotics, prebiotics, or both (synbiotics) for the treatment of 
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nonalcoholic fatty liver disease (NAFLD) in adult patients, a reduction in liver aminotransferase 

activity was documented (Buss et al., 2014). In another RCT concerning 30 healthy adults to evaluate 

the effects of a fermented product containing 2 probiotic strains (Lactobacillus gasseri CECT5714 

and Loigolactobacillus coryniformis CECT5711), compared with standard yogurt, on host intestinal 

function, 19 enzymatic activities were detected in the feces of volunteers. The pattern of enzymatic 

activity exhibited by the control and the probiotic-treated groups was very stable throughout the 

study. However, the naphthol-AS-BI-phosphohydrolase activity, a typical feature of lactobacilli, was 

augmented in the feces of the probiotic-treated group. In addition, probiotics interact with bile acids 

in the gut lumen, changing bile acid metabolism and influencing cholesterol absorption. In this 

context, bile salt hydrolase (BSH) is an enzyme produced by bacterial species especially when 

associated with the gastrointestinal tract and by most of the known probiotics; this enzyme may 

participate in the first reaction of the deconjugation of biliary salts όtŀǾƭƻǾƛŏ Ŝǘ ŀƭΦΣ нлмнύ. 

Considering these beneficial effects related to BSH-containing bacteria, BSH activity has been 

included in FAO/WHO guidelines for the evaluation of probiotics for food use. In fact, enzymatic 

deconjugation of bile acids by BSH from probiotics has been considered to be one of the main 

mechanisms of the hypocholestrolemic effect attributed to probiotics ( Kumar et al., нлммΤ tŀǾƭƻǾƛŏ 

et al., 2012). 

Among all the metabolites produced by gut microbiota,  SCFA have received lots of attention from 

scientists due to their physiological characteristics, having a significant correlation between 

inflammatory response and gut microbiota. The main health effects attributed with SCFA production 

are associated with the decrease in luminal pH, which further results in the inhibition of pathogenic 

microbes and elevates nutrient absorption (Macfarlane & Macfarlane, 2012). Acetic acid, propionic 

acid, and butyric acid are the most abundant, representing 90ς95% of the SCFA present in the colon. 

The main sources of SCFA are carbohydrates (CHO) but amino acids valine, leucine, and isoleucine 

obtained from protein breakdown can be converted into isobutyrate, isovalerate, and 2-methyl 

butyrate, known as branched-chain SCFA (BSCFA), which contribute very little (5%) to total SCFA 

production. Acetate production has been reported as a key metabolite responsible to enhance the 

capability of Bifidobacterium in inhibiting enteropathogens (Fukuda et al., 2011). Moreover, 

butyrate fuels the intestinal epithelial cells and increases mucin production, which may result in 

changes on bacterial adhesion (Jung et al., 2015) and improved tight-junctions integrity (Peng et al., 

2009). Thus, the production of SCFA seems to play an important role in the maintenance of the gut 



19 
 

barrier function. In addition, the absorption of butyrate by colonocytes significantly affects energy 

homeostasis. The involvement of SCFA in energy and lipid metabolism attracted the attention of 

researchers toward the potential role of SCFA in the control of metabolic syndrome. A reduction in 

obesity and insulin resistance, in experimental studies on animals with high-fat diet after dietary 

supplementation with butyrate has been observed (Gao et al., 2009). This protective effect of SCFA 

on the high-fat diet-induced metabolic alterations, seems to be dependent on down-regulation of 

the peroxisome proliferator-activated receptor gamma (PPARɹ), therefore promoting a change from 

lipid synthesis to lipids oxidation (Den Besten et al., 2015). Interestingly, although the three main 

intestinal SCFA have a protective effect on diet-induced obesity, butyrate and propionate seem to 

exert larger effects than acetate (Lin et al., 2012). Different mechanisms have been proposed to 

explain these effects, the activation of signaling pathways mediated by protein kinases, such as 

AMP-activated protein kinase (Den Besten et al., 2015; Gao et al., 2009; L. Peng et al., 2009) or 

mitogen-activated protein kinases (MAPK) (Jung et al., 2015), being a common observation. 

Butyrate and propionate, but not acetate, have been reported to induce the production of gut 

hormones, thus reducing food intake (Lin et al., 2012). Acetate has also been found to reduce the 

appetite, in this case through the interaction with the central nervous system (Frost et al., 2014). 

Additionally, the production of SCFAs also modulates the immune system functionality in host 

organisms. Significantly, butyrate and propionate have also been reported to induce the 

differentiation of T-regulatory cells, assisting to control intestinal inflammation; this effect seems to 

be mediated via inhibition of histone deacetylation (Donohoe et al., 2014; Louis et al., 2014). This 

control of intestinal inflammation may result beneficial in terms of gut barrier maintenance, 

reducing the risk of inflammatory bowel disease or colorectal cancer (CRC). In fact, it has also been 

observed that SCFA protect against the development of CRC, with most studies focusing on butyrate 

(Canani et al., 2011; Keku et al., 2015). Butyrate promotes colon motility, reduces inflammation, 

increases visceral irrigation, induces apoptosis, and inhibits tumor cell progression (Canani et al., 

2011; Keku et al., 2015; Leonel & Alvarez-Leite, 2012; Y. Zhang et al., 2010), all of these properties 

being useful in CRC prevention. In cancerous colonocytes, due to the Warburg effect, butyrate 

accumulates, which increases its activity as inhibitor of histone deacetylation, promoting apoptosis 

of CRC cells. Interestingly, a recent animal study suggests that the protective effect of dietary fiber 

upon CRC is dependent on the production of butyrate by the microbiota (Donohoe et al., 2014). 

Moreover, in order to investigate the effects of probiotics intake to SCFA production, according to 

a systematic review of RCT with adult volunteers, production of propionic and acetic acid was higher 
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in the probiotic-treated group after 2 weeks of treatment. At the end of the washout period, the 

production of butyrate in the probiotic-treated group was still higher than that in the control group 

(Macfarlane & Macfarlane, 2012; Olivares et al., 2006). Another RCT study, conducted to verify the 

effect after 4 weeks of daily consumption of L. paracasei DG on the intestinal microbial ecology of 

healthy volunteers, reported that participants with a butyrate concentration of >100 mmol/kg of 

wet feces had a butyrate reduction of 49% ± 21% (mean ± SD) and a concomitant decrease in the 

total abundance of 6 genera of Clostridiales, after the probiotic intervention. However, in subjects 

with initial butyrate concentrations of <25 mmol/kg of wet feces, the probiotic contributed to a very 

high increase in butyrate concentrations concomitantly with a Ḑ55% decrease 

in Ruminococcus abundance and a 150% increase in an abundantly represented unclassified 

Bacteroidales genus. Therefore, the authors concluded that the impact of the intake 

of Lacticaseibacillus paracasei DG (Lactobacillus paracasei) on the microbiota and on SCFA seems 

to depend on the initial characteristics of the intestinal microbial ecosystem, and specifically, fecal 

butyrate content might represent an important biomarker for identifying subjects who may benefit 

from probiotic treatment (Ferrario et al., 2014). Another RCT study enrolled 33 healthy subjects, 

including young (mean age of 26 y), middle-aged (mean age of 51 y), and elderly (mean age of 76 y) 

volunteers, who were given a single daily oral dose of Lactiplantibacillus plantarum Lp-8. The 

concentrations of acetate and propionate, but not butyrate, increased significantly and peaked at 

week 5 in all 3 age groups. After Lp-8 consumption was terminated, the concentrations of both 

acetate and propionate gradually decreased but remained higher than the baseline concentrations 

( Wang et al., 2014). Thus, the production of fecal butyrate by different probiotics appears to strictly 

depend on the specific bacteria used. Nagata et al. (2016) conducted an RCT in 77 elderly people 

(mean age of 84 years) to study the effect of the intake of probiotic-fermented milk 

containing Lacticaseibacillus casei strain Shirota on norovirus gastroenteritis, which occurs in the 

winter season, during the intake period. While the duration of norovirus gastroenteritis related 

processes decreased,  Bifidobacterium and Lactobacillus were found to be the dominant genera; 

the abundance of Enterobacteriaceae decreased in the fecal samples of the probiotic-treated group  

(Nagata et al., 2016). 

1.4.4 Cell adhesion 

There are specific requisites that need to be evaluated when a microbial strain is indicated as a 

probiotic. One of these is adhesion to the intestinal mucosa for colonization and further interactions 



21 
 

between the administered probiotic strains and the host (Bermudez-Brito et al., 2012). This 

interaction is specific and necessary for the modulation of antagonistic activity against pathogens 

and for the expression of probiotic functionalities in the immune system. More specifically, in order 

to avoid the adhesion of pathogenic bacteria, intestinal epithelial cells secrete mucin. Several 

Lactobacillus proteins revealing surface adhesins that facilitate attachment to the mucous layer 

(Buck et al., 2005) have been investigated for their capability  to promote this adhesion. To 

determine the adhesion capacity of probiotics in vitro the Caco-2 cell line has been extensively used 

over the last 30 years. These cells form a homogeneous monolayer that resembles that of mature 

enterocytes in the small intestines of humans and form crypts, which are typical structures of the 

epithelial monolayer (Huang et al., 2009). Also, mucus may play an important role in adhesion and 

invasion of pathogens. In this sense with regard to Caco-2 cell line it is important to highlight how, 

despite being widely diffused, it is not capable of producing mucus, compared to, for example, HT- 

29 or HT29-MTX (Gagnon et al., 2013). In addition, compared to the common human colon-derived 

lines such as and Caco-2, HT-29, T84, the porcine intestinal IPEC-J2 cell line has also been employed 

in some probiotic studies, in which the cells have been used as an initial screening tool for 

adhesiveness and anti-inflammatory properties of the potential probiotic 

microorganisms. According to Zhang et al., 2015, Lacticaseibacillus rhamnosus ATCC 7469 was 

tested in the presence of an F4-expressing E. coli strain (serotype O149: K91, K88ac) in intestinal 

porcine epithelial J2 cells. The expression of Toll-like receptor (TLR)-4 and nucleotide binding 

oligomerization domain containing protein (NOD) 2 was augmented by the presence of E. coli, and 

these increases were attenuated by L. rhamnosus treatment ( Zhang et al., 2015). Pretreatment with 

L. rhamnosus enhanced Akt phosphorylation and increased zonula occludens-1 and occludin protein 

expression. The probiotic maintained the epithelial barrier and promoted intestinal epithelial cell 

activation in response to bacterial infection ( Zhang et al., 2015). In fact, at the more systemic level 

of gut health modulation, probiotic microorganisms exchange signals with the epithelial cells. 

According to Mujagic et al. (2017), the effects of three Lactiplantibacillus plantarum strains were 

evaluated on in vivo small intestinal barrier function and gut mucosal gene transcription in human 

subjects. L. plantarum TIFN101 modulated gene transcription pathways; notably, this probiotic 

upregulated the matrix metalloproteinase 2, tissue inhibitors of metalloproteinase 1 and 3, and 

muc2 genes and downregulated genes involved in the tricarboxylic acid cycle II pathway. 

 



22 
 

1.4.5 Modulation of the Immune System 

The gut microbiota modulates the immune system by the production of molecules with 

immunomodulatory and anti-inflammatory functions that are capable of stimulating immune cells. 

These immunomodulatory effects are due to the interaction of probiotic bacteria with epithelial 

cells and dendritic cells (DCs) and with monocytes/macrophages and lymphocytes ό5Ω!ƳŜƭƛƻ ϧ {ŀǎǎƛΣ 

2018). One of the major mechanisms of action of probiotics is the regulation of host immune 

response. Thus, the immune system is divided into the innate and adaptive systems. The adaptive 

immune response depends on B and T lymphocytes, which bind to specific antigens. In contrast, the 

innate system responds to common structures, called pathogen-associated molecular patterns 

(PAMPs), shared by a majority of pathogens. The primary response to pathogens is produced by 

pattern recognition receptors (PRRs), which bind to PAMPs. Consequently, PRRs comprise TLRs, 

which are transmembrane proteins that are expressed on various immune and nonimmune cells, 

such as, natural killer cells, DCs, macrophages, fibroblast cells, epithelial cells, and endothelial cells. 

Furthermore, PRRs comprise nucleotide-binding oligomerization domains, adhesion molecules, and 

lectins (Gómez-Llorente et al., 2010). In addition to TLRs, PRRs include NOD-like intracellular 

receptors (NODLRs), which guard the cytoplasmic space (Claes et al., 2015). Other PRRs have also 

been described, such as C-type lectin receptors, formylated peptide receptors, retinoic acid 

inducibleςlike helicases, and intracellular IL-1ςconverting enzyme protease-activating factor (Hevia 

et al., 2015). In general, the T cell subset, which is involved in regulating the immune balance, is 

finely tuned by the host and the microbes with which the host interacts, and disequilibrium between 

the effector T-helper (Th) cells and regulatory T cells (T-regs) leads to impaired immune response 

(Yousefi et al., 2015). Probiotics help to preserve intestinal homeostasis by modulating the immune 

response and inducing the development of T-regs (Giorgetti et al., 2015). 

1.4.6 Interaction with the brain-gut axis 

In social groups, more similar communities of gut bacteria were detected for individuals who 

interacted physically through social grooming (Tung et al., 2015). This degree of social interaction 

cold represents an explanation regarding the variation in the gut microbiota even after monitoring  

diet, host genetics, and shared environment. Selected evidence propose that a socially transmitted 

microbiota could confer beneficial effects to the host communities, as well for microbes this social 

transmission may be useful for their propagation (Vuong et al., 2017). The intestinal microbiota, as 

well the brain-gut signaling system, and the interaction of the microbiota with genetic receptors 
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have been indicated to be related with the health of children and with the development of short- 

and long-term behavior (Tillisch et al., 2013). The role of the gut microbiota in health and disease in 

the first years of life has become very relevant, because of evidence that the gut microbiota can 

influence many aspects of human behavior (Cong et al., 2016). Preterm infants differ from term 

infants, in fact preterm infants are, generally,  particularly vulnerable to the effects of stress and 

pain. Stress activates the hypothalamic pituitary adrenal axis and the sympathetic nervous system, 

which increases intestinal permeability and allows bacteria and bacterial antigens to cross the 

epithelial barrier, activate the mucosal immune response, and alter the composition of the 

microbiome (Bonaz & Bernstein, 2013). In addition, oxidative stress in the intestine modulates the 

process of microbiome establishment in preterm infants (Arboleya et al., 2013). Children with 

neurodevelopmental disorders such as autism spectrum disorder (ASD), a severe 

neurodevelopmental disorder that impairs a child's ability to communicate and interact with others, 

are regularly affected by gastrointestinal problems and dysbiosis of the gut microbiota ( Yang et al., 

2018). For example, Bifidobacterium fragilis may play a role in the improvement in ASD-associated 

behaviors according to Hsiao et al. (2013). Moreover, recently published data have linked the 

incidence of ASD with maternal obesity and diabetes (M. Li et al., 2016; Nahum Sacks et al., 2016). 

A high-fat maternal diet was administered to mice with the objective of inducing decreased social 

behavior in the offspring, and subsequently for the progeny were administered Limosilactobacillus 

reuteri. Administration of L. reuteri failed to mitigate anxiety but was able to restore oxytocin 

concentrations, the mesolimbic dopamine reward system, and social behaviors in the offspring that 

were fed a high-fat maternal diet (Buffington et al., 2016). Dinan et al. (2006) revealed that stress 

caused by physical or psychological factors might be directly associated with the imbalance of the 

microbiota-brain-gut axis. In addition, Messaoudi et al. (2011) showed that the consumption 

of Lactobacillus helveticus R0052 and Bifidobacterium longum R0175 reduced symptoms of 

depression in healthy human volunteers (de la Fuente-Nunez et al., 2018). Recently, changes in brain 

structure were found to be associated with diet-dependent changes in gut microbiome populations 

throughout the use of a machine learning classifier to quantitatively assess the concentration of 

microbiomeςbrain region associations ( Ong et al., 2018). More in general, the mechanisms inherent 

to the effects of the gut intestinal microbiota on the central nervous system are multifactorial 

(neural, endocrine, and immunologic), but these effects are believed to principally occur by the 

production of bacterial metabolites ( Ong et al., 2018). In fact, SCFA  could alter neuronal excitability, 

and gut bacteria produce a wide spectrum of neuroactive compounds, including dopamine, -ɹ
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aminobutyric acid, histamine, acetylcholine, and tryptophan, which is a precursor in the 

biosynthesis of serotonin. 

1.5 Vaginal health care 

According to Zommiti, Feuilloley and Connil, (2020) non-sexually transmitted urogenital infections, 

such as bacterial vaginosis (BV), urinary tract infection (UTI), and various other yeast infections are 

affecting  more than one billion women around the world. More specifically a study conducted by 

Hanson et al. (2016) has observed the direct association between Gardnerella vaginalis, Ureaplasma 

urealyticum, and Mycoplasma hominis and BV. Another significant cause of disease worldwide is 

represented by sexually transmitted diseases (STDs), recently called sexually transmitted infections 

(STIs). Gonorrhea and Chlamydia are the two most commonly documented bacterial STDs, 

respectively caused by Neisseria gonorrhoeae and Chlamydia trachomatis. In this sense the 

recognized association between abnormal vaginal microbial flora and its increased risk in the  

frequency of uro-genital infections underlines the importance of understanding the crocial role of 

this specific microbial flora and the efforts needed to preserve it.  

The vaginal composition of the majority of women is characterized by Lactobacillus bacterial 

species, able to act as protective agents in the reproductive tract by realizing hydrogen peroxide 

and also several compounds like bacteriocins in order to avoid the colonization of harmful bacteria. 

Nevertheless, the vaginal microbiota of a significant number of asymptomatic or healthy women, 

holding a selection of strictly and facultative anaerobic microorganisms, is not provide by a sufficient 

number of Lactobacillus sp. (Ma et al., 2012). In this sense for the human vagina there are multiple 

core microbiomes instead of a single core microbiome (Ravel et al., 2011). In addition several studies 

have reported a significantly higher levels of lactobacilli in  Asian/Caucasian women than 

Black/Hispanic women, underling how, ethnicity could be considered as a major factor affecting the 

vaginal composition (Gupta et al., 2019; Mitra et al., 2016). Concerning lactobacilli levels, this 

difference could be due to  genetic factors or the adopted hygiene practice (Martino & Vermund, 

2002; McKee et al., 2009). Given that the vaginal environment of all females is not same, according 

to Gupta, Kakkar and Bhushan, (2019) were observed five kinds of microbial communities, known 

as Community State types (CST), as per which species of Lactobacillus dominates (Figure 1 (A). The 

CST I is dominated by Lactobacillus crispatus (L. crispatus), CST II is dominated by Lactobacillus 

gasseri, CST III is dominated by Lactobacillus iners and CST V is dominated by Lactobacillus jensenli. 

CST IV lacks Lactobacillus sp. and contains huge amounts of strict anaerobic bacteria like 
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Megasphera, Prevotella, Gardenella and Sneathia which are generally associated with BV (Gupta et 

al., 2019). Transitions phenomena from one CST state to another is common for many women in 

their lifetime, where  in the majority of cases the most frequent transition detected is from CST III 

to CST IV. According to recent studies, focused on the vaginal microbiome composition of  three 

vaginal sites such as cervix, mid-vagina, and introitus,  the female vagina contains of over 200 

phylotypes where the most predominant belong to the phyla Firmicutes, Bacteroidetes, 

Actinobacteria, and Fusobacteria (Fettweis et al., 2012; Ravel et al., 2011; Romero et al., 2014). In 

order to describe the taxonomic distribution, abundance and prevalence of these microbial taxa 

detected in the female vagina as investigated by several human microbiome projects (Huttenhower 

et al., 2012; Methé et al., 2012) is reported ( Figure 1 (B). Vaginal microbiome environment is also 

age-dependent, such as the reproductive status and physiology of female changes, the vital 

functions and microflora in the reproductive tract also change (Costello et al., 2009).  Compared to 

normal situations where the female vagina has low pH value for the presence of hydrogen peroxide 

and lactic acid secreted by Lactobacillus sp.; in several conditions such as menstruation, hormonal 

contraceptives antibiotics or the prolonged use of antibiotics, Peptostreptococcus anaerobius and 

Gardnerella vaginalis, Atopobium vaginae, Mobiluncus sp. Sneathia, Prevotella sp., Mycoplasma, 

Ureaplasma become more active and cold cause BV and other associated disorders due to the 

decrease in the levels of Lactobacillus (Delaney & Onderdonk, 2001; Kenyon et al., 2013). 

Additionally, these robust pathogens, among others, are concomitantly becoming highly resistant 

to the present medicines (Zommiti et al., 2020), therefore, instead of developing new medicines, 

the development of new live supplements, like beneficial microbes could represent an useful 

strategy in order to improve the urogenital health. Therefore, monitoring the composition of the 

vaginal microbiome could be useful to predict the female health status. 
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Figure 1. Composition of vaginal microbiota according to Gupta, Kakkar and Bhushan, (2019) 

 

1.5.1 Vaginal microbiome of healthy women  

The connections between health, disease and the human microbiota are surely moving, contentious 

and complex research area. In contrast to several human body sites, generally associated with 

health states when characterized by higher levels in terms of microbial communities (Flores et al., 

2014; Turnbaugh et al., 2007); the female uro-genital tract is considered as healthy in low microbial 

diversity cases with only one or few Lactobacillus sp. dominate (Liu et al., 2013; Mitra et al., 2016). 

These Lactobacillus sp. are able to release lactic acid and hydrogen peroxide which helps in 

maintaining the low pH environment required for protection from disastrous pathogens. In addition, 

also the mucous membrane surface is provided by several immune mechanisms in normal 

conditions (Ley et al., 2006). The vaginal microbiome composition and their changes in different 

conditions from birth to menopause are reported in Figure 1.1 (Gupta et al., 2019). 
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Figure 1.1 Vaginal microbiome composition in different female conditions from birth to menopause 

according to Gupta, Kakkar and Bhushan, (2019) 

 

1.5.2 Vaginal microbiome of reproductive-age women. 

Women in their reproductive age are potentially prone to acquire urogenital diseases, when 

involved in specific situations associated with vaginal microbiome imbalance (Donders et al., 2000; 

Martin et al., 1999; Noyes et al., 2018; Pybus & Onderdonk, 1999). More specifically, after puberty 

and before menopause, when the possibilities of pregnancies for women are highly probable, large 

amounts of lactobacilli are generally present in vaginal microbiome (Figure 1.1). More in general, 

large amounts of glycogen get deposited in the vaginal walls, as lactobacilli's main food source,  due 

for to the augmented estrogen levels. Thus, the whole vaginal microbiome is affected by estrogen 

levels. In fact, during the premenopausal period, during and after puberty till the menopause, 

estrogen promotes vaginal colonization by lactobacilli that metabolize glycogen, produce lactic acid, 

and maintain intravaginal health by lowering the intravaginal pH level which could contribute to the 

restore of useful vaginal lactobacilli and acidic pH environment ( Kim & Park, 2017).  
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1.5.3 Menopause and the vaginal microbiome 

On the overall quality of postmenopausal female's life, including genital symptoms, vaginal 

infections and climacteric syndromes such as insomnia, hot flushes, depression etc., vaginal 

microbiome has a deep impact especially in terms of sexual health, vaginal dryness, vulvovaginal 

atrophy (VVA). According to  recent studies (Muhleisen & Herbst-Kralovetz, 2016), a large number 

of postmenopausal females (25-50 %)  were involved in several vulvovaginal symptoms of painful 

sexual intercourse, bleeding after intercourse, burning on urination, soreness, itching, and untimely 

vaginal discharge with foul odors.  Due to the reduction in the levels of estrogen, vaginal microbiota 

is highly affected when a woman approaches menopause, potentially leading to VVA. In this sense, 

the reduction of estrogen influences the predominant connection between the menopause and the 

modified vaginal microbiota. Reduced estrogen secretion during and post menopause causes the 

reduction of lactobacilli and increase in the intravaginal pH, which is, potentially connected with an 

increased colonization of vaginal environment by harmful microbes (such as Escherichia coli, 

Candida, Enterobacter, Gardnerella etc. as reported in Figure 1.1) main causes of Bacterial vaginosis 

(BV) and complicated vulvovaginal candidiasis (VVC)  (Kim & Park, 2017). Although these vaginal 

infections are generally treated with antibiotics, repeated exposure to antibiotics is associated with 

a high probability of complications, recurrence, and antibiotic resistance. The use of probiotics alone 

or in combination with antimicrobials positively alters the vaginal microflora and prevents vaginal 

infections in postmenopausal women with absent or decreased estrogen (Abdi et al., 2016). 

1.5.4 Effect of probiotics on vaginal communities 

In the majority of healthy women, as discussed in the previous paragraphs (1.5 - 1.5.3), vaginal 

microbiome with lactobacilli abundance is a sign of health. However, in the cases where the 

beneficial lactobacilli are in lower amounts, generally associated with imbalanced vaginal 

microbiota, the probabilities of acquiring the vaginal diseases or infections get increased. In such 

situations, the adoption of additional dietary supplements known as probiotics could be considered 

as a useful strategy in order to maintain the healthy vaginal microbiota balance (Sanders, 2008). 

Probiotics could help in preserving the healthy vaginal microbiome environment by modifying the 

intravaginal microbe composition, by promoting the increase of beneficial microbial communities, 

and by preventing the vaginal infections also in postmenopausal situations. In fact, for the treatment 

of vaginal dysbiosis there is an increased interest in the development of potential probiotic therapy 

also represented by healthy vaginal Lactobacilli, as active functional microorganisms active against 
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several uro-genital pathogens for many years (Dover et al., 2008; Foschi et al., 2017; Gupta et al., 

2019; ñahui Palomino et al., 2017; Nardini et al., 2016; Parolin et al., 2015). 

According to Muhleisen and Herbst-Kralovetz (2016), several studies are employing probiotics to 

reinstate Lactobacillus spp. in the vaginal microbiome. Current research has demonstrated that for 

the most of these cases oral probiotic formulations, as well as vaginal instillation, exhibited potential 

to restore the healthy vaginal microbiome also for postmenopausal women. In this framework 

concerning a clinical study as reported by Petricevic et al. (2008) in the group receiving probiotics, 

ǘƘŜ ƭŜǾŜƭǎ ƻŦ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ǊŜǇƻǊǘŜŘ ƛƳǇǊƻǾŜƳŜƴǘ ƛƴ vaginal symptoms were found to be highly 

statistically significant compared to those women receiving the placebo. With regards to another 

study investigating the composition of the vaginal microbiota in premenopausal women before, and 

after, vaginal probiotic instillation, it was observed after six months a change in their bacterial 

microbiota to a Lactobacillus-dominant state compared with their pre-study situations (Burton et 

al., 2003).  

1.6 Roles and applications of probiotic lactic acid bacteria  

Lactic acid bacteria (LAB) together with bifidobacteria are classified as generally recognized as safe 

(GRAS) and have become widely used worldwide as probiotics to improve health. In this sense,  

species of the genera Lactobacillus and Bifidobacterium are some of the most important taxa 

involved in food microbiology and human nutrition, due to their role in food and feed production 

and preservation, and also to the probiotic properties exhibited by some strains. These attributes 

are of rising importance and collect consideration from the consumers and market. The genus 

Lactobacillus belongs to the Lactic Acid Bacteria (LAB), a definition which groups Gram-positive, 

catalase-negative bacterial species able to produce lactic acid as main end-product of the 

fermentation of carbohydrates. As concerns to Bifidobacterium genus, although it is only poorly 

phylogenetically related to genuine LAB, is traditionally connected to LAB (Felis & Dellaglio, 2007).  
Since lactic acid bacteria are involved in numerous food applications, the food industry is always in 

search of strains with better-quality characteristics and properties to improve sensory and overall 

product quality. In fact, lactic acid bacteria are employed in many food fermentations also as one of 

the most conventional  and recognized arts of food preservation. More specifically,  throughout the 

fermentation, lactic acid bacteria producing organic acids and other metabolites are able to develop 

flavor in food and also prevent spoilage, resulting as tool to ensure the quality and safety of food 

products (Ayivi et al., 2020).  
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1.7 Lactic Acid Bacteria in Bio-Preservation 

Recently, consumer food demand is directed on choices in terms of nutrition and health effects that 

are trending and more towards the sustainable use of natural ingredients as preservatives instead 

of chemicals  (Asioli et al., 2017). Consequently, as a result of this change in preferences, the use of 

lactic acid bacteria in food applications has become more important. Lactic acid bacteria have thus 

been employed significantly in food processing and many fermented foods obtained with the use 

lactic acid bacteria are recognized for their preservative capacity, combined with their potential  

health benefits. More specifically, concerning their preservative capacity, lactic acid bacteria, acting 

as biocontrol agents are able to synthesize small proteins called bacteriocins from ribosomes. These 

bacteriocins, as inhibitory compounds against foodborne pathogens, are able to ensure safe food 

(Bukvicki et al., 2020; Siroli et al., 2016; Siroli et al., 2020). Furthermore, bacteriocinogenic lactic acid 

bacteria as potential food starter cultures could play a crucial role in food application processes 

(Perez et al., 2014). According to Mokoena (2017) bacteriocins have been grouped into four major 

classes. Group one, is characterized by bacteriocins, generally known as lantibiotics, and contain 

nisin, an important and one of the most studied bacteriocins. As regards to nisin, considered as one 

of the most intensively used bacteriocin has significant commercial value as an ingredient to several 

food products such as milk, dairy-based products, mayonnaise, canned foods, and most infant and 

baby foods (Quinto et al., 2019). Group two, is characterized by large groups of small heat-stable 

proteins that are subdivides into three groups (Mokoena, 2017): (i) subgroup (2a), these 

bacteriocins inhibit Listeria monocytogenes, important members of this group are Pediocin PA-1, 

Lactococcin A and B, Leucocin A, Sakacins A and P, Curvacin A, and Bavaricin MN; (ii) subgroup (2b) 

these bacteriocins are activated by two different peptides. Lactococcins G and M, and lactacin F are 

examples in this group, and (iii) subgroup (2c), contains of circular cationic peptides that have an 

important antimicrobial property compared to other linear-shaped bacteriocins. Enterococin AS-48 

is an example of a circular bacteriocin. Group three bacteriocins are represented by heat-labile 

proteins such as lactacins A and B, and helveticins J and V as members. Group four bacteriocins are 

considered complex due to their carbohydrate and lipid moieties. Based on their lipid or 

carbohydrate moieties Leuconocin S, lactocin 27, and pediocin SJ-1 are part of this last group. 

Another study conducted by Yang et al. (2014) have classified Gram-positive bacteriocins into three 

distinct classes: Class A (modified peptides, also identified as lantibiotics), Class B (unmodified 

peptides, also identified as non-lanthionine), and Class C (large proteins, that are heat unstable). 

According to Kumar et al. (2016) some of these compounds have been shown to inhibit the growth 
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of Helicobacter, Clostridium difficile, rotaviruses, and multidrug-resistant Shigella spp. and 

Escherichia coli in some gastrointestinal conditions and have activity against selected uro-pathogens 

(Mokoena, 2017).  

1.8 Lactic Acid Bacteria in Fermented Foods 

Lactic acid bacteria are the imperative groups of microbes in food fermentation and processing. 

Many traditional foods have been developed using lactic acid bacteria, which improve product 

characteristics and impart certain properties, that enhance consumer acceptance and appeal. Some 

of the fermented food products from lactic acid bacteria include fermented milk and yogurt (Aryana 

& Olson, 2017; Minervini et al., 2009; Patrignani et al., 2018;  Patrignani et al., 2016, 2017), cheese 

(Burns et al., 2008; Burns et al., 2015; Di Cagno et al., 2006; Minervini et al., 2012), butter (Ewe & 

Loo, 2016),vegetables (Breidt et al., 20мнΤ 5Ω!ƴǘǳƻƴƻ Ŝǘ ŀƭΦΣ нлмуΤ 5ƛ /ŀƎƴƻ Ŝǘ ŀƭΦΣ нллуΤ aƛƭƭŜǊ Ŝǘ ŀƭΦΣ 

2003), fermented meat (Favaro & Todorov, 2017; Laranjo et al., 2019), sourdough (Arora et al., 

2021; De Angelis et al., 2009; Gobbetti et al., 2014, 2020; Rizzello et al., 2010) and many others. 

Moreover, fermentation processes generally increase the nutritional interest of many foods and 

improve the bioavailability of nutrients. The fermentation action of specific lactic acid bacteria (LAB) 

strains may direct to removal toxic or antinutritional factors, for example as lactose and galactose, 

from fermented milks to prevent lactose intolerance and accumulation of galactose (Shiby & Mishra, 

2013). Generally, during food product fermentation LAB produces lactic acid and some other organic 

acid, which results in the reduction of pH of the environment and thereby inhibiting the growth of 

undesired microbial agents. They also contribute for the preservation of the food by producing 

various metabolites like lactic acid, fatty acid, and potentially bacteriocin by inhibiting the growth 

of spoilage and pathogenic bacteria.  The transformation of lactose into lactic acid is one the most 

important fact, in addition to other bioactive components such as the release amino acids and 

peptides. Furthermore, bacterial enzymes are able transform the milk carbohydrates into 

oligosaccharides, some of which  potentially  could have prebiotic properties (Granier et al., 2013). 

In addition to the production of lactic acid, the production of other compounds produced by LAB 

depends on the bacterial strains, the conditions of the fermentation process and the fermentation 

medium. Bacterial members associated with fermented dairy products belong to several genera of 

Lactobacillus,  Lactococcus, Leuconostoc, Pediococcus, Bacillus, Propionibacterium and 

Bifidobacterium (Granier et al., 2013).  Different LAB produce different fermentation products, 

although they have in common that they can interact with gastro-intestinal microbiota during 
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intestinal transit and the intestinal cells (Granier et al., 2013). In this framework , fermented 

products could be considered an excellent solution for expanding the variety of innovative health 

promoting products and functional foods (García-Burgos et al., 2020). 

1.8.1 Role of Probiotic LAB in Fermented Food 

Fermented foods are the main vehicles of administration of probiotic microorganisms and, among 

them; dairy products are by far the most important carriers for the delivery of LAB probiotics. 

Recently, a remarkable increase in the number of dairy products including LAB probiotics (e.g., 

pasteurized milk, fermented milks, ice cream, and several cheese varieties) has been reported 

(Burns et al., 2015; Minervini et al., 2012; Minervini et al., 2009; Patrignani et al., 2018; Patrignani 

et al., 2013, 2016, 2017; Wedajo, 2015). However, during the last decades there is an increasing 

consumer demand for non-dairy-based probiotic products. In this context, several raw materials 

have been extensively investigated for their suitability to carry and deliver probiotics. In particular, 

cereals seem good substrates to develop new probiotic foods (Rivera-Espinoza & Gallardo-Navarro, 

2010). In fact, although several probiotic foods available today are still milk based, ƛǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ 

underline how ŎƻƴǎǳƳŜǊΩǎ ǇǊŜŦŜǊŜƴŎŜ ƛǎ ŀƭǎƻ ŘƛǊŜŎǘŜŘ ǘƻ ƴƻƴ-dairy foods. This phenomenon is 

related to several reasons such as ǘƘŜ ǊƛǎƛƴƎ ŜƳŜǊƎŜƴŎŜ ƻŦ ƭŀŎǘƻǎŜ ƛƴǘƻƭŜǊŀƴŎŜΣ ŎƻǿΩǎ Ƴƛƭƪ ǇǊƻǘŜƛƴ 

allergy, problems due to diets rich in cholesterol, changing lifestyles towards veganism and negative 

environmental impacts of dairy production (Heenan et al., 2004; Yoon et al., 2006). 
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Although probiotics are widely consumed as dietary supplements, the focus of the present chapter 

is directed on fermented probiotic foods, also considering their emergent popularity in the past 20 

years in functional foods sector (Marco et al., 2021). 

2. History of functional fermented foods 

Fermented foods and beverages accompanied and facilitated the transition from hunter-gatherer 

communities to sessile agricultural communities in the Neolithic revolution about 14,000 years ago 

(Arranz-Otaegui et al., 2018). They have represented basic staples of human diets for centuries and 

are recently an increasingly popular food category (Marco et al., 2021). More specifically, the 

consumption of fermented foods containing bacterial cultures has long been associated with 

beneficial health effects, and probiotic cultures have had a long association especially with dairy 

food products.  More in general food fermentation has been the most common way of preserving 

perishable foods, thereby maintaining and in some cases even improving the nutritional value of 

these foods. Genesis 18:8 refers to how Abraham serves curds and milk to his guests. Not 

surprisingly, some of these fermented foods were perceived to be inherently healthy. In addition, 

also during the 76 B.C., the Roman historian Plinio suggested the administration of fermented milk 

products for treating gastrointestinal infection. Moreover, while the mechanism behind 

fermentation as an unique technique of food preservation was not clarified until 1857, when Louis 

tŀǎǘŜǳǊ ƛŘŜƴǘƛŦƛŜŘ άƭŀŎǘƛŎ ȅŜŀǎǘέ ŀǎ ǘƘŜ ǎƻǳǊŎŜ ƻŦ ƭŀŎǘƛŎ ŀŎƛŘ ŦŜǊƳŜƴǘŀǘƛƻƴΤ ǘƘŜ ƻǊƛƎƛƴŀƭ ƻōǎŜǊǾŀǘƛƻƴ 

of the positive role on health of some bacteria can be attributed to the Russian scientist 

Metchnikoff. In this sense the works of Metchnikoff are recognized as the birth of probiotic, in fact 

in 1907, he suggested that the consumption of foods such as yogurt, kefir, and sour milk containing 

lactic acid bacteria (LAB) was associated with good health and longevity (Metchnikoff, 2004). More 

specifically according to his book The Prolongation of Life he reported that Bulgarian farmers who 

consumed large amounts of Bulgarian sour milk lived longer. The microorganism Bulgarican bacillus, 

later renamed as Lactobacillus bulgaricus, was contained in the bulgarian sour milk and 

consequently Metchnikoff hypothesized, for these microorganisms,  their potential activity against 

putrefactive bacteria in the gastrointestinal tract (GIT)(Fooks et al., 1999). In a similar way Tissier, 

at the beginning of the 20th century suggested that bifidobacteria might play a crocial role in 

potential prevention of infections among infants, as they were detected as dominant in the GIT 

microflora, especially for breast-fed infants (Ishibashi & Shimamura, 1993). 
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Moreover, in 1926, the use of an intestinal isolate, Lactobacillus acidophilus, was recommended by 

IŜƴƴŜōŜǊƎ ŦƻǊ ŀ ŦƻƻŘ ǇǊƻŘǳŎǘ ŎŀƭƭŜŘ ŀǎ άŀŎƛŘƻǇƘƛƭǳǎ-ƳƛƭŎƘΣέ ƻǊ άǊŜŦƻǊƳ ȅƻƎǳǊǘΤ ǘƘƛǎ ƛŘŜŀ ǿŀǎ ǊŜ-

introduced, around the 1980s in Germany and in other western European countries, becoming a 

strategy to use Lactobacillus species to develop fermenteŘ ǇǊƻŘǳŎǘ όƛƴǘŜƴŘŜŘ ŀǎ άȅƻƎǳǊǘ ƳƛƭŘέύ ŀŦǘŜǊ 

their selection of their technological properties (Heller, 2001). Furthermore in the 1930s, Minoru 

Shirota specifically isolated a health-promoting microorganism and introduced the oldest still-

existing probiotic food, Yakult (Holzapfel, 2014). In the present probiotics, as functional ingredients, 

have been broadly and deeply investigated for their several beneficial effects on human health, as 

previously discussed in Chapter 1. In addition, recent literature shows some evidences concerning 

of the role of probiotics during fermentation. In fact, probiotic lactic acid bacteria (LAB) during 

fermentation  are able to release a number of beneficial peptides, which include many health-

promoting protein hydrolysates by-products or bioactive peptides (Gobbetti et al., 2007) or 

ribosomally synthesized bacteriocins, which can serve as nutraceuticals and bio-preservatives, 

respectively ό{ŀŘƛǉΣ нлнмΤ ±ŜƴŜƎŀǎπhǊǘŜƎŀ Ŝǘ ŀƭΦΣ нл19). 

2.1  Overview on functional food products 

Increasing perception on foods that affect specific functions or systems in the human body, 

providing health benefits beyond energy and nutrients, has directed their market growth in recent 

years. This expansion is stimulated by technological innovations, development of new products, and 

the increasing number of health-conscious consumers interested in products that improve life 

quality. {ƛƴŎŜ ǘƘŜ ǘŜǊƳ ŦǳƴŎǘƛƻƴŀƭ ŦƻƻŘ ǿŀǎ ŦƛǊǎǘƭȅ ǇǊƻǇƻǎŜŘ ƛƴ WŀǇŀƴ ƛƴ мфулΩǎΣ representing 

processed foods including ingredients that aid specific body functions in addition to being nutritious, 

various countries have adopted different concepts of functional foods. Consequently in 1991, 

functional foods were given legal status in Japan, where they are described as foods for specific 

human use (FOSHU)(Sanders, 1998). According to Maeda-Yamamoto (2017) a modified table of 

FOSHU criteria is reported in Table 2.  
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Table 2. Inclusion criteria for Foods with Specified Health Uses (FOSHU); Japan according to Maeda-

Yamamoto (2017) 

 

Inclusion criteria for foods for specified health uses (FOSHU) 

 

1: Improvement in dietary habit and health maintenance from consumption of product 

 

2: !ǾŀƛƭŀōƭŜ ŀƴŘ ǊŜǾƛŜǿŜŘ ǎŎƛŜƴǘƛŦƛŎ ŜǾƛŘŜƴŎŜ ǘƻ ǎǳǇǇƻǊǘ ǘƘŜ ǇǊƻŘǳŎǘΩǎ ƘŜŀƭǘƘ ŎƭŀƛƳ 

 

3: Established clinical and nutritional information of functional ingredients 

 

4: The product and functional ingredients are safe for human consumption 

5: The functional ingredients are well defined in terms of: 

a)Physical, chemical and biological characteristics 

b)Methods of qualitative and quantitative analytical determination are recognized 

 

6: No significant changes in nutrient characteristics with food processing or extended shelf-life 

 

7: The food is intended to be consumed daily for maximum health benefit 

 

8: The product or its functional ingredient is not considered a pharmaceutical 

 
Functional food can be further classified as natural products (for example fruit and vegetables); 

altered products (for example whole grains and fibers); fortified products (where fortification refers 

to the practice of deliberately increasing the content of an essential micronutrient, i.e. vitamins and 

minerals); enhanced products or enriched products (whereas enrichment refers to the addition of 

micronutrients to a food which could be lost during processing). 

 

2.2 Additional clarifications for the use of probiotics 

As already mentioned in the first chapter, also reporting the opinion expressed by the International 

Scientific Association for Probiotics and Prebiotics (ISAPP), good viability and activity of probiotics 

are considered prerequisites for optimal functionality (Hill et al., 2014a). However,  according to 
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recent studies such as Nataraj et al. (2020) in some cases the focus is gradually shifting from viable 

probiotic bacteria towards non-viable paraprobiotics and/or probiotics derived biomolecules, so-

called postbiotics. Paraprobiotics and postbiotics are the emerging concepts in the functional foods 

field because they impart an array of health-promoting properties. Therefore, various postbiotic 

molecules have drawn attention due to their known chemical structure, long storage stability, and 

the ability to trigger the various mechanisms in controlling inflammation, adhesion of pathogens to 

gastro-intestinal tract, obesity, hypertension, coronary artery diseases (CAD), cancer, and oxidative 

stress (Figure 2).  

 

Figure 2. Schematic representation of various health benefits of postbiotic molecules according to Nataraj 

et al. (2020) 

 

Interestingly,  postbiotic preparations have also granted patents as bio-therapeutics for a specific 

ƘŜŀƭǘƘ ŎƭŀƛƳ άƛƳƳǳƴŜ-ƳƻŘǳƭŀǘƛƻƴέ (Mohamadzadeh et al., 2017; Rescigno et al., 2019). Similarly, 

metabolites of lactic acid bacteria (postbiotics) have granted patents as anti-tumor agents and feed 

additives for monogastric animals (Foo et al., 2016; Loh & Foo, 2016). Therefore, for some probiotic 

strains it could be enough that they grow well during first production steps (to achieve high enough 

cell amounts in the product) but they do not necessarily have to maintain good viability during 

storage. Important factors influencing probiotic functionality, also considering their use in foods are 

described in Figure 2.1. 
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Figure 2.1. Factors influencing the functionality of probiotics for food application (Mattila-Sandholm et 

al., 2002). 

 

2.3 Overview on probiotic foods 

Since the global market of functional foods is increasing annually, food product development is a 

key research priority and a challenge for both the industry and science sectors (Cunningham et al., 

2021).  For consumers unfamiliar with the concept of functional foods, a kind of products that has 

in recent years become ubiquitous in the marketplace is represented by probiotics. Probiotics are 

the fastest growing group of dietary functional food supplements world-wide, which can be included 

in many different foods, fermented and unfermented (Champagne et al., 2020).                                   

All over the world, dairy probiotics are being commercialized in many different forms. However,  

ŘǳŜ ǘƻ ǘƘŜ ǊƛǎƛƴƎ ŜƳŜǊƎŜƴŎŜ ƻŦ ƭŀŎǘƻǎŜ ƛƴǘƻƭŜǊŀƴŎŜΣ ŎƻǿΩǎ Ƴƛƭƪ ǇǊƻǘŜƛƴ ŀƭƭŜǊƎȅΣ ǇǊƻōƭŜƳǎ ŘǳŜ ǘƻ ŘƛŜǘǎ 

rich in cholesterol, changing lifestyles towards veganism and negative environmental impacts of 

dairy production have created a growing demand for non-dairy-probiotic products. More in general 

according to Forssten, Sindelar and Ouwehand (2011) the food matrix is recognized to have an 

important role in the stability of probiotics. However, which role the matrix plays in efficacy is still 

investigated. For some strains it does not seem to play a role, while it does for others.                                                

In this context, a useful classification of several types of probiotic foods is reported in Figure 2.2 

according to Vijaya Kumar, Vijayendra and Reddy (2015). 
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Figure 2.2 Classification and types of probiotic foods according to Vijaya Kumar, Vijayendra and Reddy, 

(2015). 

 

2.4 Probiotic dairy products 

According to Zion Market Research Inc, the global market value for probiotic foods in 2017 was 

40.09 billion USD and is expected to reach 65.87 billion by 2024. Dairy products represent for 69% 

this market value. In this sense, the Asia-Pacific region dominates the market, while in Europe the 

probiotic market is experiencing a low growth rate due to health claim regulations of Europe 

(Yilmaz-Ersan et al., 2020).  As already mentioned, fermented dairy foods are the most widely used 

carriers of probiotics, in particular fermented milk products. This may have historic reasons as well 

as practical reasons. In fact, most commercially available probiotics belong to the genera 

Bifidobacterium and Lactobacillus and these genera are generally able to survive in milk, and it may 

even be one of their most common habitat. In fermented probiotic dairy products, probiotics are 

usually accompanied by starter cultures such as Lactobacillus delbrueckii subsp. bulgaricus and/or 

Staphylococcus thermophilus. There are two main reasons for the inclusion of starter cultures in a 

probiotic product. The first is technological: starter cultures provide structure and flavour to the 
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product. In addition, starter cultures support functionality; some probiotics do not grow well as a 

pure culture in milk and grow better in symbiosis with a starter culture. In fact, the interactions 

between probiotic and starter might have an impact on the product quality. It has been shown that 

it is possible to produce fermented dairy products, with excellent sensory properties and good 

survival of the bacteria, by using starter and probiotic microorganisms together. It was also 

demonstrated that for some strains and manufacturing conditions it is possible to use only the 

probiotic strain if it is an acid producing strain. However, in many cases the use of a supporter starter 

is preferable (Fenster et al., 2019). Besides fermented milks products, according to several studies 

(Alamprese et al., 2005; Passot et al., 2015; Gao et al., 2021),  there are a number of other products 

in which probiotics are incorporated because of their widespread benefits such as cheese, butter 

and cream, ice cream and infant formula which seems suitable for delivering probiotics in the human 

diet (Figure 2.3).   

 

Figure 2.3 Classification and commercial exploitation of probiotics in different industries including the food 

industry where probiotic-based fermented milk, yogurt, infant formula, cheese, butter and cream, and ice 

cream are popular (Gao et al., 2021). 

 

More specifically,  an overview concerning many commercial probiotic dairy products available in 

different parts of the world  is reported in Table 2.1 (Gao et al., 2021). 
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Table 2.1 Commercial probiotic dairy products available in different parts of the world (Gao et al., 2021). 

 

Name of the 
brand 

Type of 
the 

product 
Main probiotics 

Country of 
origin 

Producing 
company 

Yakult 
Milk 

beverage 
Lacticaseibacillus 
paracasei Shirota 

Japan Yakult 

Actimel 
Milk 

beverage 
Lacticaseibacillus 

casei cultures 
France Danone 

DanActive 
Milk 

beverage 
L. casei DN-114 001 France Danone 

Activia yogurt Yogurt 
Bifidobacterium animalis 

lactis DN-173 010/CNCM I-
2494 

France Danone 

LIBERTÉ Kefir Kefir milk 
Ten probiotic strains (not 

known) 
Canada LIBERTÉ 

Filmjölk 
Probiotic 

milk 
15 probiotic strains (not 

known) 
Australia Rokeby Farms 

Nancy's probiotic 
kefir 

Organic 
whole milk 
kefir plain 

Lacticaseibacillus 
rhamnosus GG 

USA Nancy's 

Greek yogurt plain Yogurt 

Bifidobacterium 
bifidum Bb12, Lactobacillus 
acidophilus LA-5, L. casei, 

and L. rhamnosus LB3 

USA Nancy's 

Laura Chenel 
Probiotic Goat 

Milk Yogurt 
Yogurt B. bifidum Bb12 USA Laura Chenel 

Bio-K plus 
fermented dairy 

probiotic 

Fermented 
dairy milk 

L. acidophilus Cl1285, L. 
casei Lbc80r, and L. 

rhamnosus Clr2 
Canada Bio-K plus 

Lifeway kefir 

Cultured 
low-fat 

milk 
smoothe 

Lactobacillus delbrueckii 
subsp. lactis, L. 

rhamnosus, Streptococcus 
Diacetylactis, Lactiplantibac

illus plantarum, L. 
casei, Leuconostoc 

cremoris, Bifidobacterium 
longum, Bifidobacterium 

USA Lifeway 
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breve, L. 
acidophilus, Bifidobacteriu

m lactis, 
and  Limosilactobacillus 

reuteri 

Sahara kefir Kefir L. acidophilus and L. casei Singapore Little Farms 

Brown cow yogurt 
Whole milk 

yogurt 

L. acidophilus, Lactobacillus 
bifidus, L. paracasei, S. 

thermophilus, 
and Lactobacillus 
delbrueckii subsp.  

bulgaricus 

UK 
Brown Cow 

Farms 

FAGE plain yogurt 
Greek-style 

yogurts 
L. acidophilus and L. casei UK FAGE 

Chobani yogurt 
Greek-style 

yogurts 
L. acidophilus,  L. casei, 

and L. rhamnosus 
USA Chobani 

Yoplait yogurt Yogurt L. acidophilus USA Yoplait 

Siggi's Icelandic 
Skyr Yogurt 

Yogurt L. acidophilus USA Siggis 

Stonyfield organic 
probiotic yogurt 

Yogurt 
B. bifidum Bb12, L. 

acidophilus, L. paracasei, 
and L. rhamnosus 

USA Stonyfield 

Maple hill kefir 
cultured whole 

milk 

Fermented 
milk 

L. rhamnosus, L. 
casei, Lactococcus 

lactis subsp. lactis biovar di
acetylactis, Leuconostoc 

cremoris, Bifidobacterium 
lactis, and L. acidophilus 

USA Maple Hill 

Wallaby organic 
yogurt 

Yogurt L. acidophilus Australia The Nibble 

Noosa yogurt Yogurt L. acidophilus Australia Noosa 

Yili LGG yogurt Yogurt L. rhamnosus GG China Yili 

Babushka 
Probiotic Kefir 

Honey 
Yogurt 

L. acidophilus, L. casei, 
and B. bifidum 

Australia Babushka 

Vaalia yogurt Yogurt L. rhamnosus GG Australia 
Parmalat 

Professional 
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Meng Niu Guan Yi 
Milk 

Oat 
flavored 
yogurt 

B. bifidum Bb12 China Mengniu 

YoyiC yogurt Yogurt L. casei Indonesia Yoyic 

Yoba Yogurt 
L. rhamnosus GG (L. 

rhamnosus Yoba 2012) 
Uganda Yoba for Life 

Culture Republick 
Probiotic 
ice cream 

Not known UK Unilever 

Foxys Ice Cream Ice cream 

L. acidophilus, L. 
plantarum, L. salivarius, L. 
rhamnosus, B. lactis, and B. 

bifidum 

USA Foxys Ice Cream 

Yovation ice 
cream 

Ice cream 
GanedenBC30® (Bacillus 
coagulans GBI-30, 6086) 

USA Pierre's Ice Cream 

Cricketer's new 
Probiotic Half Fat 

Cheese 
Cheese B. bifidum Bb12 UK Cricketer Farm 

Pasti Enak 
probiotic cheese 

Soft 
cheese 

L. acidophilus, L. 
bulgaricus, L. casei, L. 

plantarum, and B. lactis 
Indonesia Pasti Enak 

Nancy's probiotic 
organic cottage 

cheese 
Cheese L. acidophilus and B. lactis USA Nancy's 

Neocate® Syneoϰ I
nfant 

Infant 
formula 

B. breve USA 
Nutricia North 

America 

Gerber® Good 
Start® Gentle 

Infant 
formula 

B. longum BL USA Gerber (Nestle) 

Opti Gold Infant 
Formula 

Infant 
formula 

Limosilactobacillus 
fermentum (CECT5716) 

Australia Opti Gold 

Greek yogurt 
(Greek Pro+) 

Yogurt 
GanedenBC30® (Bacillus 
coagulans GBI-30, 6086) 

USA Norman's dairy 

Probiotic 
fermented milk 

drink 

Fermented 
milk 

L. acidophilus (LA-5) and B. 
animalis lactis (BB-12) 

India Mother Dairy 

Nestle A+ ActiPlus 
Dahi 

Yogurt L. acidophilus (LA-5), India Nestle 

La Yogurt Probiotic 
Cherry Original 

Blended Low-Fat 
Yogurt 

Yogurt 
L. acidophilus (LA-5), B. 

animalis lactis (BB-12), and 
L. casei 

The 
Netherlan

ds 
Goisco 

Yeo valley organic 
yogurt 

Yogurt 

Bifidobacterium infantis, B. 
lactis, L. fermentum, L. 

rhamnosus, L. 
acidophilus, Leuconostoc 
pseudomesenteroides,               

Lactococcus lactis, and L. 
paracasei 

UK 
Yeo Valley 
Organic 



44 
 

2.4.1 Fermented milks 

One of the largest carrier of probiotics in the dairy industry is represented by fermented milk. In 

literature data are reported several studies in which probiotic strains, apart from inducing health-

promoting effects, have been positively used in milk fermentation where they induced desirable 

organoleptic and textural characteristic. Thanks to their high nutritional value and their widespread 

availability, milk-based probiotic products are among the most widely used probiotic foods in the 

world. In fact, already during 20th century beneficial bacteria such as Lactobacillus acidophilus were 

investigated for their beneficial role in correcting disorders of human digestive tract.  Since then, 

products containing L. acidophilus have become gradually more popular and widely used for milk 

fermentation, considering their therapeutic applications, i.e. tuberculosis treatment. Later, Dr. 

Minoru Shirota, a Japanese microbiologist, discovered Lacticaseibacillus casei strain Shirota in 1930 

and introduced into global market the commercial probiotic milk beverage, named Yakult. Later, 

many dairy products supplemented with probiotic strains were launched into the global markets.  

In this sense as reported in Table 2.2, according to Turkmen, Akal and Özer (2019),  a large number 

of commercial examples of fermented milks containing probiotic microorganisms were reported.  

 

 

Table 2.2 Commercial examples of fermented milks containing probiotic microorganisms according to 

Turkmen, Akal and Özer (2019). 

 

Single or multiple strains of probiotics Products Manufacturer 

L. acidophilus 

* Acidophilus milk (generic product) Various companies 

* Sweet acidophilus milk (generic 

product) 

Various companies 

* Acidophilus buttermilk (generic 

product) 

Various companies 

* A38 and A-fil fermented milk Arla Foods 

* Oh My Goodness! drinking yogurt 

(strain La-5) 

Shoprite Checkers 

* Namyang Jayeonui flavored 

probiotic yogurt drink 

Namyang Dairy 

Product 
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L. plantarum 
* ProViva, ProViva shot, ProViva 

Active (strain 299v) 

Danone 

Lacticaseibacillus rhamnosus GG 

* Aktifit Emmi 

* b-Aktiv Dukat 

* Yomo Granarolo 

* Biola Tine 

* Kaiku Actif Kaiku 

* Onaka He GG Milk Takanashi 

* GG Milk Takanashi 

* Gefilus Valio 

* Gefilus G Natural Kefir drink Valio 

* Gefilus G Yogurt Powershot Valio 

* Verum Normejerier 

* Simple Love fermented drink Pu Cheng Dairy 

* Toni Yogurt Drink Industrias Lácteas 

Toni 

* Toni Nutri Mix with Muesli Industrias Lácteas 

Toni 

* Toni Benecol Industrias Lácteas 

Toni 

* Mr Probiotic Pu Cheng Dairy 

Lacticaseibacillus 

casei or Lacticaseibacillus paracasei 

* Actimel (strain Danone® also 

known L. casei CNCM I-1518 or L. 

casei DN 114 001) 

Danone 

* Yakult (strain Shirota) Yakult 
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* CHAMYTO Nestle 

Bifidobacterium animalis subsp. lactis 

* Yoplait flavored probiotic drink 

(strain Bb-12) 

Yoplait 

* BB-12 Active (strain Bb-12) Stuffer 

* Centrale del Latte (strain Bb-12) Centrale del Latte 

di Salerno 

* Enfant Plus (strain Bb-12) Seoul Milk 

Bifidobacterium 

bifidum or Bifidobacterium longum 

* Caldus Milk (Bifidus milk) (B. 

bifidum strain BB536) 

Morinaga Milk 

Bifidobacterium spp. 

* Bifighurt® (B. longum strain CKL 

1969 or B. longum strain DSM 

2054-a slime forming strain) 

Various companies 

* Procult (B. longum strain BB536) Various companies 

* Mengniu/Mönmilk Guan Yi Ru 

Original Bb-12 (strain Bb-12) 

Mengniu Dairy 

L. acidophilusҌBifidobacterium spp. 

* Biomild Various companies 

* Cultura®or A/B milk (L. 

acidophilus strain La-5 and B. 

animalis strain Bb-12) 

Arla Foods 

* Diphilus milk Various companies 

* Dreaming probiotic yogurt drink 

(B. animalis strain Bb-12) 

Dreaming Cow 

* Doline Bifi (B. animalis strain Bb-

12) 

Plodine 

* Delight flavored yogurt (L. 

acidophilus strain La-5 and B. 

animalis strain Bb-12) 

Delight Foods 

* Krasnystaw Jogus probiotic 

drinking yogurt (L. 

Okregowa 

Spoldzielnia 
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acidophilus strain La-5 and B. 

animalis strain Bb-12) 

Mleczarska w 

Krasnystawie 

* Namyang Jayeonui Sijak plain 

probiotic yogurt drink (B. 

animalis strain Bb-12) 

Namyang Dairy 

Product 

* Taeq Drinking yogurt (B. 

animalis strain Bb-12) 

Almacenes Excito 

* Zuzu Bifidus (L. acidophilus strain 

La-5 and B. animalis strain Bb-12) 

Albalact 

L. acidophilusҌL. casei 
* Vitagen (L. acidophilus strain La-

5, Lb. casei strain 01ϰ) 

Vitagen 

[Φ ŀŎƛŘƻǇƘƛƭǳǎ Ҍ ¸Ŝŀǎǘǎ 

* Acidophilus-yeast milk (generic 

product) (Saccharomyces lactis) 

Various companies 

* Acidophilin (generic product) 

(kefir yeasts) 

Various companies 

B. bifidum or 

B. breveҌLb. acidophilus 

* Yakult Miru-Miru (in alternative 

productions B. bifidum is replaced 

by L. paracasei subsp. paracasei) 

Yakult 

L. acidophilus+ 

Bifidobacterium ǎǇǇΦ ҌLb. casei 

* Dofilus yogurt shot (previously 

known as Arla Cultura)                                  

(L. acidophilus strain La-5, B. 

animalis strain Bb-12 and L. 

casei strain L19) 

Arla Foods 

* Jogging L. casei drink (L. casei, Lb. 

acidophilus strain La-5 and B. 

animalis strain Bb-12) 

Aldi 

* Vital Actiplus                                                 

(L. acidophilus strain La-5 and B. 

animalis strain Bb-12) 

Spar 

* La Yogurt (B. animalis strain Bb-

12) 

Johanna Foods 
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* Vivita drinking yogurt (L. 

acidophilus strain La-5 and B. 

animalis strain Bb-12) 

Stuffer 

* Milfina Fitness Drink (L. 

acidophilus strain La-5 and B. 

animalis strain Bb-12) 

Aldi 

L. acidophilusҌBifidobacterium ǎǇǇΦ Ҍ 

L. rhamnosus 

* Vaalia Kids drinking probiotic 

yogurt (L. rhamnosus strain GG) 

Parmalat 

* Biola (L. acidophilus strain La-5, B. 

animalis strain Bb-12 and L. 

rhamnosus GG) 

Tine 

 

Moreover, there are a number of reports on the health-promoting benefits of milk fermented by 

probiotic strains.  In fact, as reported in literature data by Wang et al. (2012), a naturally fermented 

milk integrated Bifidobacterium lactis Bi-07 and L. acidophilus NCFM were able to improve intestinal 

health and cell-mediated immunity of host. In this sense in another more recent study (Santiago-

López et al., 2018) milk fermented by specific Lactobacillus strains isolated from artisanal Cocido 

Mexican cheese modulated the immune system of the rats following consumption, which was 

evidenced from the upregulation of immunoglobulin A (IgA) and interleukin-6 (IL-6) levels, and the 

increase in IL-10 level. In addition, according to Bogsan et al.  (2014) milk fermented 

by Bifidobacterium animalis subsp. lactis HN019 and DN-173 010 has been reported to enhance 

mucosal cellular immunity. Another interesting study (Veiga et al., 2010) has highlighted in a mouse 

model, after the administration of milk fermented by B. animalis  subsp.  lactis DN-173 010 in 

combination with  Lactobacillus delbrueckii  subsp. bulgaricus,  Lactococcus lactis  subsp. cremoris, 

and Streptococcus thermophilus, a decrease in cecal pH, a change in short chain fatty acid profile, 

and an increase in the abundance of lactate-consuming and butyrate-producing bacteria, thus 

creating an unfavorable environment for Enterobacteriaceae, which could be responsible for 

ulcerative colitis. Furthermore a clinical trial concerning the ingestion of fermented milk 

containing Bifidobacterium bifidum YIT 10347 attenuated the prevalence of gastric and lower 

abdominal symptoms in adults (Gomi et al., 2015). Similarly in another random clinical trial on 76 

patients, was investigated the potentialities  of a synbiotic fermented milk (with L. acidophilus La-5 

and B. bifidum BB-12 and containing Beneo dietary fibers as a prebiotic) to decrease symptoms of 
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irritable bowel syndrome (IBS) in adults ό~ƳƛŘ Ŝǘ ŀƭΦΣ нлмсύ. Probiotic fermented milk was also 

indicated as effective in children , for their  digestive and respiratory disorders. In fact as reported 

by a recent study (Mai et al., 2021), when probiotic milk containing Lacticaseibacillus casei Shirota 

(108 CFU/mL) was given to 1003 children (3 to 5 years old) for 12 weeks, a significant reduction, 

compared to the control group members, in constipation, diarrhea, and respiratory acute infections 

was observed.Moreover, a number of clinical trials concerning liquid or powdered fermented milk 

has indicated the potential of fermented milks containing different probiotic strains to normalize 

hypertension or mild blood pressure (Table 2.3) ( Gao et al., 2021). 

 

 

Table 2.3 Evidence from clinical trials on antihypertensive effects of probiotic fermented milks 

 

Types of 

the clinical 

trial 

Probiotic 

products 

Medical 

conditions 
Control Key outcomes References 

A double-
blind 

randomized 
controlled 
clinical trial 

Fermented milk 
by Lactococcus 
lactis NRRL B-

50571 

Hypertension 
Artificially 
acidified 

milk 

Daily consumption 
of the fermented 
milk for 5 weeks 

resulted in a 
significant reduction 

in systolic blood 
pressure (SBP) and 

diastolic blood 
pressure (DBP) by 8 

and 4.2 mm Hg, 
respectively. 

(Beltrán-
Barrientos et 

al., 2018)  

A meta-
analysis of 

randomized 
controlled 

trials 

A probiotic 
fermented milk 

High blood 
pressure 

Enzymatic
ally 

hydrolyze
d milk 

A significant 
reduction in SBP 

(3.10 mm Hg) and 
DBP (1.09 mm Hg), 
compared to the 

control group, was 
observed after daily 

consumption of 
fermented milk 
(450 g/day) for 8 

weeks 

(Dong et al., 
2013)  
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A 
randomized 

placebo-
controlled 
double-

blind study 

Milk fermented 
by Lactobacillus 

helveticus               
LBK-16H with 
tripeptides                   
(Ile-Pro-Pro 

7.5 mg/100 g 
and Val-Pro-Pro 
10 mg/100 g) 

Hypertension 
Artificially 
acidified 

milk 

A significant 
reduction in SBP (4.1 

± 0.9 mm Hg) and 
DBP (1.8 ± 0.7 mm 
Hg), compared to 
the control group, 
was observed after 
daily consumption 

(300 mL) of 
fermented milk for 4 

weeks 

(Jauhiainen 
et al., 2005)  

A 

randomized

placebo 

controlled  

double-

blind study 

Powdered 

fermented milk 

by L. helveticus 

Mild 

hypertension 

Placebo 

tablets 

A significant 

decrease in SBP 

(11.2 mm Hg) and 

DBP (6.5 mm Hg) 

after 4 weeks of 

ingestion of six 

tablets (12 g) per 

day containing 

fermented milk 

(Aihara et al., 

2005)  

A 
randomized 

placebo 
controlled, 

double-
blind study 

Milk fermented 
by L. 

helveticus LBK-
16H 

Hypertension 
Artificially 
acidified 

milk 

A significant 
reduction in SBP (6.7 
± 3 mm Hg) and DBP 
(3.6 ± 1.9 mm Hg) 
was observed after 
daily consumption 

(150 mL) of 
fermented milk for 2 

weeks 

(Seppo et al., 
2003)  

A placebo 
controlled 

study 

Sour milk 
fermented with 

a starter 
containing L. 

helveticus  and 

Saccharomyces  
cerevisiae 

Hypertension 
Artificially 
acidified 

milk 

SBP was decreased 
by 14.1 ± 3.1 mm 
Hg after 8 weeks 

after a daily 
ingestion of 95 mL 

milk 

(Hata et al., 
1996) 

 

In addition, apart from inducing health-promoting effects, according to Kakisu et al. (2011), 

selected probiotic bacteria have been reported to be used for milk fermentation in 
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combination with traditional starter cultures to improve flavor profile and physiological 

attributes of the fermented milk. According to Zareba et al. (2014), milk fermented by L. casei 

DN-114001 had higher contents of acetic acid, acetoin, 2-butanone, caproic acid, butyric 

acid, and 2-pentanone, compared with the non-fermented milk. In this context, milk is not 

always considered as an ideal medium for the growth a of selected probiotic bacteria, and 

thus during the production of probiotic-based fermented milk it is important to ensure 

probiotic bacteria growth and viability during the fermentation process and the successive 

refrigerated storage. In this sense, according to Dan et al. (2019), many international 

legislations require a probiotic product to maintain a probiotic level of at least 106 to 107 

CFU/g or CFU/mL in the food, 100 g or 100 mL of  which is advisable to be consumed on daily 

basis. The probiotic genera Lactobacillus and Bifidobacterium, as also demonstrated in Table 

2.1,  have a long tradition in fermented milk/yogurt production, generally exhibiting good 

survivability in fermented milks                                ( Patrignani et al., 2007, 2018; Patrignani 

et al., 2006, 2009, 2017; Patrignani & Serrazanetti, 2016), although very-low-pH products 

can represent an environment too acid for certain strains. Thus,  finding the right balance 

between  clinical  dose,  shelf  life,  and  cost  efficiency  will  in  many  cases  be  a  function  

of  strain type  and  pH. Other  parameters  that  influence the  successful  incorporation  of  

probiotics  include fermentation temperature (affecting probiotic growth), storage 

temperature, packaging type (oxygen transmissibility), processing steps such as heat 

treatment and homogenization, and interaction with potential supporter starter and other 

ingredients (Massoud et al., 2015). Therefore, pre-screening the compatibility of a given 

probiotic strain with the adopted food system is a recommended approach to prototype 

development (Turkmen et al., 2019). There are several ways to confront with the challenges 

related to probiotic viability for instance, selection of oxygen-resistant probiotic strains, 

removal of molecular oxygen through oxygen-scavenging compounds, the use of passive 

barriers (e.g., multilayer structures containing aluminum foils), and packaging materials that 

are impermeable to oxygen. In addition, encapsulation and addition of nutrients and pre-

biotics in dairy products can enhance the viability of probiotics (Mohammadi et al., 2011;  

Patrignani et al., 2017).  
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2.4.2 Yogurt 

Probably recognized, in many societies globally, as the best-known traditional probiotic foods, 

yogurts and similar fermented milk products, have also a positive correlation with human gastro-

intestinal health. Fermented milk products stand out as a unique type of matrix for carrying 

probiotic health benefits, in fact in some cases they could increase the probiotic population during 

the fermentation step, also supporting cost-efficient cell counts (Fenster  et al., 2019). Among these 

products, yogurt a type of fermented milk obtained by lactic acid bacteria fermentation of bovine  

milk is  very popular throughout the world and has evolved over time. The industrial production of 

yogurt incorporating microorganisms was started by Isaac Carasso in 1919. Then during the 1920s 

and 1930s, yogurt was described as having poor flavor because of its high acidity (Aryana & Olson, 

2017), while before the 1960s, yogurt was only found in a few grocery or health food stores (Kroger 

& Weaver, 1973). Today, many forms of yogurt can be found including plain yogurt, fruit flavored 

yogurt (including fruit-on-the-bottom and blended forms), whipped yogurt, granola-topped yogurt, 

drinkable yogurt, frozen yogurt, and Greek yogurt with varying fat contents (regular, low fat, and 

nonfat). According to the US Code of Federal Regulations, yogurt, low-fat yogurt, and nonfat yogurt 

contain at least 3.25% milkfat, between 0.5% and 2% milkfat, and less than 0.5% milkfat, 

respectively, and each of these products contain at least 8.25% milk solids-not-fat before addition 

of bulky flavors. Dairy ingredients, including cream, milk, partially skim milk, or skim milk, used alone 

or in combination, are cultured with Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus 

thermophilus and result in a titratable acidity of at least 0.9% expressed as lactic acid. Pasteurization 

or ultra-pasteurization must be performed before adding the cultures. These yogurt products may 

contain certain other dairy-based ingredients, nutritive carbohydrate sweeteners, flavoring 

ingredients, color additives, stabilizers, and vitamins A and D (Aryana & Olson, 2017a). In addition 

up until now, many attempts have been made to give traditional yogurt supplementary beneficial 

properties by adding value added ingredients such as probiotics prebiotics or plant extracts 

(Champagne et al., 2020). Among such value-added fermented products, probiotic yogurt has 

reached a great market success during the last two decades or more. More specifically,  according 

to their related benefits on human health, in a randomized double-blind controlled trial conducted 

by Ejtahed et al. (2011), consumption  of yogurt containing probiotic Lactobacillus acidophilus La5 

and Bifidobacterium lactis Bb12 (6 weeks by 60 type-2 diabetic people) led to a 4.5% reduction in 

total cholesterol and a 7.5% reduction in low-density lipoprotein cholesterol as compared to 

traditional yogurt. In addition, when the same probiotic yogurt containing L. acidophilus La5 and B. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fermented-milk
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lactis Bb12 was given to 64 diabetes patients for 6 weeks, it significantly enhanced antioxidant status 

and fasting blood glucose (Hanie S Ejtahed et al., 2012). Probiotic yogurt containing these two 

probiotics (Bb12 and La5) has also been described to repress Helicobacter pylori infection (K.-Y. 

Wang et al., 2004)  and reduce the Streptococcus mutans saliva levels in humans (Bafna et al., 2018).  

Apart from inducing health-promoting effects, yogurts produced by many probiotic strains alone or 

in combination with standard yogurt starter cultures have been positively used in milk fermentation 

where they induced desirable organoleptic and textural characteristic that are comparable with 

traditionally produced yogurts, and in many cases, are better. 

According to Mani-López, Palou and López-Malo (2014), probiotic-based fermentation of yogurt (L. 

bulgaricus and Limosilactobacillus reuteri or L. acidophilus) has been reported to increase firmness 

and adhesiveness of yogurt. In addition, a study conducted by Soni et al. (2020) have demonstrated 

how a kind of yogurt fermented with Lactiplantibacillus plantarum alone or in combination with 

Lacticaseibacillus casei resulted in significantly higher calcium, phosphorous, protein, and ash levels 

with low syneresis, as compared to standard yogurt. Also Akpinar, Saygili and Yerlikaya ( 2020) have 

highlighted promising results for a yogurt produced by Enterococcus faecium and Enterococcus 

durans (as adjunct starter cultures), which could be compared with standard yogurt in terms of 

physicochemical, rheological, and sensory properties. Probiotics supplementation in yogurts often 

leads to higher syneresis due to low proteolytic activity and slow growth rate, which affects the 

texture of yogurts as well, although addition of certain functional ingredients can improve the 

textural characteristics of yogurts. Probiotic supplementation has also been reported to significantly 

have an effect on yogurt flavor by increasing the production of acetic acid and other organic acids, 

acetoin, 2-butanone and 2-ethyl-1-hexanol (Dimitrellou et al., 2019). For example fermentation by 

L. plantarum P-8 in combination with yogurt starter cultures, S. thermophilus and L. bulgaricus, 

improved the flavor profile of yogurt by producing 3-methylbutanal, acetoin, nonanal, 2-heptanone, 

hexanal, (E)-2-octenal, and 2-nonanone, compared with the control (Dan et al., 2019).  All these 

above-mentioned compounds impart desirable flavor to yogurt. In another study (Zhou et al., 2019), 

Lactobacillus helveticus H9 supplementation in yogurt during fermentation as an adjunct culture 

resulted in increased production of aldehydes, alcohols, and nitrogenous compounds such as 

benzaldehyde and acetoin, compared to the control yogurt, over a period of 28 days of storage at 

п / ό½Ƙƻǳ Ŝǘ ŀƭΦΣнлмфύΦ Lƴ ŀŘŘƛǘƛƻƴΣ ŀ L. plantarum (IMAU70095)-supplemented yogurt contained 

2,3-pentanedione, acetate, and acetaldehyde, which were not found in the control yogurt 

fermented by only a traditional starter culture (Li et al., 2017). Similarly, a yogurt produced by L. 
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bulgaricus in combination with Bacillus coagulans 13002 produced more organic acids, compared 

to the yogurt produced by a traditional starter culture ( Zhao et al., 2021). 

 

2.4.3 Cheese 

The most common and traditional foods for delivery of probiotic bacteria are fermented milks and 

yoghurts. There are, however, different food conditions promoting variability in probiotics levels, in 

this context cheese has been shown to be an appropriate carrier for selected strains of probiotics. 

In some case, cheese can be considered as a better carrier of probiotics compared to many dairy 

products, due to storage temperature ranging between  4  and 8°C, relatively higher pH (compared 

for example with fermented milk and yogurt), textural characteristics and high fat content, which 

protects probiotics during gastrointestinal transit. Probiotic bacteria can be incorporated into 

cheese during production in two ways: as a starter, depending on their capability to produce 

satisfactory lactic acid in milk, or as adjunct to the starter culture which is considered in many cases 

as a more appropriate option to incorporate probiotic during cheese making. To improve the 

survival of probiotic in cheeses selected attempts have been applied. For example according to Ong 

and Shah (2008) the use of different combination of starter and probiotic could represent a suitable 

strategy. At the same time, the development of probiotic cheeses can be very strain dependent, and 

some probiotic strains could show poor performance in the cheese environment. In this sense,  

strain selection could play a crocial role in successful development of probiotic cheese. In addition, 

processing conditions, the aerobic environment, temperatures of ripening and storage could affect 

the viability of probiotic bacteria a well as the cell density of these bacteria in the final product  (Ong 

and Shah, 2008). More specifically there are two important considerations concerning the addition 

of probiotics to cheese: the first is to guarantee the survival of probiotics during salting, ripening, 

and storage, and the second is to ensure they do not produce any sensory abnormalities in cheese. 

In general,  probiotics in cheese are usually added to confer nutritive value to the product and 

increase consumer attention rather than improve the technological and physiological characteristics 

of the obtained product. Nevertheless, the addition of probiotics to dairy products including cheese 

has been demonstrated beneficial for the product quality in many studies (J. Gao et al., 2021).  

As regards the potential limitations, probiotics such as Bifidobacterium do not grow well under 

aerobic conditions that prevail during cheese making. In addition, cooking and the presence of 

metabolically active LAB competing with probiotics affect their growth. Therefore, later stages of 
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cheesemaking (salting and milling) are more appropriate for probiotic supplementation in cheese 

(Dinakar & Mistry, 1994; Gao et al., 2021). Many studies related to probiotic cheese have focused 

on the survivability of probiotics during the ripening process. One of the earliest studies aiming to 

development probiotic cheese was the use of Bifidobacterium bifidum (ATCC15696) in Cheddar 

cheese after salting and milling steps of the curd (prepared from milk using freeze-dried mesophilic 

lactic starter culture). No significant difference in cheese composition, texture, and appearance was 

reported between the control cheese samples and the cheese with B. bifidum. However, B. bifidum 

remained viable following 6 months of ripening (107CFU/g) (Dinakar & Mistry, 1994). Another study 

conducted by Ganesan and others reported the survival of L. acidophilus, L. paracasei, 

Lacticaseibacillus casei, and Bifidobacterium animalis subsp. lactis in Cheddar cheese in combination 

with the normal cheese starter culture (L. lactis DVS850) after 270 days of ripening (Ganesan et al., 

2014). In addition as reported by Minervini et al. (2012) in many cases, probiotics in cheese have 

been reported to promote the growth of cheese starter culture. Moreover, several studies 

concerning the applications of probiotic bacteria in different types of cheese were reported in Table 

2.4. 

Table 2.4  Applications of probiotics in cheese ( Gao et al., 2021; Shori, 2015) 

 
Probiotics  

 
Cheese type 

  

 
References 

  

Bifidobacterium bifidum (ATCC 15696) Cheddar cheese 
(Dinakar & Mistry, 

1994) 

Lactiplantibacillus 
 plantarum 

Cheddar cheese 
(Gardiner et al., 

2000) 

Bifidobacterium animalis subp. lactis Bb-12 and 
Bifidobacterium longum BB536 

Cheddar cheese 
(Mc Brearty et al., 

2001) 

Lactobacillus acidophilus Turkish white cheese 
όYŀǎƤƳƻƐƭǳ Ŝǘ ŀƭΦΣ 

2004) 

 
Lacticaseibacillus paracasei and Lactococcus spp. 

  

Minas cheese 
(Buriti, da Rocha, et 

al., 2005) 

L. acidophilus La-5, Lactococcus lactis subsp. lactis 

and Lactococcus lactis subsp. cremoris 
Minas cheese 

(Buriti, Da Rocha, et 
al., 2005) 

L. acidophilus La-5, B. lactis Bb-12and  

Streptococcus thermophilus 
Minas cheese 

(Buriti, Komatsu, et 
al., 2007; Buriti, 

Okazaki, et al., 2007) 

L. acidophilus La-5 and S. thermophilus Minas cheese 
(Souza & Saad, 

2009) 
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L. delbrueckii subsp. bulgaricus, L. acidophilus, L. 

rhamnosus, B. animalis subsp. lactis and S. 

thermophilus 

Minas frescal cheese 
whey 

(Almeida et al., 
2008) 

B. lactis Bb-12 Minas frescal cheese 
(Fritzen-Freire et al., 

2010)  
Limosilactobacillus 

 fermentum, L. plantarum, L. lactis subsp. 

cremoris and L. lactis subsp. lactis 

Turkish beyaz 
cheeses 

όYƤƭƤœ Ŝǘ ŀƭΦΣ нллфύ 

B. longum 15708 Cheddar cheese 
(Amine et al., 2014; 
Fortin et al., 2011) 

L. acidophilus 4962, L. acidophilus L10, 

Lacticaseibacillus casei 279, L. casei L26, B. 

longum1941, B lactis B94 

Cheddar cheese 
(L Ong et al., 2006; 
Lydia Ong & Shah, 

2009) 

B. lactis B94, B. lactis Bb12, Bifidobacterium sp. 

DR10, L. acidophilus L10 and La5, L. paracasei 

L26, L. casei Lc1 and Lacticaseibacillus rhamnosus 

DR20 

Cheddar cheese (Phillips et al., 2006) 

Lactobacillus helveticus H100 and L. acidophilus 

L10 
Cheddar cheese 

(Lydia Ong & Shah, 

2008) 

L. paracasei A13 and L. acidophilus H5 Crescenza cheese (Burns et al., 2008) 

L. bulgaricus, and L. paracasei BGP1 Fior di latte cheese 
(F. Minervini et al., 

2012) 

B. bifidum Edam cheese (Sabikhi et al., 2014) 

L. acidophilus, L. paracasei, L. casei, and B. 

animalis subsp. lactis 
Cheddar cheese 

(Ganesan et al., 

2014) 

L. paracasei A13 Caciotta cheese ( Burns et al., 2015) 

L. rhamnosus GG Pasta filata cheese (Cuffia et al., 2017) 

L. casei 01 
Minas Frescal 

cheese 
(Sperry et al., 2018) 

L. casei and L. plantarum Cheddar cheese (Chen et al., 2019) 

L. rhamnosus Cream cheese 
(Ningtyas et al., 

2019) 

Bifidobacterium pseudolongum INIAP2,B. longum 

INIA P678, and Bifidobacterium breve INIA P734 

Spanish pasteurized 

sheep milk cheese 
(Langa et al., 2020) 
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2.4.4 Additional clarifications on health benefits and physiological effects of probiotics in dairy 
products: Bioactive peptides  

As already mentioned at the begging of this chapter (paragraph 2.), probiotic lactic acid bacteria 

during fermentation are able to release a number of beneficial peptides, which include many health-

promoting protein hydrolysates by-products or bioactive peptides or ribosomally synthesized 

bacteriocins, which can serve as nutraceuticals and bio-preservatives, respectively (Sadiq, 2021; 

±ŜƴŜƎŀǎπhǊǘŜƎŀ Ŝǘ ŀƭΦΣ 2019). In this framework, milk fermented with different probiotics has been 

reported to contain various bioactive peptides (for instance, ACE-I, antioxidative, and various other 

peptides) in different types of dairy products (Gobbetti et al., 2004, 2007; Rizzello et al., 2008), as 

reported in Table 2.5. 

Table 2.5  Functional peptides that have been reported to be generated in fermented milk, cheese, and 

yogurt by probiotics during fermentation (Gao et al., 2021). 

Name of the 
probiotic 

Dairy product 
Biological activity of 

the peptide 
Origin of the 

peptide 
References 

Lactiplantibacillus 
plantarum QS670 

Fermented milk ACE-I peptides 

Sh1-Casein, ˁ-
casein, ̡ -

lactoglobulin, or 
serum albumin 

fraction 

(Xia et al., 
2020)  

Lentilactobacillus 

kefiri YK4 
Fermented milk ACE-I peptides Casein 

(Rubak et al., 
2020)  

Limosilactobacillus 

 fermentum  

Fermented bovine 
milk 

Antidiabetic 
peptides 

ς 

 

(Kinariwala et 
al., 2020)  

Lactobacillus 
helveticus LH-B02 

Yogurt ACE-I peptides Casein 

  

(Cavalheiro et 
al., 2020)  

Lactobacillus 
delbrueckii subp. 
bulgaricus and               
Streptococcus 
thermophilus 

Yogurt 
containing Siraitia 
grosvenorii fruit 

(SGF) extract 

ACE-I peptides Milk proteins 
(Abdel-Hamid 
et al., 2020)  

L. 
helveticus KLDS.31 

Fermented milk ACE-I peptides Casein 
(J. Li et al., 

2019)  
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and Lacticaseibacill
us casei KLDS.105 

Lacticaseibacillus        
rhamnosus GG 

Camembert-type 
cheese 

ACE-I, 
immunomodulatory, 

and anti-
carcinogenic 

peptides 

-̡Casein 
(Galli et al., 

2019)  

L. rhamnosus 489 Dutch-type cheese ACE-I peptides Casein 

 

(Garbowska et 
al., 2019)  

Lactobacillus 
acidophilus NCDC-

15 
Fermented milk 

Antioxidative 
peptides 

-̡casein 

 

(Padghan et 
al., 2018)  

L. rhamnosus C6 Fermented milk 
Antioxidative and 

antimicrobial 
peptide 

Casein 

 

(Rana et al., 
2018)  

L. plantarum Fermented milk 

Multifunctions (anti-
inflammatory, 
antimicrobial, 
antioxidative, 

antihemolytic, and 
antimutagenic) 

ς 
(Aguilar-Toalá 
et al., 2017)  

L. 
acidophilus 20552 

ATCC (T2) or L. 
helveticus CH 5 

Yogurt 
Antioxidative 

peptides 
-̡Casein 

(Taha et al., 
2017)  

L. casei ATCC 7469 Fermented milk ACE-I peptides Casein 

 

(Elkhtab et al., 
2017)  

L. 
helveticus IMAU80

872 
Fermented milk ACE-I peptides Casein 

 

(Y. Chen et al., 
2015)  

Bifidobacterium 
animalis BB-12 

Yogurt ACE-I peptides Casein 

 

(Shakerian et 
al., 2015)  
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Bifidobacterium 
bifidum MF 20/5 

Fermented milk ACE-I peptides Casein 
(Gonzalez-

Gonzalez et al., 
2013)  

Bifidobacterium 
longum KACC91563 

Fermented milk 
Antioxidative 

peptides 
Casein 

 

(Chang et al., 
2013)  

Enterococcus 
faecium 

Mexican Fresco 
cheese 

ACE-I peptides 
sh1-Casein and 

-̡casein 

 

 (Torres-Llanez 
et al., 2011)  

L. casei 279 Cheddar cheese ACE-I peptides 
sh1-Casein and 

-̡casein 

 
 (Lydia Ong et 

al., 2007)   
L. 

acidophilus L10, L. 
casei L26, and 

 Bifidobacterium 
lactis B94 

Yogurt ACE-I peptides 
sh1-Casein, ̡-

casein, and ˁ-
casein 

(Donkor et al., 
2007)  

L. helveticus L89 Fermented milk 
Antimutagenic pepti

des 
ς 

(Matar et al., 
1997)  

L. helveticus DSM 
13137 

Calpisϰ sour milk 
ACE-I peptides (Val-
Pro-Pro and Ile-Pro-

Pro) 
Casein 

(Nakamura et 
al., 1995)  

 

2.4.5 Probiotics in butter and cream 

The use of probiotic strains has not been limited to fermented milk, yogurt and cheese, but there 

are other products in which probiotics could be incorporated such as butter or cream (J. Gao et al., 

2021). However, it is necessary to underline that this kind of product is characterized by a high 

content of fatty acids generally related to many cardiovascular diseases and diabetes (Pimpin et al., 

2016). In this framework a study conducted by !ƭƻƐƭǳ ŀƴŘ mƴŜǊ όнллсύ have highlighted the ability 

of some probiotic bacteria such as Lacticaseibacillus casei subsp. casei !.мсҍср ŀƴŘ 

Carnobacterium maltaromaticus !/ оҍсп мс ƛƴ ǘƘŜ ǊŜŘǳŎǘƛƻƴ ƻŦ  ŎƘƻƭŜǎǘŜǊƻƭ ŎƻƴǘŜƴǘ ƻŦ ŎǊŜŀƳ ŀƴŘ 

butter. In addition, in another study B. bifidum, L. acidophilus, S. thermophilus, and L. delbrueckii 

subsp. bulgaricus were applied for the fermentation of cream samples fortified with 2% (each) 

sunflower oil, hazelnut oil, soybean oil, and then high contents of capric, butyric, and caproic acids 

were observed in cultured cream (Ekinci et al., 2008). In this sense, also Yilmaz-Ersan (2013) has 

ƻōǎŜǊǾŜŘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ƭƛƴƻƭŜƛŎ ŀƴŘ ʰ-linolenic acids contents in probiotic cream, compared to the 
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control cream, as a result of the fermentation with Bifidobacterium lactis. Probiotics were also 

investigated in nondairy-based butters such as peanut butter and butters produced from sunflower, 

coconut, and flaxseed oils ( Gao et al., 2021). 

 

2.4.6 Ice cream 

Ice cream is another interesting matrix for carrying probiotics (Turkmen et al., 2019). While for 

fermented dairy probiotics cell viability is assessed in weeks or, in ideal cases, months, according to 

Alamprese et al. (2005), ice cream is a carrier able to maintain probiotic strains viability at high levels 

for more than one year.  In fact, ice cream, due to its frozen format and when stored appropriately 

όҍму ϲ/ ƻǊ ƭŜǎǎύΣ Ƴŀȅ ǇǊŜǎŜǊǾŜ ǇǊƻōƛƻǘƛŎǎ ŦƻǊ ƭƻƴƎŜǊ ǘƘŀƴ ŀƴȅ ƻǘƘŜǊ ŘŀƛǊȅ ŀǇǇƭƛŎŀǘƛƻƴ. Other factors, 

such as neutral (or closer to neutral) pH, high total solids, and, especially, fat content, which are 

typically associated with ice cream could aid probiotics stability. However, several obstacles to 

overcome, before successful inclusion of probiotics in this matrix, were underlined.  For example, 

overrun, which exposes to air the ice cream mix prior to packaging, may cause a drop in viable cell 

counts due to augmented oxygen incorporation. This problem could be compensated by adding 

overage or by culturing the probiotic population during a potential fermentation step prior to the 

definite ice cream manufacture. Additionally, concerning the potential toxic activity of oxygen, the 

use of aerotolerant species such as lactobacilli, instead of strictly anaerobic species, could represent 

an useful alternative. Also the freezing step, as a  specific challenge associated with probiotic ice 

cream production, could compromise the bacterial cell envelope and thus impose a decrease in cell 

count (Passot et al., 2015). In this framework in order to reduce this hazard, it may be advisable to 

employ a rapid freezing step to control ice crystal formation in both the product and the bacterial 

cells within. In addition, fermentation of ice cream mixed with probiotics has been recommend as a 

method better than incorporating probiotics into ice cream mix without any subsequent 

fermentation. As reported by Arslan et al. (2016) when ice cream mix was fermented with 

Lactobacillus acidophilus ATCC 4356, required count (106CFU/g) of the probiotic strain was achieved 

following 90 days of storage at - 20°C, compared to ice cream in which probiotics were incorporated 

after fermentation. In this framework probiotics supplementation in ice cream could impart better 

quality characteristics compared to non-probiotic ice cream.  As reported by Senanayake et al. 

(2013) integration of L. acidophilus La5 in ice cream mix before fermentation led to higher 

concentration of total solids (42%), titratable acidity (2.2%) and proteins (16.5%), compared to the 
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non-probiotic ice cream. Table 2.6 reported several studies concerning the applications of probiotic 

bacteria  into ice creams. 

 

Table 2.6 Use of probiotic strains in ice cream with methods of incorporation and stability ( Gao et al., 

2021). 

Types of ice 

creams 
Probiotics added 

Methods of probiotic 

supplementation 

References 

Standard ice 

cream 

Lacticaseibacillus 

casei 

Probiotic encapsulated with 

calcium alginate microgel) 

was added after 

homogenization and heating 

of the ice cream mix 

 

(Afzaal et al., 2020) 

Standard ice 

cream 

Lactiplantibacillus 
plantarum  

Fermented milk 

 

 

 

(Zaeim et al., 2020) 

 

Standard ice 

cream 

Lactobacillus 

acidophilus 

Encapsulated probiotic strain 

was added into the ice cream 

mix 

(Afzaal et al., 2020) 

Standard ice 

cream 

Bifidobacterium 

longum CFR 815j 

Encapsulated probiotic 

(alginateςstarch 

microgel)strain was added 

into the ice cream mix after 

homogenization and 

pasteurization 

(Kataria et al., 2018) 

Standard ice 

cream 

L. acidophilus ATCC 

4356 

Ice cream mix was fermented 

with L. acidophilus before 

freezing 

(S. Arslan et al., 

2015) 

Yog-ice cream L. acidophilus La5 

Encapsulated probiotic strain 

(alginate-based) was added 

into the ice cream mix 

(Ahmadi et al., 2014) 
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Fermented ice 

cream 
L. acidophilus La5 

L. acidophilus was added into 

unaged ice cream mix and 

then incubated for 3 h at 

по / 

(Senanayake et al., 

2013) 

A chocolate 

flavored ice 

cream 

L. acidophilus La5 

Bifidobacterium 

animalis subsp. 

lactis Bb12 and 

Propionibacterium 

jensenii 702 

A portion of milk (15% of the 

ice cream mix) was 

fermented with probiotics 

and added into ice cream mix 

(Senaka Ranadheera 

et al., 2013) 

Low fat, high fat, 

fat free 

 

Lactobacillus 

delbrueckii UFV 

H2b2O 

The probiotic strain was 

added into ice cream mix 

(108CFU/mL) 

(dos Santos Leandro 

et al., 2013) 

Fermented 

acerola ice 

creams 

B. longum and B. 

lactis 

Ice cream mix was fermented 

with probiotics and 

traditional yogurt starter 

cultures 

(Carmen Sílvia 

Favaro-Trindade et 

al., 2006) 

Standard ice 

cream 

L. acidophilus, B. 

bifidum, 

Limosilactobacillus 

reuteri, 

Lactobacillus 

gasseri, and 

Lacticaseibacillus 

rhamnosus 

 

Fortified milk fermented with 

probiotic strains was mixed 

with an ice cream mix 

(Salem et al., 2005) 

Standard ice 

cream 
L. rhamnosus GG 

The strain was added after 

pasteurization of ice cream 

ƳƛȄ ŀǘ п / όмл8CFU/g) 

ŦƻƭƭƻǿŜŘ ōȅ ǎǘƻǊŀƎŜ ŀǘҍмс / 

(Alamprese et al., 

2005) 
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2.4.7  Infant formulae supplemented with probiotics 

Infant formulae supplemented with probiotics and prebiotics are increasing ( Gao et al., 2021). The 

main aim of introducing probiotics to infant formulae is to head a positive modification in  the 

balance of intestinal microflora of infants, which plays an important role in the development of an 

efficient immune system. As stated by the European Society for Pediatric Gastroenterology, 

Hepatology, and Nutrition probiotic/prebiotic-supplemented infant formulae do not increase any 

health concern regarding growth (Braegger et al., 2011). In this sense, in neonatology the 

administration of probiotics such as bifidobacteria and lactobacilli strains has become more 

widespread. As reported by Watkins et al. (2018) Bifidobacterium bifidum and Lactobacillus 

acidophilus (109 CFU/250 mg tablet) dispersed in infant formula can remain more stable, compared 

to expressed breast milk and sterile water, after storage (4 °C for 6 h). As an effective method to 

preserve probiotics viability, spray drying of skimmed milk has been reported. A study conducted by 

Gardiner and others has highlighted the potentialities of spray drying (20% w/v skim milk) for the 

preservation of human derived Lacticaseibacillus paracasei NFBC 338 and Ligilactobacillus salivarius 

UCC 118. The presence of lactobacilli in powdered milk particles was confirmed by confocal scanning 

laser microscopy , where NFBC 338 remained stable (1 × 109 CFU/g) during a 2-month storage period 

at 4 C, although a 1 log reduction in the cell load of UCC 118 was observed (Gardiner et al., 2000). 

For the stability of probiotics during the spray drying process, encapsulation material also plays a 

key role. Starches, gums, maltodextrin, whey proteins, and reconstituted skimmed milk, as different 

wall materials, are generally used. For example the addition of inulin or polydextrose (10% w/v) with 

skimmed milk has been reported not to enhance viability during spray drying (Corcoran et al., 2004). 

While as reported by Desmond et al. (2002), when L. paracasei NFBC 338 was grown in skim milk 

(10% w/v) and gum acacia (10%) followed by spray drying process, gum acacia-treated cells showed 

10-fold greater survival than control cells ( subjected to identical environmental stress). Soukoulis 

et al. (2014) analyzed the efficacy of different milk proteins (as secondary wall material), such as 

skim milk powder, whey protein concentrate, and sodium caseinate, for their ability to stabilize 

microencapsulated L. acidophilus cells produced through spray drying using maltodextrin (primary 

wall material) and D-glucose and trehalose (tertiary wall material). Viability of L. acidophilus cells 

was improved by 70%, 59%, and 6% as a result of using whey protein concentrate, skim milk powder, 

and sodium caseinate, respectively. As reported by Bradford et al. (2019)  Lactiplantibacillus 

plantarum NCIMB 8826 cells encapsulated with maize starch resulted as more viable in powdered 

milk, compared to free cells, after 15 days of storage and during simulated gastric and intestinal 
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transit. Until now most strains added to formula have been isolated from fermented food or fecal 

infant microbiota, while strains isolated from breast milk are still investigated. Administration of 

bacteria, isolated from breast milk to the neonate or to the breast-feeding mother provides 

opportunities for controlling undesired microbiota establishment and reducing the risk of disease. 

Bifidobacterium and Lactobacillus ǎǘǊŀƛƴǎ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ƳƻǘƘŜǊΩǎ Ƴƛƭƪ ŎƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ ŀǎ 

probiotic candidates for addition to infant formula (Chassard et al., 2014). However, other breast 

milk bacteria could also be targeted. For example, strains of Veillonella, as non-carbohydrate 

fermenting lactate-utilizers (in combination with Propionibacterium spp.), found both in breast milk 

and corresponding infant feces, may have an important function by metabolizing lactate resulting 

from lactose fermentation to propionate and acetate (Duncan et al., 2004; Jost et al., 2013). 

2.5 Plant-based probiotic fermented milk products 

At present, there is an increasing demand for probiotic enriched plant-based milk products  (Rasika 

et al., 2021). In fact, although some plant milk products contain low protein and calcium, plant milk 

ǎǳōǎǘƛǘǳǘŜǎ ŀǊŜ ǳǎŜŘ ǘƻ ǊŜǇƭŀŎŜ ŎƻǿΩǎ Ƴƛƭƪ ƛƴ ǘƘŜ ŘƛŜǘ ōŜcause of low allergy and intolerance issues, 

lactose-free, cholesterol-free, and low-calorie. These health issues in combination with the growing 

trend of vegetarianism and the limited use of dairy products in the diet of several countries, 

especially in Asia and Africa, make the development of non-dairy substrates for the delivery of 

probiotics a necessity. In addition, as reported by Bernat et al. (2014), a therapeutic relationship 

between vegetable milk with a good source of antioxidants and diseases such as cancer, 

atherosclerosis, and inflammatory diseases is emerging. Moreover, the fermentation of plant-based 

products, as one of the most traditional methods for food preservation, could improve the sensory 

characteristics of the final products as well as nutritional quality by lowering the content of sugars 

and increasing the levels of thiamine, niacin, lysine (Jeske et al., 2018; Rasika et al., 2021). 

Fermentation also enhances the nutritional value of milk by increasing amino-acids, vitamins as well 

as therapeutic values such as anti-microbial, anti-tumor, anti-carcinogenic, and immunomodulatory 

activity (Grom et al., 2020). Currently , also the demand for probiotic plant-based milk products is 

ƎǊƻǿƛƴƎ ŘǳŜ ǘƻ ŎƻƴǎǳƳŜǊΩǎ ƻǇƛƴƛƻƴ ƻƴ ǇƻǘŜƴǘƛŀƭ ƘŜŀƭǘƘ ŀŘǾŀƴǘŀƎŜǎ ŎƻƴƴŜŎǘŜŘ ǿƛth probiotics. To 

guarantee the health benefits of fermented plant-based milk products, probiotics should achieve 

the minimum level requirement between 106 and 107 cfu /mL until the expiry date  (Shori, 2015).  
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2.5.1 Probiotic fermented soymilk products 

Recent studies showed that many plant-based milk substitutes support probiotic growth and 

maintain satisfactory viability throughout the fermentation process and storage (Rasika et al., 2021). 

In this framework, soymilk represents one of the main carrier matrix used for probiotic plant-milk-

based food development. Soymilk, a growing trend that can serve as a low-cost non-dairy 

alternative with improved functional and nutritional properties,  could represent a good nutrition 

media for the growth of the microorganism as well as for their bioactivities. However, even though 

soymilk is an exceptional nutrient supplement, its acceptance by consumers could be limited due to 

disagreeable beany flavour, antinutritional factor that compromises mineral natural availability and 

its salts, and indigestible oligosaccharides such as raffinose and stachyose, which cause flatulence 

(Theodoropoulos et al., 2018). In order to address these limitations, fermentation of soymilk-based 

foods has been selected as an useful method for improving nutritional bioavailability, enhancing 

physicochemical and sensory properties, and supplying health benefits. In fact, the fermentation of 

soymilk is related to the reduction of levels of beany flavour, antinutritional factor and non-

digestible galactooligosaccharides, but also to the increase of the quality and acceptability of soy 

products (improving flavours and /or textures and enhancing nutritional value and digestibility), 

which increase its demand among consumers. Apart from the nutritional value, fermentation 

improves isoflavone bioavailability, provides bioactive peptides and enhances several health 

benefits (Kumari et al., 2022). The predominant microorganisms used for the fermentation of soy 

products were Bacillus subtilis and Aspergillus, even though different strains of lactic acid bacteria 

(LAB) have been, also, proposed as a starter culture for the fermentation of soymilk (Kumari et al., 

2022; Qian et al., 2020). As reported by Donkor et al. (2005) a soy yogurt fermented with strains 

of Lacticaseibacillus casei, Bifidobacterium, Lactobacillus acidophilus was characterized by 

improved organoleptic and physicochemical properties due to the production of -̡glucosidase and 

-hgalactosidase enzymes by the cultures. The -hgalactosidase activity of LAB is connected to a 

reductions in the undesirable flavour and flatulence, while ̡ -glucosidase activity transforms soy 

isoflavones into bioactive aglycones (Undhad Trupti et al., 2021). In this framework, according to Li 

et al. (2012); Trupti et al. (2021) species of LAB have been reported to increase the contents of 

bioactive substances, including aglycone isoflavones, saponins, total phenolic, peptide and free 

amino acid in the fermented soymilk. Similarly a study conducted by  Singh, Bhushan and Vij (2020), 

showed how fermentation improves the bioavailability of soy minerals, isoflavones, vitamins and 

proteins. 
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Also, the ability of certain LAB to produce phytase, a phytate-degrading enzyme, during 

fermentation, resulting in phytate dephosphorylation, improved mineral bioavailability and 

absorption (Figure 2.4). In this sense phytate is a well-known antinutrient factor that forms insoluble 

complexes with multivalent positive cations such as Ca2+, Zn2+, Fe2+ and Mg2+ and amino group 

derivatives at physiological pH values, reducing their solubility, bioavailability and absorption. As 

reported by Saraniya and Jeevaratnam (2015), the fermentation of soymilk with different strains of 

Lactobacillus reduced phytate content as compared to unfermented soymilk. In this framework  the 

decreased content of phytate and improved solubility of Ca, Fe and Zn by the action of phytase was 

observed  by Theodoropoulos et al. (2018) to enhance the availability of minerals and nutritional 

value of soy drink. 

 

 

Figure 2.4. Improved nutrition value of fermented soymilk according to Kumari et al. (2022) 

In addition in a study conducted by Cheng et al. (2005) the ingestion of fermented soymilk 

modulated the intestinal bacterial ecosystem by increasing the populations of beneficial bacteria 

while decreasing the populations of pathogens.                                                                  
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In this framework LAB could be used as a starter as well as a probiotic culture in the production of 

health promoting fermented soymilk products. As reported by Li et al. (2012), soymilk products 

fermented by probiotic cultures were characterized by an increase in the contents of bioactive 

substances, including ɹ-aminobutyric acid, vitamin B6 and total isoflavone aglycone compared to 

the control samples. The bioactive compounds including phenolic contents and peptides have been 

indicated to have various beneficial health effects such as antihypertensive, antioxidant, 

antiobesity, immunomodulatory, antidiabetic, hypocholesterolemic and anticancer effects (Singh et 

al., 2020; Trupti et al., 2021). In addition as reported by Yeo and Liong (2010), the supplementation 

of prebiotics and probiotics in soymilk enhanced the production of bioactive aglycones, which 

reduces the risk of hypertension and hormone-dependent diseases such as breast cancer, prostate 

cancer and osteoporosis.  According to Zhao and Shah (2014), the proteolytic activity of LAB was 

observed to contribute higher phenolic and isoflavone contents as well as an increase in the 

antioxidant capacity in soymilk fermented with LAB. Furthermore, the high content of isoflavones 

resembling the estrogen structure has the potential of reducing the risk of osteoporosis, 

menopausal symptoms, and breast cancer. Moreover, another study on the effect of the ingestion 

of a soy milk beverage fermented with Lacticaseibacillus casei Shirota on gut microbiota in sixty 

healthy premenopausal women for 8 weeks, reported that there was an increase of Lactobacillaceae 

and Bifidobacteriaceae levels and a decrease of Enterobacteriaceae and Porphyromonadaceae 

levels during the intake period.  The results suggested that a daily intake of  fermented  soy  milk  

beverage  beneficially  contributes  to  modulation  of  the  gut  microbiota  in premenopausal healthy 

(Nagino et al., 2018). 

2.6 Technological challenges for the viability of probiotics in food products 

The viability of probiotics is very important for ensure the high efficacy of probiotic products. As 

reported by Mbye et al. (2020), a number of stress conditions are encountered by probiotics in food 

products, such as food processing, storage, and the gastrointestinal transit. For example, many 

probiotic strains are sensitive to oxygen and their viability is affected by the presence of oxygen in 

dairy products. In this sense an important technological hurdle in the development of 

probiotic fermented foods could be represented by oxygen toxicity. Oxygen toxicity has been 

reported as a possible cause of a significant decrease in bifidobacteria levels, due to their anaerobic 

metabolism, for example in yogurt during storage in various parts of the world (Ibrahim & Carr, 

2006). In fact, as reported by Talwalkar and Kailasapathy (2004) the exposition of probiotics to 
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dissolved oxygen, eventually present in the food product, results in the intracellular accumulation 

of toxic oxygenic metabolites, such as superoxide anion, which eventually can reduce their viability. 

In this sense several processing steps, involved in the manufacturing of many food product such as 

agitation or mixing steps, inevitably  influence  the incorporation of high amount of oxygen in the 

product. Also, some packaging materials during the storage period could facilitate the transfer of 

atmospheric oxygen into the product. The high-impact polystyrene packaging materials, for 

example, is widely used as packaging material for foods throughout the world because of its visual 

appearance, qualities of strength, and hygiene level (Miller et al., 2003). Among several ways to 

address the challenges related to probiotic viability in food products,  the selection of oxygen-

resistant probiotic strains or the remotion of molecular oxygen through oxygen-scavenging 

compounds (e.g., natural antioxidants or synthetic antioxidants), the use of passive barriers (e.g., 

multilayer structures containing aluminum foils) and packaging materials impermeable to oxygen 

could represent suitable strategies. In this sense, according to Mohammadi et al. (2011) was 

reported the application of oxygen-barrier packaging in combination with an oxygen-scavenging 

material as one the most effective system for the viability of probiotics in set-type yogurts. In 

addition, many studies have described the use of oxygen scavengers or antioxidants as effective 

compounds for enhancing the viability of probiotics. As reported by Dave and Shah (1997), the 

survival of Lactobacillus acidophilus in yogurt was increased by ascorbic acid (vitamin C).  In addition 

enzyme-based oxygen scavengers based on glucose oxidase have been tested in yogurt before 

fermentation resulting in 69.02% to 86.03% reduction of oxygen and up to 40.32% increase 

in Bifidobacterium longum count compared with the control (Cruz et al., 2010). Antioxidants 

including fruit pulps (soursop, custard apple, and sweetsop) have also been reported by Senadeera 

et al. (2018) to significantly increase the survival of Bifidobacterium animalis ssp. lactis BB-12 in 

yogurts, compared to control yogurts, after 28 days of storage. 

2.7 Microencapsulation of probiotics 

In addition, encapsulation can enhance the viability of probiotics in food products (Mohammadi et 

al., 2011). More specifically, microencapsulation could represent and economically sustainable 

technology for protecting probiotics from several processing steps and to ensure their delivery in a 

required number to the human body. Many studies have described the improved survival rate of 

probiotics when encapsulated, using several encapsulation methods, such as extrusion, emulsion, 

and freeze and spray drying (Rashidinejad et al., 2022). In this framework some of the most widely 



69 
 

used techniques used for the microencapsulation of probiotics with prebiotics include high-

temperature processes (spray drying) and low-temperature processes (freeze-drying, spray chilling, 

extrusion, emulsification, electro-hydrodynamic atomization, gelation) (Rashidinejad et al., 2022). 

In addition, the literature data have  pointed out the use of polymers such as pectin, alginate, 

carrageenan, chitosan, whey, gelatin and lipids for microencapsulation of bacteria with positive 

effects in protection of probiotic cells during storage condition and GIT environment (Islam et al., 

2010). Although the most used entrapping techniques are the extrusion, freeze and spray 

drying, Ding and Shah (2009) proposed the use of a microfluidizer device with four different settings, 

based on all possible combinations between number of passes (10 or 20) and pressure (69 MPa or 

138 MPa) for the encapsulation of probiotic bacteria, starting from an emulsion of sodium alginate 

and vegetable oil. These process conditions gave microcapsules having a diameter < 100 ˃ m, 

contrarily to the emulsions obtained by some stirrer conditions (Ding & Shah, 2009). However, the 

final microcapsule dimensions are related to the pressure applied and to the cell surface properties 

of bacteria (Burgain et al., 2014). In this sense, a study conducted by Patrignani et al. (2017) have 

investigated the potential of microencapsulation, by high pressure homogenization (HPH) with a 

sodium alginate-vegetable oil solution,  for two probiotic bacteria, Lactiplantibacillus paracasei A13 

and Ligilactobacillus salivarius CET 4063, for the production of functional fermented milks, which 

were characterized by high viability of the functional strains. 

2.8 Microencapsulation of probiotics by spray-drying 

Microencapsulation of probiotics by spray-drying could represent a suitable strategy for the 

maintance of high cell vitality, also considering  the high costs and long drying times of alternative 

microencapsulation techniques, such as freeze-drying process etc. A great focus in literature data is 

regarding the spray drying technique for probiotics, as a continuous process with high throughput, 

common in the food industry, particularly in the dairy industry. Furthermore, spray drying is 

considered as a sensitive drying technique, in fact the maximum product temperature always stays 

below the air outlet temperature and the residence time is short (Fu & Chen, 2011). During the 

spray-drying process, the cell suspension is pumped as liquid concentrate to the dryer and separated 

in small droplets by means of a pressure nozzle (one or two fluid nozzles) or a rotary disc. The mode 

of particle formation in the drier also influences the viability of the bacteria after drying (Ghandi et 

al., 2013). A schematic spray drier is shown in Figure 2.5. 

https://www.sciencedirect.com/science/article/pii/S0963996917301667#bb0055
https://www.sciencedirect.com/topics/food-science/lactobacillus
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Figure 2.5. Schematic drawing of a co-current spray (Holzapfel, 2014). 

The obtained droplets are mixed with a large amount of hot and dry air (inlet temperatures between 

150 and 200 °C) and the water at the surface immediately evaporates and the surface temperature 

cools down to wet bulb temperature due to evaporation, during the constant rate period of drying. 

The wet bulb temperature is considerably lower than the inlet temperature (Peighambardoust et 

al., 2011). At the end of drying, the temperature of the particle depends on the outlet air 

temperature. The outlet air temperature is the key factor for microbial survival after drying, and a 

low outlet air temperature correlates with high survival. However, the final water content of the 

particles is also connected with the outlet air temperature, and consequently a low outlet 

temperature indicates high residual water content. This aspect, however, is associated with low 

storage stability (Holzapfel, 2014). In addition, the outlet air temperature depends on the inlet air 

temperature, airflow rate, product feed rate, medium composition, and atomized droplet size. As 

the outlet temperature is dependent on many factors and is not an independent variable, it is 

difficult to control. To overcome the disadvantages of the spray drying process, such as the high 

inactivation in the falling rate period due to high temperatures and the long residence time, several 

attempts have been done. In this sense, the vacuum drying, when is carried out as second drying 

stage, can be able to prevent thermal and oxidative stresses  (Holzapfel, 2014)Φ IƻǿŜǾŜǊΣ ƛǘΩǎ 

important to underline how an optimized process could result as a  suitable approach to increase 
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the cell viability  of probiotics in foods after food processing, storage and consumptions.  In this 

sense as reported by a recent study conducted by Leylak et al. (2021) Lactobacillus acidophilus LA-

5, when encapsulated with whey powder and Arabic gum mixtures using spray drying, was more 

stable in probiotic yogurt during the shelf life, compared to free cells. 
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In recent times, probiotics have received rising attention from scientific to public perspectives. 

aƻǊŜƻǾŜǊΣ ŀƭǎƻ ǘƘŜ ƳŜŘƛŀǘƛŎ ǎƻǳƴŘ ŀōƻǳǘ ǘƘŜ ǇƻǎƛǘƛǾŜ ǊƻƭŜ ƻŦ ά ǘƘŜ ƳƛŎǊƻōƛƻƳŜέ Ƙŀǎ ŘƛǊŜŎǘŜŘ ǘƘŜ 

public perception to a more rational view on the beneficial role of probiotic products on human 

ƘŜŀƭǘƘΦ Lƴ ƭƛƴŜ ǿƛǘƘ ǘƘŜǎŜ ŀŘǾŀƴŎŜǎ ŀƴŘ ǘƘŜ ǊŜƭŀǘŜŘ ƎǊƻǿƛƴƎ ƛƴǘŜǊŜǎǘ ŎƻƴƴŜŎǘŜŘ ǿƛǘƘ ǘƘƛǎ ǘƻǇƛŎΣ ƛǘΩǎ 

not surprising that the growth of probiotic industry is estimated at 7% annually (Cunningham et al., 

2021).  However, while there is a common opinion on the fact that probiotics are beneficial, maybe 

there is still a gap, especially from general audience, on knowing or understanding their precise 

definition. In the scientific field, as recently established by the International Scientific Association 

for Probiotics and Prebiotics (Hill et al., 2014b), for probiotics the evidence of a health benefit is 

required as a preliminary criterion of selection, also considering target sites, target populations, 

different way of administration, and certainly all probiotics must be safe for their intended use. At 

this time, multiple spheres of influence are acting on the probiotic field. For example, the 

technological progress as well new scientific data are opening to the exploration of new candidate 

probiotics, also providing new information about their interactions with the microbiome and host. 

In this sense, besides gut and fermented foods, several human microbial niches are emerging as 

source of candidate probiotics such as, oral cavity ,skin, human milk and healthy vaginal 

environment. More specifically, species and strains related with health in these two specific niches 

are being investigated as potential strategies to restore microbial populations and to prevent or 

treat specific disease states (France et al., 2022; Oddi et al., 2020). However, the selected probiotic 

strains are generally proposed as oral formula. This PhD project is in line with these advances, also 

considering the recent impact of tailored nutrition studies, which come together with customized 

health needs of nowadays consumers. In particular, the main aim of this PhD project is directed to 

the selection of candidate probiotic strains from human microbial niches, to be used  for the 

development of tailored fermented foods designed for different types of consumers. According to 

the proposed main aim, during my PhD project several activities connected with more specific 

objectives were carried out. The first one is concerning the isolation of Lactobacillus and 

Bifidobacterium strains from human milk and their investigation as probiotic candidates, also 

including their technological features, assuming their inclusion for the development of functional 

fermented food products. In this context, human milk, considered as one of the best example of a 

natural functional food, contains not only nutrients, hormones, growth factors, immunoglobulins, 

cytokines, and enzymes, which contribute to immune maturation and child well-being, but also a 

significant number of microorganisms, that are responsible for the gastrointestinal colonization of 



74 
 

the newborn and for the adequate maturation of the gut mucosal immune system (Zacarías et al., 

2011). Thus, it is not without reason that selected strains of Lactobacillus and Bifidobacterium spp. 

also isolated from human milk, are the most studied microorganisms worldwide and used in foods 

ŀƴŘ ǇƘŀǊƳŀ ŀǎ ǇǊƻōƛƻǘƛŎǎΦ Lƴ ǘƘƛǎ ƛƴǎǘŀƴŎŜΣ ƘƻǿŜǾŜǊΣ ƛǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ǳƴŘŜǊƭƛƴŜ Ƙƻǿ human milk 

can be considered as an important source of potential probiotic bacteria, but the technological 

aptitude of isolates obtained from this matrix is not always guaranteed and have to be deeply 

investigated, especially in perspective to include them in food products; according to EFSA /FDA 

safety requirements. 

Moreover, in recent years, probiotics have been also proposed to improve genital health of women, 

and microbial strains isolated and connected with healthy vaginal ecosystem could be used to 

prevent or treat vaginal dysbiosis and genital infections. In particular, vaginal Lactobacillus crispatus, 

Lactobacillus gasseri  and Limosilactobacillus vaginalis strains isolated by Parolin et al. (2015), 

characterized also for their technological features (Siroli et al., 2017), exhibited activity towards 

several genital pathogens, including Candida, Chlamydia trachomatis (Parolin et al., 2018) Neisseria 

gonorrhoeae (Foschi et al., 2017) group-B Streptococcus (Marziali et al., 2019) and HIV1. Such 

beneficial strains can be administered in situ or orally, given their capability to pass from the 

intestine to the vagina because of spatial proximity of the two apparati. Moreover, although these 

functional strains could be available as oral preparations, it would be very challenging to use them 

in foods as a dietary strategy to prevent specific diseases, after their technological, functional and 

metabolic characterization. In this framework, the second activity of my PhD is inserted aiming to 

characterizing, from a metabolic and probiotic point of view these selected vaginal lactobacilli 

isolated from healthy vaginal ecosystem  for their potential inclusion in foods. 

In addition, ƛǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ǳƴŘŜǊƭƛƴŜ Ƙƻǿ ǘƘŜ ƳŀƛƴǘŜƴŀƴŎŜ ƻŦ ŀŘŜǉǳŀǘŜ ƭŜǾŜƭǎ ƻŦ ǇǊƻōƛƻǘƛŎ ŎǳƭǘǳǊŜǎ 

in food and their functional properties for the full shelf-life of food is highly challenging, also 

considering their fate during the digestive process. When included in a food product, probiotic 

strains and their viability are affected by several factors, such as  sensitivity to process conditions 

(low pH, oxygen, fermentation temperature), the effect of the food matrix (water activity, pH, 

presence of natural antimicrobials), and storage conditions, which can affect their performance and 

viability ( Patrignani et al., 2017a). Moreover, during the digestion, the low pH of the stomach or 

presence of bile salts in the small intestine can further contribute to the loss of microbial viability 

(Barbosa & Teixeira, 2017). Therefore, the development of suitable technologies for the 

maintenance of an adequate number of viable probiotic bacteria (>7 log colony-forming units, cfu/g 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/lactobacillus-crispatus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/lactobacillus-gasseri
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/chlamydia-trachomatis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/neisseria-gonorrhoeae
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/neisseria-gonorrhoeae
https://www.sciencedirect.com/topics/chemistry/bile-salt
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of product) is a key step. In this sense, microencapsulation using a spray-dryer is one of the most 

widely used techniques, which offers a valuable option for encapsulating heat-sensitive nutrients 

and probiotic microorganisms. Several studies have demonstrated the potential of this technique in 

developing probiotic powders with different carriers that can preserve their functionalities 

(Muzaffar et al., 2016; Paim et al., 2016; Patrignani et al., 2017). Consequently, in order to 

preserve/maximize vaginal strains functionality during food processing/digestion, during the PhD 

project the potential of microencapsulation by spray drying was evaluated on some of these 

selected vaginal lactobacilli, already characterized for their technological and functional properties, 

using soy milk as carrier. Moreover, another activity of research connected with the main idea to 

develop a food strategy for the administration of these selected vaginal strains was carried out. 

More specifically, one of the most promising strains belonging to this pool of functional vaginal 

lactobacilli, namely Lactobacillus crispatus BC4, was supplemented in a Squacquerone cheese; 

consequently their digestive fate was evaluated throughout a simulation of the human intestinal 

microbial ecosystem, adopting SHIME® system. Nevertheless, while probiotic delivery to humans 

has traditionally been associated with fermented dairy foods, mostly of bovine origin, recently due 

ǘƻ ǘƘŜ ǊƛǎƛƴƎ ŜƳŜǊƎŜƴŎŜ ƻŦ ƭŀŎǘƻǎŜ ƛƴǘƻƭŜǊŀƴŎŜΣ ŎƻǿΩǎ Ƴƛƭƪ ǇǊƻǘŜƛƴ ŀƭƭŜǊƎȅΣ ŎƘŀƴƎƛƴƎ ƭƛŦŜǎǘȅƭŜǎ 

towards veganism and negative environmental impacts of dairy production, the demand for non-

dairy-alternatives as potential probiotics carrier is increasing. At present, also the viability levels of 

probiotics in plant-based milk substitutes  (PBMS), such as soy milk, during product storage have 

been reported as highly satisfactory (Rasika et al., 2021), and consequently potentially promising as 

an alternative carrier for probiotics. In addition, several studies have also proved that fermentation 

of soy milk by lactic acid bacteria overcomes the problem of beany flavor, increases the nutrit ional 

features of soy milk by reduction of oligosaccharides (Otieno & Shah, 2007) and improves the 

bioavailability of isoflavones, the digestion of proteins, provides more soluble calcium, enhances 

intestinal health, improves antioxidant activity and supports immune system ( Wang et al., 2003). 

In this context, the latest PhD activity was connected with the development of fermented soy milks 

using commercial starter cultures and supplemented with encapsulated and non-encapsulated 

selected functional vaginal strains, such as Lactobacillus crispatus BC4 and Lactobacillus gasseri BC9. 

Additionally, the adopted vaginal strains were used individually or in combination, trying to 

understand whether there was any evidence of a potential synergistic effect between these two 

strains in the food products. Consequently, in order to investigate their specific functionality, also 

after the digestion of these formulated products, their effects on the female post-menopausal fecal 
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microbiome were evaluated. In fact, these kind of women are potentially more prone to vaginal 

dysbiosis and could represent an interesting target considering the physiological change of this 

microbiome following post-menopause. 

Lƴ ǘƘƛǎ ŦǊŀƳŜǿƻǊƪ ƛǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ǳƴŘŜǊƭƛƴŜ Ƙƻǿ ŦŜǊƳŜƴǘŀǘƛƻƴ ƻŦ ǎƻȅ Ƴƛƭƪ ōȅ ƭŀŎǘƛŎ ŀŎƛŘ ōŀŎǘŜǊƛŀ 

(LAB), also in combination with probiotic strains, could be considered as suitable vehicle to deliver 

probiotics, also improving the organoleptic properties and the nutritional value of soy milk. 

Consequently, the formulated products were evaluated in terms of nutrients with a specific focus 

on fatty acids, minerals and vitamins contents and amino acids compositions. Additionally, the 

products, submitted to in vitro digestion at several timepoints such as end of the gastric phase 

(G120), after 60 min (D60), and at the end of the duodenal phase (D120),  were investigated for 

their resulting protein bioaccessibility. 
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Abstract: This chapter focuses on the isolation of lactobacilli/bifidobacteria from human breast milk 

and their first characterization, in the perspective to find new probiotic candidates to be included 

in food products. More specifically, breast-milk-isolated strains demonstrated a very good aptitude 

to adhere to intestinal cells, in comparison with L. rhamnosus GG strain, taken as reference. The 

same behavior has been found for hydrophobicity/auto-aggregation properties. A remarkable 

antagonistic activity was detected for these isolates not only against spoilage and pathogenic 

species of food interest, but also against the principal etiological agents of intestinal infections. 

Indeed, isolated strains impaired spoilage and pathogenic species growth, as well as biofilm 

formation by gut pathogens. In addition, all 16 supernatants of breast milk strains showed prebiotic 

activity against recognized commensal bifidobacteria. In addition, breast milk strains were 

characterized for their antibiotic susceptibility, displaying species-specific and strain-specific 

susceptibility patterns. Finally, to assess their technological potential, the fermentation kinetics and 

viability of breast milk strains in pasteurized milk were investigated, also including their resistance 

to simulated GIT conditions and the study of the volatile molecule profiles. In this regard, all the 

strains pointed out the release of aroma compounds frequently associated with the sensory quality 

of several dairy products such as acetic acid, diacetyl, acetoin, acetaldehyde. Data here reported 

point up the high potential of breast-milk-isolated strains as probiotics. 

1. Introduction 

Human breast milk, generally recognized as a unique and complex food matrix, could be qualified 

as an ideal example of a natural functional food ( Zacarías & Vinderola, 2019). In fact, it contains not 

only nutrients, hormones, growth factors, immunoglobulins, cytokines, and enzymes, which 

contribute towards child well-being, but also a significant number of microorganisms. It has been 

estimated that human breast milk bears 103 CFU/mL of bacteria (Ted Jost et al., 2014) and 

represents an important inoculum for the development of the infant gut microbiota, along with skin, 

mouth, and vaginal tract of the mother (Biagi et al., 2017). Indeed, it has been well established that 

the human milk microbiota drives the colonization of the gastrointestinal tract for the newborns, 

also contributing to the maturation of the immune system (Shen, 2022)Φ ¢ƘŜ ƻǊƛƎƛƴ ƻŦ ƘǳƳŀƴ ƳƛƭƪΩǎ 

bacteria is still controversial; both facultative anaerobic and aerobic species have been retrieved by 

molecular and cultural methods. Several authors (Cabrera-rubio et al., 2012;  Zacarías et al., 2011) 

have highlighted up to 700 bacterial species in human breast milk, although for an individual, a 

smaller range (2ς18) of cultivable species was reported. Streptococcus and Staphylococcus were 
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reported not only as the bacterial genera most frequently isolated by human milk, but also as the 

most abundant, along with Bifidobacterium and Lactobacillus; the latter mainly shape the 

developing of gut microbiota (Biagi et al., 2017). Thus, it is not without reason that selected strains 

of lactic acid bacteria and bifidobacteria, also isolated from breast milk, are worldwide the most 

investigated microbial species and besides the most used in food and pharma as probiotics. In this 

instance, however, it is important to underline how breast milk can be considered an important 

biological niche for the isolation of potential probiotic bacteria, although the technological aptitude 

of isolates obtained from this matrix is not always guaranteed and needs to be deeply investigated. 

Therefore, the aim of this work is directed to the isolation of lactobacilli and bifidobacteria from 

breast milk samples collected in Italy, focusing on isolates with functional, antimicrobial, and 

technological potential as probiotics, also in perspective to include them in functional food 

products. More specifically, specific functional parameters such as hydrophobicity and auto-

aggregation and adhesion to a human intestinal cell line were studied for these isolates. In addition, 

they were evaluated for their antagonistic activity against the pathogenic and spoilage species 

frequently associated with food products and against the principal etiological agents of intestinal 

infections. Moreover, these strains were characterized for their anti-biofilm activity and antibiotic 

susceptibility. In addition, were also evaluated the prebiotic activity of cell free supernatant 

obtained by these investigated breast milk bacteria on Bifidobacterium strains, as common 

residents in infant microbiota. Finally, the fermentation kinetics and viability of these lactobacilli 

during the refrigerated storage in milk were characterized, also including their resistance to 

simulated GIT conditions, as well as the volatile molecule profiles of the obtained fermented milks. 

2. Materials and Methods 

2.1. Isolation of bacteria from breast milk 

As regards to the collection of human breast milk, 30 mothers attending M. Bufalini Hospital in 

Cesena (Italy) have donated the samples, with full knowledge and written consent about their use. 

All volunteers provided a written informed consent in accordance with the Ethics Committee of the 

University of Bologna (Prot. n. 16617, 26 January 2021) and the Ethics Committee of the hospital 

Maurizio Bufalini (Prot. n. 1523, 12 May 2021) and the institutional review board approved the 

study. The mothers were interviewed on the kind of delivery (vaginal or by caesarean section, full-

term or premature) and on the consumption habits of probiotics. Mothers who received antibiotics 

or consumed probiotic products during pregnancy or after delivery were excluded. Sample 
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collection and plating were performed according to  Zacarías et al. (2011). More specifically, to 

assure the quality of sample collection, all the samples were aseptically collected in sterile tubes 

and stored on ice until delivery to the laboratory. Breast milk samples were obtained by manual 

expression after cleaning the nipples and areola with sterile water and discarding the first drops. 

Colonies presenting typical lactobacilli or bifidobacteria morphology were isolated and purified. 

Presumptive lactobacilli or bifidobacteria isolates were stored frozen in MRS broth (Oxoid Ltd., 

Basingstoke, UK) with 0.05% L-ŎȅǎǘŜƛƴŜ ƛƴ ƎƭȅŎŜǊƻƭ ŀǘ ҍул ϲ/ ŦƻǊ ŦǳǊǘƘŜǊ ǎǘǳŘƛŜǎΦ 

2.2. Identification of isolates 

Total DNA of the isolates was obtained from cultures grown in overnight using the commercial 

GenElute-.ŀŎǘŜǊƛŀƭ DŜƴƻƳƛŎ 5b! ƪƛǘ ό{ƛƎƳŀΣ {ǘ [ƻǳƛǎΣ ahΣ ¦{!ύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

ƛƴǎǘǊǳŎǘƛƻƴǎΦ !ƭƭ ǘƘŜ ǎŀƳǇƭŜǎ ƻŦ ǇǳǊƛŦƛŜŘ 5b! ǿŜǊŜ ǎǘƻǊŜŘ ŀǘ ҍнл ϲ/ ǳntil use. The taxonomic identity 

of isolates was investigated by amplifying, sequencing and comparing their 16S rRNA gene. Primer 

forward 27 and primer reverse 1392 were chosen to obtain an amplified fragment of 16S rRNA. 

According to the following conditions: 5 min in at 95 °C, 25 cycles of 1 min at 95 °C, 1 min at 55°C 

and 1.30 min at 72 °C, and a final step of 5 min at 72 °C the amplifications were performed using a 

PCR System (Applied Biosystems, Foster City, CA, USA). The PCR products were separated on 0.9% 

(w/v) agarose gels in TAE buffer, stained with GelRed (Biotium, Hayward, CA, USA) and visualised 

under UV light (Sambrook and Russell 2001). Amplicons were purified and then their nucleotide 

sequences were determined by an external service (Eurofins Genomics, Ebersberg, Germany). The 

identity of the isolates was checked by nucleotide-nucleotide BLAST of the NCBI database 

(www.ncbi.nlm.nhi.gov/blast (accessed on 3 Nov 2021)). 

2.3. Microbial strains 

For the present study, 10 Lactiplantibacillus, 4 Lactobacillus and 2 Bifidobacterium strains were used 

(Table 1). All these strains are part of the microbial culture collection of DISTAL (Department of Food 

science and Biotechnology, University of Bologna, Italy). Each strain was isolated from a breast milk 

sample different from the other samples. These strains were also compared with Lacticaseibacillus 

rhamnosus GG ATCC® 53103ϰ and Bifidobacterium animalis subsp. lactis BB-12® used as references. 

Lactobacilli and bifidobacteria were cultured in MRS broth (Oxoid Ltd., Basingstoke, UK) with 0.05% 

L-cysteine and incubated at 37 °C for 24 h in anaerobiosis (GasPak System; Oxoid Ltd., Basingstoke, 

UK). Moreover, in order to evaluate the potential antagonistic activity of the breast milk isolates, 

selected food spoilage strains, such as Listeria monocytogenes ATCC 13932 and Scott A, Listeria 
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innocua ATCC 51742, Enterococcus faecium BC104, Escherichia coli 555, Staphylococcus aureus DSM 

20231, Salmonella enteritidis E5 and MB1409, and the intestinal pathogens enterotoxigenic E. coli 

H10407, Salmonella choleraesuis serovar typhimurium, Yersinia enterocolitica (Giordani et al., 

2018), were chosen as target bacterial strains. The pathogenic and spoilage strains were cultured in 

Brain Heart Infusion (BHI) broth (Oxoid Ltd.) at 37 °C for 24 h. In addition, Bifidobacterium strains, 

purchased from the DSMZ Leibniz Institute, were used for the evaluation of the prebiotic activity of 

cell free supernatant obtained by these investigated breast milk bacteria. 

Table 1. Lactiplantibacillus, Lactobacillus and Bifidobacterium strains isolated from human breast milk and 

used in the present study. 

Strains Species Isolation Source Collection 

3.6 D L. plantarum Breast milk DISTAL 

11.3 C L. plantarum Breast milk DISTAL 

M 6 C L. plantarum Breast milk DISTAL 

29 T0 L L. plantarum Breast milk DISTAL 

31 T0 C L. plantarum Breast milk DISTAL 

32 T0 C L. plantarum Breast milk DISTAL 

33.1 G L. plantarum Breast milk DISTAL 

34 T0 B L. plantarum Breast milk DISTAL 

35 T0 B.bis L. plantarum Breast milk DISTAL 

30 b 6 A L. plantarum Breast milk DISTAL 

32 T0 A L. gasseri Breast milk DISTAL 

34 T0 C L. gasseri Breast milk DISTAL 

g.1 L. gasseri Breast milk DISTAL 

C F l 11 L. gasseri Breast milk DISTAL 

32 T0 B.bis B. longum Breast milk DISTAL 

BL6 B. animalis Breast milk DISTAL 

 

2.4. Hydrophobicity 

The bacterial hydrophobicity, as the ability to adhere to hydrocarbons, was evaluated in agreement 

with Vinderola & Reinheimer (2003). Each fresh strain (grown in 24 h of incubation at 37 °C in MRS 

broth with 0.05% L-cysteine adopting anaerobic conditions) was harvested in the stationary phase 

after centrifugation at 6000 rpm for 10 min. After removing the supernatant, an isotonic solution of 

NaCl 0.9% were used to resuspend the microbial pellet and to subsequently dilute the absorbance 
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value to 1, measuring at 560 nm using a spectrophotometer (model 6705, Jenway, Stone, UK). Then, 

3 mL of the microbial suspension were vortexed with 0.6 mL of n-hexadecane (Sigma-Aldrich, Milan, 

Italy) for 4 min. The two phases were left to separate for 1 h at 37 °C. The aqueous phase was 

removed, and then the absorbance at 560 nm was measured. The hydrophobicity percentage was 

ŎŀƭŎǳƭŀǘŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŦƻǊƳǳƭŀΥ ό!л ҍ !ǘύκ!л Ҏ мллΣ ǿƘŜǊŜ !л ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ 

absorbance at time 0 and At represents the absorbance after 1 h of incubation at 37 °C. 

2.5. Auto-Aggregation assay 

According to the method proposed by Del Re et al. (2000) and modified by Mathara et al. (2008), 

the microbial auto-aggregation for each strain was investigated. Each fresh bacterial culture (grown 

for 24 h) was centrifuged at 6000 rpm for 10 min. After removing the supernatant, an isotonic 

solution of NaCl 0.9% was used to resuspend the microbial pellet to the original volume. The auto-

aggregation assay was determined during 5 h of incubation at room temperature. More specifically, 

every hour, 0.1 mL of the upper suspension was taken and placed in a 0.9 mL NaCl 0.9% isotonic 

solution, and the absorbance (A) was recorded at 600 nm using a spectrophotometer (model 6705, 

WŜƴǿŀȅΣ {ǘƻƴŜΣ ¦YύΦ CƛƴŀƭƭȅΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŦƻǊƳǳƭŀΥ м ҍ ό!ǘκ!лύ Ҏ мллΣ ǿƘŜǊŜ !ǘ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ 

mean of absorbance values at time t = 1, 2, 3, 4, or 5 h, and A0 the absorbance at t = 0; the obtained 

auto-aggregation value was expressed as a percentage.  

2.6. Adhesion to differentiated Caco-2 cells 

The capability of breast milk strains to adhere to differentiated Caco-2 intestinal cells was evaluated. 

Briefly, Caco-2 cells were grown on glass coverslip in DMEM supplemented with 10% fetal bovine 

serum, 1% L-glutamine in 5% CO2 at 37 °C for 21 days to allow differentiation. Breast-milk-isolated 

lactobacilli/bifidobacteria were cultured overnight, then subcultured for an additional 18 h. Caco-2 

cells were incubated with lactobacilli/bifidobacteria cells by applying a 1:400 ratio at 37 °C with 5% 

CO2 for 3 h, then washed twice with PBS to remove non-adherent lactobacilli. Samples were fixed 

with methanol and stained with Giemsa, bacterial cells adhering to Caco-2 were counted by at a 

light-microscope (1000×), considering at least 200 Caco-2 cells. 

2.7. Antibiotic susceptibility 

The antibiotic susceptibility of the lactobacilli and bifidobacteria isolated from breast milk was 

determined in Sensititre® antibiotic plates (Thermo Fisher Scientific AG, Basel, Switzerland) in 

agreement with the recommendations made by EFSA following the official ISO 10932 method. 
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!ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ ōŀŎǘŜǊƛŀƭ ǎǘǊŀƛƴǎ ǿŜǊŜ ǇǊƻǇŀƎŀǘŜŘ ƻƴ aw{ ǿƛǘƘ лΦл5% 

L-cysteine agar plates and incubated for 48 h at 37 °C in anaerobiosis. Colonies obtained were then 

resuspended to reach a turbidity of 1 McFarland. Bacterial suspensions were diluted in MRS with 

0.05% L-cysteine in order to reach a concentration 105 CFU/mL for the inoculum. A volume of 

inoculum of 100 µL was then transferred in each well of precoated Sensititre® antibiotic plates and 

later the plates were incubated for 48 h, at 37 °C, adopting anaerobic conditions. After the 

incubation time, it was possible to define the minimal inhibitory concentration (MIC), defined as the 

concentration of the agent that completely prevented visible microbial growth. The tested 

antibiotics and the relative ranges of concentrations are the followings: Gentamicin 256-0.5 µg/mL, 

Kanamycin 1024-2 µg/mL, Streptomycin 256-0.5 µg/mL, Neomycin 64-0.12µg/mL, Tetracycline 64-

0.12 µg/mL, Erytromycin 8-0.015 µg/mL, Clindamycin 16-0.03 µg/mL, Chloramphenicol 64-0.12 

µg/mL, Ampicillin 16-0.03 µg/mL, Penicillin 16-0.03 µg/mL, Vancomycin 128-0.25 µg/mL, Synercid 

8-0.015 µg/mL, Linezolid 16-0.03 µg/mL, Trimethoprim 64-0.12 µg/mL, Ciprofloxacin 128-0.25 

µg/mL, Rifampicin 64-0.12 µg/mL. 

2.8. Antagonistic activity against spoilage and pathogenic species 

In order to evaluate the antagonistic ability of lactobacilli and bifidobacteria strains towards the 

target strains reported in Section 2.3, the method of Lucke & Schillinger (1989) was performed, 

adopting some modifications. Fresh cultures of the lactobacilli/bifidobacteria (5 µL) were poured 

over the surface of MRS + L-cysteine plates (with 1.2% of agar) and let to grow adopting anaerobic 

conditions at 37 °C for 24 h. Then, 0.1 mL (corresponding to approx. 7 log CFU) of an overnight 

culture of the target strain was inoculated into 10 mL of BHI soft agar (with 0.7% of agar) and poured 

on the plates where the lactobacilli/bifidobacteria had grown. After the incubation time (37 °C, 24 

h) the plates were checked for the potential presence of the inhibition zone. Then, the inhibition 

halos were measured from the outer perimeter of the spots in four directions, considering the 

average diameters. According to the diameters of inhibition, the antagonistic activity showed by all 

ǘƘŜ ǘŜǎǘŜŘ ǎǘǊŀƛƴǎ ǿŀǎ ŜȄǇǊŜǎǎŜŘ ŀǎΥ ҍΣ ƴƻ ƛƴƘƛōƛǘƛƻƴΤ ҌΣ ŘƛŀƳŜǘŜǊ ōŜǘǿŜŜƴ м ŀƴŘ о ƳƳΤ ҌҌΣ ŘƛŀƳŜǘŜǊ 

between 3 and 6 mm; + + +, diameter between 6 and 10 mm; + + ++, diameter >10 mm. 

2.9. Inhibition of development of intestinal pathogens biofilms 

Anti-biofilm activity of lactobacilli/bifidobacteria was evaluated as previously described (Giordani et 

al., 2019), with some modifications. Lactobacilli/bifidobacteria were cultured in MRS medium 

overnight, then inoculated at a concentration of 6 log CFU/mL and allowed to grow for 24 h. Then, 
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culture supernatant was recovered by centrifugation (2750× g, 10 min) and filtered through a 0.22 

mm membrane filter to obtain cell-free supernatants. S. choleraesuis, enterotoxigenic E. coli, Y. 

enterocolitica pathogenic strains were grown in BHI broth at 37 °C overnight, then diluted in the 

ǎŀƳŜ ƳŜŘƛǳƳ ŀǘ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ с ƭƻƎ /C¦κƳ[Φ млл ˃[ ƻŦ ǇŀǘƘƻƎŜƴ ǎǳǎǇŜƴǎƛƻƴ ǿŜǊŜ ƛƴƻŎǳƭŀǘŜŘ 

in a 96-ǿŜƭƭ ŎǳƭǘǳǊŜ ǇƭŀǘŜ ŀƴŘ ŀŘŘŜŘ ǿƛǘƘ млл ˃[ ƻŦ ƭŀŎǘƻōŀŎƛƭƭƛκōƛŦƛŘƻōŀŎǘŜǊƛŀ ŎŜƭƭ-free supernatant. 

Negative control wells were added with MRS only. The plates were incubated at 37 °C for 72 h. 

Afterwards, biofilms were quantified by crystal violet staining. Adherent pathogen cells were 

washed twice with PBS, fixed with ethanol, and stained with 0.41% crystal violet (w/v) in 12% 

ethanol. After further washing, crystal violet was solubilized in ethanol and the absorbance was 

measured at 595 nm (EnSpire Multimode Plate Reader, PerkinElmer Inc., Waltham, MA, USA). 

Inhibition of pathogen biofilm formation was expressed in percentage relative to the control wells, 

ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŦƻǊƳǳƭŀΥ ώм ҍ ό!ǎκ!Ŏύϐ Ҏ мллΣ ǿƘŜǊŜ !ǎ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ƳŜŀƴ ƻŦ ŀōǎƻǊōŀƴŎŜ ǾŀƭǳŜǎ 

of the sample wells and Ac the absorbance of the control wells. 

2.10. Evaluation of the prebiotic activity of cell free supernatant  

To evaluate the prebiotic activity of the cell free supernatants (CFS) of the investigated breast milk 

bacteria different strains of bifidobacteria were used, purchased from the DSMZ Leibniz Institute 

(Braunshweig, Germany), commonly resident in the neonatal intestine, as reported in Table 2. 

Table 2. Bifidobacterium strains, purchased from the DSMZ Leibniz Institute, used for the evaluation of 

prebiotic activity of cell free supernatant of the investigated breast milk bacteria. 

Species Strains 

Bifidobacterium breve DSM 20456 

 DSM 20091 

Bifidobacterium angulaturm DSM 20098 

Bifidobacterium bifidum DSM 20082 

 DSM 20215 

 DSM 20213 

Bifidobacterium adolescentis DSM 20086 

DSM20083 

Bifidobacterium longum subsp. longum DSM20219 

Bifidobacterium longum subsp. infantis DSM20088 

 DSM 20090 
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The CFS were obtained by centrifugation of each bacterial suspension (2750 x g for 10 min) in order 

to separate the supernatant by the microbial pellet. Then the supernatant was brought to 6.2 as pH 

value and  filtered with a 0,22 µm filter. In a microtiter plate 100 µL of the CFS obtained by the tested 

breast milk bacteria were added to the 100 µL of each bifidobacteria suspension, except for positive 

control, in which 100 µL of MRS with 0.05% L-cysteine were added. As regards to the well-intended 

for negative control, 200 µL of only growth media were inserted. The plate was then placed in an 

incubator at 37 ° C for 24 hours in anaerobic conditions. In addition, the prebiotic activity of CFS of 

breast milk strains was compared with that of the supernatant obtained from L. rhamnosus GG, 

used for a comparison, for their recognized probiotic activities. Following overnight growth, the 

plate was read on the spectrophotometer to evaluate the OD600 and was calculated each 

percentage induction, intended as prebiotic activity, stimulated by CFS treatments on 

bifidobacteria. 

2.11. Fermentation kinetics in milk and viability at refrigerated storage 

Fresh cultures of lactobacilli and bifidobacteria were inoculated in 50 mL of pasteurized whole milk, 

in order to reach, as initial concentration, at least 7 log CFU on mL of food matrix. After the inoculum, 

the milk was incubated at 37 °C for 48 h and in the meantime the acidification kinetics were assessed 

using a pH meter basic 20 (CRIASON, Modena, Italy). Moreover, the viability of each strain in the 

fermented milk was performed after 24 h at 37 °C by plating on MRS + 0.05% L-cysteine. In addition, 

the viability of these strain in the same food matrix was evaluated also considering the adoption of 

refrigerated conditions (4 °C), that are required during the commercial storage of food products. In 

this case, the viability of each strain was evaluated by plate counting on MRS + 0.05% L-cysteine 

until the 21st day of refrigerated storage. 

2.12. Analysis of volatile molecule profiles in fermented milk 

The volatile molecule profiles of the tested lactobacilli and bifidobacteria in pasteurized whole milk 

were investigated. More specifically, the samples of fermented milks were collected after 48 h of 

ƛƴŎǳōŀǘƛƻƴ ŀǘ от ϲ/Σ ŀŘƻǇǘƛƴƎ ǘƘŜ ǎŀƳŜ ŎƻƴŘƛǘƛƻƴǎ ǊŜǇƻǊǘŜŘ ƛƴ {ŜŎǘƛƻƴ άCŜǊƳŜƴǘŀǘƛƻƴ YƛƴŜǘics in Milk 

ŀƴŘ ±ƛŀōƛƭƛǘȅ ŀǘ wŜŦǊƛƎŜǊŀǘŜŘ {ǘƻǊŀƎŜέΦ ¢ƘŜ ŀǊƻƳŀ ǇǊƻŦƛƭŜ ƻŦ ŜŀŎƘ ǎŀƳǇƭŜ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘƘŜ 

solid phase microextraction technique combined with gas chromatography and mass spectrometry 

(GCMS/SPME), according to the method proposed by Burns et al. (2015). The compounds were then 

identified by using the Agilent Hewlette Packard NIST 98 mass spectral database. 
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2.13. Strain survival under simulated GIT conditions in milk 

In order to evaluate the resistance of the breast milk isolates to a simulated passage through the 

stomach and duodenum, the method proposed by Vinderola et al. (2011) with certain modifications 

was performed. More precisely, a sample containing UHT bovine milk with a microbial inoculum of 

8ςф ƭƻƎ /C¦κƳ[ ǿŀǎ ǇǊŜǇŀǊŜŘΦ ¢ƘŜ ǎŀƳǇƭŜ ǿŀǎ ǘƘŜƴ ƳƛȄŜŘ ǿƛǘƘ ǘƘŜ ǎŀƳŜ ǾƻƭǳƳŜ ƻŦ ŀ άǎŀƭƛǾŀς

ƎŀǎǘǊƛŎέ ǎƻƭǳǘƛƻƴΦ ¢ƘŜ ǎŀƭƛǾŀςgastric solution contained CaCl2 (0.22 g/L), NaCl (16.2 g/L), KCl (2.2 g/L), 

NaHCO3 (1.2 g/L), and 0.3% (w/v) porcine pepsin (Sigma). The sample was quickly brought to pH 

values of 2.5ς3 with HCl 1 M and then was moved to a thermostatic bath for 90 min at 37 °C (WB-

MF, Falc Instruments, Treviglio, Italy). Afterwards, a specific volume was taken to proceed with the 

ŦƛǊǎǘ ǎŀƳǇƭƛƴƎ ƻŦ ǘƘŜ ŎŜƭƭǎΩ Ǿƛŀōƛƭƛǘȅ όƎŀǎǘǊƛŎ ŘƛƎŜǎǘƛƻƴύΦ Lƴ ǘƘŜ ƳŜŀƴǘƛƳŜΣ н Ƴ[ ƻŦ ǘƘŜ ǎŀƳŜ ǎŀƳǇƭŜ 

were centrifuged (12,000 rpm, 4 min and 4 °C), the obtained microbial pellet was washed with 2 mL 

of NaCl 0.9% isotonic solution and then resuspended in 2 mL of bile extract porcine solution (Sigma) 

at a concentration of 1% in PBS, which simulated the hepatic bile. Then, the sample was moved to 

a thermostatic bath at 37 °C for 10 min in order to simulate the duodenal shock phase of the bile. 

Then, 100 µL of the sample was taken for the second sampling in order to verify how this duodenal 

shock could affect cell viability. The remaining sample was subjected to centrifugation (12,000 rpm 

for 4 min at 4 °C), the microbial pellet was then resuspended to the initial volume with NaCl 0.9% 

isotonic solution. After that, a third solution, representing enteric stress (0.3% bile and 0.1% 

pancreatin from porcine pancreas dissolved in PBS) was added. The last incubation time in the 

thermostatic bath was 90 min at 37 °C. Then, 100 µL was taken from the sample for the last sampling 

(intestinal digestion). Samples were plated on MRS agar plates with 0.05% L-cysteine and incubated 

at 37 °C for 24ς48 h in anaerobic conditions. 

2.14. Statistical analysis 

The microbiological and chemical-physical 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 

ǾŀǊƛŀƴŎŜ ό!bh±!ύΣ ŀƴŘ ¢ǳƪŜȅΩǎ ǘŜǎǘ ŦƻǊ Řŀǘŀ ŎƻƳǇŀǊƛǎƻƴǎΦ 
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3. Results and Discussion 

3.1. Hydrophobicity and auto-aggregation 

Hydrophobicity and auto-aggregation results are reported in Figures 1 and 2, respectively. 

Hydrophobicity and auto-aggregation were evaluated also for L. rhamnosus GG and B. animalis 

subsp. lactis BB-12, that are recognized probiotics and used here as a reference strains. It was 

observed that breast milk strains showed a different behavior in terms of hydrophobicity (Figure 1). 

The highest values were detected for L. gasseri 32T0A (85.11%), L. plantarum 30b6a (78.40%), B. 

longum 32T0B.bis (77.87%). As regards to the other strains L. plantarum 32T0C, L. plantarum 3.6D, 

L. plantarum 11.3C, L. plantarum 31T0C, L. plantarum 29T0L, L. plantarum 34T0B showed, 

respectively, hydrophobicity values of 77.59%, 75.47%, 72.18%, 70.73%, 69.28%, 65.82%. The 

remaining strains expressed hydrophobicity levels below 60%. With regard to the auto-aggregation 

results, in this case each strain has also expressed a specific behavior (Figure 2). The most promising 

values were 89.77%, 85.65%, 84.67%, 80.73%, recorded for B. longum 32T0 B.bis, L. gasseri g.1, L. 

plantarum 31 T0 C, B. animalis BL6. In addition, L. plantarum 3.6D, L. plantarum 30b6A, L. plantarum 

34T0B, L. gasseri CFl11, L. plantarum M6C, L. plantarum 33.1G, L. plantarum 29T0L, L. gasseri 32 T0 

A, L. plantarum 35 T0 B.bis showed a rate of auto-aggregation of 67.80%, 67.25%, 65.82%, 65.24%, 

64.01%, 63.15%, 54.40%, 53.40%, 50.50%, whereas the remaining strains indicated percentages 

ōŜƭƻǿ рл҈Φ Lƴ ǘƘƛǎ ŦǊŀƳŜǿƻǊƪΣ ƛǘΩǎ interesting to underline how the hydrophobicity and 

autoaggregation data observed for the majority of the investigated strains are even more relevant 

than those showed by GG ATCC®53103ϰ (52.29% hydrophobicity and 34.05% autoaggregation) BB-

12® (45.14% hydrophobicity and 37.92% autoaggregation). In this context, the recorded data are 

useful in order to understand the potential functionality of the different strains. As reported by 

several authors (Schillinger et al., 2005; Tabanelli et al., 2013), the hydrophobic nature of the surface 

of a microorganism could be associated with a better attachment of the strain to host cells and 

consequently represents an advantage for its permanence in the gastrointestinal tract. Other 

studies (Abdulla, 2014; Boris et al., 1998) have discussed about the hydrophilic behavior of bacteria, 

that occurs with values similar or less than 40% whereas the hydrophobic nature is highlighted for 

those bacteria with average of more than 40%. According to these considerations, almost all of 

these strains showed ranges up than 40%, with the only exception for CFl11 with 34.90%. As an 

addition factor to describe the potential ability of these strains to adhere to the gastrointestinal 

tract, a high autoaggregation capability was detected for the majority of the strains under study. 
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Moreover, an interesting correlation between hydrophobicity and auto-aggregation data was 

highlighted for selected strains such as B. longum 32T0B.bis, L. plantarum 31 T0 C, L. plantarum 

3.6D, which showed higher values for these two investigated parameters. 

 

Figure 1. Cell hydrophobicity of L. plantarum 3.6D, 11.3 C, M 6 C, 29 T0 L, 31 T0 C, 32 T0 C, 33.1 G, 34 T0 B, 

35 T0 B.Bis, 30 b6 A, L. gasseri 32T0A, 34 T0C, g.1, C F l11, B. longum 32T0B.Bis, B. animalis BL6 and L. 

rhamnosus GG and B. animalis subsp. lactis BB-12. Results are reported as average ± SD. Samples equipped 

with different letters are significantly different (p < 0.05). 

 

a
ab

c

b ab

a

d

b

c

e

f

c
c

g

e

h
h

c

0.00

20.00

40.00

60.00

80.00

100.00

3.6D 11.3 C M 6 C 29 T0 L31 T0 C32 T0 C33.1 G34 T0 B35 T0
B.bis

30b6a 32 T0 A34 T0 C g.1 C F l 1132 T0
B.bis

BL6 GG BB12

H
y
d

ro
p

h
o

b
ic

ity
 %

a

c

b

d

e

f

b
ab

f

ab

d

f

e

ab

h

i

g
g

0.00

20.00

40.00

60.00

80.00

100.00

3.6D 11.3 C M 6 C 29 T0 L31 T0 C32 T0 C33.1 G34 T0 B 35 T0
B.bis

30b6A 32 T0 A34 T0 C g.1 C F l 1132 T0
B.bis

BL6 GG BB12

A
u

to
a

g
g

re
g
a

ti
o

n
%



89 
 

Figure 2. Cell autoaggregation of L. plantarum 3.6D, 11.3 C, M 6 C, 29 T0 L, 31 T0 C, 32 T0 C, 33.1 G, 34 T0 

B, 35 T0 B.Bis, 30 b6 A, L. gasseri 32T0A, 34 T0C, g.1, C F l11, B. longum 32T0B.Bis, B. animalis BL6 and L. 

rhamnosus GG and B. animalis subsp. lactis BB-12. Results are reported as average ± SD. Samples equipped 

with different letters are significantly different (p < 0.05). 

 

3.2. Adhesion of breast milk strains to intestinal cells 

As already stated, the ability of a candidate probiotic to adhere to gut mucosal surface is a desired 

important characteristic, since adhesion process represents the first step of microbial colonization 

and high adhesiveness ensures for microbial persistence in a given environment. In order to assess 

the adhesiveness of breast milk lactobacilli/bifidobacteria, differentiated Caco-2 cells were 

employed, as they resemble significant features of human enterocytes with a brush border layer as 

found in the small intestine. In this sense, in Table 3, the data related to the adhesive properties of 

the strains, expressed as the num. of lactobacilli/bifidobacteria cells on Caco-2 cells, are reported. 

Adhesion values varied between 4.4 and 34.2 bacterial cells/Caco-2 cell, being L. plantarum 29T0L, 

L. plantarum 34T0B and L. gasseri 34T0C the most adhesive strains. Most breast-milk-isolated 

strains showed a very good aptitude to adhere to intestinal cells, even higher than L. rhamnosus GG 

(15.6 ± 3.2). This behavior with respect to L. rhamnosus GG, a well-known probiotic strain endowed 

with remarkable beneficial features, has been already underlined for hydrophobicity and auto-

aggregation properties, pointing up the high potential of breast-milk-isolated strains as probiotics. 

As mentioned before, hydrophobic nature of the surface of microorganisms influences their 

adhesion to intestinal cells, indeed lactobacilli/bifidobacterial strains herein analyzed are 

characterized by valuable hydrophobicity and ability to adhere to Caco-2 cells. Notably, L. gasseri 

CFl11 strain showed the lowest hydrophobicity and the lowest adhesiveness. L. gasseri CFl11 

together with L. gasseri g1 strain showed high level of auto-aggregation but low adhesion to Caco-

2 cells, suggesting that the interaction of microbial cells with different biotic surfaces (i.e., other 

bacteria or human epithelium) can involve different surface molecules (Lebeer et al., 2008). 
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Table 3. Adhesion of breast milk lactobacilli/bifidobacteria strains on differentiated Caco-2 cells. Data are 

expressed as number of adherent microbial cells/Caco-2 cell and shown as average ± SD. Samples equipped 

with different letters are significantly different (p < 0.05). 

Strain Adhesion (n. Adherent Microbes/Caco-2 Cell) 

L. plantarum 3.6D 22.9 ± 8.6 a,c,l 

L. plantarum 11.3C 14.3 ± 8.4 b,h,m 

L. plantarum M6C 25.7 ± 11.2 a,g 

L. plantarum 29T0L 34.2 ±13.4 d 

L. plantarum 31T0C 24.7 ± 8.5 a,l 

L. plantarum 32T0C 21.2 ± 6.8 c,f 

L. plantarum 33.1 G 20.2 ± 7.7 c 

L. plantarum 34T0B 28.7 ± 11.3 e 

L. plantarum 35T0Bbis 17.1 ± 7.9 b,f 

L. plantarum 30b6A 24.8 ± 9.0 a,g,l 

L. gasseri 32T0A 14.7 ± 4.0 b,h 

L. gasseri 34T0C 27.7 ± 12.1 e,g 

L. gasseri g.1 13.9 ± 6.9 h,m 

L. gasseri CFl11 4.4 ± 3.7 i 

B. longum 32T0Bbis 22.5 ± 6.0 c,l 

B. animalis BL6 13.7 ± 5.4 h,m 

L. rhamnosus GG 15.6 ± 3.2 m 

 

3.3. Antibiotic susceptibility 

In order to better assess the safety of these strains, their antibiotic susceptibility was investigated 

considering a wide spectrum of antibiotics (Table 4). In fact, also for EFSA, during the selection of 

starter, co-starter or functional microorganisms the determination of their antibiogram is 

considered as an important prerequisite (Wedajo, 2015). The antibiogram (Table 4) of breast milk 

lactobacilli and bifidobacteria showed a specific behavior that is related to the species and the strain 

considered. This behavior is also confirmed by several studies (Mayo et al., 2007). More specifically 

as regards to our data, the obtained results have reported that among all the considered antibiotics, 

Clindamycin, Ampicillin, Penicillin, Linezolid, Rifampicin exhibited the highest bactericidal effect 

against all the selected strains. Otherwise, Gentamicin, Kanamycin, Streptomycin, Neomycin, 
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Vancomycin, Trimethoprim showed lower antibacterial activities, especially for the Lactobacillus 

strains. In this framework, literature data has clearly indicated the natural resistance of different 

lactic acid bacteria and bifidobacteria strains to several antibiotics (Gueimonde et al., 2013). 

Lactobacilli, pediococci and Leuconostoc spp. have been reported to express a high natural 

resistance to Vancomycin. This behaviour could be useful to discern them from other Gram-positive 

bacteria (Shah, 1998). Other studies (Danielsen & Wind, 2003; Temmerman et al., 2003) were 

conducted in order to establish the levels of susceptibility of Lactobacillus spp. to various 

antimicrobial agents such as Vancomycin, Kanamycin, Tetracycline, Penicillin, Erythromycin and 

Chloramphenicol and this sensitivity was shown to be species dependent. Additionally, during our 

investigation, not only a species-dependent sensitivity to antibiotics was observed for L. plantarum 

and L. gasseri, but also a different behaviour for different strains belonging to the same species. 

More generally, as regards the variability of susceptibility to antibiotics within the species, among 

the strains belonging to L. plantarum, variability was observed only for gentamicin; whereas the 

strains belonging to L. gasseri showed considerable variability for most of the antibiotics used. As 

regards to bifidobacteria, as reported by Masco et al. (2006); Sánchez et al. (2017), they are usually 

very susceptible to Gram-positive spectrum antibiotics (Erythromycin, Lincomycin, Novobiocin, 

Teicoplanin and Vancomycin), broad-spectrum antibiotics (Rifampicin, and Chloramphenicol) and 

beta-lactams (Penicillin, Ampicillin, Amoxicillin, Piperacillin, Ticarcillin and Imipenem). In contrast, 

most Bifidobacterium species are generally resistant to Neomycin, Gentamicin, Kanamycin and 

Streptomycin (Delgado et al., 2005; Masco et al., 2006), as shown also in the present study (Table 

4). Furthermore, considering the potential inclusion of these strains in food products, further 

insights are necessary to deeply characterize the resistance mechanism. 
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Table 4. Evaluation of minimum inhibitory concentrations (MIC, µg/mL) of selected antibiotics against 

Lactobacillus and Bifidobacterium strains isolated from breast milk and used in the present study. 

Strain 

G
e

n
ta

m
icin 

K
a

n
a

m
y
cin 

S
tre

p
to

m
y
cin 

N
e

o
m

y
cin 

T
e

tra
cy

clin
e 

E
ry

tro
m

y
cin 

C
lin

d
a

m
y
cin 

C
h
lo
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m

p
h
e

n
ico

l 

A
m

p
icillin 

P
e

n
icillin 

V
a

n
co

m
y
c
in 

D
a

lfo
p
ristin 

L
in

e
zo

lid 

T
rim

e
th

o
p
rim

 

C
ip

ro
flo

xa
cin 

R
ifa

m
p
ic

in 

L. plantarum 
3.6D 

128 612 128 >64 16 1 4 8 0.25 0.25 >128 8 4 >64 64 1 

L. plantarum 
11.3C 

256 1024 >256 >64 16 1 4 4 0.12 0.5 >128 4 4 >64 64 1 

L. plantarum 
M6C 

128 1024 >256 >64 16 1 2 4 0.25 0.5 >128 4 4 >64 64 1 

L. plantarum 
29T0L 

256 >1024 >256 >64 16 2 4 8 0.12 0.5 >128 4 4 >64 64 2 

L. plantarum 
31T0C 

>256 1024 >256 >64 16 2 4 8 0.12 0.5 >128 4 4 >64 64 2 

L. plantarum 
32T0C 

64 1024 >256 >64 16 2 8 8 0.12 0.5 >128 2 2 >64 32 1 

L. plantarum 
33.1 G 

256 >1024 >256 >64 16 2 4 8 0.12 0.5 >128 4 4 >64 64 8 

L. plantarum 
34T0B 

256 >1024 >256 >64 16 2 8 8 0.12 0.5 >128 2 2 >64 32 2 

L. plantarum 
35T0Bbis 

256 >1024 >256 >64 16 2 4 8 0.12 1 >128 4 2 >64 32 1 

L. plantarum 
30b6A 

64 1024 >256 >64 16 1 4 4 0.1 0.5 >128 4 2 >64 64 1 

L. gasseri 32T0A 64 1024 >256 >64 16 1 4 8 0.25 0.06 2 1 2 8 32 0.12 
L. gasseri  

34T0C 
256 1024 >256 >64 32 2 8 8 0.12 0.5 >128 2 2 >64 64 1 

L. gasseri  
g.1 

128 1024 128 >64 4 0.5 1 4 0.25 0.06 2 1 1 16 32 0.12 

L. gasseri  
CFl11 

32 256 8 >64 2 0.12 0.6 4 0.12 0.06 2 1 1 16 32 0.12 

B. longum 
32T0Bbis 

32 1024 128 >64 1 0.03 0.03 0.5 0.12 0.06 0.5 0.06 0.12 4 4 0.12 

B. animalis BL6 256 1024 128 >64 32 0.12 0.06 1 0.06 0.12 1 0.25 0.5 0.12 8 0.25 

 

3.4. Antagonistic activity against spoilage and pathogenic species of food interest 

The antagonist activities of the breast-milk-isolated strains against several spoilage species were 

evaluated. As shown in Table 5, all tested strains showed a remarkable inhibitory activity against 

pathogens of food interest such as L. monocytogenes ATCC 13932, L. monocytogenes SCOTT A, L. 

innocua ATCC 51742, S. enteritidis MB1409, S. enteritidis E5, E. faecium BC104, E. coli 555 and S. 

aureus DSM 20231. More specifically half of the lactobacilli determined inhibition zones ranging 

between 6 and 10 mm toward L. monocytogenes SCOTT A, L. innocua ATCC 51742, S. enteritidis 

MB1409, S. enteritidis E5, E. faecium BC104, E. coli 555 and S. aureus DSM 20231. Moreover, almost 

all lactobacilli/bifidobacteria showed an antagonist activity, with inhibition zones ranging between 

1 and 6 mm, also against L. monocytogenes ATCC 13932. In this framework, although most of these 
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strains have shown a strong antagonist activity, among all the better results were recorded for L. 

plantarum 3.6D, that also against L. monocytogenes ATCC 13932 produced an inhibition zone 

ranging between 6 and 10 mm. In contrast, for B. longum 32T0Bbis and B. animalis BL6, the lowest 

antagonistic activity against almost all the target microorganisms under study were recorded. In this 

framework, B. longum 32T0Bbis was the only strain that showed no activity towards a pathogen 

(i.e., S. aureus DSM 20231). 

Table 5. Evaluation of the antagonistic activity of the Lactobacillus and Bifidobacterium strains isolated 

from breast milk and used in the present study against selected pathogenic or spoilage microorganisms 

related to foods. 

Strain 

L.  
monocytogenes 

ATCC 
 13932 

L.  
monocytogenes  

SCOTT  
A  

L.  
innocua  

ATCC  
51742 

S.  
enteritidis  
MB1409 

S.  
enteritidis  

E5 

E.  
faecium  
BC104 

E.  
coli  
555 

S.  
aureus DSM 

20231 

L. plantarum 
3.6D 

+++ +++ +++ +++ +++ +++ ++++ +++ 

L. plantarum 
11.3C 

++ +++ +++ +++ +++ +++ +++ +++ 

L. plantarum 
M6C 

++ ++ +++ +++ +++ +++ +++ +++ 

L. plantarum 
29T0L 

++ ++ ++++ +++ +++ +++ +++ +++ 

L. plantarum 
31T0C 

++ ++ +++ +++ +++ +++ +++ +++ 

L. plantarum 
32T0C 

++ ++ ++++ ++++ +++ +++ ++  ++++ 

L. plantarum 
33.1 G 

++ +++ +++ +++ +++ +++ +++ +++ 

L. plantarum 
34T0B 

++ +++ +++ +++ +++ +++ +++ +++ 

L. plantarum 
35T0Bbis 

++ + +++ +++ +++ +++ +++ +++ 

L. plantarum 
30b6A 

++ +++ ++ +++ ++++ +++ +++ +++ 

L. gasseri 32T0A ++ +++ ++ +++ +++ ++ ++  +++ 
L. gasseri  

34T0C 
++ +++ +++ +++ +++ +++ +++ +++ 

L. gasseri 
 g.1 

++ ++ + ++ ++ ++ +++ +++ 

L. gasseri  
CFl11 

++ ++ ++ ++ ++ ++ +++ ++ 

B. longum 
32T0Bbis 

+ + + ++ + + + - 

B. animalis  
BL6 

+ ++ + + ++ ++ ++ + 

[ŜƎŜƴŘΥ ҍΣ ƴƻ ƛƴƘƛōƛǘƛƻƴΤ ҌΣ ƛƴƘƛōƛǘƛƻƴ мς3 mm; ++, inhibition 3ς6 mm; + + +, inhibition 6ς10 mm; + + ++, >10 mm. The diameter of 

inhibition, for each strain, was the average of three replicates. 

3.5. Antagonistic activity against intestinal pathogenic species 

Enterotoxigenic E. coli, S. choleraesuis, and Y. enterocolitica were employed as strains 

representative of the major pathogens responsible for intestinal infections. The antagonistic activity 

of breast milk lactobacilli/bifidobacteria was evaluated as described in par 2.6, and results are 



94 
 

reported in Table 6. All the isolated strains turned to be highly effective towards intestinal 

pathogens, with inhibition zones above 6 mm. Most strains showed inhibition zones above 10 mm 

against Y. enterocolitica, with the only exception of L. plantarum 29T0L and L. plantarum 30b6A. 

The best anti-pathogen profile was recorded for L. plantarum 3.6D, confirming the remarkable 

antimicrobial activity previously observed towards spoilage strains. The antimicrobial activity was 

also analyzed in terms of anti-biofilm effect since the sessile mode of growth of microorganisms 

contribute to their persistence and resistance to biotic and abiotic factors. From the clinical 

viewpoint, the establishment of a biofilm by a pathogenic species on human mucosae generally 

increases resistance to antibiotics as well as the persistence over time of the pathogen itself, 

challenging its eradication. In this perspective, the ability of a beneficial strain to interfere not only 

with pathogen growth, but also to its adherence and biofilm formation, represents an advantage. 

Breast-milk-isolated strains all showed the ability to inhibit pathogen biofilm formation, as reported 

in Figure 3. Overall, L. plantarum strains were highly effective towards the three tested pathogens 

(52.9ς100% biofilm inhibition), particularly towards Y. enterocolitica (79.8ς96% biofilm inhibition). 

L. gasseri strains strongly inhibited enterotoxigenic E. coli biofilm formation (59ς97.6% biofilm 

inhibition) but were less active towards S. choleraesuis (23.9ς66.7% biofilm inhibition). The best 

anti-profile was registered for L. plantarum 33.1G and L. plantarum 34T0B (>80% inhibition against 

all pathogens), followed by L. plantarum 32T0C and L. plantarum 35T0BBis. 

Table 6. Evaluation of the antagonistic activity of the Lactobacillus and Bifidobacterium strains isolated 

from breast milk and used in the present study against intestinal pathogenic species. 

Strain E. coli H10407 
S. choleraesuis serovar 

typhimurium 
Y. enterocolitica 

L. plantarum 3.6D ++++ ++++ ++++ 

L. plantarum 11.3C ++++ +++ ++++ 

L. plantarum M6C +++ +++ ++++ 

L. plantarum 29T0L +++ +++ +++ 

L. plantarum 31T0C +++ +++ ++++ 

L. plantarum 32T0C +++ +++ ++++ 

L. plantarum 33.1 G ++++ +++ ++++ 

L. plantarum 34T0B ++++ +++ ++++ 
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L. plantarum 35T0Bbis +++ +++ ++++ 

L. plantarum 30b6A ++++ +++ +++ 

L. gasseri 32T0A ++++ +++ ++++ 

L. gasseri 34T0C ++++ +++ ++++ 

L. gasseri g.1 +++ +++ ++++ 

L. gasseri CFl11 +++ +++ ++++ 

B. longum 32T0Bbis +++ ++++ ++++ 

B. animalis BL6 +++ +++ ++++ 

[ŜƎŜƴŘΥ ҍΣ ƴƻ inhibition; +, inhibition 1ς3 mm; ++, inhibition 3ς6 mm; + + +, inhibition 6ς10 mm; + + ++, 

>10 mm. The diameter of inhibition, for each strain, was the average of three replicates. 

 

Figure 3. Inhibition of pathogen biofilm formation by L. plantarum 3.6D, 11.3 C, M 6 C, 29 T0 L, 31 T0 C, 32 

T0 C, 33.1 G, 34 T0 B, 35 T0 B.Bis, 30 b6 A, L. gasseri 32T0A, 34 T0C, g.1, C F l11, B. longum 32T0B.Bis, B. 

animalis BL6. All samples except those marked with the red asterisk are statistically different from the 

control, intended as the uninhibited pathogen strain. 

3.6. Evaluation of the prebiotic activity of cell free supernatant (CFS) 

Below are reported the graphs (Figures 4 - 4.10)  obtained by the tests carried out to evaluate the 

activity of cell free supernatant (CFS) on 11 strains of bifidobacteria, purchased from the DSMZ 

Leibniz Institute (Braunshweig, Germany), commonly resident in the neonatal intestine. In addition 

to the study treatments, L. rhamnosus GG was used as a reference. 
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Figure 4. Effect of CFS from breast milk strains and L. rhamnosus GG (LGG) on the growth of Bifidobacterium 

breve DSM 20456; this value was reported as a percentage (in the ordinate axis) ± relative standard 

deviation normalized for the mean of the positive controls. The red asterisks (*) indicate the significance 

of the reported data (significant for p-value <0.05) compared to the control. 

 

Figure 4.1 Effect of CFS from breast milk strains and L. rhamnosus GG (LGG) on the growth of 

Bifidobacterium breve DSM 20091; this value was reported as a percentage (in the ordinate axis) ± relative 

standard deviation normalized for the mean of the positive controls. The red asterisks (*) indicate the 

significance of the reported data (significant for p-value <0.05) compared to the control. 
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Figure 4.2 Effect of CFS from breast milk strains and L. rhamnosus GG (LGG) on the growth of 

Bifidobacterium angulatum DSM 20098; this value was reported as a percentage (in the ordinate axis) ± 

relative standard deviation normalized for the mean of the positive controls. The red asterisks (*) indicate 

the significance of the reported data (significant for p-value <0.05) compared to the control. 

 

Figure 4.3 Effect of CFS from breast milk strains and L. rhamnosus GG (LGG) on the growth of 

Bifidobacterium bifidum DSM 20082; this value was reported as a percentage (in the ordinate axis) ± 

relative standard deviation normalized for the mean of the positive controls. The red asterisks (*) indicate 

the significance of the reported data (significant for p-value <0.05) compared to the control. 
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Figure 4.4 Effect of CFS from breast milk strains and L. rhamnosus GG (LGG) on the growth of 

Bifidobacterium bifidum DSM 20215; this value was reported as a percentage (in the ordinate axis) ± 

relative standard deviation normalized for the mean of the positive controls. The red asterisks (*) indicate 

the significance of the reported data (significant for p-value <0.05) compared to the control. 

 

Figure 4.5 Effect of CFS from breast milk strains and L. rhamnosus GG (LGG) on the growth of 

Bifidobacterium bifidum DSM 20213; this value was reported as a percentage (in the ordinate axis) ± 

relative standard deviation normalized for the mean of the positive controls. The red asterisks (*) indicate 

the significance of the reported data (significant for p-value <0.05) compared to the control. 
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Figure 4.6 Effect of CFS from breast milk strains and L. rhamnosus GG (LGG) on the growth of 

Bifidobacterium adolescentis DSM 20086; this value was reported as a percentage (in the ordinate axis) ± 

relative standard deviation normalized for the mean of the positive controls. The red asterisks (*) indicate 

the significance of the reported data (significant for p-value <0.05) compared to the control. 

 

Figure 4.7 Effect of CFS from breast milk strains and L. rhamnosus GG (LGG) on the growth of 

Bifidobacterium adolescentis DSM 20083; this value was reported as a percentage (in the ordinate axis) ± 

relative standard deviation normalized for the mean of the positive controls. The red asterisks (*) indicate 

the significance of the reported data (significant for p-value <0.05) compared to the control. 
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Figure 4.8 Effect of CFS from breast milk strains and L. rhamnosus GG (LGG) on the growth of 

Bifidobacterium longum subsp. longum DSM 20219; this value was reported as a percentage (in the 

ordinate axis) ± relative standard deviation normalized for the mean of the positive controls. The red 

asterisks (*) indicate the significance of the reported data (significant for p-value <0.05) compared to the 

control. 

 

Figure 4.9 Effect of CFS from breast milk strains and L. rhamnosus GG (LGG) on the growth of 

Bifidobacterium longum subsp. infantis DSM 20088; this value was reported as a percentage (in the 

ordinate axis) ± relative standard deviation normalized for the mean of the positive controls. The red 

asterisks (*) indicate the significance of the reported data (significant for p-value <0.05) compared to the 

control. 
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Figure 4.10 Effect of CFS from breast milk strains and L. rhamnosus GG (LGG) on the growth of 

Bifidobacterium longum subsp. infantis DSM 20090; this value was reported as a percentage (in the 

ordinate axis) ± relative standard deviation normalized for the mean of the positive controls. The red 

asterisks (*) indicate the significance of the reported data (significant for p-value <0.05) compared to the 

control. 

From the data obtained, it is possible to deduce how CFS obtained from bacteria isolated from 

breast milk possess a strain-specific prebiotic activity against the Bifidobacterium strains tested. In 

particular, considering the 11 bifidobacteria tested, on 7 of them an increase in growth was 

observed compared to the untreated control, on 2 no effect was observed and on the other 2 a 

decrease in growth was observed following treatment with some supernatants. On some strains (B. 

infantis DSM 20088, B. angulatum DSM 20098 and B. bifidum DSM 20082) the most intense 

prebiotic effects were recorded: induction percentages equal to or greater than 50% were reported; 

on others (B. adolescentis DSM 20086, B. adolescentis DSM 20083, B breve DSM 20456 and B. 

infantis DSM 20090) an increase in proliferation was noted but of lesser intensity. The supernatants 

were found to be ineffective on B. longum DSM 20219 and on B. bifidum DSM 20215: there were 

no changes, either positive or negative, in terms of growth. As regards, however, B. breve DSM 

20091 and B. bifidum DSM 20213, the effect of the treatments was found, for some supernatants, 

to inhibit the proliferation of these microorganisms, although not excessive. Among the breast milk 

strains tested, the supernatants obtained from the L. plantarum 35T0BBis strain proved to be almost 

always very effective in inducing the growth of almost all bifidobacteria, except only for B. bifidum 
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DSM 20213, for which it was experienced a decline in proliferation following treatment. In 

particular, on 6 bifidobacteria tested, the CFS of L. plantarum 35T0BBis was among the most 

effective in terms of prebiotic activity. On the other 4 bifidobacteria, it still induced an increase in 

growth, but it did so with less intensity, comparable to that induced by the other supernatants. The 

greatest increase in microbial growth occurred on B. infantis DSM 20088: the supernatants obtained 

from breast milk bacteria showed a very strong bifidogenic activity on this strain, such as to 

quadruple its growth, recording even higher in vitro induction percentages (400% compared to the 

control). This species mentioned above is recognized as one of the main colonizers of the intestinal 

microbiota of breastfed infants and, like all the other members of the genus Bifidobacterium, 

possesses numerous beneficial and protective properties towards the host, especially crucial in the 

first life times (Arboleya et al., 2011). Also in this case, it is suggested that this effect is due to one 

or more specific metabolites present in the supernatant produced by LAB bacteria. The increase and 

/ or reduction in the growth of bifidobacteria is, therefore, most likely attributable to the 

intervention of one of these molecules. It would be interesting, therefore, to investigate this aspect, 

looking for which are, specifically, the metabolites produced by the breast milk strains most active 

in the phenomenon of bifidogenic induction. In general, a widespread bifidogenic behavior of CFS 

was observed. Taking up what has already been said, we recall that the Bifidobacterium genus 

appears to be the most prevalent in the first months of life, in particular in the period corresponding 

to a diet strictly based on human milk (Arboleya et al., 2011). A bifidogenic activity towards B. 

infantis and, in general, also towards other bifidobacteria and an antibacterial activity manifested 

by some of the supernatants of human milk bacteria tested is very interesting for preserving a 

correct balance of the neonatal intestinal flora. These properties are able to support the "good" 

population residing in the enteric compartment and at the same time hinder the adhesion and 

proliferation of pathogenic microbes. For example, in infants fed with formula milk, there was a 

greater colonization of the intestine by enterobacteria, including any pathogens, and a reduction in 

bifidobacteria (Rautava, 2016). These CFS have shown a double activity, capable of correcting both 

of these imbalances. Thanks to the antimicrobial-prebiotic dualism demonstrated by these 

supernatants, they could be useful to administer to newborns in order to intervene in both aspects 

with a single treatment. 
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3.7. Fermentation kinetics in pasteurized milk and viability at refrigerated storage 

In order to better understand the technological potential of these selected breast milk strains, their 

kinetics of fermentation and viability in milk were studied. As shown in Table 7, the results have 

indicated for most of these strains slow fermentation kinetics that are not acceptable for dairy 

industries. These data are useful to underline their unsuitability as fermentation starters. In sight of 

this, several authors have also highlighted that the probiotic bacteria belonging to Bifidobacterium 

and Lactobacillus spp. are generally used as additional cultures (Castro et al., 2015; Settanni & 

Moschetti, 2010). Nevertheless, as reported in Table 8, for most of these strains the maintenance 

of high viability after 24 h of incubation at 37 °C in pasteurized whole milk was observed. After these 

considerations, in order to better understand their potential use in dairy products, the viability of 

these strains in pasteurized milk in refrigeration conditions for 21 days was also investigated (Table 

9). In this framework, some of the strains, such as L. plantarum 3.6D, L. plantarum M6C, L. plantarum 

31T0C, L. plantarum 32T0C, showed the maintenance of the highest cells viability until 21 days at 

4°C (>6.5 log CFU/g), indicating their potential suitability as adjunct cultures in a dairy product such 

as a fermented milk. In fact, from an applicative point of view, as reported by Patrignani et al. (2017); 

Patrignani & Lanciotti (2016), in order to develop satisfactory fermented probiotic products, the 

viable cell count at the moment of consumption should be above 6 log CFU/g in order to fulfill 

standards proposed by the International Dairy Federation (IDF 1992) and to provide the intake of a 

ǎǳŦŦƛŎƛŜƴǘ άŘŀƛƭȅ ŘƻǎŜέ ƻŦ ǾƛŀōƭŜ ōŀŎǘŜǊƛŀΦ   

 Table 7. Kinetics of acidifications (reported as changes of pH values) of lactobacilli and bifidobacteria 

inoculated in pasteurized whole milk. The sampling points are expressed as hours. The pH values are the 

average of three replicates with a variability <5%. 

Strain t0 t3 t6 t11 t14 t16 t20 t24 t29 t31 t34 t37 t42 t48 

L. plantarum 3.6D 6.53 6.45 6.39 6.28 6.21 6.15 6.11 6.07 5.81 5.67 5.58 5.29 5.28 5.17 
L. plantarum 11.3C 6.50 6.42 6.27 6.17 6.11 6.03 5.97 5.95 5.88 5.78 5.69 5.61 5.35 5.04 
L. plantarum M6C 6.60 6.51 6.28 6.23 6.21 6.08 6.13 5.91 5.78 5.35 5.13 4.82 4.63 4.09 
L. plantarum 29T0L 6.57 6.40 6.25 6.22 6.02 5.87 5.77 5.68 5.62 5.51 5.44 5.31 5.25 5.02 
L. plantarum 31T0C 6.57 6.54 6.44 6.35 6.16 6.04 5.87 5.79 5.76 5.64 5.53 5.30 5.26 5.14 
L. plantarum 32T0C 6.56 6.51 6.36 6.31 6.06 5.95 5.79 5.72 5.61 5.59 5.51 5.27 5.25 5.10 
L. plantarum 33.1 G 6.55 6.49 6.34 6.27 6.10 6.01 5.84 5.67 5.68 5.60 5.50 5.31 5.30 5.13 
L. plantarum 34T0B 6.56 6.48 6.39 6.32 6.26 6.16 6.11 6.05 6.25 6.24 6.03 5.91 5.40 5.19 

L. plantarum 35T0Bbis 6.59 6.53 6.47 6.39 6.36 6.34 6.30 5.96 5.78 5.31 5.24 5.22 5.13 5.05 
L. plantarum 30b6A 6.59 6.52 6.41 6.34 6.23 6.21 6.09 6.07 6.05 6.02 5.92 5.76 5.68 5.80 

L. gasseri 32T0A 6.55 6.51 6.43 6.36 6.18 6.05 5.89 5.78 5.77 5.63 5.45 5.33 5.26 5.05 
L. gasseri 34T0C 6.62 6.54 6.39 6.32 6.23 6.09 6.11 6.07 6.04 6.01 5.97 5.94 5.92 5.88 

L. gasseri g.1 6.56 6.50 6.35 6.33 6.27 6.13 6.02 5.91 5.84 5.79 5.67 5.45 5.26 5.24 
L. gasseri CFl11 6.63 6.55 6.39 6.31 6.24 6.11 6.07 6.02 5.98 5.94 5.89 5.84 5.77 5.71 

B. longum 32T0Bbis 6.58 6.40 6.16 6.21 6.04 5.96 5.88 5.79 5.68 5.67 5.55 5.48 5.46 5.38 
B. animalis BL6 6.48 6.43 6.39 6.31 6.27 6.18 6.12 6.03 5.98 5.92 5.88 5.81 5.76 5.69 
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Table 8. Microbial viability of the lactobacilli and bifidobacteria under study in pasteurized whole milk (log 

CFU/mL) after inoculation (t0) and after 24 h (t24) of incubation at 37 °C. The cell counts are expressed as 

the average of three replicates; the values are reported ± standard deviations (SD). 

Strain t0 t24 
L. plantarum 3.6D 7.32 ± 0.23 7.49 ± 0.13 
L. plantarum 11.3C 6.12 ± 0.13 7.32 ± 0.15 
L. plantarum M6C 7.89 ± 0.19 8.77 ± 0.18 
L. plantarum 29T0L 6.70 ± 0.17 7.76 ± 0.18 
L. plantarum 31T0C 7.15 ± 0.23 8.6 ± 0.16 
L. plantarum 32T0C 7.2 ± 0.16 9.25 ± 0.25 
L. plantarum 33.1 G 6.95 ± 0.13 9.3 ± 0.25 
L. plantarum 34T0B 7.5 ± 0.23 7.88 ± 0.19 

L. plantarum 35T0Bbis 6.69 ± 0.17 7.39 ± 0.21 
L. plantarum 30b6A 6.93 ± 0.21 7.55 ± 0.24 

L. gasseri 32T0A 7.12 ± 0.13 7.98 ± 0.19 
L. gasseri 34T0C 6.99 ± 0.17 7.39 ± 0.21 

L. gasseri g.1 6.94 ± 0.21 7.95 ± 0.24 
L. gasseri CFl11 6.74 ± 0.21 7.97 ± 0.22 

B. longum 32T0Bbis 7.23 ± 0.19 8.18 ± 0.19 
B. animalis BL6 7.17 ± 0.18 8.88 ± 0.09 

 

Table 9. Microbial viability of the lactobacilli and bifidobacteria under study inoculated in pasteurized 

whole milk (log CFU/mL) after 14 (t14), 21 (t21) days of refrigerated storage (4 °C). The cell counts are 

expressed as the average of three replicates; the values are reported ± standard deviations (SD). 

Strain t7 t14 t21 
L. plantarum 3.6D 7.53 ± 0.13 7.14 ± 0.15 6.89 ± 0.16 
L. plantarum 11.3C 7.22 ± 0.11 7.08 ± 0.23 6.32 ± 0.17 
L. plantarum M6C 7.57 ± 0.29 7.16 ± 0.08 6.69 ± 0.15 
L. plantarum 29T0L 7.60 ± 0.12 7.24 ± 0.12 6.06 ± 0.14 
L. plantarum 31T0C 7.75 ± 0.13 7.48 ± 0.17 6.93 ± 0.15 
L. plantarum 32T0C 7.92 ± 0.14 7.25 ± 0.15 6.85 ± 0.24 
L. plantarum 33.1 G 7.95 ± 0.33 7.43 ± 0.15 6.32 ± 0.45 
L. plantarum 34T0B 7.41 ± 0.23 6.97 ± 0.19 5.88 ± 0.29 

L. plantarum 35T0Bbis 7.29 ± 0.16 7.08 ± 0.11 5.69 ± 0.12 
L. plantarum 30b6A 6.99 ± 0.11 7.15 ± 0.14 6.05 ± 0.24 

L. gasseri 32T0A 7.64 ± 0.13 6.48 ± 0.19 6.07 ± 0.19 
L. gasseri 34T0C 8.02 ± 0.17 6.88 ± 0.21 6.39 ± 0.11 

L. gasseri g.1 7.84 ± 0.11 6.15 ± 0.21 5.25 ± 0.27 
L. gasseri CFl11 7.27 ± 0.21 5.92 ± 0.12 5.47 ± 0.12 

B. longum 32T0Bbis 7.94 ± 0.21 5.95 ± 0.14 5.45 ± 0.14 
B. animalis BL6 7.89 ± 0.11 6.9 ± 0.22 6.17 ± 0.12 

 

3.8. Volatile molecules profiles of inoculated pasteurized milks 

The analysis of the volatilome of milks inoculated with lactobacilli/bifidobacteria isolated from 

human breast milk and collected after 48 h of incubation at 37 °C showed a specific pattern of 

molecules, generally belonging to the chemical classes of ketones, alcohols, aldehydes and acids. In 

relation to the strain considered, the relative percentages of the detected molecules are reported 

in Table 10. More specifically, B. longum 32T0Bbis and B. animalis BL6 were characterized by the 
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highest abundances of acids, in particular of acetic acid. In this sense, the high levels of acetic acid 

and hexanoic acid identified, especially in the volatilome profiles of the Bifidobacterium species, 

could be involved in their antagonistic activity towards the selected target microorganisms. In fact, 

several studies have investigated the strong antimicrobial activity against Gram-positive and Gram-

negative microorganisms showed by selected short-chain organic acids, such as acetic, butanoic and 

hexanoic due to the release of the acids through the cell membrane of microorganisms (Siroli et al., 

2017; Varalakshmi et al., 2014). More precisely, the undissociated organic acids are able to function 

as protonophores, inducing the acidification of the cytoplasm and the accumulation of toxic anions. 

¢ƘŜ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ŎŜƭƭΩǎ ƛƴǘŜǊƴŀƭ ǇI ŀŦŦŜŎǘǎ ǘƘŜ ƛƴŦƭǳȄ ƻŦ ǇǊƻǘƻƴǎ ǘƘǊƻǳƎƘ ǘƘŜ ŎŜƭƭ ƳŜƳōǊŀƴŜΣ ǿƘƛŎƘ 

dissipates the proton-motive force, reducing cellular energy (ATP) and affecting substrate uptake in 

the cell (Diez-gonzalez & Russell, 1997; Poppi et al., 2015). 

Table 10. Volatile compounds (reported as relative percentages) of pasteurized whole milk samples, 

inoculated with lactobacilli/bifidobacteria isolated from human breast milk and collected after 48 h of 

incubation at 37 °C; detected by GC-MS-SPME technique. 

 L. plantarum L. gasseri B.longum B.animalis 
 3.6D 11.3C M6C 29T0L 31T0C 32T0C 331G 34T0B 35T0Bbis 30b6A 32T0A 34T0C G.1 CFl11 32T0Bbis BL6 

Acetone 9.90 11.15 12.07 15.11 11.18 12.28 9.96 12.34 11.41 10.74 10.46 8.00 10.83 8.91 3.08 2.71 
Cyclopentanone  2.40 3.03 2.53 4.05 2.04 2.52 2.32 2.37 2.24 1.98 2.27 1.48 1.67 2.73 0.81 0.73 

2-Butanone 5.81 6.15 6.33 7.38 5.83 6.51 6.41 6.56 6.41 6.02 6.17 3.70 5.86 4.98 1.44 1.34 
Diacetyl 0.87 0.26 0.29 0.46 0.18 0.12 0.23 0.81 0.33 0.22 0.50 0.91 1.97 1.78 0.70 1.84 

2-Pentanone 9.49 10.36 11.30 12.38 9.57 11.55 12.09 12.71 8.65 11.42 11.03 6.07 9.92 9.23 2.76 2.63 
 Isobutenyl ketone 3.19 2.97 3.88 6.98 3.33 2.76 2.62 1.54 3.30 2.53 2.56 3.36 2.59 2.49 1.59 1.82 

2-Hexanone 2.11 2.48 1.81 11.92 1.35 1.69 4.77 1.41 1.57 4.68 1.87 3.55 1.82 1.17 0.77 0.92 
2 Heptanone  32.39 37.32 38.98 3.19 33.14 35.16 38.39 38.23 25.95 37.74 35.70 28.72 31.90 34.97 12.12 10.44 

Acetoin 0.31 0.22 0.22 0.66 0.40 0.29 0.47 0.32 1.31 0.48 1.73 0.21 0.27 1.64 0.11 0.16 
2-Nonanone 7.51 8.36 9.10 11.67 7.11 7.84 8.24 8.24 7.55 9.35 7.76 9.37 6.51 8.80 3.82 3.00 

Total ketones 73.98 82.31 86.50 73.80 74.13 80.71 85.50 84.53 68.73 85.17 80.06 65.39 73.34 76.72 27.21 25.59 

1-Butanol 0.48 0.91 0.42 1.08 0.08 0.22 0.44 0.48 0.41 0.65 0.25 0.59 0.37 1.15 0.57 0.39 
3-Hexanol- 3.53 3.56 3.86 2.88 3.46 2.90 3.89 3.02 4.36 2.83 3.17 3.79 3.78 3.22 1.76 1.75 
1-Pentanol 0.39 2.91 0.39 1.04 4.03 4.30 0.81 3.44 4.86 4.01 4.40 0.33 0.30 6.77 2.58 0.22 
1-Octanol 0.38 0.33 0.34 0.80 0.27 0.28 0.39 0.36 0.34 0.46 0.46 0.36 0.25 0.52 0.18 0.16 
Ethanol 0.67 2.25 0.42 1.89 0.53 0.81 0.40 0.78 4.83 0.46 0.38 0.84 0.66 0.69 0.60 0.46 

Total alcohols 5.46 9.96 5.43 7.69 8.37 8.50 5.93 8.09 14.81 8.42 8.66 5.92 5.36 12.36 5.69 2.98 

Acetaldehyde 4.86 3.80 4.33 5.25 11.89 2.78 3.64 3.49 5.37 1.06 5.65 2.92 4.36 2.97 3.83 17.08 
Total aldehydes 4.86 3.80 4.33 5.25 11.89 2.78 3.64 3.49 5.37 1.06 5.65 2.92 4.36 2.97 3.83 17.08 

Acetic acid 9.64 2.29 1.52 6.66 3.30 4.21 2.38 1.57 5.62 2.49 2.86 14.75 10.19 3.73 51.18 47.59 
Hexanoic acid 3.12 1.18 0.82 3.41 1.24 2.21 1.07 0.93 2.49 1.09 1.23 5.75 2.47 1.35 6.45 4.00 
Butanoic acid 0.29 0.28 0.51 0.71 0.29 0.25 0.52 0.52 0.32 0.65 0.56 0.58 1.40 0.59 0.64 0.30 
Octanoic acid 2.65 0.18 0.89 2.47 0.79 1.33 0.97 0.88 2.66 1.12 0.98 4.70 2.87 2.28 4.99 2.46 
Total acids 15.70 3.94 3.74 13.25 5.61 8.01 4.93 3.89 11.09 5.35 5.63 25.77 16.93 7.96 63.27 54.36 

 

Differently, the strains belonging to L. plantarum and L. gasseri produced a limited number of acids, 

including acetic acid ranging between 3.74% and 15.70% (L. plantarum) and 5.63% and 25.77% (L. 

gasseri). As regards to the production of ethanol, only L. plantarum 35T0Bbis produced a 

significative amount of this compound. In addition, all the tested strains revealed the production of 
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diacetyl, acetoin, and also acetaldehyde, considered as molecules that could play a crucial role for 

the sensory characterization of several dairy products (Patrignani et al., 2007; Patrignani et al., 2006; 

Siroli et al., 2017). In this context, several authors have reported how the microbial ability to release 

diacetyl and acetoin could be considered as an important feature for the selection of lactic acid 

bacteria as starters (Cruciata et al., 2014). Moreover, it is important to underline that all of these 

strains, especially the lactic acid bacteria, showed a remarkable production of acetaldehyde. This 

molecule is desired and appreciated, as well described by Patrignani et al. (2007); Siroli et al. (2017), 

since its presence could contribute to specific flavour in yogurt and fermented milks. 

3.9. Strain survival under simulated GIT conditions in milk 

In order to deeply investigate the overall resistance of the selected breast milk strains inoculated in 

milk (8ς9 log CFU/mL), their survival rate after a simulated digestive process was assessed (Figures 

5ς7). Regarding their resistance during and after the simulated digestion process, the decrease in 

viability was slight for all strains considered, especially for L. plantarum strains. In fact, the majority 

of these strains showed a survival rate at the end of the simulated process of at least 7 log CFU/mL. 

In particular, the highest cell viability rates were recorded for L. plantarum 29 T0 L, M6C, 30b6A with 

a final survival level of approx. 8 log CFU/mL. A different behaviour was detected only for L. 

plantarum 11.3 C which reached the lowest survival rate (6.53 log CFU/mL) at the end of simulated 

intestinal phase. As regards to L. gasseri strains, a good survival rate was detected especially for L. 

gasseri 34T0C and 32 T0A, as demonstrated by the recorded cell viability of approx. 7 log CFU/mL 

after the simulated GIT conditions. Regarding instead the bifidobacteria strains, B. longum B.Bis 

showed a final survival rate (approx. 7 log CFU/mL) higher of 1 log compared with B. animalis BL6. 
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Figure 5. Cell loads of L. plantarum 3.6D, 29 T0 L, M 6 C, 11.3 C, 31 T0 C, 32 T0 C, 33.1 G, 34 T0 B, 35 T0 B.Bis, 

30 b6 A after the simulated stomachςduodenum passage, performed immediately after the inoculation in 

milk. Samples with different letters are significant different (p < 0.05). 

 

 

Figure 6. Cell loads of L. gasseri CFl11, L. gasseri 34T0C, L. gasseri g.1, L. gasseri 32T0A after the 

simulated stomachςduodenum passage, performed immediately after the inoculation in milk. 

Samples with different letters are significantly different (p < 0.05). 
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Figure 7. Cell loads of B. animalis BL6 and B.longum B.Bis after the simulated stomachςduodenum passage, 

performed immediately after the inoculation in milk. Samples with different letters are significantly 

different (p < 0.05). 

 

4. Conclusions 

In recent years, human breast milk has proved to be an interesting source for obtaining new and 

specific probiotic strains, including lactic acid bacteria and bifidobacteria, also for infants, with the 

aim of promoting their correct immunological and intestinal microbiota development (Arboleya et 

al., 2011; Zimmermann & Curtis, 2020). In fact, these bacterial groups have been suggested to play 

an important role in the reduction in the incidence and severity of infections in breastfed infants 

(Porras-Saavedra et al., 2015; Reis et al., 2016). In addition, a recent study (Zimmermann & Curtis, 

2020) evaluated the probiotic potential of several bacteria isolated from human breast milk and 

belonging to lactic acid bacteria e bifidobacteria groups. More in general, some probiotic strains of 

the genera Lactobacillus and Bifidobacterium have been widely investigated for their potential 

resistance to acidic environments, competition against pathogens and immunological properties in 

vitro and in vivo. Furthermore, these genera, especially Lactobacillus, are commonly used as co-

starters in the production of several dairy products, exhibiting good viability in low pH products such 

as fermented milk during both the fermentation process and the refrigerated storage of the product 

(Fenster et al., 2019). 
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In this context, our data clearly highlight the functional potential of strains isolated from breast milk. 

In fact, the majority of the strains employed in the present study showed a remarkable aptitude to 

adhere to intestinal cells, even higher than L. rhamnosus GG, a recognized probiotic strain. In this 

sense, it is important to report how the ability of a candidate probiotic to adhere to gut mucosal 

surface contributes to the microbial persistence in a specific environment. This behavior resembles 

hydrophobicity and auto-aggregation features of breast milk strains herein analyzed, underlining 

their high potential as probiotics. In addition, all tested strains showed a remarkable inhibitory 

activity against pathogens of food interest as well as intestinal pathogens. More specifically, the 

majority of the lactobacilli produced halos of inhibitions ranging between 6 and 10 mm toward L. 

monocytogenes SCOTT A, L. innocua ATCC 51742, S. enteritidis MB1409, S. enteritidis E5, E. faecium 

BC104, E. coli 555 and S. aureus DSM 20231. All the isolated strains turned to be highly effective 

also towards intestinal pathogens, especially against Y. enterocolitica. The antimicrobial activity was 

also analyzed in terms of anti-biofilm effect, since, from a clinical point of view, the establishment 

of a biofilm by a pathogenic species increases antibiotic resistance and makes its eradication 

challenging. Thus, the ability of a beneficial strain to interfere with pathogen adherence and biofilm 

formation represents an advantage. In general, all 16 supernatants of breast milk strains showed 

both anti-biofilm activity against enteropathogens and prebiotic activity against some commensal 

bifidobacteria. Thanks to the antimicrobial-prebiotic dualism demonstrated by these supernatants, 

they could be useful to administer to newborns in order to intervene in both aspects with a single 

treatment. Moreover, in order to also investigate their technological potential, the strain 

fermentation kinetics and viability in pasteurized whole milk were investigated, along with the 

analysis of the volatile molecule profiles of the fermented milks. The results clearly indicated the 

unsuitability as fermentation starters for the majority of the strains, due to their slow fermentation 

kinetics. Nevertheless, especially for some strains, the maintenance of high viability in pasteurized 

milk has been highlighted, also during the refrigerated storage and simulated GIT conditions. In this 

framework, L. plantarum 3.6D, L. plantarum M6C, L. plantarum 31T0C, L. plantarum 32T0C showed 

the best cell viability profile until 21 days at 4°C (>6.5 log CFU/g), indicating their potential suitability 

as adjunct cultures in a dairy product such as a fermented milk. Their potential role as co-starters 

was confirmed looking at the volatilome of milks inoculated with these selected 

lactobacilli/bifidobacteria which showed a release of diacetyl, acetoin, and acetaldehyde, that could 

positively contribute to the specific flavour of dairy products. Moreover, with regard to antibiotic 

susceptibility, our results are in agreement with literature data reporting intrinsic resistance to a 
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wide range of antibiotics, especially for lactic acid bacteria. In these cases, further studies are 

needed to better characterize mechanisms responsible for antibiotic resistance, before including 

these strains in food products. In conclusion, the attained data could represent an important 

contribution to better understanding the proper application of the studied strains, also considering 

their final use. In this context, the selection of the most promising strains is strongly connected with 

the final objective to achieve and the relative purposes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



111 
 

CHAPTER 5  

 

 

 
Probiotic and metabolic 

characterization of vaginal 

lactobacilli for a potential use in 

functional foods 
 

 

 

 

 

This chapter was based on:                                                                                                                           

D'Alessandro M.; Parolin C.; Bukvicki D.; Siroli L.; Vitali B.; De Angelis M.; Lanciotti R.; Patrignani 

F.(2021). Probiotic and metabolic characterization of vaginal lactobacilli for a potential use in 

functional foods. Microorganisms, 9(4), 833. Doi: https://doi.org/10.3390/microorganisms9040833 

https://cris.unibo.it/handle/11585/832149
https://cris.unibo.it/handle/11585/832149
https://doi.org/10.3390/microorganisms9040833


112 
 

Abstract: The main aim of this work was to verify the metabolic and functional aptitude of 15 vaginal 

strains belonging to Lactobacillus crispatus, Lactobacillus gasseri, and Limosilactobacillus vaginalis 

(previously Lactobacillus vaginalis), already characterized for their technological and antimicrobial 

properties. In order to evaluate the metabolic profile of these vaginal strains, a phenotype 

microarray analysis was performed on them. Functional parameters such as hydrophobicity, auto-

aggregation, deconjugation of bile salts, adhesion to an intestinal cell line (Caco-2), and a simulated 

digestion process were evaluated for these strains. A good number of these strains showed 

hydrophobicity values higher than 70%. Regarding the auto-aggregation assay, the most promising 

strains were L. crispatus BC9 and BC1, L. gasseri BC10 and BC14, and L. vaginalis BC17. Moreover, L. 

crispatus BC4, BC6, BC7, and BC8 were characterized by strong bile salts hydrolase activity (BHS). In 

addition, L. crispatus BC8 and L. vaginalis BC17 were characterized by a medium ability to adhere to 

Caco-2 cells. Data related to digestion process showed a strong ability of vaginal lactobacilli to 

withstand this stress. In conclusion, the data collected show the metabolic versatility and several 

exploitable functional properties of the investigated vaginal lactobacilli. 

1. Introduction 

Traditionally, probiotics, defined as functional microorganisms with a positive impact on human 

health, have been isolated from the gut. Nevertheless, in recent years, the literature has pointed 

out the functional role of microorganisms isolated also from other human sources such as the skin, 

oral cavity, and genital tract, especially for their use as pharmaceutical preparations (Petrova et al., 

2015). In particular, some authors have high-lighted the important role of the vaginal microbiome 

ōƻǘƘ ŦƻǊ ǘƘŜ ǇǊŜǎŜǊǾŀǘƛƻƴ ƻŦ ǿƻƳŜƴΩǎ ƘŜŀƭǘƘ ŀƴŘ ŦƻǊ ǘƘŜ ŎǊŜŀǘƛƻƴ ƻŦ ŀ ǎǳƛǘŀōƭŜ ŜƴǾƛǊƻƴƳŜƴǘ ŦƻǊ 

conception and the development of healthy pregnancies (Younes et al., 2018). The vaginal 

microbiome of healthy women consists of a variety of anaerobic and aerobic bacteria with an 

emphasis on Lactobacillus, such as L. crispatus, L. jensenii, L. gasseri, Limosilactobacillus vaginalis, 

and L. iners (Mirmonsef et al., 2014; Vitali et al., 2012). These bacteria act against urogenital 

pathogens by producing antimicrobial compounds or through competition for adherence to the 

vaginal epithelium (Borges et al., 2014; Parolin et al., 2015; Reid et al., 2011). In the last decade, the 

use of bacterial strains characterized by probiotic features in order to prevent vaginal disbyosis or 

restore normal vaginal microbiome has been proposed (Borges et al., 2014). Such beneficial strains 

can be administered in situ or orally, given their capability to pass from the intestine to the vagina 

because of spatial proximity of the two apparati (Heczko et al., 2015; Strus et al., 2012;  Vitali et al., 
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2012; Vujic et al., 2013). Some strains belonging to the species L. crispatus, L. gasseri, and L. vaginalis 

were isolated by (Parolin et al., 2015) from the vagina of healthy women and later characterized for 

their anti-Candida (Calonghi et al., 2017; Vitali et al., 2015), anti-Chlamydia trachomatis (Nardini et 

al., 2016; Parolin et al., 2018), anti-Neisseria gonorrhoeae (Foschi et al., 2017), anti-Group B 

Streptococcus (Marziali et al., 2019), and anti-HIV1 activities (Ñahui Palomino et al., 2019; Ñahui 

Palomino et al., 2017). In addition, some important technological and safety features were observed 

on the same collection of lactobacilli (L. crispatus, L. gasseri, and L. vaginalis)(Siroli et al., 2017), 

pinpointing their significant antimicrobial properties also against foodborne pathogens. Moreover, 

these strains showed also the aptitude to grow in milk and to produce in this food matrix specific 

volatile molecule profiles allowing the selection of some strains for their potential future application 

as functional additional cultures in the dairy sector. In fact, although already available as oral 

preparations, it would be very challenging to use them in foods as a dietary strategy to prevent 

human diseases. However, the use of selected microbial strains claimed as probiotics, also in food 

preparations, cannot regardless of their deep functional and metabolic characterization. Therefore, 

the main aim of this research was to investigate the metabolic and some functional aptitudes of 15 

vaginal Lactobacillus strains, already characterized for their antimicrobial and technological features 

of interest for food sector. For this, some properties such as fermentation ability in different 

substrates, and the ability to maintain high viability in food matrix during refrigerated storage were 

also tested for their further application as functional cultures in food products. Consequently, in 

order to dissect their metabolic potential, a Biolog phenotype microarray analysis was applied. 

Furthermore, the strains were studied for their hydrophobicity, auto-aggregation, the ability to 

deconjugate bile salts, and the ability to adhere to a human intestinal cell line. Indeed, the ability to 

survive a simulated digestion process when inoculated in milk and stored at 4 °C was observed. 

2. Materials and Methods 

2.1. Strains 

For the present study, 15 Lactobacillus strains belonging to the collection of FABIT (Department of 

Pharmacy and Biotechnology, University of Bologna, Italy) were used (Table 1). The strains were 

isolated from the vagina of pre-menopausal Caucasian women (aged 18ς45 years), with no 

symptoms of vaginal or urinary tract infections, in accordance with the Ethics Committee of the 

University of Bologna (52/2014/U/Tess). These vaginal strains were also compared with 

Lacticaseibacillus rhamnosus GG ATCC® 53103ϰ, used as a probiotic reference strain. Lactobacilli 
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were cultured in MRS broth (Oxoid Ltd., Basingstoke, UK) with 0.05% L-cysteine and incubated at 37 

°C for 24 h in anaerobiosis (GasPak System; Oxoid Ltd., Basingstoke, UK). 

Table 1. Vaginal lactobacilli used in the present study. 

Strains Species Isolation Source Collection 

BC1 Lactobacillus crispatus 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

BC3 Lactobacillus crispatus 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

BC4 Lactobacillus crispatus 
Female genital tract 

(Parolin et al., 2018)  
FABIT 

BC5 Lactobacillus crispatus 
Female genital tract 

(Parolin et al., 2018)  
FABIT 

BC6 Lactobacillus crispatus 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

BC7 Lactobacillus crispatus 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

BC8 Lactobacillus crispatus 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

BC9 Lactobacillus gasseri 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

BC10 Lactobacillus gasseri 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

BC11 Lactobacillus gasseri 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

BC12 Lactobacillus gasseri 
Female genital tract 

(Parolin et al., 2018) 
FABIT 



115 
 

BC13 Lactobacillus gasseri 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

BC14 Lactobacillus gasseri 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

BC16 Limosilactobacillus vaginalis 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

BC17 Limosilactobacillus vaginalis 
Female genital tract 

(Parolin et al., 2018) 
FABIT 

 

2.2. Biolog Phenotype Microarray Analysis 

Biolog AN plates (Biolog Inc., Hayward, CA, USA) were used to evaluate the catabolic profiles of L. 

crispatus BC3, BC4, BC6, BC7, BC8, L. gasseri BC9, BC11, BC13, BC14, and L. vaginalis BC16 according 

ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ƛƴǎǘǊǳŎǘƛƻƴǎΦ /Ŝƭƭǎ ǿŜǊŜ ƛƴƛǘƛŀƭƭȅ ƎǊƻǿƴ ƛƴ aw{ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ лΦлр҈ [-

cysteine for 24 h, then Biolog AN plates were inoculated with 150 mL of bacterial suspensions 

adjusted to 65% transmittance as recommended by the manufacturer. Positive reactions were 

automatically recorded using a microplate reader with a 590 nm wavelength filter. Negative control 

measurement was obtained from a well containing water (De Angelis et al., 2007). 

2.3. Hydrophobicity 

The hydrophobicity, i.e. the ability to adhere to hydrocarbons, was assessed according to Vinderola 

& Reinheimer (2003) with some modifications. Fresh cultures of the strains (24 h of incubation at 

37 °C in MRS broth with 0.05% L-cysteine) in anaerobic conditions (GasPak System; Oxoid Ltd., 

Basingstoke, UK) were harvested in the stationary phase by centrifugation at 6000 rpm for 10 min. 

The pellet was resuspended in NaCl 0.9% isotonic solution and was subsequently diluted to the 

absorbance value of 1 at 560 nm using a spectrophotometer (model 6705, Jenway, Stone, UK). Then, 

3 mL of the bacterial suspension was vortexed with 0.6 mL of n-hexadecane (Sigma-Aldrich, Milan, 

Italy) for 4 min. The two phases were allowed to separate for 1 h at 37 °C. The aqueous phase was 

removed, and the absorbance (A) at 560 nm was measured. Finally, the hydrophobicity percentage 

was calŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŦƻǊƳǳƭŀΥ ό!л ҍ !ǘύκ!л Ҏ мллΣ ǿƘŜǊŜ !л ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŀōǎƻǊōŀƴŎŜ 

at time 0 and At represents the absorbance at 560 nm after 1 h of incubation at 37 °C. 



116 
 

Hydrophobicity was also evaluated for L. rhamnosus GG ATCC® 53103ϰ, a commercial probiotic 

strain used as reference strain. 

2.4. Auto-Aggregation assay 

An auto-aggregation assay was performed according to Del Re et al. (2000), modified by Mathara et 

al. (2008). Fresh cultures of the strains (24 h of incubation at 37 °C in MRS broth with 0.05% L-

cysteine) were centrifuged (6000 rpm, 10 min). After removing the supernatant, the pellet was 

resuspended by NaCl 0.9% isotonic solution to the original volume, using the vortex for 10 s. This 

assay was determined during 5 h of incubation at room temperature. Every hour, 0.1 mL of the 

upper suspension was taken and placed in a 0.9 mL NaCl 0.9% isotonic solution, and the absorbance 

(A) was measured at 600 nm using a spectrophotometer (model 6705, Jenway, Stone, UK). The auto-

ŀƎƎǊŜƎŀǘƛƻƴ ǿŀǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ŀ ǇŜǊŎŜƴǘŀƎŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŦƻǊƳǳƭŀΥ м ҍ (At/A0) × 100, where At 

represents the mean of absorbance values at time t = 1, 2, 3, 4, or 5 h, and A0 the absorbance at t = 

0. Additionally, L. rhamnosus GG ATCC® 53103ϰ was used as reference strain. 

2.5. Bile Salts deconjugation 

The ability of lactobacilli to deconjugate bile salts was investigated by modifying the procedure of 

(Mathara et al., 2008). Cultures were screened for bile salt hydrolase (BSH) activity by spotting 10 

˃[ ƻŦ ŀ ŎǳƭǘǳǊŜ ƎǊƻǿƴ ƻƴǘƻ .{I ŀƎŀǊ ǇƭŀǘŜǎΦ ¢ƘŜ ǇƭŀǘŜǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ǿƛǘƘ aw{ όhȄƻƛŘ [ǘŘΦΣ 

Basingstoke, UK) with 0.05% L-cysteine added with 16 g/L of Agar Technical (Oxoid Ltd., Basingstoke, 

UK), combined with 0.5% (w/v) sodium salt of taurodeoxycholic acid (Sigma, Milan, Italy) and 0.37 

g/L of CaCl2 (Sigma, Milan, Italy). Plates were incubated in anaerobic conditions (GasPak System; 

Oxoid Ltd., Basing-stoke, UK) at 37 °C for 48 h; after this time, BSH activity of each strain was 

evaluated by measuring the diameter of precipitation on screening medium. 

2.6. Caco-2 cell adhesion tests 

In order to describe the ability of Lactobacillus strains to adhere to the intestinal epithelium, the 

Caco-2 cell line was used. This cell line is derived from human colorectal adenocarcinoma and 

presents the ability to differentiate into cells with many properties typical of enterocytes (Lea, 

2015). Caco-2 cells were routinely grown in DMEM high glucose medium (Sigma-Aldrich, Milan, 

Italy) with the addition of 2 mM L-glutamine (Sigma-Aldrich, Milan, Italy) and 20% v/v Bovine Fetal 

Serum (Sigma-Aldrich, Milan, Italy), in flasks for cell cultures (Corning, Corning, NY, USA), at 37 °C 

with 5% CO2. To obtain differentiated Caco-2 cultures, the cells were inoculated at a density of 105 
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cells/cm2 and kept in culture for 21 days, changing the culture medium every 3ς4 days. For adhesion 

tests, Caco-2 cells were inoculated on sterile glass coverslips in 6-well plates and grown until 

differentiated. Cells were then incubated with exponentially growing lactobacilli cells by applying a 

1:400 ratio, at 37 °C with 5% CO2 for 1 h, and washed twice with PBS to remove non-adherent 

lactobacilli. Samples were then fixed with methanol for 10 min and stained with Giemsa 10% (Sigma-

Aldrich, Milan, Italy) for 8 min. Afterwards, samples were washed three times with PBS and then 

dried in air and observed by an optical microscope (1000 X magnification). The adhesion of lacto-

bacilli to Caco-2 cells was evaluated by counting the number of adherent Lactobacillus cells to Caco-

2 cells, considering at least 200 Caco-2 cells. L. rhamnosus GG ATCC® 53103ϰ was used as the 

reference strain. 

2.7. Strain tolerance to simulated digestion process in milk 

In order to evaluate the resistance of the vaginal strains and L. rhamnosus GG ATCC® 53103ϰ, used 

as reference strain, to the passage through the stomach and duodenum, the method proposed by 

Vinderola et al. (2011) with certain modifications was performed. Briefly, to test each strain, two 

identical samples were prepared containing UHT bovine milk with an inoculum of 8ς9 log CFU/mL. 

The first one was used to perform the simulated gastro-duodenal digestion test immediately; the 

second one was incubated at 4 °C for 7 days and then subjected to the same test. The first sample 

ǿŀǎ ƳƛȄŜŘ ǿƛǘƘ ǘƘŜ ǎŀƳŜ ǾƻƭǳƳŜ ƻŦ ŀ άǎŀƭƛǾŀςƎŀǎǘǊƛŎέ ǎƻƭǳǘƛƻƴΦ ¢ƘŜ ǎŀƭƛǾŀςgastric solution contained 

CaCl2 (0.22 g/L), NaCl (16.2 g/L), KCl (2.2 g/L), NaHCO3 (1.2 g/L), and 0.3% (w/v) porcine pepsin 

(Sigma, Milan, Italy). The sample was quickly brought to pH values of 2.5ς3 with HCl 1 M and then 

was moved into a thermostatic bath for 90 min at 37 °C (WB-MF, Falc Instruments, Treviglio, Italy). 

!ŦǘŜǊ ǘƘƛǎΣ м Ƴ[ ƻŦ ǎŀƳǇƭŜ ǿŀǎ ǘŀƪŜƴ ŦƻǊ ǘƘŜ ŦƛǊǎǘ ǎŀƳǇƭƛƴƎ ƻŦ ǘƘŜ ŎŜƭƭǎΩ Ǿƛŀōƛƭƛǘȅ όƎŀǎǘǊƛŎ ŘƛƎŜǎǘƛƻƴύΦ Lƴ 

addition, 2 mL of the sample were centrifuged (12000 rpm, 4 min and 4 °C). After removing the 

supernatant, the microbial pellet was washed with 2 mL of NaCl 0.9% isotonic solution (12000 rpm, 

4 min and 4° C). The microbial pellet was resuspended in 2 mL of solution of bile extract porcine 

(Sigma-Aldrich, Milan, Italy) at a concentration of 1% in PBS, which simulated the hepatic bile. The 

sample was placed in a thermostatic bath at 37 °C for 10 min in order to simulate the duodenal 

ǎƘƻŎƪ ǇƘŀǎŜ ƻŦ ǘƘŜ ōƛƭŜΦ ¢ƘŜƴΣ млл ˃[ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ǿŀǎ ǘŀƪŜƴ ŦƻǊ ǘƘŜ ǘƘƛǊŘ ǎŀƳǇƭƛƴƎ ƛƴ ƻǊŘŜǊ ǘƻ 

ǾŜǊƛŦȅ ǘƘŜ ŎŜƭƭǎΩ Ǿƛŀōƛƭƛǘȅ όŘǳƻŘŜƴŀƭ ǎƘƻŎƪύΦ The remaining part of sample was subjected to 

centrifugation at 12,000 rpm for 4 min at 4 °C. Once the supernatant was removed, the microbial 

pellet was resus-pended in 1.9 mL of NaCl 0.9% isotonic solution and centrifuged under the same 
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conditions. After that, a third solution, representing enteric stress, was added. This solution consists 

of 0.3% bile and 0.1% pancreatin from porcine pancreas (Sigma-Aldrich, Milan, Italy) dissolved in 

PBS. The incubation time in the thermostatic bath was 90 min at 37 °C. ¢ƘŜƴΣ млл ˃[ ǿŀǎ ǘŀƪŜƴ ŦǊƻƳ 

the sample for the last sampling (intestinal di-gestion). Samples were plated on MRS agar plates 

with 0.05% L-cysteine and incubated at 37 °C for 24ς48 h in anaerobiosis (GasPak System; Oxoid 

Ltd., Basingstoke, UK). Cell viability was assessed by the plate count method, and the results were 

expressed as log CFU/mL. 

2.8. Statistical analysis 

In order to show the metabolic differences among L. crispatus BC3, BC4, BC6, BC7, BC8, L. gasseri 

BC9, BC11, BC13, BC14, and L. vaginalis BC16, a heat map analysis was performed using the software 

found at http://www.heatmapper.ca/, accessed on 7 Jan. 2021 (Babicki et al., 2016). The average 

linkage clustering specifying the distance between two clusters was computed as the average 

distance between objects from the first cluster and objects from the second cluster. All the 

experimental data are expressed as the mean value of six repetitions. The data were statistically 

analyzed by Statistica software (version 8.0; StatSoft, Tulsa, OK, USA) and subjected to the analysis 

ƻŦ ǾŀǊƛŀƴŎŜ ό!bh±!ύΣ ŀƴŘ ǘƘŜ ǘŜǎǘ ƻŦ ƳŜŀƴ ŎƻƳǇŀǊƛǎƻƴΣ ŀŎŎƻǊŘƛƴƎ ǘƻ CƛǎƘŜǊΩǎ ƭŜŀǎǘ ǎƛƎƴƛŦƛŎŀƴǘ 

difference (LSD), was applied on all obtained data. The level of significance was p < 0.05. 

3. Results and Discussion 

3.1. Phenotype Microarray Analysis 

Biolog phenotype microarray analysis was performed on L. crispatus BC3, BC4, BC6, BC7, L. gasseri 

BC9, BC11, BC13, BC14, and L. vaginalis BC16 strains in order to evaluate their metabolic profiles in 

relation to different carbon sources. Raw data were analyzed by a heatmap reported in Figure 1. 

According to the obtained heatmap, the analyzed strains were grouped into two clusters: one 

including L. gasseri BC11 and BC14 strains, L. vaginalis BC16, and L. crispatus BC3 and another one 

including most L. crispatus strains and L. gasseri BC9 and BC13. In particular, the two clusters were 

created for the different metabolic behaviors against pyruvic acid, pyruvic acid methyl ester, L-lactic 

ŀŎƛŘΣ ʰ-ƪŜǘƻōǳǘȅǊƛŎ ŀŎƛŘΣ ʰ-hydroxybutyric acid, D-trehalose, sucrose, stachyose, D-raffinose, 

palatinose, and D-mannitol. The data obtained lead to considerations about some features showed 

by these strains. First of all, all the strains were characterized by a strong catabolic activity against 

-hD-glucose, D-fructose, maltose, and D-mannose. Furthermore, the majority of the strains were 
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also able to use gentiobiose, maltotriose, D-raffinose, stachyose, and sucrose. This phenotypic 

approach could be considered a useful starting point to characterize several strains and to 

individuate their specific metabolic properties to be considered for their inclusion in a food matrix. 

In fact, the preliminary metabolic data, in addition to highlighting the potential of the strains as 

starters, co-starters, or adjuncts, can give important information regarding the characteristics that 

they can impart to the final products. On the other hand, in relation to the metabolic profiles 

characterizing a specific microbial strain, a proper and tailored use in relation to the characteristic 

of the food matrix can be exploited. As regards the ability to use n-acetyl-D-glucosamine, shown by 

all the strains, this quality is of potential interest as this compound is the monomer unit of chitin, 

the second most abundant carbohydrate after cellulose. N-acetyl-D-glucosamine is also a basic 

component of hyaluronic acid and keratin sulfate on the cell surface ( Chen et al., 2010). On the 

other hand, most of these selected vaginal lactobacilli were also able to catabolize D-cellobiose and 

-hketobutyric acid. The use of cellobiose is remarkable considering that interest in new potential 

prebiotics such as cello-oligosaccharides has increased ( Yeo & Liong, 2010). In this sense, a study 

conducted by Pokusaeva et al. (2011) investigated the effect of cellobiose on growth rates of 

probiotics such as Bifidobacterium spp. According to these reports, cellobiose has a higher prebiotic 

index than FOS (M. L. Sanz et al., 2005). Thus, the data obtained in this research suggest that some 

strains could be exploited for the formulation of symbiotic functional foods in which probiotics and 

prebiotics (deriving from the metabolic activities of added probiotics) are simultaneously present. 

Other disaccharides such as amygdalin, D-melibiose, and D-trehalose as unique carbon sources were 

used in a strain-dependent way, with the exception of arbutin that was used by all the tested strains. 

However, the utilization of these disaccharides implies the presence of various hydrolytic enzymes 

ǘƘŀǘ ŜƴŀōƭŜ ǘƘŜƳ ǘƻ ōǊŜŀƪ Řƻǿƴ ǘƘŜ ǎǳōǎǘǊŀǘŜΣ ǎǳŎƘ ŀǎ ʲ-gƭǳŎƻǎƛŘŀǎŜ ƻǊ ʲ-amylase (Buron-Moles et 

al., 2019). Additionally, the ability to catabƻƭƛȊŜ ʰ-ketobutyric acid is significant because this 

compound is the precursor of 3-hydroxy-4,5-dimethyl-2(5H)-furanone, an aromatic compound 

responsible for the burnt, sugar, and curry flavor in dairy products (Perpetuini et al., 2018). 

wŜƎŀǊŘƛƴƎ ǘƘŜ ƎǊƻǿǘƘ ƪƛƴŜǘƛŎǎ ƻƴ ʰ-D-lactose, D-galactose, and D-trehalose, almost all strains 

showed low efficiency of use. 
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Figure 1. Heat map showing the metabolic differences among L. crispatus BC3, BC4, BC6, BC7, BC8, L. 

gasseri BC9, BC11, BC13, BC14, and L. vaginalis BC16 with green referring to high catabolic activity and red 

to low activity. 

3.2. Hydrophobicity and Auto-Aggregation 

The results of hydrophobicity and auto-aggregation assays are reported in Figure 2 and Figure 3, 

respectively. Cell surface hydrophobicity and autoaggregation were evaluated also for L. rhamnosus 

GG ATCC® 53103ϰ, a recognized probiotic strain used as a reference. As shown, it was observed 

that the vaginal strains exhibited a different degree of hydrophobicity (Figure 2). The highest values 

were obtained for L. gasseri BC9 (96.23%), L. crispatus BC3 (92.8%), L. vaginalis BC17 (89.08%), L. 

vaginalis BC16 (79.83%), and L. gasseri BC14 (79.32%). The strains L. crispatus BC4, L. gasseri BC11, 

and L. gasseri BC12 showed hydrophobicity values of 74.57%, 73.70%, and 64.63%, respectively, 

while the remaining strains expressed levels below 60%. Regarding the auto-aggregation assay, the 

most promising strains were L. gasseri BC9 (98.49%), L. crispatus BC1 (90.86%), L. gasseri BC10 

(82.43%), L. gasseri BC14 (74.87%), L. vaginalis BC17 (71.74%), L. vaginalis BC16 (70.14%), and L. 

crispatus BC7 (69.17%) (Figure 3). L. crispatus BC3 and BC4 strains showed a rate of auto-aggregation 

of 62.4% and 56.72%, respectively, while the remaining strains indicated percentages below 40%. 
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These considerations are even more relevant when considering that the hydrophobicity and auto-

aggregation values reported for many of the vaginal strains are better than those recorded for GG 

ATCC® 53103ϰ (64% hydrophobicity and 23% autoaggregation), which is a commercial probiotic 

strain. The data obtained lead to considerations about the functional properties of these strains 

since the hydrophobic nature of the surface of microorganisms can be related to the attachment of 

bacteria to host tissues (Campaniello et al., 2018; Del Re et al., 2000; Mathara et al., 2008; Tabanelli 

et al., 2013) conceding to the microorganisms a competitive advantage, important for their 

permanence in the human gastrointestinal tract (Schillinger et al., 2005; Tabanelli et al., 2013). In 

this context the hydrophobicity percentages for the tested strains ranged between 20% and 96%, 

and among all the strains, only four showed levels of hydrophobicity below 40%. This achievement 

is even more remarkable with respect to the studies conducted by Abdulla (2014) and Boris et al. 

(1998), which underlined that lactobacilli were much more hydrophilic, showing values of 40% or 

less; consequently, all the tested strains with hydrophobicity values more than 40% could be 

considered as hydrophobic. In addition, the high auto-aggregation capacity detected for many of 

the tested strains is another key factor for the determination of the ability of the probiotic strain to 

adhere to the gastrointestinal and urogenital tract. Furthermore, during this study, a strong 

correlation between these two parameters (hydrophobicity and auto-aggregation) was observed. 

In fact, similar trends for some strains were recorded, especially for L. gasseri BC9, which showed 

the highest values in terms of hydrophobicity (96.23%) and auto-aggregation (98.49%). According 

to these positive results, lead to better adhesion to intestinal cells. 

 

Figure 2. Cell hydrophobicity of L. crispatus BC3, BC4, BC5, BC6, BC7, BC8, L. gasseri BC9, BC10, BC11, BC12, 

BC13, BC14, L. vaginalis BC16, BC17, and L. rhamnosus GG ATCC® 53103ϰ. The hydrophobicity percentage 

ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŦƻǊƳǳƭŀΥ ό!л ҍ !ǘύκ!л Ҏ мллΣ !л ǊŜǇǊŜǎŜƴts the absorbance at time 0 and 



122 
 

At represents the absorbance at 560 nm after 1 h of incubation at 37 °C. Results are shown as average ± 

SD. Samples with different letters are significantly different (p < 0.05). 

 

Figure 3. Cell auto-aggregation of L. crispatus BC1, BC3, BC4, BC5, BC6, BC7, BC8, L. gasseri BC9, BC10, BC11, 

BC12, BC13, BC14, L. vaginalis BC16, BC17, and L. rhamnosus GG ATCC® 53103ϰ. The auto-aggregation was 

ŜȄǇǊŜǎǎŜŘ ŀǎ ŀ ǇŜǊŎŜƴǘŀƎŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŦƻǊƳǳƭŀΥ м ҍ ό!ǘκ!лύ Ҏ мллΣ ǿƘŜǊŜ !ǘ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŀǾŜǊŀƎŜ ƻŦ 

absorbance values at time t = 1, 2, 3, 4, or 5 h and A0 the absorbance at t = 0. Samples with different letters 

are significantly different (p < 0.05). 

3.3. Bile salts Deconjugation 

Regarding the ability of vaginal strains to deconjugate bile salts by bile salt hydrolase (BSH) enzyme 

activity, the assay was performed according to Mathara et al. (2008). This feature is very important 

for the selection of functional strains since it can permit the reduction of bile toxicity by the 

deconjugation of bile salts into bile acids (Noriega et al., 2006; Shehata et al., 2016). According to 

Kumar et al. (2012), deconjugated bile salts are less soluble and less efficiently reabsorbed from the 

intestinal lumen than their conjugated compounds. Within this experimental research, the 

functional attribute of bile salt deconjugation was observed for L. crispatus BC4, L. crispatus BC6, L. 

crispatus BC7, and L. crispatus BC8. Moreover, our results are not in agreement with Begley et al. 

(2006), which reported that BSH activity has not been detected in bacteria isolated from 

environments from which bile salts are absent. On the other side, a more recent study by Shehata 

et al. (2016) identified BSH-positive LAB isolates not associated with the intestinal environment. 

With regard to the tested strains not able to deconjugate bile salts, the most widely used LAB in 

food are not gifted with this functional feature, without excluding their important role as probiotics 

(Begley et al., 2006). 
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3.4. Adhesion to Caco-2 Cells 

In order to assess the ability of Lactobacillus strains to adhere to the intestinal epithelium, as a key 

indicator of adhesion to epithelial cells and to gut mucosal surfaces, Caco-2 cells were used. 

According to several authors (Candela et al., 2005; Lea, 2015), Caco-2 cells show significant features 

of human intestinal cells, including the ability to spontaneously differentiate into a cell monolayer 

with typical properties of enterocytes with a brush border layer as found in the small intestine. 

Therefore, human cell line Caco-2, originally de-rived from a colon adenocarcinoma, has been widely 

used as a model of the intestinal epithelial barrier (Lea, 2015). In this context, the data related to 

the adhesive properties of the strains, expressed as the number of lactobacilli cells on Caco-2 cells, 

are shown in Table 2. Vaginal lactobacilli were characterized by values of adhesiveness ranging 

between 0.15 and 5.14 (bacterial cells/Caco-2 cell). Only L. crispatus BC8 showed an adhesiveness 

value of 5.14, while L. vaginalis BC17 indicated an adhesion value equal to 2.32. According to the 

criteria proposed by Candela et al. (2005), these two strains can be defined by having a medium 

ability to adhere to the Caco-2 epithelial monolayer, while the remaining strains can be considered 

strains with low ability. On the other hand, the two strains with medium aptitude were also 

characterized by high auto-aggregation and hydrophobicity properties. Moreover, L. rhamnosus GG 

ATCC® 53103ϰ, used as reference strain, showed a higher value of adhesion (8.90) but not 

significant different from L. crispatus BC8. In detail, images of L. crispatus BC8 and L. rhamnosus GG 

ATCC® 53103ϰ to epithelial cells, obtained by optical microscope are shown in Figures 4 and 5. In 

this context, Kim & Baik (2019) also highlighted for L. rhamnosus GG ATCC® 53103ϰ a similar trend 

of adhesiveness to Caco-2 cells. Although the studied strains, with the exception of L. crispatus BC8 

and L. vaginalis BC17, showed an overall low ability to adhere to Caco-2 cells, it is necessary to 

consider that the gut environment is characterized by a high level of complexity, which includes the 

presence of factors such as mucus that could furtherly promote the adhesion mechanism in vivo. 

On the other hand, these vaginal strains were already evaluated for their ability to adhere to HeLa 

cells, a cell line that originated from a human carcinoma of the cervix (Parolin et al., 2015), 

demonstrating that this functional property is strain specific rather than species specific. 
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Table 2. Adhesion capacity of the vaginal strains and L. rhamnosus GG ATCC® 53103ϰ on Caco-2 cells. Data 

are expressed as lactobacilli cells/Caco-2 cell and shown as average ± SD. Samples with different letters 

are significant different (p < 0.05). 

 

Strains Adhesion (Lactobacilli Cells/Caco-2 Cell) 

Lactobacillus crispatus 

BC1 
0.63 a (± 0.21) 

Lactobacillus crispatus 

BC3 
0.45 ad (± 0.19) 

Lactobacillus crispatus 

BC4 
0.24 b (± 0.09) 

Lactobacillus crispatus 

BC5 
0.43 ad (± 0.17) 

Lactobacillus crispatus 

BC6 
0.74 a (± 0.21) 

Lactobacillus crispatus 

BC8 
5.14 c (± 2.29) 

Lactobacillus gasseri BC9 0.26 d (± 0.10) 

Lactobacillus gasseri 

BC11 
0.27 d (± 0.11) 

Lactobacillus gasseri 

BC12 
0.75 a (± 0.23) 

Lactobacillus gasseri 

BC14 
0.15 e (± 0.06) 

Limosilactobacillus 

vaginalis BC16 
0.34 ad (± 0.16) 

Limosilactobacillus 

vaginalis BC17 
2.32 f (± 1.17) 

Lacticaseibacillus 

rhamnosus GG 
8.90 g (± 1.24) 
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Figure 4. Caco-2 cells with no bacteria (a), adhesion of L. crispatus BC8 to Caco-2 cells (b). Images obtained 

under the optical microscope at 1000 X magnification, in evidence the adherent bacteria. 

 

Figure 5. Caco-2 cells with no bacteria (a), adhesion of L. rhamnosus GG ATCC® 53103ϰ to Caco-2 cells (b). 

Images obtained under the optical microscope at 1000 X magnification, in evidence the adherent bacteria. 

 

3.5. Strain tolerance to simulated digestion process in milk 

Strains selected on the basis of previous results (L. crispatus BC3, L. crispatus BC4, L. gasseri BC9, L. 

gasseri BC14, L. vaginalis BC16, and L. vaginalis BC17) were studied during the simulated digestion 

in milk in comparison with L. rhamnosus GG ATCC® 53103ϰ, considered a reference strain. Strains 

were inoculated in milk (8ς9 log CFU/mL) and subjected to gastric digestion and duodenal and 

intestinal shock. The ability of these vaginal lactobacilli to resist this type of stress after inoculation 

in milk and after 7 days of storage at 4 °C was also assessed (Figures 6ς8). In general, L. crispatus 
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BC3, L. crispatus BC4, L. gasseri BC14, and L. vaginalis BC16 showed a significant maintenance of cell 

viability after the application of simulated stress and during refrigerated storage. In particular, L. 

vaginalis BC16 showed, following exposure to acid stress (simulating human stomach) immediately 

after the inoculum, a decrease from 8 log CFU/mL to 7 log CFU/mL, highlighting how gastric stress 

affects the decrease in cell viability compared to duodenal/intestinal stress. On the contrary, L. 

rhamnosus GG ATCC® 53103ϰ, although remaining at high level of cell loads, was more significantly 

affected by the duodenum and intestinal steps where bile salts are present. As shown in Figure 7, 

although L. gasseri BC9 showed a significant maintenance of cell viability during all digestion steps 

at time 0, after one week of refrigerated storage, a reduction in cell load from 7 log CFU/mL to 6 log 

CFU/mL was observed, pointing out the greater sensitivity of this strain to the storage conditions 

adopted rather than to gastric shock. On the other hand, L. vaginalis BC17 showed a great resistance 

during the simulation of the digestion process at time 0, while after 7 days at +4 °C a significant 

reduction in cell loads (from 7 log CFU/mL to 5 log CFU/mL) was highlighted following simulated 

gastric stress, without further loss in terms of viability. In general, the decrease in viability following 

the applied gastric stress was contained in each case. However, the application of acid shock has 

certainly induced better resistance in vaginal lactobacilli to the following stress conditions. In 

addition, the milk matrix in which the vaginal strains were carried in certainly had a protective effect 

against the loss of cell viability, offsetting the negative effects of refrigerated storage. In this sense 

another study reported in Chapter 7 showed that L. crispatus BC4 inoculated as adjunctive culture 

in the Squacquerone cheese (stored at 4 °C for 18 days) demonstrated a good rate of survival during 

the refrigerated storage and after the simulation of digestion process performed in vitro. Although 

only in vivo tests can confirm the effective functionality of the food, in terms of prevention and/or 

treatment of vaginal dysbiosis, these vaginal strains were also evaluated for their ability to adhere 

to HeLa cells, a cell line that originated from a human carcinoma of the cervix (Parolin et al., 2015). 

Regarding this, our data set up initial results for the first functional and technological 

characterization of selected vaginal strains and conditions for their use in functional foods for 

ǇǊŜǎŜǊǾƛƴƎ ƻǊ ǊŜǎǘƻǊƛƴƎ ǿƻƳŜƴΩǎ ǿŜƭƭ-being. 
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Figure 6. Cell loads of L. crispatus BC3 (a) and L. crispatus BC4 (b) after the simulated stomachςduodenum 

passage, immediately after the inoculation in milk (T0) and after 7 days of refrigerated storage, also 

compared with L. rhamnosus GG ATCC® 53103ϰ. Results are shown as average ± SD. Samples with different 

letters are significant different (p < 0.05). 

 

Figure 7. Cell loads of L. gasseri BC9 (a) and L. gasseri BC14 (b) after the simulated stomachςduodenum 

passage, immediately after the inoculation in milk (T0) and after 7 days of refrigerated storage, also 

compared with L. rhamnosus GG ATCC® 53103ϰ. Results are shown as average ± SD. Samples with different 

letters are significant different (p < 0.05). 

 

Figure 8. Cell loads of L. vaginalis BC16 (a) and L. vaginalis BC17 (b) after the simulated stomachςduodenum 

passage, immediately after the inoculation in milk (T0) and after 7 days of refrigerated storage, also 

compared with L. rhamnosus GG ATCC® 53103ϰ. Results are shown as average ± SD. Samples with different 

letters are significant different (p < 0.05). 
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4. Conclusions 

The results obtained in this work highlight the functional potential of L. crispatus, L. gasseri, and L. 

vaginalis for their further application in food. According to their metabolic profiles, they could be 

exploited for the formulation of symbiotic foods. The lack of ability to promptly use carbon source 

as lactose or galactose make them good candidates as adjuncts probiotic cultures in dairy products. 

The data obtained underlined high values of hydrophobicity and auto-aggregation (over 70%) for 

most of the vaginal lactobacilli considered in this study. Even compared to L. rhamnosus GG ATCC® 

53103ϰ, a commercial probiotic strain used as reference, all vaginal strains showed higher values 

of hydrophobicity and auto-aggregation. In this context, the connection between these two 

parameters is positively recognized; in fact, the lactobacilli gifted with a hydrophobic cell surface 

and strong auto-aggregation ability could have a greater chance for adhesion to human cells. In 

addition, L. crispatus BC4, BC6, BC7, and BC8 showed significantly strong BHS enzyme activity. This 

feature is related to the microbial ability to modulate lipid metabolism and allow the improvement 

of the survival of these bacteria under the stringent conditions typical of the intestinal tract. 

However, most of the vaginal lactobacilli herein considered were characterized by low adhesion to 

a model of intestinal epithelial cells, except for the L. crispatus BC8 and L. vaginalis BC17 strains, 

which were characterized by a medium value of adhesion, also compared to L. rhamnosus GG ATCC® 

53103ϰ which showed a higher level of adhesion but not significantly different from that of L. 

crispatus BC8. Regarding the resistance of vaginal strains during the simulated digestion process and 

tested immediately after inoculation in milk and after 7 days of storage at +4 °C, the decrease in 

viability was limited for all the strains, showing therefore a good resistance even after exposure to 

gastric acidity (pH 3). 

In conclusion, the attained data represent an important contribution to better understanding the 

proper use of the studied strains in food formulations in order to further use food as dietary strategy 

to enhance human well-ōŜƛƴƎΦ Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ǘƘŜǎŜ ǎǘǊŀƛƴǎΣ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ƘŜŀƭǘƘȅ ǿƻƳŜƴΩǎ vaginas 

ŎƻǳƭŘ ōŜ ǘƘƻǳƎƘǘ ǘƻ ōŜ ǳǎŜŘ ŀǎ ǇǊƻōƛƻǘƛŎǎ ƛƴ άƎŜƴŘŜǊ ŦƻƻŘǎέ ŀƴŘ ǇŀǊǘƛŎǳƭŀǊƭȅ ǘƻ ƛƴŎǊŜŀǎŜ ǿƻƳŜƴΩǎ 

wellbeing. 
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Abstract: The main aim of this chapter was to evaluate the potential of microencapsulation with soy 

milk as a carrier, conducted by spray-drying, on three mixed cultures of functional vaginal 

lactobacilli, Lactobacillus crispatus (BC1, BC3, and BC4) and Lactobacillus gasseri BC9, that could be 

further exploited as an adjunct in health foods. The i) physicochemical properties (using scanning 

electronic microscopy), ii) viability of encapsulated bacteria over time, and iii) functional features of 

powders containing the encapsulated bacteria were characterised considering different storage 

conditions. All microbial mixtures exhibited high viability for 90 d of storage, regardless of the 

storage conditions. All microencapsulated microbial combinations, excluding L. crispatus BC3 + L. 

gasseri BC9, exhibited hydrophobicity values exceeding 60%. Moreover, regardless of the 

considered combination, the in vitro digestion results exhibited a more significant decrease in cell 

viability for non-encapsulated microbial combinations than that of the encapsulated strains. 

 

1. Introduction 

 

Members of the FAO/WHO Expert Panel and FAO/WHO Working Group, together with the 

International Scientific Association for Probiotics and Prebiotics (ISAPP), have agreed to define 

probiotic ōŀŎǘŜǊƛŀ ŀǎ άƭƛǾŜ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎ ǘƘŀǘΣ ǿƘŜƴ ŀŘƳƛƴƛǎǘŜǊŜŘ ƛƴ ŀŘŜǉǳŀǘŜ ŀƳƻǳƴǘǎΣ ŎƻƴŦŜǊ ŀ 

ƘŜŀƭǘƘ ōŜƴŜŦƛǘ ƻƴ ǘƘŜ Ƙƻǎǘέ(Hill et al., 2014a). Owing to the increasing awareness of the importance 

of food on human health, consumer demand for delivering bioactive ingredients through everyday 

foods has rapidly increased. The global functional food industry is estimated to exceed USD 260 

billion, and is predicted to reach USD 380 billion in sales by 2024 (Eratte et al., 2018). However, the 

maintenance of adequate levels of probiotic cultures in food and their functional properties for the 

full shelf-life of food is highly challenging, considering their fate during the digestive process. When 

included in a food product, probiotic strains and their viability are affected by several factors, such 

as their sensitivity to process conditions (low pH, oxygen, fermentation temperature), the effect of 

the food matrix (water activity, pH, presence of natural antimicrobials), and storage conditions, 

which can affect their performance and viability ( Patrignani et al., 2017a). Moreover, during 

digestion, the low pH of the stomach or presence of bile salts in the small intestine can further 

contribute to the loss of viability of the strains (Barbosa & Teixeira, 2017). Therefore, the 

development of suitable technologies for the maintenance of an adequate number of viable 

probiotic bacteria (> 7 log colony-forming units [CFU] /g of product) (Espitia et al., 2016) is a key 
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step (Sarao & Arora, 2017). Microencapsulation using a spray-dryer is one of the most promising 

and widely used techniques, which offers a valuable option for encapsulating heat-sensitive 

nutrients and probiotic microorganisms (Vivek et al., 2021). Several studies have demonstrated the 

potential of this technique in developing probiotic powders with different carriers (Anekella & Orsat, 

2013; Mestry et al., 2011; Muzaffar et al., 2016; Paim et al., 2016; Pereira et al., 2014) that can 

preserve the functionalities.  

In recent years, probiotics have been proposed to improve  genital health of women, and microbial 

strains with beneficial properties can be used to prevent or treat vaginal dysbiosis and genital 

infections. In particular, members of the Lactobacillus genus, which are generally healthy human 

vaginal microbiota, can be administered locally or orally, as probiotics can reach the genital 

apparatus because of anatomic proximity once they colonise the gut (Heczko et al., 2015; Reid et 

al., 2001). Recent studies have highlighted the potential role of some vaginal Lactobacillus strains in 

promoting well-being of women, as they possess antimicrobial and functional features. In particular, 

vaginal Lactobacillus crispatus and Lactobacillus gasseri strains exhibited activity towards several 

genital pathogens, including Candida (Calonghi et al., 2017; Parolin et al., 2015), 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 (Ñahui Palomino et al., 2019; R.A. et al., 

2017). The safety and technological properties of the same strains have also been tested, and they 

exhibited a good ability to grow in milk and produce specific volatile molecules, promoting their 

potential application as functional additional cultures in the dairy sector (Siroli et al., 2017). 

5Ω!ƭŜǎǎŀƴŘǊƻ Ŝǘ ŀƭΦ όнлнмύ (Chapter 5) demonstrated that some of these strains have interesting 

functional features, including high hydrophobicity and auto-aggregation values (over 70%), even 

when compared to Lactobacillus rhamnosus GG ATCC® 53103ϰ, a commercial probiotic strain used 

as reference. In this context, the connection between these two parameters is positive; lactobacilli 

with a hydrophobic cell surface and strong auto-aggregation ability could have a greater chance of 

adhering to human cells. Therefore, the addition of an appropriate combination of such 

Lactobacillus strains to food matrices could aid in using food as a dietary strategy to improve the 

well-being of women. However, these strains could be particularly sensitive to different stresses 

encountered during food processing, as mentioned above. Therefore, microencapsulation could 

offer an advantage for the Lactobacillus strains under the different stresses encountered by food 

products throughout their shelf-life and digestion when used in combination. 
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Therefore, the main aim of this study was to evaluate the potential of microencapsulation by spray-

drying, using lab-scale equipment on three mixed cultures of functional vaginal lactobacilli (L. 

crispatus BC1 + L. gasseri BC9, L. crispatus BC3 + L. gasseri BC9, and L. crispatus BC4 + L. gasseri BC9) 

for their further use as adjunctive cultures in functional fermented food, with soy milk as a unique 

carrier exploiting its natural composition in total solid and its functional features. L. crispatus BC1, 

BC3, and BC4 strains and L. gasseri BC9 were selected based on previous investigations in which the 

strains exhibited good technological (Siroli et al., 2017) and functional features ό5Ω!ƭŜǎǎŀƴŘǊƻ Ŝǘ ŀƭΦΣ 

2021). The strain viability of three powders containing the encapsulated Lactobacillus strain 

combinations was characterised immediately after spray-drying and during storage at different 

temperatures (25, 4, and -20 °C). Moreover, the water activity and moisture content of the mixtures 

were tested immediately after spray-drying and after one year of storage at different temperatures. 

The obtained powders were also analysed by scanning electron microscopy (SEM). Some functional 

features of the encapsulated strain mixtures were also tested, such as hydrophobicity and resistance 

to a simulated stomach-duodenum passage. 

 

2. Material and Methods 

2.1 Strains 

In this study, four vaginal lactobacilli (L. crispatus BC1, L. crispatus BC3, L. crispatus BC4, L. gasseri 

BC9) strains belonging to the FABIT (Department of Pharmacy and Biotechnology of Bologna 

University) collection were used. The strains were isolated from the vaginas of pre-menopausal 

Caucasian women (aged 18ς45 years old), with no symptoms of vaginal or urinary tract infection in 

accordance with the Ethics Committee of the University of Bologna (52/2014/U/Tess). The 

lactobacilli were cultured in de Man, Rogosa, Sharpe (MRS) broth (Oxoid Ltd., Basingstoke, UK) with 

0.05% L-cysteine and incubated at 37 °C for 24 h under anaerobiosis (GasPak System; Oxoid Ltd., 

Basingstoke, UK). Working stocks of cultures were maintained in a 20% glycerol suspension frozen 

at -18 °C. The experimental study was conducted using three bacterial culture mixtures to evaluate 

the synergistic and functional interactions between the selected L. crispatus and L. gasseri strains.  

2.2 Cell culture preparation and spray-drying process 

L. crispatus BC1, L. crispatus BC3, L. crispatus BC4, and L. gasseri BC9 were individually cultivated 

overnight at 37 °C in 1 L of MRS broth + 0.05% L-cysteine under anaerobiosis to obtain a final 
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concentration of at least 109 CFU/mL for each strain. The strain cell loads were determined after 

serial dilutions in 0.9% NaCl isotonic solution by plating on MRS agar with 0.05% L-cysteine and 

incubating at 37 °C for 48 h under anaerobiosis. One litre of each strain was centrifuged at 8200 rpm 

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 commercial soy milk. The conditions were then set for the creation of 

mixtures 1, 2, and 3, which were composed of L. crispatus BC1 + L. gasseri BC9 (ratio 1:1 v/v), L. 

crispatus BC3 + L. gasseri BC9 (ratio 1:1 v/v), and L. crispatus BC4 + L. gasseri BC9 (ratio 1:1 v/v), 

respectively. Commercial soy milk with 9.04% total solids, 9.8 °Brix, pH 6.64, 1.8% fats, 2.8% 

carbohydrates, 3% proteins, and 0.4% fibre was used. 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. For the formulation of each matrix, inlet and outlet air 

temperatures of 110 and 70 °C were selected, respectively. The pump rate was maintained between 

19% and 36% aspiration, while the feed flow rate was 10 mL/min. For each mixed culture, 1 L 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 high-

ōŀǊǊƛŜǊ ǇƭŀǎǘƛŎ ōŀƎǎ όƴȅƭƻƴκǇƻƭȅŜǘƘŜƴŜΣ млн ҡƳ ό¢ŜŎƴƻǾŀŎΣ {ŀƴ tŀƻƭƻ 5Ω!ǊƎƻƴΣ .ŜǊƎŀƳƻΣ Lǘŀƭȅύύ ǳǎƛƴƎ 

an S100-Tecnovac device The samples were then stored at 25, 4, and -20 °C. 

2.3 Determination of powder moisture content and water activity 

The moisture content was determined from the weight loss after drying 2 g of powder at 103 °C for 

3 h, as described by the International Dairy Federation standard (IDF, 2004). The water activities of 

the samples were measured using a water activity meter (Aqualab 4TE, Decagon Devices, Pullman, 

Washington, USA) at 25 °C.  

2.4 Encapsulation yield after spray-drying 

The encapsulation yield of the spray-dried samples was determined following the plate count 

method. The spray-dried powder was rehydrated with 0.9% NaCl isotonic solution to reach the same 

solid content as that of the feed solution. Suitably diluted feed solution and rehydrated samples (1 

mL each) were plated on MRS agar with 0.05% L-cysteine and incubated at 37 °C for 48 h under 

anaerobiosis. The encapsulation yield (%) of the spray-dried sample was calculated as 100 × N/N0, 

where N is the number of viable cells (CFU/mL) released from the rehydrated sample and N0 is the 

number of viable cells (CFU/mL) in the cell concentrate before spray-drying.  
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2.5 Scanning electron microscopy 

The morphologies of the powder material wall and encapsulate were observed using a scanning 

electron microscope (Hitachi S-510) with an accelerated voltage of 15 kV. The samples were sputter-

coated with gold prior to SEM analysis. Microencapsulated powders were collected with a spatula 

and fixed to a sample holder using conductive scotch (3MScotch Tape 465KP). Excess non-adherent 

powders were removed. The samples were metallised with gold for 3 min at 40 mA using an EMITEC 

Sputter Coater K500. Finally, images were acquired using a DISS5 system from Point Electronics. 

SEM was also conducted using a soy milk sample as a control. The average particle diameter was 

determined by measuring 120 randomly selected microcapsules directly from the SEM images 

(Acordi Menezes et al., 2018). The analysis was conducted using the ImageJ software. 

2.6 Cell viability over time 

To evaluate the resistance of the encapsulated strains stored at 25 °C, + 4 °C, and -20 °C over time, 

several samplings were conducted; after 7, 14, 30, 90, and 365 d, 1 g of the microcapsules from each 

sample was resuspended in 9 mL of 0.9% NaCl isotonic solution, followed by stirring for 1 min. The 

cell load of each sample was determined by plating on MRS agar with 0.05% L-cysteine and 

incubating at 37 °C for 48 h under anaerobiosis.  

2.7 Hydrophobicity 

Hydrophobicity, defined as the ability of microbes to adhere to hydrocarbons, was assessed 

following the method reported by Vinderola and Reinheimer (2003) pre- and post-spray-drying with 

some modifications. The pre-spray-drying hydrophobicity tests were conducted on the three 

selected vaginal lactobacilli mixtures resuspended in soy milk, as described in Section 2.2. For this, 

0.1 mL of each functional mixture was resuspended in 3 mL of 0.9% NaCl isotonic solution and then 

centrifuged at 6000 rpm for 10 min at 4 °C (Avanti J-26 XP with 25-50 rotor, Beckman Coulter). The 

pellet was resuspended in 0.9% NaCl isotonic solution and was subsequently diluted to reach an 

absorbance value of 1 at 560 nm using a spectrophotometer (model 6705, Jenway, ST15 OSA, UK). 

To evaluate the hydrophobicity after spray-drying, 0.1 g) of each encapsulated mixture was 

resuspended as described previously. Three millilitres of each bacterial suspension obtained before 

and after spray-drying was then vortexed with 0.6 mL of n-hexadecane (Sigma, Milan, Italy) for 4 

min. The two phases were then allowed to separate for 1 h at 37 °C. The aqueous phase was carefully 
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removed, and the absorbance (A) at 560 nm was measured. Finally, the hydrophobicity percentage 

was calculated using the following formula: (A0-At)/A0 ×100, where A0 is the absorbance at time 0 

and At is the absorbance at 560 nm after 1 h of incubation at 37 °C.  

2.8 Post spray-drying tolerance to simulated digestion  

To evaluate the resistance of the encapsulated strains to passage through the stomach and 

duodenum, also considering the potential effect of the food matrix to vehiculate the encapsulated 

bacteria, the method proposed by Vinderola et al. (2011) was followed, with certain modifications. 

Briefly, for each microbial combination, a sample containing 1 g of microbial powder after spray-

drying and 9 mL of commercial soy milk was prepared as the initial inoculum with at least 9 log 

CFU/g, and 0.1 mL of the sample was collected for cell counting. The sample was mixed with the 

ǎŀƳŜ ǾƻƭǳƳŜ ƻŦ ŀ ΨǎŀƭƛǾŀ-ƎŀǎǘǊƛŎΩ ǎƻƭǳǘƛƻƴ ŎƻƴǘŀƛƴƛƴƎ /ŀ/ƭ2 (0.22 g/L), NaCl (16.2 g/L), KCl (2.2 g/L), 

NaHCO3 (1.2 g/L) and 0.3% (w/v) porcine pepsin (Sigma, Milan, Italy). The pH of the sample was 

quickly adjusted to 2.5-3 with 1-M HCl and then transferred to a thermostatic bath for 90 min at 37 

°C (WB-MF, Falc Instruments, Treviglio, Italy). Following this, 0.1 mL of the sample was collected for 

the second cell viability sampling. Additionally, 2 mL of the sample was centrifuged at 12000 rpm 

for 4 min at 4 °C (Himac CT 15RE, VWR). After removing the supernatant, the microbial pellet was 

centrifuged with 2 mL of 0.9% NaCl isotonic solution (12000 rpm, 4 min, and 4 °C). The microbial 

pellet was then resuspended in 2 mL of bile-extract porcine solution (Sigma, Milan, Italy) at a 

concentration of 1% in saline phosphate buffer, which simulated hepatic bile. The sample was 

placed in a thermostatic bath at 37 °C for 10 min to simulate the duodenal shock phase of bile. Then, 

0.1 mL of the sample was collected for the microbiological sampling to verify the cell viability. The 

remainder of the sample was centrifuged at 12000 rpm for 4 min at 4 °C. Once the supernatant was 

removed, the microbial pellet was resuspended in 1.9 mL of 0.9% NaCl isotonic solution and 

centrifuged under the same conditions. Subsequently, a third solution representing enteric stress 

was added, which consisted of 0.3% bile and 0.1% pancreatin from the porcine pancreas (Sigma, 

Milan, Italy) dissolved in saline phosphate buffer. The sample was incubated in the thermostatic 

bath for 90 min at 37 °C. Then, 0.1 mL of the sample was collected for the final sampling. The number 

of CFU/g of the sample was determined by plating on MRS agar with 0.05% L-cysteine and incubating 

at 37 °C for 48 h under anaerobiosis. The results are expressed in log CFU/g. An assay to determine 

the tolerance to the simulated digestion process assay was also conducted and included the same 

unencapsulated mixed bacterial cultures used as controls. L. crispatus BC1, BC3, and BC4, and L. 
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gasseri BC9 were individually cultivated overnight at 37° C in MRS broth + 0.05% L-cysteine under 

anaerobiosis to obtain a final concentration of at least 109 CFU/mL for each strain. The strain cell 

loads were evaluated after serial dilutions in 0.9% NaCl isotonic solution by plating on MRS agar 

with 0.05% L-cysteine and incubating at 37 °C for 48 h under anaerobiosis. Briefly, for each microbial 

combination, a sample containing 1 mL of each strain and 9 mL of commercial soy milk was prepared 

with at least 8-9 log CFU/mL as the initial inoculum. All unencapsulated mixed cultures used as 

controls were tested in the same manner as the encapsulated strains with a simulated digestion 

process. 

2.9 Statistical analysis 

All experimental data were expressed as the mean of three replicates. The data were statistically 

analysed using Statistica software (version 8.0; StatSoft, Tulsa, Oklahoma, USA) and underwent 

analysis of variance (ANOVA) and mean comparison tests according to Fisher's least significant 

difference (LSD). The significance level was set at p < 0.05. 

3. Results and Discussion  

3.1 Moisture content, water activity, and encapsulation yield of the three strain mixtures  

The three mixtures of L. crispatus and L. gasseri  strains (BC1+BC9, BC3+BC9,  BC4+BC9) underwent 

spray-drying at inlet and outlet temperatures of 110 and 70 °C, respectively. The strains were 

encapsulated together since according to previous data (data not reported) the yields of the single 

cultures were lower with respect those of the mixture. The resulting physicochemical properties 

and encapsulation yield of the three mixtures are listed in Table 1.  
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Table 1. Physicochemical properties and encapsulation yield of the three selected encapsulated mixtures 

obtained in relation to adopted inlet and outlet temperatures (110 and 70 °C). Results are shown as 

average ± SD. Considering the columns, samples with different letters are significant different (p < 0.05).  

 

Strain 
Mixture 

Inlet                
T (°C) 

 
Outlet 
T (°C) 

 

Moisture 
content 

(%) 

Water activity 

(after spray 

drying) 

N0* 
(CFU/ml) 

N**  
(CFU/ml) 

Encapsulation 
yield (%)*** 

BC1 + 
BC9 

110°C 70°C 
4.45a  

(± 0.01) 

0.221a  

(± 0.001) 

 
5.25 × 109 

 

 
1.78 × 109 

 

 
33.90 % 

 

BC3 + 
BC9 

110°C 70°C 
4.46a  

(± 0.01) 

0.221a  

(± 0.001) 

 
3.02 × 109 

 

 
1.13 × 109 

 
37.42 % 

BC4+ 
BC9 

 
110°C 70°C 

4.45a  

(± 0.01) 

0.221a  
(± 0.001) 

 
5.63 × 109 

 
1.38 × 109 

 
24.69% 

 

*  N0 was the number of viable cells in the cell concentrate before spray-drying process 
**  N was the number of viable cells released from rehydrated sample 
***  The encapsulation yield was expressed as a percentage according to the formula: 100 × N/N0 

 

The selected process parameters resulted in powder water activity values of 0.221. These data are 

consistent with those of Corcoran et al. (2004)  who recommended water activity values ranging 

between 0.150 and 0.300 for spray-dried microcapsules to ensure microbiological stability. Some 

researchers have suggested that the moisture content of spray-dried powders must be below 5% to 

ensure storage stability (Behboudi-Jobbehdar et al., 2013; Chávez & Ledeboer, 2007). Our data 

indicate moisture content values of approximately 4.4% for all of the encapsulated mixtures 

obtained which complies with the standard acceptable moisture levels for spray-dried powders. Low 

water activity values and residual moisture contents are also prerequisites for the commercial 

production of spray-dried powders with good handling characteristics, such as high flow ability, low 

stickiness and agglomeration, and maximum probiotic viability. Table 1 also shows the cell load 

values obtained before and after spray-drying and the relative encapsulation yield of the three 

mixtures of L. crispatus and L. gasseri. The highest encapsulation yield was obtained for the mixture 

of L. crispatus BC1 + L. gasseri BC9. In contrast, the other tested combinations showed lower 

encapsulation yields and viabilities. The loss of probiotic viability during convective thermal 

processing is related to cellular injuries caused by the combined effects of heat and mechanical 

stress. The selection of an inlet temperature of 110 °C in this study was based on literature data 

suggesting that a lower inlet air temperature could increase the viability of lactobacilli. According to 

Behboudi-Jobbehdar et al. (2013), a lower inlet air temperature (tested between 120 and 160 °C) 
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could enhance the viability of Lactobacillus acidophilus. Additionally, the outlet temperature of 70 

°C was selected as the same authors reported significant changes in the viability of L. acidophilus 

viability when the outlet temperature was reduced from 91.5 to 60 °C. Nunes et al. (2018) reported 

that the viability of microparticles containing L. acidophilus La-5 (ML) and Bifidobacterium lactis Bb-

12 (MB) produced at different drying temperatures (10ς140 °C) was highest at 110 °C and negatively 

affected by an increase in temperature. Bustamante et al., 2017 also reported an optimal inlet 

temperature of 110 C, who used chia seed mucilage extracted via spray-drying to encapsulate 

Lactobacillus plantarum and Bifidobacterium infantis and observed a decrease in viability with 

increasing temperature. However, Arslan et al. (2015) reported that an inlet temperature of 125 °C 

resulted in reduced viability and lower survival rates of Saccharomyces cerevisiae var. boulardii. 

Fávaro-Trindade and Grosso (2002) reported that different microbial strains could have different 

temperature tolerance thresholds for spray-drying and reported that the number of viable B. lactis 

cells remained almost the same with inlet and outlet air temperatures of 130 and 75 °C, respectively, 

while the population of L. acidophilus was reduced by two logarithmic cycles. Regarding the species 

used in this study, only a few examples of the encapsulation of L. crispatus and L. gasseri by spray-

drying have been reported in the literature. Zhang et al. (2013)  reported that the efficiency of L. 

crispatus encapsulation in polymethacrylate salt intended for vaginal delivery ranged between 

45.7% and 95.5% under different parameters, such as the polymer concentration, polymer and drug 

ratio, and inlet temperature. Lavari et al. (2014) reported significant reductions in cell counts before 

and after spray-drying for L. gasseri 37 resuspended in skim milk- and whey-starch at inlet 

temperatures ranging between 130 and 160 °C. However, the literature data regarding the viability 

of bacteria after spray-drying are conflicting, suggesting strain-dependent behaviour regarding the 

tolerance thresholds for spray-drying in relation to the carrier used. Although spray-drying has a 

lower cost than freeze-drying and allows the production of large amounts of dried cells in a 

continuous process (Gardiner et al., 2000), cell dehydration by spray-drying requires harsher 

conditions than freeze-drying, which may cause membrane damage and inactivation, depending on 

the technological conditions applied and intrinsic resistance of the strain used. The effect of the 

carrier wall material on probiotic survival through spray-drying has been studied previously (Shori, 

2017; Ying et al., 2012). The total solids concentration of the carrier aliquot, as well as the presence 

of ingredients that can induce a significant decrease in the melting temperature of the 

microparticles, critically affect the structural integrity of the cytoplasmic membranes and control 

the osmotic pressure that leads to membrane rupture. Therefore, materials with good 
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encapsulation capacity and impart acceptable functional characteristics for powders (porosity, free-

flowing ability, anticaking, and good wetting and dispersal properties) are often selected as the 

carrier wall material, in addition to other ingredients that exhibit thermoprotective features, such 

as disaccharides (lactose, sucrose, or trehalose), dextrose, or polyols (mannitol, sorbitol), or act as 

probiotic growth stimulants (fructo- and galacto-oligosaccharides) (Behboudi-Jobbehdar et al., 

2013). In this study, soy milk was used as a carrier as soy is considered the best substitute for animal 

proteins as a wall material due to its renewability, low cost, high nutritional value, and functional 

properties, such as its gelation and emulsification abilities. Additionally, soy protein is an alternative 

for vegan individuals or those with milk protein allergies. Moreover, the prevalence of soy protein 

allergies is five-fold lower than that of milk protein allergies (Dunlop & Keet, 2018; Kattan et al., 

2011; Nesterenko et al., 2013; Tang & Li, 2013b), and all components of soy contain functional 

compounds, such as isoflavones and oligosaccharides (Nilufer-Erdil et al., 2012), that play 

stimulating and prebiotic roles for encapsulated microorganisms. However, in this study, soy milk 

was used as a single carrier to utilise its natural composition (9.8% total solids), although previous 

studies have used soy products in combination with maltodextrins to further decrease the glass 

transition temperature (Tg) of the mixture (Acordi Menezes et al., 2018). However, the use of 

carriers such as maltodextrins, starch ( Favaro-Trindade et al., 2010), buttermilk ό2ǳǊŘŀ Ŝǘ ŀƭΦΣ нллсύ 

and cocoa powder (Ricci et al., 2011) in formulations for encapsulation may result in positive or 

negative interactions between the carriers, food matrices, and food organoleptic and nutritional 

features (Frenzel et al., 2015). For example, the exclusion of maltodextrins would allow these 

powders to be available for the formulation of food products for individuals with type-2 diabetes. 

However, maltodextrins or starch could enhance the physical properties of the powders obtained, 

cell viability after drying, and resistance to simulated gastrointestinal digestion. From this 

perspective, further initial formulation optimisation could be considered to further increase the cell 

loads of lactobacilli strains after encapsulation. However, the final purpose of the obtained 

encapsulated bacteria is their use as adjuncts in functional foods (cheese or fermented milk 

products) at a level of at least 7 log CFU/g, which is achievable with the level of viability obtained in 

this study. 
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3.2 Scanning electronic microscopy of the selected strain mixtures 
 

 
Figure 1. Scanning electron microscopy (SEM) images of microparticles of soy milk: 1a) at x 1000 

magnification, 1b) at x 2000 magnification, 1c) at x 5000 magnification and microparticles of L. crispatus 

BC1 + L. gasseri BC9, L. crispatus BC3 + L. gasseri BC9 and L. crispatus BC4 + L. gasseri BC9 carried by soy 

milk at x 1000 magnification (2a, 2b, 2c) at x 5000 magnification (2d, 2 e, 2f). 
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Figure 1 presents micrographs of the three selected mixtures obtained with inlet and outlet 

temperatures of 110 and 70 °C, respectively and soy milk without bacteria under the same spray-

drying conditions. No free cells were observed in any of the considered mixtures, confirming the 

microencapsulation of the bacteria.  

In all cases, the obtained capsules exhibited a rounded shape and an uneven surface with 

concavities, which are characteristic of products subjected to spray-drying (C. S. Favaro-Trindade et 

al., 2010) and attributed to the type of encapsulating agent (flat ball effect) and shrinkage of the 

particles during drying (Lian et al., 2002; Saénz et al., 2009). The average Feret diameter obtained 

using ImageJ software was 5.44 µm. These results agree with those reported by Porras-Saavedra et 

al. (2015) who obtained microcapsules with diameters between 2 and 7 µm, and Acordi Menezes et 

al. (2018) (Acordi Menezes et al., 2018) who obtained capsules with diameters ranging between 

4.97 and 8.82 µm.  

The surface of the particles was not particularly rough, which could be related to the soy protein 

content, as reported by Tang and Li (2013b) who found that an increase in the protein ratio could 

minimise shrinkage and, consequently, the concavities of the particle surfaces, in addition to 

preventing structural disruption.  

No significant differences among the three mixtures were observed. However, the limitations of 

roughness and particle features are highly important as they can affect consumer perception when 

using encapsulated bacteria in food formulation ( Patrignani et al., 2017a) particularly in dairy 

products (Ding & Shah, 2009; Iravani et al., 2015). 

 

3.3 Cell viability of the strain mixtures over time  

The bacterial viability of the three encapsulated mixtures was analysed based on the storage time 

and different storage conditions, that is, room temperature (25 °C), refrigeration (4 °C), and frozen 

storage conditions (-20 °C), to understand their technological features. Regardless of the 

combination and storage conditions, the viability of the encapsulated strain mixtures remained 

stable for 90 d of storage. 
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Figure 2. Cell loads (log CFU/g) of L. crispatus BC1 + L. gasseri BC9 (a), L. crispatus BC3 + L. gasseri BC9 (b) 

and L. crispatus BC4 + L. gasseri BC9 (c) powders after 7, 14, 30, 90, 365 days of storage (25 °C, + 4 ° C and 

-20 ° C). Results are shown as average ± SD. Samples with different letters are significantly different ( p < 

0.05). 

As shown in Figure 2, after 365 d of storage, the cell viability for mixture 1 (L. crispatus BC1 and L. 

gasseri BC9) significantly decreased (5 log for the sample stored at 25 °C). Moreover, as shown in 

Fig. 3, a decrease in cell viability was observed after 365 d of storage for mixtures 2 (L. crispatus BC3 

and L. gasseri BC9) and 3 (L. crispatus BC4 and L. gasseri BC9) when stored at room temperature (25 

°C), with reductions of 3 log (mixture 2) and 5 log (mixture 3). These data agree with literature data 

reporting a decline in the viability of lactobacilli species stored at 25 °C compared to those 
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refrigerated at 4 °C (Behboudi-Jobbehdar et al., 2013). This could be because the higher 

temperature increased the metabolic rate of cells and other chemical or enzymatic reactions that 

may also occur, such as lipid oxidation, and also due to the molecular mobility of water. In addition 

to the intrinsic resistance of the strain to heat, the used carrier, presence (or absence) of the glass 

transition state, water activity, and residual moisture of the powders could be principal factors 

affecting the viability during storage. Moreover, the presence of oxygen and light can affect the 

encapsulated strange viability (Lavari et al., 2014). However, as shown in Table 2, the water activity 

and moisture content of the three mixtures after 365 d of storage were higher in the samples stored 

at 25 °C, confirming the decrease in viability. 

Table 2. Physicochemical properties (moisture content (%) and water activity) of the three selected 

encapsulated mixtures observed at 365 days in relation to different storage conditions. Results are 

shown as average ± SD. Considering the columns, samples of the same mixture with different letters 

are significant different (p < 0.05). 

Strain Mixture Storage conditions Moisture content 
(%) 

Water activity 

L. crispatus BC1 + L. gasseri BC9 25°C 4.75a (± 0.01) 0.331a (± 0.001) 

L. crispatus BC1 + L. gasseri BC9 4°C 4.74b (± 0.01) 0.288b (± 0.001) 

L. crispatus BC1+ L. gasseri BC9 -20°C 4.61c (± 0.02) 0.229c (± 0.001) 

L. crispatus BC3 + L. gasseri BC9 25°C 4.72a (± 0.01) 0.316a (± 0.001) 

L. crispatus BC3 + L. gasseri BC9 4°C 4.68b (± 0.01) 0.263b (± 0.001) 

L. crispatus BC3+ L. gasseri BC9 -20°C 4.56c (± 0.01) 0.223c (± 0.001) 

L. crispatus BC4 + L. gasseri BC9 25°C 4.95a (± 0.01) 0.347a  (± 0.001) 

L. crispatus BC4 + L. gasseri BC9 4°C 4.67b (± 0.01) 0.275b (± 0.001) 

L. crispatus BC4+ L. gasseri BC9 -20°C 4.58c (± 0.01) 0.220c (± 0.001) 

 

3.4 Strain mixture hydrophobicity 

The three mixtures, pre- and post-spray-drying, were subjected to hydrophobicity tests to evaluate 

the maintenance of some probiotic criteria (Figure 3). 
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Figure 3. Cell hydrophobicity of pre and post spray-drying samples. The hydrophobicity % was calculated 

with the following formula: (A0-At)/A0 ×100, A0 represents the absorbance at time 0 and At represents 

the absorbance at 560 nm after 1 h at 37 °C. Results are shown as average ± SD. Samples with different 

letters are significantly different (p < 0.05). 

  

The hydrophobicity of all considered mixtures decreased significantly (p < 0.05) after spray-drying, 

even if the L. crispatus BC4 + L. gasseri BC9 mixture exhibited fewer changes, which was 

characterised by the lowest initial values. Interactions between the soymilk composition and high 

temperatures applied during the process may lead to important variations in bacterial 

hydrophobicity, resulting in different exposure of sulphydrylic groups in the cell-wall proteins 

(Braschi et al., 2021).The data obtained allow the functional properties of these strain combinations 

as the hydrophobic nature of the surface of microorganisms can be related to the attachment of 

bacteria to host tissues (Del Re et al., 2000; Mathara et al., 2008; Tabanelli et al., 2013), which offers 

them a competitive advantage and is important for its permanence in the human gastrointestinal 

tract (Schillinger et al., 2005; Tabanelli et al., 2013). Interaction with the carrier also appears to affect 

this probiotic index. Hydrophobicity is caused by the complex interactions between negatively and 

positively charged hydrophobic and hydrophilic components on the surfaces of microbial cells. 

Excluding mixture 3 after spray-drying, all microbial combinations exhibited hydrophobicity values 

exceeding 60%, which can be considered a threshold for this parameter (Hsiung et al., 2020). 

 



145 
 

3.5 Viability of strain combinations after simulated digestion 

The different mixtures were subjected to stomach-duodenum simulated passage before and after 

spray-drying considering the effect of a potential food matrix as the encapsulated bacteria produced 

in this study are intended to be delivered as functional adjuncts. Both encapsulated and non-

encapsulated bacteria were tested in soymilk. 

 

Figure 4. Cell loads (log CFU/g)  of L. crispatus BC1 + L. gasseri BC9 (a), L. crispatus BC3 + L. gasseri BC9 (b) 

and L. crispatus BC4 + L. gasseri BC9 (c) not encapsulated (control) and powders after the simulated 

stomach-duodenum passage. Results are shown as average ± SD. Samples with different letters are 

significantly different (p < 0.05). 

 Regardless of the considered combination, Fig. 4 shows that the cell viability significantly decreased 

for the unencapsulated combinations, while that of the encapsulated strain mixtures remained 
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stable throughout the simulated digestion process. In particular, the mixture composed of L. 

crispatus BC3, L. gasseri BC9, L. crispatus BC4, and L. gasseri BC9 was more sensitive to duodenal 

shock using bile salts when non-encapsulated. Generally, the low sensitivity of the encapsulated 

strains to bile salts, which are selective agents against gram-positive bacteria, is likely related to the 

protective effect of the encapsulating material, which acts as a barrier. However, the ability of the 

non-encapsulated bacteria to overcome this stress was related to their ability to deconjugate bile 

salts by bile salt hydrolase (BSH) enzyme activity, which is vital for the selection of functional strains 

as it can facilitate the reduction of bile toxicity via the deconjugation of bile salts into bile acids 

ό5Ω!ƭŜǎǎŀƴŘǊƻ Ŝǘ ŀƭΦΣ нлнмύ. Additionally, Vamanu (2017) reported significant reductions in different 

Lactic Acid Bacteria (LAB) strains in the presence of enzymes and bile salts related to small intestine 

stress when testing their viability using the GIS1 simulator. Furthermore, Bianchi et al. (2014) used 

SHIME® to evaluate the fate of Lactobacillus casei Lc-01 inoculated in beverages and observed a 

significant reduction in the viability of the strain under stomach and duodenum conditions. 

According to Xanthopoulos et al. (2000), bile salt resistance varies significantly among different 

lactic acid bacterial species and strains of the same species. According to Saarela et al. (2000) bile 

salts are toxic to microbial cells as they disrupt the cellular membrane structure; therefore, bile salt 

tolerance is one of the required characteristics for probiotic cultures. 

4. Conclusions  

The results of this study have highlighted the technological and functional features of the powders 

obtained by spray-drying different mixtures of vaginal L. crispatus and L. gasseri strains using soy 

milk as an encapsulating agent at the laboratory scale. The powders obtained produced 

microcapsules with suitable morphology, good technological features in terms of water activity and 

moisture content, and good strain viability, although the encapsulation yield needs to be further 

optimised also taking into consideration additional protective encapsulating material such as skim 

milk. The mixture with the highest viability consisted of L. crispatus BC1 + L. gasseri BC9, although it 

is difficult to understand the single-strain behaviour in relation to the spray-drying process. 

Therefore, for upscaling, the process conditions should be further optimised and some qPCR 

methods should be set up to understand the specific strain viability. However, the results obtained 

here are highly promising from the perspective of using encapsulated powders in food formulations 

to obtain novel functional foods. 
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CHAPTER 7   

 
 

Evaluation of the fate of 

Lactobacillus crispatus BC4, 

carried in Squacquerone 

cheese, throughout the 

simulator of the human 

intestinal microbial 

ecosystem (SHIME) 

 

 

 

This chapter was based on:                                                                                                                           

Patrignani F., Parolin C., D'Alessandro M., Siroli L., Vitali B., & Lanciotti R. (2020). Evaluation of the 

fate of Lactobacillus crispatus BC4, carried in Squacquerone cheese, throughout the simulator of the 

human intestinal microbial ecosystem (SHIME). Food Research International, 137, 109580.                           

Doi: https://doi.org/10.1016/j.foodres.2020.109580 
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Abstract: Lactobacillus crispatus strain BC4, isolated from the human healthy vaginal environment 

and characterised by a strong antimicrobial activity against urogenital pathogens and foodborne 

microorganisms, was employed as a probiotic culture in the cheesemaking of the soft cheese 

{ǉǳŀŎǉǳŜǊƻƴŜΦ {ǳŎƘ ŎƘŜŜǎŜ ƛǎ ƛƴǘŜƴŘŜŘ ŀǎ ŀ άƎŜƴŘŜǊ ŦƻƻŘέΣ that could be used as a hedonistic 

dietary strategy to reduce the incidence of woman vaginal dysbiosis and infections, given the 

evidence that a probiotic strain able to survive to the entire digestive process once ingested, can 

pass from intestine to vagina. This work was aimed to evaluate the resistance of L. crispatus BC4, 

carried in Squacquerone cheese, to different challenges of the human gastrointestinal tract, 

including the colon stage. The digestion process was tested using a Simulator of the Human 

Intestinal Microbial Ecosystem (SHIME®). The viability and metabolic activity of L. crispatus BC4 

during the colon simulation were monitored by qPCR and gas chromatography, respectively, also in 

the presence of a complex microbiota. The results showed that L. crispatus BC4 survival was not 

affected by the gastric condition, while it was significantly affected by bile salts and pancreatic juice 

in small intestine conditions, where it decreased of approx. 0.6 log (colony-forming units) CFU/g. 

Differently, during colon simulation L. crispatus BC4 was able to grow in sterile colon conditions and 

to maintain viability in the presence of a complex microbiota. Moreover, during colon simulation, L. 

crispatus BC4 was metabolically active as demonstrated by the higher production of short chain 

fatty acids (SCFA) and lactate. In the presence of a complex gut microbiota, a decrease of lactate 

was observed, due to its conversion into propionate (anti-cholesterol activity) and butyrate (anti-

inflammatory activity) by cross-feeding. However, no differences in propionate and butyrate 

production could be observed between control cheese and cheese containing L. crispatus BC4. 

Despite this may appear as a negative outcome, it must be taken into account that, in this setup, 

only a single dose of the cheese was tested and the outcome of the colonization and impact of the 

gut microbiota might be different when daily repeated doses are tested. 

 

1. Introduction 

The impact of dairy foods, especially containing probiotic bacteria, on human health has been 

investigated for many years (Heller, 2001), highlighting  scientific evidence for their beneficial effects 

(Ouwehand, Salminen, & Isolauri, 2002; Tuomola et al., 2001; Burns et al., 2015; Patrignani et al., 

2019). Particularly, the search for strains gifted of good resistance to the biological barriers of the 

human gastrointestinal tract (GIT) and suitable technological and functional features can result into 
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new probiotics for tailored functional food products (Ugarte, Guglielmotti, Giraffa, Reinheimer, & 

Hynes,  2006). However, the fate of probiotic bacteria, when carried in foods, depends on several 

factors, including food matrix composition, since proteins, fats and carbohydrates can significantly 

influence microbial growth and survival in the food and in the GIT during digestion (Dommels et al., 

2009). Also, physic-chemical treatments applied during food processing (e.g., heat treatment, High 

pressure Homogenization-HPH; Pulsed Electric Fields-PEF, antimicrobials etc,) are reported to affect 

viability and functionality of probiotics during storages and simulated digestion (Tabanelli et al., 

2013; Patrignani et al., 2018). Recently, the literature data also highlighted the use of polymers such 

as alginate, pectin, chitosan, carrageenan, whey, gelatin and lipids for microencapsulation of 

bacteria with positive effects in protection of probiotic cells during storage condition and GIT 

environment ( Patrignani et al., 2017). On the other hand, the survival and functionality of a 

probiotic, besides being strictly strain-dependent, is reported to vary also in relation to its 

physiological state (Sumeri, Arike, Adamberg, & Paalme, 2008). Among dairy products, cheese has 

been reported to be a good vehicle to deliver viable probiotic bacteria ( Burns et al., 2008; Burns et 

al., 2015) since, if compared with fermented milks, it has lower acidity, high buffering capacity, 

protein matrix and high fat content which could also protect bacteria against environmental 

changes during production, ripening and ingestion (Gobbetti, Corsetti, Smacchi, Zocchetti, & de 

Angelis, 1998; Kailasapathy & Chin, 2000; Phillips, Kailasapathy, & Tran, 2006; Vinderola, Costa, 

Regenhardt, & Reinheimer, 2002). Moreover, some current exciting papers underline how foods, 

with their components and microbial communities and probiotics as adjuncts, can modulate the 

human symbiotic microbes (Patrignani et al., 2019; Prakash, Tomaro-Duchesneau, Saha, & Cantor, 

2011; Sanz, 2011) in relation also to the gender differences. In fact, diet and probiotic foods are 

expected to differently influence the male and female health through the modulation of their 

symbiotic microbes. However, in order to exert a positive effect, it is mandatory that a probiotic 

strain arrive alive in situ, surviving, thus, to the digestion process. Among probiotics, Lactobacillus 

strains have been used for decades as both food ingredients and supplements, for their ability to 

treat human dysbiosis and restore healthy conditions. Indeed, lactobacilli are commonly resident in 

the human gut, and even dominate the vaginal microbiome of premenopausal healthy women, 

ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ǘƘŜ ƳŀƛƴǘŜƴŀƴŎŜ ƻŦ ǘƘŜ ŜŎƻǎȅǎǘŜƳǎΩ Ŝǳōƛƻǎƛǎ ŀƴŘ ǇǊŜǾŜƴǘƛƴƎ ǇŀǘƘƻƎŜƴ ƻǾŜǊƎǊƻǿǘƘΣ 

including sexually transmitted agents (Foschi et al., 2017; Ñahui Palomino et al. 2019). In the 

cervicovaginal niche, the presence of L. crispatus has been recognised as a hallmark of a healthy and 

stable status, such role has been related to its capability to produce antimicrobial compounds, such 
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as hydrogen peroxide and lactate, responsible for maintaining a low vaginal pH, and to positively 

interact with the mucosae and modulate the immune response (Petrova et al. 2015; Calonghi et al 

2018; ). L. crispatus strain BC4 was isolated from the vagina of a healthy premenopausal woman 

(Parolin et al 2015) and widely characterized for its antimicrobial properties and for its metabolic 

and technological features (Chapter 5). Indeed, L. crispatus BC4 was proved to possess antagonistic 

activity towards vaginal pathogens including Candida albicans (Parolin et al 2015), Neisseria 

gonorrhoeae (Foschi et al. 2017), Chlamydia trachomatis (Nardini et al. 2016), Group B 

Streptococcus (Marziali, Foschi, Parolin, Vitali, & Marangoni, 2019), food-borne and gut pathogenic 

species including Lysteria spp., enterococci and coliform bacteria (Siroli et al., 2017). In addition, L. 

crispatus BC4 was characterised for antibiotic susceptibility and tested for technological properties 

in pasteurized whole milk, before being included in a probiotic cheese (Siroli et al., 2017, Patrignani 

et al., 2019). In particular, L. crispatus BC4 has been employed as adjunct in Squacquerone cheese 

production, enabling the chance for the production of high quaƭƛǘȅ άƎŜƴŘŜǊ ŎƘŜŜǎŜέΣ ǘƘŀǘ ŎƻǳƭŘ ōŜ 

used, after proper in-vivo trials, as potential hedonistic dietary strategy to reduce the incidence of 

woman vaginal dysbiosis and infections (Patrignani et al., 2019). The rationale of including a 

ōŜƴŜŦƛŎƛŀƭ ǾŀƎƛƴŀƭ ǎǘǊŀƛƴ ƛƴ ŀ άƎŜƴŘŜǊ ŦƻƻŘέ ƛǎ ōŀǎŜŘ ƻƴ ǘƘŜ ŜǾƛŘŜƴŎŜ ǘƘŀǘ ŀ ǇǊƻōƛƻǘƛŎ ǎǘǊŀƛƴ ŀōƭŜ ǘƻ 

survive to the entire digestive process once ingested, can pass from intestine to vagina, given to the 

anatomic proximity of the two apparatus (Vitali et al., 2012; Vujic, et al., 2013). Thus, the principal 

aim of the present research was to demonstrate the ability of L. crispatus BC4, used as probiotic 

adjunct and carried in Squacquerone cheese, to survive to different simulated biological stresses, 

from gastric to colon scenario. The simulation was performed by using the Simulator of the Human 

Intestinal Microbial Ecosystem (SHIME®). During colon phase, the viability and metabolic activity of 

L. crispatus BC4 were studied also in the presence of a complex microbiota simulating human gut 

conditions, in order to explore the potential interactions between L. crispatus and the other gut 

microbes.  
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2. Materials and Methods 

2.1 Lactobacillus crispatus BC4 culture conditions and Squacquerone cheesemaking 

L. crispatus BC4, a vaginal strain isolated from healthy woman vagina, gifted of good technological 

(Siroli et al., 2017) and antimicrobial properties (Parolin et al. 2015) was used in this study for the 

production of Squacquerone cheese, according to the protocol described in Patrignani et al. (2019). 

Briefly, L. crispatus BC4 was grown overnight in de Man-Rogosa-Sharpe (MRS) broth (Oxoid, 

Basingstoke, UK), at 37°C, in anaerobic jars supplemented with CO2 gas generating kit (Oxoid). 

{ǳǎǇŜƴǎƛƻƴǎ ǿŜǊŜ ŎŜƴǘǊƛŦǳƎŜŘ ŀǘ уΣллл Ҏ Ǝ ŦƻǊ нл Ƴƛƴ ŀǘ пɕ/Σ ǘƘŜ ōŀŎǘŜǊƛŀƭ ǇŜƭƭŜǘ ǿŀǎ ǿŀǎƘŜŘ ǘǿƛŎŜ 

with sterile saline (0.9% NaCl in distilled water) and resuspended in commercial milk for the 

inoculums in the industrial environment. In the present research, two kinds of Squacquerone cheese 

were produced: i) one supplemented with L. crispatus BC4 as adjunct and ii) one without 

supplementation of L. crispatus BC4, used as control cheese. The cheesemaking was carried out in 

a pilot-scale plant of a local dairy farm (Mambelli, Bertinoro, Italy). A commercial freeze-dried 

culture of Streptococcus thermophilus St 0.20 (Sacco S.R.L., Como, Italy) was used as starter at 6 log 

CFU/ml L. crispatus BC4 was added in cheese at level of 7 log CFU/g (Patrignani et al., 2019). The 

ŎƘŜŜǎŜǎ ǿŜǊŜ ǇŀŎƪŜŘ ƛƴ ƳƻŘƛŦƛŜŘ ŀǘƳƻǎǇƘŜǊŜ ŀƴŘ ǎǘƻǊŜŘ ŀǘ пɕ/Φ !ƭƭ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ŎŀǊǊƛŜŘ 

ƻǳǘ ƻƴ {ǉǳŀŎǉǳŜǊƻƴŜ ŎƘŜŜǎŜǎ ǊƛǇŜƴŜŘ ŀǘ пɕ/ ŦƻǊ у ŘŀȅǎΣ ǎƛƴŎŜΣ ŀŦǘŜǊ ǘƘƛǎ ǇŜǊƛƻŘ ƻŦ ǘƛƳŜΣ ǘƘŜ ǇǊƻŘǳŎǘ 

is commercially ready for the consumption. 

 

2.2 Evaluation of the fate of L. crispatus BC4 in Simulator of the Human Intestinal Microbial 

Ecosystem (SHIME®) 

The survival of the vaginal strain L. crispatus BC4 was evaluated in an adapted SHIME® (ProDigest-

Ghent University, Ghent, Belgium) (Van den Abbeele et al., 2012; Van Den Abbeele et al., 2013), 

following SHIME® patent conditions updated based on the Infogest consensus method (Minekus et 

al., 2014; Van de Wiele et al., 2015) . This system, composed of a reactor used in a sequential setup 

to simulate over time first the stomach and then the small intestine and colon, was used  for the 

accurate in vitro simulation of the ability of the probiotic bacterium to merge into the intestinal 

environment (Govender et al., 2014). For this, appropriate retention time and pH were chosen in 

order to resemble in vivo conditions in the different parts of the gastrointestinal tract in fed state. 

Control and test cheeses were incubated to simulate gastric, upper intestinal phases, and colon 

environments. All the experiments were performed in triplicate to account for biological variability.  

Along the simulation, samples were collected and used to evaluate viable contents of Lactobacillus 
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and L. crispatus species. The applied conditions used in the simulator are reported in detail in Van 

de Wiele et al. (2015) and summarized below.  

 

2.2.1 Gastric phase (fed state) 

¢ƘŜ ǘǿƻ ǘȅǇŜǎ ƻŦ ŎƘŜŜǎŜ όнΦр Ǝύ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ отɕ/ ŦƻǊ н Ƙ ƛƴ {ƛƳǳƭŀǘŜŘ DŀǎǘǊƛŎ CƭǳƛŘ ό{DCύ ŀŘŘŜŘ 

with pepsin (final concentration 1,000 U/mL, with the activity being standardized by measuring 

absorbance increase at 280 nm of TCA-soluble products upon digestion of hemoglobin (reference 

protein) while mixing via stirring, with sigmoidal decrease of the pH profile up to pH=2. 

Phosphatidylcholine was also added, followed by the addition of SHIME® complex nutritional 

medium; the salt (NaCl and KCl) levels were implemented according to Mackie and Rigby (2015). 

2.2.2 Small intestinal phase (fed state) 

The small intestine phase was characterized by an incubation of the cheese matrices, after gastric 

ǇƘŀǎŜΣ ŀǘ отɕ/ ŦƻǊ о Ƙ ƛƴ {ƛƳǳƭŀǘŜŘ LƴǘŜǎǘƛƴŀƭ CƭǳƛŘ ό{LCύΣ ǿƘƛƭŜ ƳƛȄƛƴƎ via stirring. In this step, pH was 

increased to 7.4. Pancreatic extract (pancreatin, final concentration 100 U/mL) and  bovine bile 

extract (final concentration 10 mM) were supplemented. Along the simulation, the samples 

resulting from the two different types of Squacquerone cheese were collected at time 0 (initial part 

of stomach), end of stomach, small intestine after 1, 2 and 3h.  

 

2.2.3 Colon simulation 

A subsequent simulation of the proximal part of the colon was then coupled to the upper GIT. After 

transit in the upper GIT, the test samples entered a sterile (without the inoculum of a complex gut 

microbiota) simulated proximal colon. According to the SHIME®, the mixing of the digestive slurry 

in the compartment is obtained with magnetic stir bars. The entire SHIME® system was kept 

anaerobic by flushing the headspace of the respective compartments with N2 gas or a 90/10 % 

N2/CO2 gas mixture. The incubation took place at 37°C for 48 h. 

Moreover, a final test has been conducted with a colon simulation in presence of a complex 

microbiota (control vs. treatment) according to the SHIME® proposed by Van de Wiele et al (2015).  

During the colonic phase, three samples were considered: i) Vaginal strain alone: the cheese 

containing the vaginal strain (L. crispatus BC4) enters a colonic simulation under sterile conditions 

(without inoculum of a complex gut microbiota); ii) Control + microbiota: the blank/standard cheese 

enters a full colonic simulation with a complex microbiota; iii) Vaginal strain + microbiota: the cheese 

containing the vaginal strain enters a full colonic simulation with a complex microbiota.  
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Along the colon simulation, in presence or not of a complex microbiota, samples were collected 

after 24 and 48h. At each end point Short Chain Fatty Acids (SCFA), lactate production and colon 

acidification were also measured. 

 

2.3 Short chain fatty acid production and pH measurement 

The SCFA in the lumen samples of the SHIME were extracted with diethyl ether and analyzed using 

a gas chromatograph as described by De Weirdt et al. (2010). The sample concentration in mM of 

acetate, propionate, butyrate, was determined. pH measurements were carried out by a Mettler 

MP200 pH meter (Mettler Toledo, Columbus, OH, USA). 

 

2.4 Determination of total Lactobacillus and L. crispatus species survival by qPCR 

In order to selectively detect the alive fraction of Lactobacillus and L. crispatus cells, Propidium 

Monoazide (PMA) treatments, followed by bacterial DNA extraction combined with a molecular 

detection method (qPCR), were used. Samples were collected during SHIME® simulation for control 

and L. crispatus BC4-added cheeses. 

 

2.4.1 Bacterial DNA extraction from viable cells of SHIME samples 

Samples collected during SHIME® simulation were firstly subjected to PMA-treatment following the 

protocol described in Moens et al., (2019). PMA is a photoreactive DNA-binding dye that enters 

only dead cells and binds to dsDNA. A photoreaction of the chemical is then induced to covalently 

bond PMA to dsDNA, thus rendering DNA of dead cells non-amplifiable by PCR. Living cells do not 

react with PMA as they have intact cell membranes, so their DNA can be amplificated by PCR. 

Briefly, the sample were diluted in 450 µl of sterile anaerobic peptone water, and adding PMA 

(Biotium, Hayward, CA, USA) to reach a final concentration of 50 µM. Samples were shaken at room 

temperature in the dark for 5 min, then placed in a LED-Active Blue system (Ingenia Biosystems, 

Barcelona, Spain) for 15 min followed by centrifugation for 5 min at 7,690×g. Cell pellets were stored 

at -20°C.Afterwards, DNA was extracted from PMA-treated cells by using the DNeasy UltraClean 

aƛŎǊƻōƛŀƭ Yƛǘ όvL!D9bΣ ±ŜƴƭƻΣ ¢ƘŜ bŜǘƘŜǊƭŀƴŘǎύ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ 5b! ǿŀǎ 

eluted in a volume of 100 µL. 
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2.4.2 Quantitative PCR for Lactobacillus and L. crispatus species 

Real-time PCR was used to quantify total Lactobacillus and L. crispatus species, according to Vitali 

et al. (2015), by using a LightCycler instrument (Roche, Mannheim, Germany) and SYBR Green 

fluorophore. Primer sets targeted to 16S rRNA gene of Lactobacillus genus or L. crispatus species 

and thermal cycling conditions were used as described by Vitali et al. (2015). PCR was carried out in 

ŀ Ŧƛƴŀƭ ǾƻƭǳƳŜ ƻŦ мп ˃[ ŎƻƴǘŀƛƴƛƴƎ ŜŀŎƘ ǇǊƛƳŜǊ ŀǘ лΦр ˃aΣ п ˃[ ƻŦ [ƛƎƘǘ/ȅŎƭŜǊ Cŀǎǘ{ǘŀǊǘ 5b! aŀǎǘŜǊ 

{¸.w DǊŜŜƴ L όwƻŎƘŜύ ŀƴŘ н ˃[ ƻŦ ǘŜƳǇƭŀǘŜΦ 5ƛŦŦŜǊŜƴǘ ǉǳŀƴǘƛǘƛŜǎ ƻŦ ƎŜƴƻƳƛŎ 5b! ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ L. 

crispatus DSM 20584 were used as standards for PCR quantification; melting curve analysis was 

carried out to confirm that the PCR products from SHIME® samples and standards had identical 

melting points. 

Data were expressed as log copies of target DNA for samples obtained from stomach and small 

intestine simulation steps, and as log copies of target DNA per mL of colon liquid for samples 

obtained from colon simulation. 

 

2.5 Statistical analysis 

Three independent trials were set up in SHIME®. All the experimental data are expressed as the 

mean of six repetitions (2 repetitions x the 3 trials in SHIME®) ± standard deviation. For each kind of 

determination, the data were statistically analyzed by Statistica software (version 8.0; StatSoft, 

Tulsa, Oklahoma, USA) and subjected to the analysis of variance (ANOVA) and the test of mean 

comparison, according to Fisher's least significant difference (LSD), was applied on all obtained data. 

Level of significance was p < 0.05.  

3. Results and Discussion 

The study of the fate of Lactobacillus crispatus BC4, when carried in Squacquerone cheese, was 

performed by SHIME®. According to regulation of FIL-IDF (International Dairy Federation), it is 

necessary that probiotics maintain in food at least a cell loads of 6 log CFU/g throughout food shelf-

life in order to assure the optimal intake level, ranging between 8 and 11 CFU/day, in relation to the 

probiotic strain, and to exert positive effect on the host  (FIL-IDF, 2008; Burns et al., 2015; Patrignani 

et al., 2019). According to our previous results performed in Squacquerone cheese at the same 

conditions of the present research, L. crispatus BC4 maintained levels of about 7 log CFU/g up to 13 

days of cheese refrigerated storage, allowing the intake of 9 CFU/day, consuming a cheese portion 

of 100g. However, it was necessary to investigate in deep the fate of this strain when carried in 
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Squacquerone cheese in order to prove its viability and metabolic activity during digestion process. 

The figures 1-2 show, respectively, the log counts of total lactobacilli and L. crispatus after the 

control and test cheese passage in SHIME® at the gastric and small intestine steps.  

The results were obtained by means of PMA-PCR using specific primers for Lactobacillus genus and 

L. crispatus species and enabling to detect viable cells.  

 

 

Figure 1. Total viable Lactobacilli in upper GIT analyzed by PMA-qPCR data with primers specific for 

Lactobacillus genus. Results for the L. crispatus supplemented cheese and the control cheese are shown as 

average ± standard deviations. The collected samples are relative to time 0 (ST0), end of stomach (ST2), 

Small intestine after 60 min (SI60), 120 min (SI120) and 180 min (SI180). Columns with different letters are 

significant different (p < 0.05). 
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Figure 2. Viability of L. crispatus in upper GIT analyzed by PMA-qPCR data with primers species-specific for 

L. crispatus. Results for the L. crispatus supplemented cheese and the control cheese are shown as average 

± standard deviations. The collected samples are relative to time 0 (ST0), end of stomach (ST2), Small 

intestine after 60 min (SI60), 120 min (SI120) and 180 min (SI180). Columns with different letters are 

significant different (p < 0.05). 

 

The results related to Lactobacillus spp. show that control and supplemented cheeses were 

characterized by initial cell loads of 7.6 and 8.7 log (16S rRNA copy number), respectively. However, 

comparing the data with Fig. 2, L. crispatus BC4 counted for 6.6 log order in the supplemented 

cheese, while it was absent in the control cheese. This result it is not surprising since the main 

Lactobacillus population in mature cheese is represented by L. plantarum, L. casei, L. paracasei 

which are able to survive to the initial thermal treatment and they can represent the non-starter 

lactic acid bacteria (NSLAB) population (Gobbetti, De Angelis, Di Cagno, Mancini, & Fox, 2015). At 

the end of gastric step, the Lactobacillus population characterizing the control cheese decreased at 

6.2 log order while the Lactobacillus population of the supplemented cheese remained quite stable 

at level of 8.4 log. Regarding L. crispatus BC4 carried in Squacquerone cheese, the transit in the 

stomach led to a decrease of approx. 0.3 log units, and a further decrease of 0.5 log units was 

observed after the exposure to simulated small intestine conditions for 60 min. Afterwards, L. 

crispatus BC4 loads remained quite constant at the level of 5.6 log. In the present research, the data 

showed that the vaginal strain used is weakly affected by the low pH at the end of the gastric 

condition while it is significantly affected by the presence of bile salts and pancreatic juice in the 

first 60 min of small intestine (SI) stress condition. On the other hand, also Vamanu (2017) showed 

significant reductions for different LAB strains in the presence of the enzymes and bile salts related 

to small intestine stress when their viability was tested in GIS1 simulator. Also, Bianchi et al. (2014) 

adopted SHIME® to evaluate the fate of L. casei Lc-01 inoculated in beverage, showing a significant 

reduction in the viability of the strain under stomach and duodenum conditions. According to 

Xanthopoulos, Litopoulou-Tzanetaki, and Tzanetakis (2000), the bile salt resistance varies in 

significant way among different lactic acid bacteria species and among strains of the same species. 

According to Saarela, Mogensen, Fondén, Mättö and Mattila-Sandholm (2000), bile salts are toxic 

to microbial cells because they disrupt the cellular membrane structure and, therefore, bile salt 

tolerance is considered one of the required characteristics for the survival of lactic acid bacteria in 

the duodenum. The results obtained in the present research showed that L. crispatus BC4 viability 

was affected by the passage in the duodenum, and it entered the colon at level of about 5.6 log, 
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which corresponds to about 4 log (16S rRNA copy number) per mL of colon liquid in our simulated 

conditions. However, L. crispatus BC4 was able to multiply in the colon environment or at least to 

remain stable in presence of a complex microbiota. In fact, following the passage in the upper GIT 

of the supplemented Squacquerone cheese (containing the L. crispatus BC4) and of the control one, 

the contents of the ileum were used to perform a colonic inoculum under sterile conditions and in 

presence of a complex background microbiota resembling the human gut microbiota.  

 

 

Figure 3. Total viable Lactobacilli in complex gut microbiota analyzed by PMA-qPCR data with primers 

specific for Lactobacillus genus. Results are shown as average ± standard deviations for the L. crispatus 

supplemented cheese in the presence or absence of complex gut microbiota , and control cheese in 

complex gut microbiota. 0, 24 and 48h represent the sampling points at the beginning and after 24 and 48 

of incubation. Columns with different letters are significant different (p < 0.05). 

 

Fig. 3 shows the total viable lactobacilli detected by PMA-qPCR in the three samples corresponding 

to the supplemented cheese inoculated in colon without a complex microbiota, the control cheese 

inoculated in colon with a complex microbiota, and the supplemented cheese inoculated in colon 

with a complex microbiota. It is possible to observe that the concentration of viable lactobacilli in 

samples containing L. crispatus BC4 at the beginning of the colon simulation is approx. 4.5 log 

units/mL while the background community is below the detection limit. Along the 48h of incubation 

under sterile conditions, Lactobacillus spp. can grow and increase the concentration up to 6.7 log 

(16S rRNA copies/mL). The same behaviour was registered for the control sample, in which 

Lactobacillus spp. reached a final concentration of 6.3 log (16S rRNA copies/mL). On the contrary, 

in the sample represented by the cheese containing the vaginal strain and a background microbiota, 
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it was possible to observe an initial increase of Lactobacillus spp. of 0.5 log (16S rRNA copies/mL) 

followed by a decrease at 4.0 log after 48 h. The data obtained by species specific qPCR confirmed 

that L. crispatus BC4 had a good survival rate, and it was able to grow in colon sterile conditions (Fig. 

4). In fact, at the end of the colon simulation, after 48 h, 5.1 log out of 6.75 were represented by L. 

crispatus BC4 while it was absent in the control samples without complex microbiota.  

 

Figure 4. Viability of L. crispatus in simulated colon analyzed by PMA-qPCR data with primers species-

specific for L. crispatus. Results are shown as average ± standard deviations for the L. crispatus 

supplemented cheese in the presence or absence of complex gut microbiota, and control cheese in 

complex gut microbiota. 0, 24 and 48h represent the sampling points at the beginning and after 24 and 48 

of incubation. Columns with different letters are significant different (p < 0.05). 

 

Differently, when the simulation was performed in the presence of a complex microbiota, L. 

crispatus represented initially 4.1 log out of 4.4 log of lactobacilli detected, and it slightly decreased 

over time reaching 3.9 log out of 4.0 log of lactobacilli detected at the end of the simulation (Fig. 4). 

These data confirmed the ability of L. crispatus BC4, although with significant reduction with respect 

to the initial inoculum level in cheese, to survive to simulated gut conditions also in the presence of 

a complex microbiota, challenging the hypothesises that this strain, gifted with good anti-Candida 

and anti-foodborne pathogen features (Parolin et al., 2015, Siroli et al., 2017), can be used to reduce 

vaginal dysbiosis throughout a dietary strategy. Moreover, samples collected from the colon 

simulation were analysed for changes in pH (Table 1), total and main SCFA (Fig. 5) and lactate 

production (Fig. 6), to assess the potential metabolic activity of the test product and its impact on 

the metabolism of the gut microbiota.  
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Table 1. pH quantification during the 48h of colonic simulation for the 3 conditions of the study. Results 

are shown as average ± standard deviations. Means followed by different superscript letters a, b are 

significant different (p < 0.05). 

 

  
pH during colonic simulation 

  
  0h  24h  48h  

 
L. crispatus supplemented cheese without complex 

microbiota 
6.41±0.06a 5.68±0.06b 5.68±0.07b 

control cheese in complex gut microbiota 6.35±0.05a 5.60±0.05b 5.71±0.06b 

L. crispatus supplemented cheese in complex gut 
microbiota 

6.36±0.07a 5.61±0.06b 5.67±0.05b 

 

Table 1 shows that a colonic acidification occurred independently on the presence of a complex 

microbiota, with no differences among the different conditions of the study. This drop in pH is linked 

to a saccharolytic activity of the gut microbiota, as shown in Fig. 5 which reports the total SCFA and 

main SCFA, such as acetic acid, propionic acid, and butyric acid, and Fig. 6 describing the production 

of lactate, in the presence of a very low proteolytic activities, as shown in Fig. 7 reporting the 

branched-SCFAs, usually considered marker for proteolysis.  

 

 

Figure 5. Total SCFA and main SCFA, namely acetic acid, propionic acid, and butyric acid concentration 

(mmol/L) occurring along the 48h of colonic simulation. Results are shown as average ± standard 

deviations. For each detected compound columns with different letters are significant different (p < 0.05). 
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Figure 6. Total lactate concentration (mmol/L) occurring along the 48h of colonic simulation. Results are 

shown as average ± standard deviations. Columns with different letters are significant different (p < 0.05). 

 

 

Figure 7. Branched SCFA concentration (mmol/L) occurring along the 48h of colonic simulation. Results are 

shown as average ± standard deviations. Columns with different letters are significant different (p < 0.05). 
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During all colonic incubations the concentration of SCFA increased, reaching the highest 

concentrations in the presence of a complex microbiota (Fig. 5). Moreover, a very mild increase of 

SCFA occurred between 24 and 48 h in the presence of a complex microbiota. The production of 

SCFA due to the LAB could be due to the proteolytic and peptidase or esterase activities since they 

are scarcely gifted of lipolytic potential (Vannini et al., 2008). All the tested cheeses led to a strong 

production of lactate in the first 24 h of colonic simulation and lactate increase was higher for L. 

crispatus BC4 supplemented cheeses (Fig. 6). After 48 h of colonic simulation, lactate concentration 

remained constant under conditions characterized by the absence of microbiota, while it decreased 

in the presence of a complex microbiota, for both the control cheese and the L. crispatus 

supplemented one. Interestingly, the decrease in lactate concentration was correlated to an 

increase in propionate and butyrate indicating that a cross-feeding reaction occurred between 24-

48 h in presence of a complex microbiota (Fig. 5). This is of relevance since also bacteria metabolic 

activity can represent an important feature for the selection of L. crispatus BC4 as a probiotic 

candidate. In fact, according to Douillard and de Vos (2019), the criteria for probiotic selection 

include the presence of genes associated to the survival in the GIT, but also the ability to interact 

with host-bacteria. Our data demonstrated that, when entering the colon, the vaginal L. crispatus 

BC4 strain led to strong lactate production (clear indication that the strain is still metabolically 

active). In presence of a complex microbiota, lactate is further converted by cross-feeding into 

propionate and butyrate, having potentially a significant biological role (Rios-Covian et al 2016). 

Propionate and butyrate metabolisms have received much attention during the last years, mainly 

due to their role in diseases and inflammatory processes in which they are involved. For example, a 

reduction in obesity and insulin resistance in experimental animals on high-fat diet after dietary 

supplementation with butyrate has been observed (Gao et al., 2009). Moreover, butyrate and 

propionate have been reported to induce the production of gut hormones, such as glucagon-like 

peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), which are key 

modulators of energy homeostasis and glucose metabolism, also reducing food intake (Lin et al., 

2012). It has also been observed that SCFA protect against the development of colorectal cancer 

(CRC), with most studies focusing on butyrate (Keku et al., 2015). Butyrate promotes colon motility, 

reduces inflammation, increases visceral irrigation, induces apoptosis, and inhibits tumor cell 

progression (Louis et al., 2014). In addition, butyrate and propionate have also been reported to 

induce the differentiation of T-regulatory cells, assisting to control intestinal inflammation (Louis et 

al., 2014). As reported by Douillard and de Vos (2019), also the immunomodulation properties 
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represent a criterion for selection of probiotic strains. However, no differences in propionate and 

butyrate production could be observed between control cheese and cheese containing L. crispatus 

BC4. Notably, the results obtained in the present research are related to a single dose of product, 

but the outcome of the colonization and impact of the gut microbiota might be different when daily 

repeated doses are tested. In fact, as reported by many authors (Madison & Kiecolt-Glaser, 2019; 

Salonen & de Vos, 2014; Sonnenburg & Bäckhed, 2016), diet is one of the most important drivers 

on the microbiota composition and activity that in turn may have an important systemic impact on 

the host. 

4. Conclusion 

The PMA-qPCR analysis, using specific primers for the target species, showed that the vaginal L. 

crispatus BC4 strain, when vehiculated in cheese carrier, could well withstand the acidic conditions 

of the stomach with a slight decrease in viable cells. In fact, a cell decrease was observed in the 

transition between stomach and duodenum indicating that bile salts are, anyway, a source of stress 

for L. crispatus BC4. When entering the colon, the vaginal L. crispatus BC4 demonstrated to increase 

its cell loads during incubation time in the absence of other microorganisms and to remain stable in 

presence of a complex microbiota. However, it led to strong lactate production (clear indication that 

the strain is still metabolically active). In presence of a complex microbiota, lactate was further 

converted by cross-feeding into propionate and butyrate, demonstrating a potential positive effect 

on the host. However, no differences in propionate and butyrate production could be observed 

between control cheese and cheese containing L. crispatus. Despite this may appear as a negative 

outcome, it must be taken into account that, in this setup, only a single dose of the cheese was 

tested and the outcome of the colonization and impact of the gut microbiota might be different 

when daily repeated doses are tested. Moreover, also the initial inoculum level of the target strain 

in cheese could be a little bit increased in order to guarantee a higher level of survive during all the 

GIT passage. However, even if human trials should be set-up to confirm the effective role of L. 

crispatus BC4 to positively interact with the host, these data suggest its potential use to obtain a 

functional cheese as potential dietary strategy to guarantee the woman well-being.  
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CHAPTER 8   

 

 
Development and 

characterization of fermented 

soy milks containing 

encapsulated or non-

encapsulated vaginal probiotic 

bacteria 
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Abstract: Besides gut and fermented foods, human microbial niches such as the healthy vagina, are 

ǊŜŎŜƴǘƭȅ ŜƳŜǊƎƛƴƎ ŀǎ άǳƴŎƻƴǾŜƴǘƛƻƴŀƭέ ǎƻǳǊŎŜǎ ƻŦ ŎŀƴŘƛŘŀǘŜ ǇǊƻōƛƻǘƛŎǎ ŎŀǇŀōƭŜ ƻŦ ǇǊŜǾŜƴǘƛƴƎ ŦǊƻƳ 

different diseases, including recurrent urinary infections, bacterial vaginosis, and vaginal 

candidiasis. These functional microorganisms could be provided as oral preparations since they can 

translocate from the gut to the vagina. However, their use in food would be very challenging. 

Considering the recent interest towards consumption of non-dairy plant-based alternatives as 

probiotic vehicles, the aim of this work was to develop fermented soy milks supplemented with 

encapsulated and non-encapsulated vaginal lactobacilli, namely Lactobacillus crispatus BC4 and 

Lactobacillus gasseri BC9, as future dietary strategies to reduce/prevent vaginal dysbiosis. These 

formulated products were followed for 28 days and analyzed for the microbial cell loads, pH, sensory 

characteristics, aromatic compounds and rheological properties. Moreover, the survival of the 

supplemented vaginal strains in simulated gastro-intestinal juices and their antagonistic activity 

against intestinal pathogens were evaluated. As demonstrated by sensory evaluations and volatile 

compound detection, L. crispatus BC4 and L. gasseri BC9 were promising as co-starter cultures for 

the fermentation of soy milk since they imparted characteristic flavor (pleasant smell and taste) and 

aroma (reductions in undesired volatile compounds associated with άbeanȅέ flavor) to the final 

products. Eventually, these strains survived the simulated GIT conditions and showed a remarkable 

antagonistic activity against selected enteropathogens such as Escherichia coli H10407, Salmonella 

choleraesuis serovar typhimurium and Yersinia enterocolitica. 

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 

ŦƻƻŘǎΣ ƘǳƳŀƴ ƳƛŎǊƻōƛŀƭ ƴƛŎƘŜǎ ŀǊŜ ǊŜŎŜƴǘƭȅ ŜƳŜǊƎƛƴƎ ŀǎ άǳƴŎƻƴǾŜƴǘƛƻƴŀƭέ ǎƻǳǊŎŜǎ of probiotic 

candidates. For instance, several studies conducted on vaginal microbiota of healthy women have 
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reported Lactobacillus as the main genus present in this niche, indicating it as an excellent source 

of beneficial microbes (Anahtar et al., 2018)(Di Cerbo et al., 2016). Among the isolated lactobacilli, 

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 can produce 

several antimicrobial compounds (e.g. hydrogen peroxide, lactic acid) and they can compete against 

pathogens for adhesion sites in the vaginal epithelium (Borges et al., 2014), 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 (Ñahui 

Palomino et al., 2019). Their metabolic aptitude ό5ΩAlessandro 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 colonize 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 microorganisms. 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 

ƻŦ ƭŀŎǘƻǎŜ ƛƴǘƻƭŜǊŀƴŎŜΣ ŎƻǿΩǎ Ƴƛƭƪ ǇǊƻǘŜƛƴ ŀƭƭŜǊƎȅΣ ƛǎǎǳŜ ǿƛǘƘ ŎƘƻƭŜǎǘŜǊƻƭ-rich diet, veganism and 



166 
 

negative environmental impacts of dairy productions, there is a growing demand for non-dairy-

alternatives. Nowadays, the viability of probiotics in plant-based milk substitutes (PBMS), such as 

soy milk, during product storage 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 milk by lactic acid bacteria can: overcome the 

problem of beany flavor, increase the acceptability of soy milk by reducing the oligosaccharides 

(Otieno & Shah, 2007); improve the bioavailability of isoflavones,  favor the digestion of proteins 

and intestinal health, enhance the antioxidant activity of the product, provide more soluble calcium, 

and supports immune system (Wang et al., 2003). The aim of this study was to develop functional 

fermented soy milk products using commercial starter cultures together with two encapsulated and 

non-encapsulated vaginal probiotics (L. crispatus BC4 and L. gasseri BC9). The two strains were 

applied individually or in combination to assess their potential synergistic effect on the final food 

product. The fermented soy milks 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 characteristics (panel), aromatic compounds (GC-MS-SPME), and 

rheological measurements were determined on the final products at the end of storage. 

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% L-cysteine under anaerobiosis to obtain a final concentration of at least 

109 CFU/mL for each strain. The strain cell loads were determined after serial dilutions in 0.9% NaCl 
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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 8200 rpm 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 commercial 

soy milk. Commercial soy milk composition was as follow: 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 ˃m high-ōŀǊǊƛŜǊ ǇƭŀǎǘƛŎ ōŀƎǎ ό¢ŜŎƴƻǾŀŎΣ {ŀƴ tŀƻƭƻ 5Ω!ǊƎƻƴΣ .ŜǊƎŀƳƻΣ Lǘŀƭȅύ 

using an S100-Tecnovac device. 

 

2.3 Preparation of fermented soy milks 

The production of fermented soy milks was carried out in lab conditions. Commercial UHT soy milk 

was split in 100 mL containers and each one was inoculated with starter cultures (L. delbrueckii 

subsp. bulgaricus and S. thermophilus) at level of 6 log CFU/g while the functional strains, 

encapsulated or not, were inoculated at level of at least 7 log CFU/g. The inoculated soy milks 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 milks were produced and 

defined as follows: 

Control: fermented soy milk containing starter cultures only; 

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

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

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

BC9; 

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

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

BC4+L. gasseri BC9. 

 

2.4 Starter cultures and probiotic strain viability in fermented soymilks 

The viability of starters cultures and vaginal strains was assessed after 1, 14 and 28 days of storage. 

Five grams of fermented soy milk were placed into 45 mL of PBS and homogenized in a stomacher 

(Labblender 80, Pbi International, Milan, Italy) for 3 min. Decimal dilutions 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-Litum Propionate (LP) with 0.05% L-cysteine and 

MRS with 0.05% L-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 Decrease of pH 

The reduction of pH during fermentation and its evolution during the storage at 4°C for 28 days was 

monitored using pH meter Basic 20 (Crison Instruments, Modena, Italy). 

 

2.6 Survival to simulated gastric and intestinal juices of the vaginal strains present in the 

fermented soy milk 

To evaluate the resistance of the vaginal strains, encapsulated or not, to simulated gastric and 

intestinal juices when carried in the fermented soy milks, the method described by 5Ω!ƭŜǎǎŀƴŘǊƻ Ŝǘ 

al. (2021) (b) was performed with some modifications after 14 days of refrigerated storage. Briefly, 

ǘƘŜ ŦƛǊǎǘ ǎŀƳǇƭŜ ǿŀǎ ƳƛȄŜŘ ǿƛǘƘ ǘƘŜ ǎŀƳŜ ǾƻƭǳƳŜ ƻŦ ŀ άǎŀƭƛǾŀςƎŀǎǘǊƛŎέ ǎƻƭǳǘƛƻƴΦ ¢ƘŜ ǎŀƭƛǾŀςgastric 

solution contained CaCl2 (0.22 g/L), NaCl (16.2 g/L), KCl (2.2 g/L), NaHCO3 (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 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 microbial cell viability (acid step). Instead, 2 mL of 

the sample were centrifuged (12,000 rpm, 4 min and 4 °C) and the resulting pellet was washed with 
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2 ml of NaCl 0.9% isotonic solution (12,000 rpm, 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 from porcine pancreas). 

¢ƘŜ ƛƴŎǳōŀǘƛƻƴ ǘƛƳŜ ƛƴ ǘƘŜ ǘƘŜǊƳƻǎǘŀǘƛŎ ōŀǘƘ ǿŀǎ фл Ƴƛƴ ŀǘ от ϲ/Φ ¢ƘŜƴΣ млл ˃[ ǿŀǎ ǘŀƪŜƴ ŦǊƻƳ ǘƘŜ 

sample in order to assess the resulting cell viability by microbiological sampling.  

 

2.7 Antagonistic activity against intestinal pathogens 

All the investigated fermented soy milks were tested for their antagonistic activity towards the 

intestinal pathogens enterotoxigenic Escherichia coli H10407, Salmonella choleraesuis serovar 

typhimurium, Yersinia enterocolitica (Giordani et al., 2018) by overlay assay, as described in 

ό5Ω!ƭŜǎǎŀƴŘǊƻ Ŝǘ ŀƭΦΣ нлннύ 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 µl of each fermented soy milk were spotted over the surface of MRS plates 

(containing 0.05% L-cysteine and 1.2% agar) and incubated in anaerobic conditions at 37°C for 24 h. 

Then 100 µl (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 inhibition 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 Panel test                                                                                                                                                                                                                       

The sensory evaluations of all the fermented soy milks were carried out by ten untrained panelists 

according to the Likert scale (from 1: strongly agree to 5: strongly disagree) considering 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 milk products were monitored after 24 h from coagulation 

and after 28 days of refrigerated storage using gas chromatography-mass spectrometry (GCςMS) 

coupled with solid phase micro extraction (SPME) using the method described by Patrignani et al., 

2017a). 
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2.10 Rheological measurements   

Rheological measurements on fermented samples were carried out at 4°C using a controlled stressς

strain rheometer mod. MCR 300 (Physica/ Anton Paar, Ostfildern, Germany) equipped with a bob 

and cup geometry (CC27) and a Peltier system. The rheological behavior was analysed in steady 

state conditions. After a pre-shearing of 500 s at 0.1 sҍ1, viscosity was measured increasing shear 

rate from 0.1 to 100 sҍ1 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 ìhigh shear values 

are used (Lucey et al. (2004). To better highlight differences between samples, viscosity curves were 

fitted according with the Casson model  (Ramasamawy et al., 1991; Lee and Lucey, 2006;  Glicerina 

et al., 2015) (1) 

 

 

Casson model: „Ȣ  „Ȣ –  ‎
Ȣ              (1) 

 

where: „ is the yield stress and  –  is the so-ŎŀƭƭŜŘ ΨΨǇƭŀǎǘƛŎ ǾƛǎŎƻǎƛǘȅΩΩΦ 

  

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 

ǾŀǊƛŀƴŎŜ ό!bh±!ύ ŀƴŘ ¢ǳƪŜȅΩǎ ǘŜǎǘ ŦƻǊ Řŀǘŀ ŎƻƳǇŀǊƛǎƻƴǎΦ 

 

3.Results and Discussion 

3.1 Viability of the bacteria in fermented soy milk and pH profile during the refrigerated storage 

Concerning starters viability, the microbial cell loads of L. delbrueckii subsp. bulgaricus and S. 

thermophilus measured in fermented soy milks during refrigerated storage are reported in Figure 1.  
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Figure 1. Cell load viability (log CFU/g) of starter cultures (L. delbrueckii subsp. bulgaricus and S. 

thermophilus) in fermented soymilks considering the presence of probiotic strains,  the use of 

microencapsulation and refrigerated shelf-life. Control: fermented soy milk; BC4: fermented soy milk with 

L. crispatus BC4; BC9: fermented soy milk with L. gasseri BC9; BC4+BC9: fermented soy milk with the mix 

of L. crispatus BC4+L. gasseri BC9; E-BC4: fermented soy milk with encapsulated L. crispatus BC4; E-BC9: 

fermented soy milk with encapsulated L. gasseri BC9; E-BC4+BC9: fermented soy milk 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). 

 

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 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 concentration of S. thermophilus in fermented milks 
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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 

milk 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, oxygen, water activity, presence of salt, 

sugar, hydrogen peroxide, bacteriocins, 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 production), 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 BC9 per gram of fermented 

soy milk were determined in all the products during the 28 days of storage at 4°C (Table 1). 

Table 1. Cell load viability (log CFU/g) of vaginal strains (Lactobacillus crispatus BC4 and Lactobacillus 

gasseri BC9) in fermented soymilks 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 fermented soy milk with L. crispatus BC4 unencapsulated and encapsulated; BC9 and E-

BC9: respectively fermented soy milk with L. gasseri BC9 unencapsulated and encapsulated; BC4+BC9 and 

E-BC4+BC9: respectively fermented soy milk 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 bacterium 
Fermented soy milk 

Cell load viability (log CFU/g) 

1day 14day 28day 

L. crispatus BC4 BC4 7.17 a ± 0.3 7.25 a ± 0.4 6.81 a ± 0.4 
 E-BC4 7.49 a ± 0.2 7.38 a ± 0.3 6.99 a ± 0.3 
 BC4 + BC9 7.08 a ± 0.4 6.97 a ± 0.3 6.72 a ± 0.4 
 E-BC4 + BC9 7.24 a ± 0.3 7.31 a ± 0.3 6.71 a ± 0.3 
     

L. gasseri BC9 BC9 6.95 a ± 0.5 6.88 a ± 0.5 6.78 a ± 0.3 
 E-BC9 7.12 a ± 0.4 6.95 a ± 0.4 6.84 a ± 0.3 
 BC4 + BC9 7.23 a ± 0.3 7.16 a ± 0.2 7.14 a ± 0.2 
 E-BC4 + BC9 7.39 a ± 0.3 7.07 a ± 0.3 6.95 a ± 0.3 

 

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 
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recommended level of probiotics (Ḑ 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 όTœƛŜǊ Ŝǘ ŀl., 2015;  Li et al., 2012) of viable cells in soy milk without the need of 

additional carbohydrates. According to Kumari et al. (2022), soy milk 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).   

5ǳǊƛƴƎ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ŦŜǊƳŜƴǘŜŘ ǎƻȅ ƳƛƭƪǎΣ ŀƭƭ ǘƘŜ ǎŀƳǇƭŜǎ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ǎǘŀǊǘŜǊ ŎǳƭǘǳǊŜǎ 

ŀƴŘ ǘƘŜ ǇǊƻōƛƻǘƛŎ ŀŘƧǳƴŎǘǎ όŜƴŎŀǇǎǳƭŀǘŜŘ ƻǊ ƴƻǘύ ǊŜŀŎƘŜŘ ǇI пΦр ƛƴ т Ƙ ŀǘ пнϲ/ όŘŀǘŀ ƴƻǘ ǎƘƻǿŜŘύΣ 

ǎƘƻǿƛƴƎ ŀ ŦŜǊƳŜƴǘŀǘƛƻƴ ǘƛƳŜ ŎƻƳǇŀǊŀōƭŜ ǿƛǘƘ ǇǊƻŘǳŎǘǎ ŦǊƻƳ Ŏƻǿ Ƴƛƭƪ ŀƴŘ ŎƻƳǇŀǘƛōƭŜ ǿƛǘƘ ǘƘŜ 

ƛƴŘǳǎǘǊƛŀƭ ƴŜŜŘǎΦ ¢ƘŜ ǇI ǇǊƻŦƛƭŜǎ ŘǳǊƛƴƎ ǊŜŦǊƛƎŜǊŀǘŜŘ ǎǘƻǊŀƎŜ  are shown in Figure 2.  

 

Figure 2. pH values recorded during the refrigerated shelf-life (1,7, 14 and 28 days) of all the investigated 
fermented soymilk products.  Control: fermented soy milk; BC4: fermented soy milk with L. crispatus BC4; 
BC9: fermented soy milk with L. gasseri BC9; BC4+BC9: fermented soy milk with the mix of L. crispatus 
BC4+L. gasseri BC9; E-BC4: fermented soy milk with encapsulated L. crispatus BC4; E-BC9: fermented soy 
milk with encapsulated L. gasseri BC9; E-BC4+BC9: fermented soy milk 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). 

 

¢ƘŜ ǇI ǾŀƭǳŜ ƻŦ ŎƻƴǘǊƻƭ ǎŀƳǇƭŜ ŘŜŎǊŜŀǎŜŘ ǎƭƻǿƭȅ ŘǳǊƛƴƎ ǘƘŜ ŦƛǊǎǘ о ǿŜŜƪǎΣ ǿƘƛƭŜ ƛǘ ǊŜŘǳŎŜŘ ƻŦ ŀōƻǳǘ  

лΦс ς лΦт ǳƴƛǘǎ ŘǳǊƛƴƎ ǘƘŜ ŦƻǳǊǘƘ ǿŜŜƪΦ 9ȄŎƭǳŘƛƴƎ ǘƛƳŜ лΣ ǘƘŜ ǇI ǾŀƭǳŜǎ ƻŦ ǘƘŜ ŎƻƴǘǊƻƭ ƻǾŜǊ ну Řŀȅǎ 
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ŀǘ пϲ/ ǿŜǊŜ ŀƭǿŀȅǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ǘƘŜ ƻǘƘŜǊ ǎŀƳǇƭŜǎΦ ¦ƴƭƛƪŜ ǘƘŜ ŎƻƴǘǊƻƭΣ ŀƭǊŜŀŘȅ ŀŦǘŜǊ 

ǘƘŜ ŦƛǊǎǘ ǿŜŜƪ ƻŦ ǎǘƻǊŀƎŜΣ ǇI ŘǊƻǇǎ ǿŜǊŜ ƻōǎŜǊǾŜŘ ŦƻǊ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ǎŀƳǇƭŜǎΣ ƳƻǊŜ ƳƻŘŜǊŀǘŜ ŦƻǊ 9π

./фΣ 9π./пΣ ./ф ŀƴŘ ./п ŀƴŘ ƳƻǊŜ ǇǊƻƴƻǳƴŎŜŘ ŦƻǊ ./пҌ./ф ŀƴŘ 9π./пҌ ./фΦ Lƴ ƎŜƴŜǊŀƭΣ ǘƘŜ ǇI ƻŦ 

ŦŜǊƳŜƴǘŜŘ ǎƻȅ Ƴƛƭƪǎ ǇǊƻŘǳŎŜŘ ǿƛǘƘ ƴƻƴπŜƴŎŀǇǎǳƭŀǘŜŘ ǇǊƻōƛƻǘƛŎ ŎǳƭǘǳǊŜǎ ŘŜŎǊŜŀǎŜŘ ǿƛǘƘƛƴ ǘƘŜ ŦƛǊǎǘ 

нм Řŀȅǎ ƻŦ ǎǘƻǊŀƎŜΣ ǿƘƛƭŜ ǘƘŜȅ ǊŜƳŀƛƴŜŘ ǎǘŀōƭŜ ǳǇ ǘƻ ну Řŀȅǎ ǿƛǘƘ ǇI ǾŀƭǳŜǎ ǘƘŀǘ ƴŜǾŜǊ ǿŜƴǘ ōŜƭƻǿ 

ǇI пΦофΦ hƴ ǘƘŜ ŎƻƴǘǊŀǊȅΣ ǎŀƳǇƭŜǎ ŎƻƴǘŀƛƴƛƴƎ ŜƴŎŀǇǎǳƭŀǘŜŘ ǇǊƻōƛƻǘƛŎǎ ǎƘƻǿŜŘ ŀ ƳƻǊŜ Ŏƻƴǎǘŀƴǘ ǇI 

ǊŜŘǳŎǘƛƻƴ ŘǳǊƛƴƎ ǘƘŜ ŜƴǘƛǊŜ ну Řŀȅǎ ƻŦ ǎǘƻǊŀƎŜΣ ǊŜŀŎƘƛƴƎ ǾŀƭǳŜǎ ōŜƭƻǿ пΦор ŀǘ ǘƘŜ ŜƴŘ ƻŦ ƛƴŎǳōŀǘƛƻƴΦ 

¢ƘŜ ǎǘǊƻƴƎŜǊ ŀŎƛŘƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎ ŎƻƴǘŀƛƴƛƴƎ ŜƴŎŀǇǎǳƭŀǘŜŘ ōŀŎǘŜǊƛŀ Ŏŀƴ ŘŜǇŜƴŘ ƻƴ ǘƘŜ 

ŎŀǇǎǳƭŜ ǘƘŀǘ ǇǊƻǘŜŎǘ ōŜǘǘŜǊ ǘƘŜ ŎŜƭƭǎ ŦǊƻƳ ƛƴƘƛōƛǘƛƴƎ ŦŀŎǘƻǊǎ όŜΦƎΦ ƭƻǿ ǇIύΦ LƴŘŜŜŘΣ ŀ ƘƛƎƘŜǊ ŜŦŦƛŎƛŜƴǘ 

ŦŜǊƳŜƴǘŀǘƛƻƴ ǿŀǎ ŀƭǎƻ ǊŜǇƻǊǘŜŘ ōȅ {ƛƳƼ Ŝǘ ŀƭΦ όнлмтύ ŦƻǊ ŜƴŎŀǇǎǳƭŀǘŜŘ ōŀŎǘŜǊƛŀ ƛƴ ǊŜŘ ǿƛƴŜ ŎƻƳǇŀǊŜŘ 

ǘƻ ǘƘŜ ǳǎŜ ƻŦ ƴƻƴπŜƴŎŀǇǎǳƭŀǘŜŘ ƻƴŜǎΦ ¢ƘŜ ŘŜŎǊŜŀǎŜ ƛƴ ǇIΣ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ŎƘŜƳƛŎŀƭ ƛƴǘŜǊŀŎǘƛƻƴǎ ǘƘŀǘ 

ƻŎŎǳǊ ƛƴ ŦŜǊƳŜƴǘŜŘ ǎƻȅ Ƴƛƭƪ ŀƭǎƻ ŘǳŜ ǘƻ ǾŀƎƛƴŀƭ ǎǘǊŀƛƴǎ Ŏŀƴ ōŜ ŀƴ ƛƴŘƛŎŀǘƻǊ ƻŦ ǘƘŜ ŀŎƛŘƛǘȅ ƻŦ ǘƘŜ 

ǇǊƻŘǳŎǘΦ ¢Ƙƛǎ ǊŜǎǳƭǘƛƴƎ ŀŎƛŘƛǘȅ ŎƻǳƭŘ ƘŀǾŜ ŀƴ ƛƳǇŀŎǘ ƻƴ ǘƘŜ ǎŜƴǎƻǊȅ ǇŀƴŜƭ ŀƴŘ ǘƘŜ ŀǊƻƳŀ ǇǊƻŦƛƭŜǎ ƻŦ 

ǘƘŜ Ŧƛƴŀƭ ǇǊƻŘǳŎǘǎΦ 

3.2 Survival to simulated gastric and intestinal juices of the vaginal strains present in the 

fermented soy milk  

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 colonize the gut. Then, from 

there they can transfer to the vagina due to the spatial proximity of the two organs. According to 

several study (Basu et al., 2018; Putta et al., 2018; Roobab et al., 2020; Shori, 2016) an important 

role in the stability of probiotics and resistance to GIT conditions could be provided by the food 

matrix. However, which role the matrix plays is still not clear. In addition, microencapsulation 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 

performances of both fermented soy milk and microencapsulation in maintaining strain viability 

were tested after 14 days of refrigerated storage and subsequent passage through simulated gastric 

and intestinal phase (Figure 3).  
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Figure 3. Cell load viability (log CFU/g) of vaginal strains (Lactobacillus crispatus BC4 and Lactobacillus 

gasseri BC9) in fermented soymilks 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). 

 

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 soy milks containing encapsulated probiotics met the requirements for probiotic 

functional foods (Kumari et al., 2022). In fact, spray-drying provided a greater protection from the 

natural physiological 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 et al. (2021) (b). More specifically, the authors studied the 

production of soy milk 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 milks produced with 

encapsulated vaginal strains were able to withstand the simulated conditions of the GIT, meeting 

the minimum requirements for probiotic foods (Ḑ 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. 
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Sublethal injuries may turn cells into a viable but non-culturable state (Vinderola et al., 2019). 

Therefore, the encapsulation 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. 

 

3.3 Antagonistic activity of fermented soy milks against intestinal pathogens 

Fermented soy milks were tested for their antagonistic activity towards the intestinal pathogens 

enterotoxigenic E. coli H10407, S. choleraesuis and Y. enterocolitica by overlay assay (Tables 2, 3 and 

4).  

 

Table 2. Evaluation of the antagonistic activity of fermented soymilk products against enterotoxigenic E. 

coli H10407 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 milk; BC4: fermented soy milk with L. crispatus BC4; BC9: fermented soy milk with L. gasseri BC9; 

BC4+BC9: fermented soy milk with the mix of L. crispatus BC4+L. gasseri BC9; E-BC4: fermented soy milk 

with encapsulated L. crispatus BC4; E-BC9: fermented soy milk with encapsulated L. gasseri BC9; E-

BC4+BC9: fermented soy milk with the encapsulated mix of L. crispatus BC4+L. gasseri BC9. 

 

Sample T1 T7 T14 T21 

Control ++ ++ ++ ++ 

BC4 ++ ++ +++ ++ 

BC9 ++ ++ +++ +++ 

BC4+9 ++ ++ ++ +++ 

E-BC4 ++ ++ ++++ +++ 

E-BC9 + ++ ++++ ++ 

E-BC4+9 + ++ +++ ++++ 

 

Table 3. Evaluation of the antagonistic activity of fermented soymilk products against S. choleraesuis 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 milk; BC4: 

fermented soy milk with L. crispatus BC4; BC9: fermented soy milk with L. gasseri BC9; BC4+BC9: fermented 

soy milk with the mix of L. crispatus BC4+L. gasseri BC9; E-BC4: fermented soy milk with encapsulated L. 

crispatus BC4; E-BC9: fermented soy milk with encapsulated L. gasseri BC9; E-BC4+BC9: fermented soy milk 

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

 

Sample T1 T7 T14 T21 

Control ++ ++ ++ ++ 

BC4 +++ +++ ++++ +++ 

BC9 +++ +++ +++ ++ 
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BC4+9 +++ ++ ++++ ++ 

E-BC4 +++ +++ ++++ ++ 

E-BC9 ++ ++ ++++ ++++ 

E-BC4+9 ++ +++ ++++ ++++ 

 

Table 4. Evaluation of the antagonistic activity of fermented soymilk products against 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 milk; BC4: 

fermented soy milk with L. crispatus BC4; BC9: fermented soy milk with L. gasseri BC9; BC4+BC9: fermented 

soy milk with the mix of L. crispatus BC4 + L. gasseri BC9; E-BC4: fermented soy milk with encapsulated L. 

crispatus BC4; E-BC9: fermented soy milk with encapsulated L. gasseri BC9; E-BC4+BC9: fermented soy milk 

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

 

Sample T1 T7 T14 T21 

Control + + ++ ++ 

BC4 + + +++ ++ 

BC9 + + ++ ++ 

BC4+9 + ++ ++ ++ 

E-BC4 + + ++ ++ 

E-BC9 + + ++ ++ 

E-BC4+9 ++ ++ +++ +++ 

 

 

All samples reduced enteropathogens growth, especially E. coli H10407 and S. choleraesuis, as 

indicated by the formation of inhibition halos. Fermented soy milks containing starter cultures only 

(control) displayed a moderate antagonistic 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 milk 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 refrigeration. The overall better performances of 

fermented soy milks containing vaginal probiotics may depend on the metabolites that bacteria 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 
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demonstrated by the pH values of their cell free supernatants, 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 fermented soy milks 

containing encapsulated bacteria. According to Siroli et al. 2017, these bacteria should not produce 

bacteriocins. Therefore, the superior activity observed in samples 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 (Simó et al., 2017).  

3.4 Sensory analysis                                                                                                                                                                                                                       

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 Figure 4 and 5, respectively.   

 

Figure 4. Sensory analysis of all the investigated formulated soy milks performed at 1 day of refrigerated 
storage considering six descriptors such as color, smell, taste, texture and body, overall acceptability, and 
general appearance. Control: fermented soy milk; 4: fermented soy milk with L. crispatus BC4; 9: fermented 
soy milk with L. gasseri BC9; 4+9: fermented soy milk with the mix of L. crispatus BC4+L. gasseri BC9; E-4: 
fermented soy milk with encapsulated L. crispatus BC4; E-9: fermented soy milk with encapsulated L. 
gasseri BC9; E-4+9: fermented soy milk with the encapsulated mix of L. crispatus BC4+L. gasseri BC9. 
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Figure 5. Sensory analysis of all the investigated formulated soy milks performed after 28 days of 
refrigerated storage considering six descriptors such as color, smell, taste, texture and body, overall 
acceptability, and general appearance. Control: fermented soy milk; 4: fermented soy milk with L. crispatus 
BC4; 9: fermented soy milk with L. gasseri BC9; 4+9: fermented soy milk with the mix of L. crispatus BC4+L. 
gasseri BC9; E-4: fermented soy milk with encapsulated L. crispatus BC4; E-9: fermented soy milk with 
encapsulated L. gasseri BC9; E-4+9: fermented soy milk with the encapsulated mix of L. crispatus BC4+L. 
gasseri BC9. 

 

In the first test performed after 1 day of storage, fermented soy milks 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. Furthermore, 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 general  fermentation of 

soy milk or soy-based foods significant could impact the sensory features of the final products in a 
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positive way. In fact, even though soy milk 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 (Theodoropoulos et al., 2018). In order to address 

these limitations, fermentation of soy milk-based foods by LAB, especially when probiotics, has been 

selected as an useful method 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 

characteristic aroma and the use of probiotics to ferment soy milk has been reported to significantly 

increase the final odor and flavor of the product (Ara et al., 2002). Their key role could be related to 

the production of organic acids and flavoring agents, as well as through the metabolism of n-hexanal 

which is generally associated with the bean flavor in soy milk. 

3.5 Volatile compounds 

¢ƘŜ ǎŜƴǎƻǊȅ ǇǊƻǇŜǊǘȅ ƻŦ ǎƻȅ Ƴƛƭƪ ǇǊƻŘǳŎǘǎ ƛǎ ŀ ŎǊǳŎƛŀƭ ŀǎǇŜŎǘΣ ŀŦŦŜŎǘƛƴƎ ǘƘŜ ŎƻƴǎǳƳŜǊǎΩ ŎƘƻƛŎŜǎΦ 

Identifying volatile compounds can aid in understanding 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 milks measured and identified after 1 and 28 days of refrigerated 

storage are presented in Table 5 and 6, respectively. 

Table 5. Volatile compounds (reported as ppm) in soy milk and in all the investigated fermented soymilks, 

after 1 day of refrigerated storage detected by GCςMS coupled with a solid phase micro extraction (SPME). 

Control: fermented soy milk; BC4: fermented soy milk with L. crispatus BC4; BC9: fermented soy milk with 

L. gasseri BC9; BC4+BC9: fermented soy milk with the mix of L. crispatus BC4+L. gasseri BC9; E-BC4: 

fermented soy milk with encapsulated L. crispatus BC4; E-BC9: fermented soy milk with encapsulated L. 

gasseri BC9; E-BC4+BC9: fermented soy milk with the encapsulated mix of L. crispatus BC4+L. gasseri BC9. 

 

Molecules 
expressed in ppm 

Soy milk 
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 2.911 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 
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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 

Benzaldeide 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. 

Furan 2 pentyl 0.223 0.021 0.009 0.008 0.008 0.011 0.008 0.010 

 

bƻǘŜΥ άƴΦŘέ ƳŜŀƴǎ ƴƻ ŘŜǘŜǊƳƛƴŜŘ 

Table 6. Volatile compounds (reported as ppm) in all the investigated fermented soymilks, after 28 days of 

refrigerated storage, detected by GCςMS coupled with a solid phase micro extraction (SPME). Control: 

fermented soy milk; BC4: fermented soy milk with L. crispatus BC4; BC9: fermented soy milk with L. gasseri 

BC9; BC4+BC9: fermented soy milk with the mix of L. crispatus BC4+L. gasseri BC9; E-BC4: fermented soy 

milk with encapsulated L. crispatus BC4; E-BC9: fermented soy milk with encapsulated L. gasseri BC9; E-

BC4+BC9: fermented soy milk with the encapsulated mix of L. crispatus BC4+L. gasseri BC9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Even if each fermented soy milk was characterized by a specific aroma profile, molecules belonging 

to alcohols, aldehydes, ketones, and organic acids were detected in all the samples. Based on our 

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 

Benzaldeide 3.295 2.159 2.142 0.632 1.502 0.952 2.394 

Furan 2 pentyl 0.021 0.010 0.047 0.010 0.042 0.042 0.033 
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results (Table 5) there were apparent changes in flavor substances after fermentation. In fact, 

hexanal, the main volatile compound in soy milk and responsible for the characteristic beany flavor 

was remarkably reduced not only by the starters, but also by the presence of vaginal strains. In fact, 

the highest  hexanal reduction was observed  in BC4 fermented soy milk (Table 5). After 

fermentation, a similar reduction was observed in the above mentioned sample (BC4) for other 

aldehydic compounds, such as benzaldehyde and nonanal, frequently associated with this beany 

unwanted flavor, ŀƭǎƻ ƪƴƻǿƴ ŀǎ ϦƎǊŀǎǎȅ ŦƭŀǾƻǊϦ ŀƴŘ ϦƻȄƛŘƛȊŜŘ ƻƛƭέ ŦƭŀǾƻǊΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǎƻȅ Ƴƛƭƪ 

products fermented by starters or mixed cultures with vaginal strains contained desirable aroma 

compounds, including diacetyl, 2,3-pentanedione, acetoin and 2-heptanone, as recently reported 

by other studies on these food products. These compounds have suitable buttery, creamy or fruity 

aromas and are mainly derived from the biotransformation of linoleic acid (Poliseli-Scopel et al., 

2013). According to Yuan & Chang, (2007) furans are associated with an unpleasant flavor and 

indicate color changes in soy milk products. Fermentation probably affects their contents, which is 

why the furan compounds have drastically decreased after fermentation (Table 5). Our results are 

in line with what observed by Madjirebaye et al. (2022) and Yi et al. (2021) who found a decrease in 

furans compounds (furan 2-pentyl) upon LAB fermentation.  Besides this, acetic acid contents 

detected increased significantly, especially with the progress of the shelf-life (Table 6) for the 

samples containing encapsulated vaginal strains. At the same time, after 28 days of storage (Table 

6),  slight increases in terms of diacetyl and acetoin in samples containing BC4 and BC9 non-

encapsulated strains were detected. These two compounds are the most abundant and desirable in 

dairy products. 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 

molecules, analyzed after 1 and 28 days of storage (Figure 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 milk were hexanal, nonanal and furan 2-pentyl while molecules such as diacetyl 

or 2,3-pentanedione, recognized as desirable aroma compounds in fermented milk-type products, 

were characterizing control and products with non-encapsulated strains (Figure 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 (Figure 6 and 7).  
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Figure 6.  Plot of cases (a) and variables (b) obtained by PCA elaboration of the total volatile molecules 

characterizing the fermented soymilks after 1 day of refrigerated storage. Control: fermented soy milk; 

BC4: fermented soy milk with L. crispatus BC4; BC9: fermented soy milk with L. gasseri BC9; BC4+BC9: 

fermented soy milk with the mix of L. crispatus BC4+L. gasseri BC9; E-BC4: fermented soy milk with 

encapsulated L. crispatus BC4; E-BC9: fermented soy milk with encapsulated L. gasseri BC9; E-BC4+BC9: 

fermented soy milk with the encapsulated mix of L. crispatus BC4+L. gasseri BC9. 

 

 

Figure 7.  Plot of cases (a) and variables (b) obtained by PCA elaboration of the total volatile molecules 

characterizing the fermented soymilks after 28 days of refrigerated storage. Control: fermented soy milk; 

BC4: fermented soy milk with L. crispatus BC4; BC9: fermented soy milk with L. gasseri BC9; BC4+BC9: 

fermented soy milk with the mix of L. crispatus BC4+L. gasseri BC9; E-BC4: fermented soy milk with 

encapsulated L. crispatus BC4; E-BC9: fermented soy milk with encapsulated L. gasseri BC9; E-BC4+BC9: 

fermented soy milk with the encapsulated mix of L. crispatus BC4+L. gasseri BC9. 
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3.6 Rheological properties of fermented soy milks 

Flow properties could be useful to better understand the structure of soy milk gels such as 

fermented soy milk or yogurt (Kumari et al., 2022). In Figure 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 milk made with the mix of vaginal 

probiotics (BC4+BC9 and E-BC4+BC9).   

 

Figure 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). 

 

All samples exhibit a typical non-Newtonian behavior (shear thinning), characterized by a decrease 

of viscosity with the shear rate increase in agreement with the studies of Lee and 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 & Gunasekaran, 2009), and Casson plastic viscosity, expressed as the 

force required to maintain a constant flow in the product, are showed in Figures 9 and 10, 

respectively.  All samples were well fitted by the Casson model, providing high correlation 

coefficients (R2) that ranged from 0.85 to 0.99.  
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Figure 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). 

 

Figure 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). 

 

 As shown in Figures 9 and 10, both rheological parameters seem to show a similar trend when 

comparing the various samples and considering 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 
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parameters. More in general, as reported by Zhu et al., (2020) fermentation has a significant effect 

on the rheological properties of soy milk, converting it from a Newtonian fluid into a non-Newtonian 

fluid. In the same study, significantly higher viscosity values were reported for soy milk fermented 

by riboflavin producing lactobacilli compared to the non-fermented soy milk. 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 et al., (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 milk 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 milk 

products could be influenced by many factors such as composition of soymilk, strains of lactic acid 

bacteria and fermentation conditions. 

 

4. Conclusions 

The results obtained in this work showed that the two probiotic vaginal strains, L. crispatus BC4 and 

L. gasseri BC9, are promising candidates as co-starters for soy milk fermentation. In fact, they were 

able to grow in soy milk, also enhancing S. thermophilus viable cell counts. In addition, the vaginal 

strains, especially when encapsulated, were able to preserve their viability during simulated GIT 

conditions, meeting the desirable criteria related to probiotic functional foods. Samples added with 

encapsulated vaginal lactobacilli displayed the best profile of intestinal pathogen inhibition. On the 

contrary, only fermented soy milk containing non-encapsulated vaginal bacteria, especially those 

with L. crispatus BC4 and L. gasseri BC9, obtained promising marks on the sensory test, in terms of 

smell and taste. Although each fermented soy milk was characterized by a specific aroma profile, 

molecules such as diacetyl or acetoin, recognized as main aroma compounds of fermented milk-

type products, were more representative in samples containing non-encapsulated vaginal strains. 

On the other hand, the products with encapsulated bacteria were notably characterized by a 

progressive increase in acetic acid accumulation, as also demonstrated by sensorial analysis and pH.  

In addition, aldehydic compounds, such as hexanal, benzaldehyde and nonanal, responsible for the 

characteristic beany flavor, were remarkably reduced not only by the starters, but also by the 

presence of vaginal strains, especially L. crispatus BC4.  
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Rheological parameters in terms of yield stress and plastic viscosity showed highest values for soy 

milk realized with encapsulated vaginal bacteria compared to non-encapsulated and control ones 

at first days of storage, highlighting a decrease during shelf-life enough to present no differences 

between the other samples at the end of the trial.  

These results suggest the potential use of L. crispatus BC4 and L. gasseri BC9 as co-starters for 

fermented soy milk and at the same time may suggest soy milk as a promising vehicle for their 

delivery. Of course, further research aiming to also evaluate the functionality of the product after 

digestion is required.  
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CHAPTER 9 

 
 

Evaluation on the effects of 

fermented soy milk products 

supplemented with 

vaginal probiotic 

Lactobacillus crispatus BC4 and 

Lactobacillus gasseri BC9 on 

post-menopausal fecal 

microbiota 
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Abstract: The composition of gut microbiome is considered relatively stable during adult life. 

However, the gut microbiome displays sexual dimorphism, suggesting influence of sex hormones, 

and also has been shown to change with aging and age-related states like menopause and post-

menopause. In this scenario, the aim of this work was directed to determine the potentialities of 

fermented soy milk products, formulated with encapsulated and non-encapsulated functional 

vaginal Lactobacillus strains on a specific microbiota represent by post-menopausal women. 

Therefore, fecal cultures with fecal microbiota of post-menopausal women, supplemented with pre-

digested fermented soy milks, containing L. crispatus BC4 and L. gasseri BC9 as probiotic strains, 

were set up. These fecal fermentations were assessed for 48 h by pH analysis, monitoring gas 

production, evaluating the metabolic activity (SCFAS by gas chromatography) and the changes in the 

fecal microbiota composition (qPCR determinations). The obtained data, also considering the 

variability between the various donors, have highlighted interesting behaviour for selected samples 

made with the vaginal strains especially in terms of production of SCFAs. 

1. Introduction 

The human intestinal microbiome, intended as a symbiotic community that acts as an organ fully 

ƛƴǘŜƎǊŀǘŜŘ ƛƴ ǘƘŜ ƘƻǎǘΩǎ ƳŜǘŀōƻƭƛǎƳΣ ǊŜǇǊŜǎŜƴǘǎ ŀ ǾŜǊȅ ŎƻƳǇƭŜȄ ƳƛŎǊƻōƛŀƭ ŜŎƻǎȅǎǘŜƳ (Tremaroli & 

Bäckhed, 2012). Moreover, the composition of gut microbiome is considered relatively stable during 

adult life. However, the gut microbiome displays sexual dimorphism, suggesting influence of sex 

hormones, and also has been shown to change with aging and age-related states like menopause 

and post-menopause (Aumeistere et al., 2022). In this framework, according a recent report 

conducted by Peters et al. (2022),  little is known regarding the influence of menopause on the gut 

microbiome, and the considered works suggest that menopause is associated with lower gut 

microbiome diversity and a shift compared to pre-menopause. However, further investigations are  

needed, related to large study populations, to find replicable patterns in taxa impacted by 

menopause.  In this sense, Zhao et al. (2019) reported lower gut microbiome diversity and 

differences in gut microbiome composition for post-menopausal (n = 24) compared to pre-

menopausal (n = 24) women, matched on age and BMI, including lower abundance of 

Firmicutes, Ruminococcus, and Abiotrophia in post-menopausal women. In addition a large number 

of post-menopausal women (25-50 %)  were involved in several vulvovaginal symptoms  (Muhleisen 

& Herbst-Kralovetz, 2016). In fact, reduced estrogen secretion during and post-menopause causes 

the decrease of lactobacilli and increase in the intravaginal pH, which is, potentially connected with 
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an increased colonization of vaginal environment by harmful microbes (such as Escherichia coli, 

Candida, Enterobacter, Gardnerella etc.), the main causes of bacterial vaginosis (BV) and 

complicated vulvovaginal candidiasis (VVC) (Kim & Park, 2017). Consequently, in order to ensure 

healthy vaginal environment or treat specific vaginal dysbiosis, there is an increased interest in the 

development of probiotic therapy, also represented by healthy vaginal Lactobacilli, as active 

functional microorganisms  against several uro-genital pathogens (Dover et al., 2008; Foschi et al., 

2017; Gupta et al., 2019; Ñahui Palomino et al., 2017; Nardini et al., 2016; Parolin et al., 2015). In 

this sense, Petricevic et al. (2008) has demonstrated that also oral probiotic formulations, as well as 

vaginal instillation, exhibited potential to restore the healthy vaginal microbiome also for post-

menopausal women. In this sense, vaginal Lactobacillus crispatus and Lactobacillus gasseri strains, 

isolated by Parolin et al., 2015, exhibited activity towards several genital pathogens, including 

Candida (Calonghi et al., 2017; Parolin et al., 2015), 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 (Ñahui Palomino et al., 2019). Moreover, although these strains could be 

available as oral preparations, it would be very challenging to use them in foods as a dietary strategy. 

Therefore, the same strains isolated by Parolin et al., 2015, have also been tested as functional 

additional cultures in the food sector (Siroli et al., 2017). Consequently, the digestive fate of one of 

these selected vaginal strains, such as L. crispatus BC4 when carried in a soft cheese, was also 

investigated adopting SHIME® system (Patrignani et al., 2020). Moreover, in a growing demand for 

non-dairy food alternatives as probiotic carriers, soy has become of special interest in the food area.  

Soy isoflavones, are recognized as dietary phytoestrogens and are widely used as food additives to 

prevent  menopause-related disorders. However, it is important to underline that their 

bioavailability strongly depends on the activity of intestinal bacteria and their ability to metabolize 

these compounds.Herein, the main aim of the present study was to determine the potentialities of 

fermented soy milk products, obtained by fermentation of soy milk with commercial starter cultures 

and supplemented with encapsulated and non-encapsulated selected functional vaginal strains, 

used individually or in combinations. To this end, a simulated digestion and fermentation by the 

fecal microbial community was assessed using in vitro cultures with fecal microbiota from post-

menopausal donors. Cultures were supplemented with pre-digested fermented soy-milk products. 

Their impact on the gut microbiota was assessed by monitoring gas production and evaluating the 

metabolic activity (short chain fatty acids by gas chromatography) and the changes in the fecal 

microbiota composition (qPCR determinations). 
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2. Materials and Methods 

2.1 Bacterial strains 

The functional strains used in this work were Lactobacillus crispatus BC4 and  Lactobacillus gasseri 

BC9 , belonging to the collection of FABIT (Department of Pharmacy and Biotechnology, University 

of Bologna, Italy) and isolated from the vagina of pre-menopausal Caucasian women (aged 18ς45 

years), with no symptoms of vaginal or urinary tract infections, in accordance with the Ethics 

Committee of the University of Bologna (52/2014/U/Tess). These beneficial strains were deeply 

characterized for their antagonistic activity against uro-genital pathogens (Parolin et al., 2018) and 

other safety, functional and technological features ό5ϥ!ƭŜǎǎŀƴŘǊƻ Ŝǘ ŀƭΦΣ нлнмΤ 5Ω!ƭŜǎǎŀƴŘǊƻ Ŝǘ ŀƭΦΣ 

2021; Siroli et al., 2017). 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 transfers in MRS broth (Oxoid, Basingstoke, United Kingdom) using a 1% (v/v) 

inoculum and incubated at 37 °C in aerobic conditions for overnight.  

2.2 Production of microcapsules by spray-drying 

L. crispatus BC4 and L. gasseri ./ф ǿŜǊŜ ƛƴŘƛǾƛŘǳŀƭƭȅ ŎǳƭǘƛǾŀǘŜŘ ƻǾŜǊƴƛƎƘǘ ŀǘ от / ƛƴ м [ ƻŦ aw{ ōǊƻǘƘ 

+ 0.05% L-cysteine under anaerobiosis to obtain a final concentration of at least 109 CFU/mL for 

each strain. The strain cell loads were determined after serial dilutions in 0.9% NaCl isotonic solution 

by plating on MRS agar with 0.05% L-ŎȅǎǘŜƛƴŜ ŀƴŘ ƛƴŎǳōŀǘƛƴƎ ŀǘ от / ŦƻǊ пу Ƙ ǳƴŘŜǊ ŀƴŀŜǊƻōƛƻǎƛǎΦ 

One liter of each strain was centrifuged at 8200 rǇƳ ŦƻǊ мр Ƴƛƴ ŀǘ п / ό!Ǿŀƴǘƛ W-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 commercial soy milk. Commercial 

soy milk wƛǘƘ фΦлп҈ ǘƻǘŀƭ ǎƻƭƛŘǎΣ фΦу .ǊƛȄΣ ǇI сΦспΣ мΦу҈ ŦŀǘǎΣ нΦу҈ ŎŀǊōƻƘȅŘǊŀǘŜǎΣ о҈ ǇǊƻǘŜƛƴǎΣ ŀƴŘ 

0.4% fibers was used. 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 

ƴƻȊȊƭŜΦ wŜƎŀǊŘƛƴƎ ǘƘŜ ǇǊƻŎŜǎǎ ŎƻƴŘƛǘƛƻƴǎ ƛƴƭŜǘ ŀƴŘ ƻǳǘƭŜǘ ŀƛǊ ǘŜƳǇŜǊŀǘǳǊŜǎ ƻŦ ммл ŀƴŘ тл / ǿŜǊŜ 

selected, respectively. The pump rate was maintained between 19% and 36% aspiration, while the 

feed flow rate was 10 mL/min. For each culture, 1 L 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 ˃m high-barrier plastic 

bags (TeŎƴƻǾŀŎΣ {ŀƴ tŀƻƭƻ 5Ω!ǊƎƻƴΣ .ŜǊƎŀƳƻΣ Lǘŀƭȅύ ǳǎƛƴƎ ŀƴ {млл-Tecnovac device. 
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2.3 Preparation of fermented soymilks 

The production of fermented soymilks was carried out in lab conditions. Commercial UHT soymilk 

(Alpro Soya Drink; Alpro NV, Wevelgem, Belgium) was splitted in 100 mL containers and each one 

was inoculated with starter cultures (Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus 

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 soymilks were incubated at 42 °C until 

the reaching of pH 4.5. Seven types of experimental fermented milks were produced and defined as 

follows: 

Fermented Milk Control (FMC): fermented soy milk containing starter cultures only: 

BC4: fermented soy milk containing starter cultures and L. crispatus BC4 

BC9: fermented soy milk containing starter cultures and L. gasseri BC9 

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

BC9 

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

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

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

BC4+L. gasseri BC9 

2.4 Starter cultures and probiotic strain viability in fermented soymilks 

At the end of fermentation, the different soymilk products were subjected to microbiological 

sampling according to the methods proposed in Chapter 8. 

 

2.5 In Vitro Digestion 

All the formulated soy milk products were subjected to in vitro simulated digestion according to the 

INFOGEST protocol (Brodkorb et al., 2019). In vitro digestion lasted for 242 min (2 min of oral 

digestion, 120 min of gastric digestion, and 120 min of intestinal digestion) at 37 °C. During the 

process, several consecutive enzymatic reactions took place by the addition of simulated saliva, 

simulated gastric juice (containing 2000 U/mL pepsin) at pH 3, and simulated pancreatic juice 
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(containing 10 mM bile and 100 U/mL pancreatin) at pH 7. After digestion the samples were 

immediately frozen at -80°C, and then lyophilized. 

2.6 Volunteers and Fecal Sample Collection 

Fecal samples were obtained from 3 post-menopausal women (55 ± 2 years of age) and collected at 

IPLA-CSIC (Spain). All participants followed an unrestricted diet and had not taken antibiotics during 

the previous 6 months. An informed written consent was obtained from each volunteer and the 

study was approved by the Regional Committee of Ethics on Research of the Principality of Asturias. 

Samples were collected and immediately introduced into anaerobic jars (Anaerocult A System, 

Merck, Darmstadt, Germany) for transportation to the laboratory within 1 h and directly use. 

2.7 Fecal Batch Cultures 

Pre-digested soy milk products obtained after INFOGEST digestion protocol, were then added into 

a faecal culture model system. Independent pH-uncontrolled fecal batch fermentations were 

performed in a basal medium (BM) for cultivation of  feces according to Nogacka et al. (2020) with 

minor modifications. Briefly, BM and sterile PBS solution were prepared and reduced overnight in 

an anaerobic chamber one day before the sample processing. On the day of the assay, the stocks of 

fecal samples were thawed in anaerobic conditions, centrifuged, washed, and re-suspended in pre-

reduced sterile PBS to a concentration of 1/10 (v/v). Pre-reduced BM was inoculated (10% v/v) with 

the fecal homogenate and distributed into bottles of the ANKOM RF system (Ankom Technology, 

Macedon, NY, USA) to a final volume of 80 mL per bottle. An overnight stabilization under anaerobic  

ŎƻƴŘƛǘƛƻƴǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀǘ от / ǇǊƛƻǊ ƻŦ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ р҈ όǾκǾύ  of a solution containing 0.15 g 

of lyophilized digested product dissolved in 5 mL of water.  Bottles with the different digested soy 

milk products as well as a negative control (water) were incubated under anaerobiosis at 37 °C for 

48 h. Samples (2 mL) were taken in duplicate at time 0 before incubation (basal conditions: baseline) 

after 24 h and 48 h of incubation. The samples were centrifuged at full speed for 15 min, and pellets 

ŀƴŘ ǎǳǇŜǊƴŀǘŀƴǘǎ ǿŜǊŜ ǎǘƻǊŜŘ ǎŜǇŀǊŀǘŜƭȅ ŀǘ ҍнл ϲ/ ǳƴǘƛƭ ŀƴŀƭȅǎŜǎΦ  

2.8 pH and Gas Monitoring in Fecal Cultures 

The pH of fecal cultures was determined at time 0, after 24 h and after 48 h of incubation with a 

pHmeter SensION + PH3 (HACH, Barcelona, Spain). The cumulative gas produced during the 

different fermentation conditions was monitored in real-time by using the ANKOM RF system as 

indicated by  Nogacka et al. (2020). This system provides the increases in pressure (psi) that can be 
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converted to mL of gas produced, using the Ideal Gas Equation: V=Vj×Ppsi×0.068004084 where: V = 

gas volume at 39 °C in mL, Vj = headspace of digestion gas bottle in mL, Ppsi = cumulative pressure 

recorded by the Gas Monitor System software. 

2.9 Short Chain Fatty Acid (SCFAS) Quantification 

The analysis of SCFAS was performed by Gas Chromatography (GC) in the fecal culture supernatants 

(CS) in order to determine the molar concentrations of three main compounds: acetic, propionic 

and butyric acids. Briefly, 0.25 mL of the culture supernatants were mixed with 0.3 mL methanol, 

0.05 mL of an internal standard solution (2-ethylbutyric 1.05 mg/mL), and 0.05 mL of 20% formic 

acid. This mixture was centrifuged, and the supernatant was used for quantification of SCFAS by GC 

as described previously ( Nogacka et al., 2020). Samples were analyzed in triplicate. Absolute levels 

in molar concentration of SCFAS were calculated for each fermentation batch with the different 

digested product tested. 

2.10 Microbiota Composition  

DNA was extracted from the bacterial pellets by using the QIAamp DNA Stool Mini kit (Qiagen 

GmbH, Hilden, Germany) according to Nogacka et al. (2020) and the isolated DNA was stored at -

20°C until use for qPCR analyses. Absolute levels of some relevant intestinal microbial groups such 

as Lactobacillus, Bifidobacterium and Enterobacteriaceae, were determined at 0, 24 and 48 h of 

fermentation by qPCR using primers and conditions according to Dao & Clément (2018). 

 

2.11 Statistical Analysis 

All experimental data are reported as mean ± standard deviation. The obtained data were analyzed 

by Statistica software (version 8.0; StatSoft, Tulsa, OK, USA) adopting the analysis of variance 

(ANOVA), and ¢ǳƪŜȅΩǎ ǘŜǎǘ ŦƻǊ Řŀǘŀ ŎƻƳǇŀǊƛǎƻƴǎΦ 

3. Results and Discussion 

3.1 Gas production and pH variations during fermentation 

In order to evaluate the in vitro fermentative dynamics, the variations in pH and gas production by 

the fecal microbiotas of post-menopausal women were monitored during 48 h of incubation, as 

reported in Table 1 and Figure 1, respectively. ¢ƘŜ ǾŀǊƛŀōƛƭƛǘȅ ƻōǎŜǊǾŜŘ ŀƳƻƴƎ ǘƘŜ ŘƻƴƻǊǎΩ ŎǳƭǘǳǊŜǎ 

precluded us to combine the data and instead the data were analyzed on an individual donor basis. 
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¢ŀōƭŜ мΦ 5ŜŎǊŜŀǎŜǎ ƻŦ ǇI ǾŀƭǳŜǎ όҟ ǇIύ ŀŦǘŜǊ нп ŀƴŘ пу Ƙ ƻŦ ƛƴŎǳōŀǘƛƻƴ ƛƴ ŦŜŎŀƭ ŎǳƭǘǳǊŜǎ ǿƛǘƘ ŦŜƳŀƭŜ Ǉƻǎǘ-

menopausal microbiota of donor 1, 2 and 3. Differences are shown for each donor (1,2,3)  between all the 

samples, after 24 or 48 h of incubation. The values not sharing the same superscript letters indicate 

significant differences (p-value < 0.05). 

 

Samples 

ҟ ǇƘ 
after 24 h 
donor 1 

ҟ ǇƘ 
after  48 h 
donor 1 

 

ҟ ǇƘ 
after 24 h 
donor 2 

ҟ ǇƘ 
after  48 h 
donor 2 

ҟ ǇƘ 
after 24 h 
donor 3 

ҟ ǇƘ 
after 48 h 
donor 3 

Water 0.02a ± 0.02 0.11a ± 0.02 -0.02a ± 0.02 -0.03a ± 0.01 0.07b ± 0.01 0.17b ± 0.02 

FMC 0.10b ± 0.02 0.23b ± 0.03 -0.16b ± 0.01 -0.09b ± 0.03 -0.05a ± 0.03 -0.03a ± 0.03 

BC4 0.11b ± 0.02 0.24b ± 0.04 -0.12b ± 0.02 -0.10b ± 0.03 -0.11a ± 0.02 0.04a ± 0.04 

BC9 0.10b ± 0.01 0.24b ± 0.01 -0.11b ± 0.03 -0.12b ± 0.04 -0.14a ± 0.01 -0.03a ± 0.02 

BC4+BC9 0.13b ± 0.02 0.27b ± 0.02 -0.12b ± 0.02 -0.11b ± 0.01 -0.06a ± 0.03 0.06a ± 0.03 

E-BC4 0.09b ± 0.02 0.20b ± 0.02 -0.18b ± 0.04 -0.16b ± 0.03 -0.11a ± 0.03 -0.05a ± 0.01 

E-BC9 0.11b ± 0.02 0.12a ± 0.04 -0.16b ± 0.02 -0.09b ± 0.03 -0.10a ± 0.03 0.01a ± 0.03 

E-BC4+BC9 0.08b ± 0.03 0.25b ± 0.02 -0.29c ± 0.02 -0.14b ± 0.03 -0.12a ± 0.03 0.02a ± 0.03 

 

As far as the pH values are concerned, considering the different donors, slight differences were 

observed between selected samples after 24 or 48 hours of faecal fermentation. More specifically 

for the majority of the fecal samples considered small increases in pH were detected at 48 hours 

compared to 24 hours for donor 1 and donor 3. In addition, considering each donor, for the same 

timepoint  similar values are shown, without significant differences, for fecal samples in the 

presence of soy products digested with the vaginal strains, compared to FMC (soy product digested 

with commercial starter cultures only). 
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Figure 1. Cumulative gas produced (mL) after 24 and 48 h of incubation in fecal cultures with female post-

menopausal microbiota of donor 1, 2 and 3.  

 

Regarding gas production, the considered fecal cultures of post-menopausal women, supplemented 

with the digested soy milk products or water, showed peculiar behaviors  at 0 ς 24 h and at 24-48 h 

(Figure 1). More specifically, different values were recorded by the fecal samples in presence of the 

different digested soy products, also underling a strong variability among the recruited donors. In 

fact the variability detected among the donors is linked to a physiological variability among 

individuals and in the range reported in previous studies ( Nogacka et al., 2020). Among all the 

samples the highest values were observed  for donor 1 by  E-BC9 and E-BC4+BC9, during the first 

24h of  fermentation. Nevertheless, ƛǘΩǎ ƴŜŎŜǎǎŀǊȅ ǘƻ ƘƛƎƘƭƛƎƘǘ Ƙƻǿ the majority of the samples 

supplemented with the different fermented soy milks showed contained values, however, higher 

than the gas production observed in the negative control culture. These results, taken together with 

those observed for the pH suggest that the addition of the probiotics, either as encapsulated cells 

or naked, do not affect the fermentability of the soy product by the colonic microbiota.  

3.2 Production of Short-Chain Fatty Acids (SCFAS) 

As reported by a large literature data (Milani et al., 2017; Ríos-Covián et al., 2016; Sánchez et al., 

2017; Tojo et al., 2014), the gut microbiome plays a key role on human health with the bacterial 

metabolites short chain fatty acids (SCFAS) having an important role in this microbiota-health 

interaction. In fact, SCFAS contribute to shaping the gut environment, influence the physiology of 
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the colon, they can be used as energy sources by host cells and the intestinal microbiota, and they 

also participate in different host-signaling mechanisms (Ríos-Covián et al., 2016). Most commonly 

only the data related to the main short-chain fatty acids  (acetic, propionic, and butyric acids) 

intended as the most representative of SCFAS production, are reported in the literature (Nogacka et 

al., 2020; Ríos-Covián et al., 2016). Acetate production has been reported as a crucial metabolite 

responsible for the capability of intestinal Bifidobacterium in inhibiting enteropathogens (Fukuda et 

al., 2011). Moreover, butyrate fuels the intestinal epithelial cells and increases mucin production, 

which may result in changes on bacterial adhesion (Jung et al., 2015) and improved tight-junctions 

integrity (Peng et al., 2009). Thus, the production of SCFAS seems to play an important role in the 

maintenance of the gut barrier function. In addition, the absorption of butyrate by colonocytes 

significantly affects energy homeostasis. Interestingly, although the three main intestinal SCFAs 

have a protective effect on diet-induced obesity, butyrate and propionate seem to exert larger 

effects than acetate (Lin et al., 2012). Butyrate and propionate, but not acetate, have been reported 

to induce the production of gut hormones, thus reducing food intake (Lin et al., 2012). Acetate has 

also been found to reduce the appetite, in this case through the interaction with the central nervous 

system (Frost et al., 2014). Additionally, the production of SCFAS also modulates the immune system 

functionality in host organisms. Significantly, butyrate and propionate have also been reported to 

induce the differentiation of T-regulatory cells, assisting to control intestinal inflammation; this 

effect seems to be mediated via inhibition of histone deacetylation (Donohoe et al., 2014; Louis et 

al., 2014). This control of intestinal inflammation may result beneficial in terms of gut barrier 

maintenance, reducing the risk of inflammatory bowel disease or colorectal cancer.  

The concentration (mM) of the total of SCFAS and the main short-chain fatty acids (acetic, propionic 

and butyric) for the investigated fecal cultures were obtained for the different donors are reported 

in Figures 2, 3 and 4 respectively. 
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Figure 2 . Absolute levels in the concentration (mM) of the main short-chain fatty acids: total (a), acetic (b), 

propionic (c) and butyric (d) after 0, 24 and 48 h of incubation with the different digested soy milk products 

in presence of fecal cultures of donor 1. Differences are shown for each sample between 0, 24 and 48 h of 

incubation; columns that do not share the same letter are significantly different  (p < 0.05). 

 

As reported in Figure 2 a, with regard to the total production of the main short-chain fatty acids 

observed for the fecal cultures of donor 1, different trends, also depending on the samples tested 

were observed. Certainly, for most of the samples an increase was observed starting from the 24h 

of incubation. In this regard, while for the control and the water upon reaching 48 hours a decrease 

was observed compared to 24 hours, for some samples containing vaginal bacteria, such as BC4 and 

BC4+BC9, increases were recorded compared to 24 hours. More generally, the most interesting 

increases, not only in reference to their own time 0, but also considering the other samples, were 

observed for two samples containing vaginal strains such as BC4 + BC9 at 48 h and E-BC4 + BC9 at 

24 h, underlining a potential synergistic effect between the 2 strains. With regard to the single 

production of the main short-chain fatty acids, observed for the fecal cultures of donor 1 (Figure 2 

b,c,d), trends similar to those highlighted by observing the total production of the main SCFAS were 

evidenced. Not surprisingly  the higher amounts for the three main SCFAS (acetate, propionate and 

butyrate) were evidenced  for BC4 + BC9 at 48 h and E-BC4 + BC9 at 24 h in donor 1. 
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Figure 3 . Absolute levels in the concentration (mM) of the main short-chain fatty acids: total (a), acetic 

(b), propionic (c) and butyric (d) after 0, 24 and 48 h of incubation with the different digested soy milk 

products in presence of fecal cultures of donor 2. Differences are shown for each sample between 0, 24 

and 48 h of incubation; columns that do not share the same letter are significantly different  (p < 0.05). 

 
 

With regard to donor 2 and the related total production of the principal short-chain fatty acids 

(Figure 3 a) , different considerations can be done compared to donor 1. Firstly, in comparison to 

the previous donor, in general SCFAS concentrations were more similar between 24 hours and the 

end of incubation (48 hours). While for donor 1 the highest values in terms of SCFAS were recorded 

for sample BC4 + BC9, for donor 2 considering the same sample no significant differences were 

highlighted in the 48 h of incubation. In the same way, also for the sample BC9 after 24 h with 

respect to its time 0 and for E-BC4 after 48 h with respect to the value recorded after 24 h, no 

significant differences were highlighted. In addition, for this donor the most significant increases 

were observed in samples BC4 after 24 h and  E-BC4 + BC9 after 48 h. At this juncture also in donor 

1 interesting increases were highlighted for this before-mentioned sample (E-BC4 + BC9). With 

regard to the single production of the main short-chain fatty acids (Figure 3 b,c,d),  not surprisengly  

in terms of acetic, propionic and butyric acid productions the higher amounts were reported in the 

samples BC4 after 24 h and E-BC4 + BC9 after 48 h, underlining  trends similar to those highlighted 

by observing the total production of the main SCFAS. 
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Figure 4 . Absolute levels in the concentration (mM) of the main short-chain fatty acids: total (a), acetic 
(b), propionic (c) and butyric (d) after 0, 24 and 48 h of incubation with the different digested soy milk 

products in presence of fecal cultures of donor 3. Differences are shown for each sample between 0, 24 
and 48 h of incubation; columns that do not share the same letter are significantly different  (p < 0.05). 

 
 

Donor 3 showed a different SCFAs behavior (Figure 4) with some noticeable differences with regard 

to donor 1 and 2. In fact for this donor all the samples, apart from the water, showed after 48 h 

values higher than time 0 and similar or higher than 24 h, probably suggesting a slower metabolic 

capability of the microbiota from this donor. While both donor 1 and 2 had recorded interesting 

values for sample E-BC4 + BC9, the same sample seems to be slightly less performing in donor 3, 

where it showed significant differences compared to time 0, but not between 24 and 48 h of 

incubation. In addition, also for sample BC4 no significant differences were highlighted between 24 

and 48 h of incubation. More generally, the highest value in terms of total production was recorded 

for sample E-BC9 after 48 h of incubation. Also in this case, with regard to the single production of 

the three main SCFAS (Figure 4 b,c,d), trends similar to those highlighted by observing the total 

production of SCFAS  were detected. In addition, while considering the variability detected between 

the various donors, as already highlighted for different fecal fermentations by Nogacka et al. (2020),  

in the present study we found that in terms of metabolic activity, evaluated through the production 

of SCFAS, the encapsulation and the association between L. crispatus BC4 and L. gasseri BC9, had a 

greater influence than the single strain. 

 

3.3 Microbiota Composition 

Among the commensal bacteria that are resident in the human gastrointestinal tract (GIT), 

bifidobacteria represent one of the most frequently considered άǇǊƻōƛƻǘƛŎέ or beneficial microbes, 

although they constitute less than 10% of the human microbiota, although their levels  seems to be 

dependent on age diet (Turroni et al., 2008) and sex (Zhao et al., 2019). Members of the genus 

Lactobacillus are also among the most relevant microorganisms in the human GIT since, although 

less numerous that bifidobacteria, they are widely associated with good health.  Human 

intervention studies frequently show a benefit with probiotic administration (Russo et al., 2019; 

Sung et al., 2018; Tarrah et al., 2019; Tonucci et al., 2017; Zommiti et al., 2020), but the importance 

and role of intestinal Lactobacillus it is still being investigated. Nevertheless, although we do not 

fully understand the role of the different microbial groups, the relationship of human health and 

disease with fecal microbiota composition is widely recognized. Intestinal bacteria are also 

frequently correlated with numerous other host (genetics, age, sex) and environmental (diet, 
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medication) factors. Moreover, strain and / or species-specific differences among Lactobacillus 

might be useful to explain variations in the involvement of this genus, either in the prevention or 

mitigation of disease or, alternatively, as a contributing factor to disease outcomes (Fernández-

Navarro et al., 2017; Ivey et al., 2015; Nogacka et al., 2021; Zarrati et al., 2014) . Furthermore, the 

notable variation in intestinal abundance of this genus between healthy and diseased, or health-

compromised, individuals indicates that Lactobacillus, or at least certain species or genotypes of 

Lactobacillus, might be useful gut biomarkers (Heeney et al., 2018). On the contrary, other microbes 

such as  the Enterobacteriaceae family are often related to disease and/or disease risk situations. 

These facultative anaerobes show a higher tolerance to  oxygen and reactive-oxygen species often 

produced in the context of inflammation, microbiota dysbiosis in response to inflammation has been 

described, with a large relative increase in Enterobacteriaceae (Zeng et al., 2017). Moreover, an 

increment in Enterobacteriaceae was also associated with chronic UC inflammation compared to an 

acute status, showing a positive correlation of this bacterial family with a severe disease stage 

(Walujkar et al., 2014). These studies support the notion that Enterobacteriaceae seem to have a 

growth advantage over other members of the gut microbiota commensals in the inflamed GIT 

mucosa. Some species of this family show pathogenicity traits allowing them to act as opportunistic 

or true pathogens. These data prompted us to determine the levels of these microbial groups by 

qPCR in order to understand the response of these intestinal populations, part of the microbiota  of 

post-menopausal women, when supplemented with soy milk fermented products. Absolute levels 

(log num copies/mL fecal culture) of Bifidobacterium, Lactobacillus, Enterobacter  genus were 

determined at 0, 24 and 48 h of incubation of the fecal cultures from donor 1 (Figure 5), donor 2 

(Figure 6) and donor 3 (Figure 7). 
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Figure 5. Absolute levels (log num copies/mL fecal culture) of Bifidobacterium genus, Lactobacillus genus 

and, Enterobacteriaceae family  determined by qPCR after 0, 24 and 48 h of incubation with the different 

digested soy milk products in presence of fecal cultures of donor 1. 

In fecal cultures of donor 1 (Figure 5), no significant changes and / or decreases in the 

Bifidobacterium levels were detected between the various samples and with respect to their own 

time 0 points. On the contrary for Lactobacillus and Enterobacteriaceae some differences emerge, 

especially for the samples containing the vaginal strains compared control. More specifically, for 

some samples containing vaginal strains, such as BC4+BC9, E-BC4, E-BC9, E-BC4+BC9,  an initial 

increase (T0) was shown with regard to the levels of Lactobacillus compared to the other samples 

which corresponded to a decrease in the following 48 h. Among these above mentioned samples, 

especially BC4+BC9, E-BC4, E-BC4+BC9 , a reduction in the detected Enterobacteriaceae load was 

also highlighted after 48 h of fermentation compared to the initial time (T0), that could be due to 

the presence of these vaginal strains, especially when in combination (also independently if 

encapsulated or not). 

7.47 7.54 7.45 7.29 7.41 7.24 7.41 7.59 7.41 7.41 7.40 7.35 7.49 7.48 7.24 7.51 7.51 7.31 7.49 7.51 7.13 7.57 7.34 7.28

4.27 4.37 4.19 4.27 4.36 4.34 4.28
5.70 5.52 4.80 4.59 4.41

5.82 5.33 4.83
6.46

5.09 5.02
6.37 5.47

4.98
5.82 5.40 5.07

8.22 8.25 8.12 8.17 8.36 8.25 8.25

8.45 8.38
8.16 8.15 8.15

8.27 8.24
8.02

8.32
8.48 8.07

8.15
8.29

8.11
8.40

8.14 8.01

0

5

10

15

20

25
W

a
te

r 
T

0

W
a

te
r 

T
2

4

W
a

te
r 

T
4

8

F
C

M
 T

0

F
C

M
 T

2
4

F
C

M
 T

4
8

B
C

4
 T

0

B
C

4
 T

2
4

B
C

4
 T

4
8

B
C

9
 T

0

B
C

9
 T

2
4

B
C

9
 T

4
8

B
C

4
+

B
C

9
 T

0

B
C

4
+

B
C

9
 T

2
4

B
C

4
+

B
C

9
 T

4
8

E
-B

C
4
 T

0

E
-B

C
4
 T

2
4

E
-B

C
4

 T
4

8

E
-B

C
9
 T

0

E
-B

C
9
 T

2
4

E
-B

C
9
 T

4
8

E
-B

C
4
+

E
-B

C
9

 T
0

E
-B

C
4
+

E
-B

C
9

 T
2

4

E
-B

C
4
+

E
-B

C
9

 T
4

8L
o

g
 n

u
m

 c
o

p
ie

s/
m

L
 f
e

ca
l c

u
tu

re

DONOR 1

Bifidobacterium Lactobacillus Enterobacter



206 
 

 

Figure 6. Absolute levels (log num copies/mL fecal culture) of Bifidobacterium genus, Lactobacillus genus 

and Enterobacteriaceae family  determined by qPCR after 0, 24 and 48 h of incubation with the different 

digested soy milk products in presence of fecal cultures of donor 2. 

With regard to donor 2 (Figure 6), on the other hand, various anomalies emerge between the 

different samples, already starting from time 0, that make it really difficult to understand the 

different trends referring to the levels of Bifidobacterium, Lactobacillus, Enterobacter  genus. With 

regard to the samples containing the vaginal strains, it appears evident that with the proceeding of 

fermentation, generally, the loads of  Bifidobacterium, Lactobacillus, Enterobacter  increase. 
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Figure 7. Absolute levels (log num copies/mL fecal culture) of Bifidobacterium genus, Lactobacillus genus 

and Enterobacteriaceae family  determined by qPCR after 0, 24 and 48 h of incubation with the different 

digested soy milk products in presence of fecal cultures of donor 3. 

Concerning the data obtained by the fecal cultures of donor 3 and the related levels of 

Bifidobacterium, Lactobacillus, Enterobacteriaceae (Figure 7), some interesting considerations 

emerge. As regards the values of Bifidobacterium for all samples, a decrease was detected in the 48 

h of fermentation compared to the initial time. More specifically for the samples containing vaginal 

strains it was shown that after 48 h on incubation the detected loads of Lactobacillus,  were higher 

than the remaining samples. Also, with regard to the samples containing the vaginal strains, a 

decrease in the Enterobacteriaceae load with respect to T0 was also highlighted after 48 hours of 

incubation. With reference to this aspect, unlike donor 1, no particular trends were highlighted, for 

example relating to the type of strain, the combination of the two vaginal strains or encapsulation. 

4. Conclusions 

The data obtained in this study, with the aim to determine the potentialities of the formulated 

fermented soy milks, formulated with encapsulated and non-encapsulated functional vaginal strains 

on a specific microbiota represent by post-menopausal women, open to several considerations. In 
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the present study fecal cultures with fecal microbiota of post-menopausal women, supplemented 

with pre-digested fermented soy milk products, were assessed for 48 h by pH analysis, monitoring 

gas production, evaluating the metabolic activity (SCFAS by gas chromatography) and the changes 

in the fecal microbiota composition (qPCR determinations). As regards the pH values, for all the 

tested samples, not major differences were evidenced between 24 and 48 h of fecal fermentation. 

With regard to gas production,  similar values with no significant differences were recorded by the 

fecal samples in presence of the digested soy products with the vaginal strains, compared to the 

control (digested soy product with only commercial starter coltures) suggesting that the addition of 

the lactobacilli do not affect the fermentability of the fermented soy matrix by the microbiota. In 

addition, while considering the variability between the various donors, as already highlighted for 

different fecal fermentations by Nogacka et al. (2020),  in the present experimentation it was 

observed how in terms of production of SCFAS, interesting behaviour were highlighted for selected 

samples made with the vaginal strains, also when compared to control. Looking at the trends 

recorded and comparing the samples containing vaginal strains, had a greater influence, as variable 

under consideration, the encapsulation and the association between L. crispatus BC4 and L. gasseri 

BC9, than the single strain. An increased variability was also detected for the microbiota assessment 

evaluated by qPCR for the quantification of representative intestinal microbial groups such as 

Bifidobacterium, Lactobacillus, Enterobacter. Regarding this aspect it is more difficult to make 

considerations that are relevant for all the considered donors. 
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CHAPTER 10 

 
 

 

Nutritional qualities and protein 

bioaccessibility, after in vitro 

digestion, of fermented soy milks 

made with vaginal probiotic 

Lactobacillus crispatus BC4 and 

Lactobacillus gasseri BC9 
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Abstract: Fermentation of soy milk by lactic acid bacteria (LAB), also in combination with probiotic 

strains, could be considered as suitable vehicle to deliver probiotics, also improving the organoleptic 

properties and the nutritional value of soy milk. In this framework, in the present chapter was 

investigated the potentialities of fermented soy milks-like products, formulated with encapsulated 

and non-encapsulated functional vaginal bacteria, such as L. crispatus BC4 and L. gasseri BC9, in 

terms of nutrients with a specific focus on fatty acids, minerals and vitamins contents and amino 

acids compositions. Additionally, the products submitted to in vitro digestion at several timepoints 

such as end of the gastric phase (G120), after 60 min (D60), and at the end of the duodenal phase 

(D120)  were investigated for their resulting protein bioaccessibility. In this sense, it was possible to 

highlight an increase in the nutrional value of the obtained fermented milks, also due to the 

presence of the vaginal strains.  Moreover, for all the samples digestion determines a release of 

proteins from the food matrix into the digestive fluids. More in general, it is possible to highlight 

how the protein fraction of the digested products is highly digestible.  

 

1. Introduction  

Soy milk is a traditional protein-rich beverage made from soybeans. As a plant-based beverage, soy 

milk is low in saturated fats and cholesterol and it contains proteins, dietary fiber and polyphenols 

that may be beneficial for the human health (Wu et al., 2021). In this sense, according to a meta-

analysis performed by Hooper et al., (2009), soy proteins and isoflavones can potentially reduce the 

risk of hormone-associated health disorders in pre-and post-menopausal women. In addition, soy 

milk contaiƴǎ ƴƻ ƭŀŎǘƻǎŜΣ ŀƴŘ ƛǘ ƛǎ ƻŦǘŜƴ ǳǎŜŘ ŀǎ ŀƴ ŀƭǘŜǊƴŀǘƛǾŜ ŦƻǊ ŎƻǿΩǎ Ƴƛƭƪ ŘǳŜ ǘƻ ƛǘǎ ƭƻǿŜǊ 

allergenicity, lower fats, selection of specific lifestyles (i.e. veganism) and reduced environmental 

impacts (Singh-Povel et al., 2022; Wu et al., 2022). However, soy milk is less preferred by some 

consumers due to its beany flavor, flatulence factors, and high content of indigestible alpha-

galactosyl oligosaccharides, such as raffinose and stachyose, which limit the consumption of 

soybeans as a raw food matrix. A wide literature (Ghoneem et al., 2018; Ho et al., 2022; Wu et al., 

2022) suggests that fermentation of soy milk with lactic acid bacteria (LAB) strains not only 

overcomes the above-mentioned limitations but increases the nutritional value of soybean-derived 

products. In this context the global fermented plant-based alternatives market is expected to have 

a compound annual growth rate of 5% from 2021 to 2026. Plant-based substitutes of milk, such as 

soy milk, can preserve very well the viability of LAB during their storage (Rasika et al., 2021) and 
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therefore, they can be considered as promising carriers for probiotics. Probiotics are defined as 

living microorganisms that, when administered in sufficient quantity, provide a health benefit to the 

host, starting from the intestinal tract and beyond (Sanders, 2008). In fact, Petricevic et al. (2008) 

has demonstrated that oral probiotic formulations, as well as vaginal instillation, can  restore the 

healthy vaginal microbiome. On this regard, Parolin et al. (2015) isolated vaginal strains with 

functional features. For instance, Lactobacillus crispatus BC4 and Lactobacillus gasseri BC9 showed 

an antagonistic activity towards several uro-genital pathogens, such as Candida (Calonghi et al., 

2017; Parolin et al., 2015), 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 (Ñahui 

Palomino et al., 2019). At the same time, other works evaluated their safety, functional and 

technological features ό5Ω!ƭŜǎǎŀƴŘǊƻ Ŝǘ ŀƭΦΣ нлнмΤ 5Ω!ƭŜǎǎŀƴŘǊƻ Ŝǘ ŀƭΦΣ нлнмΤ {ƛǊƻƭƛ Ŝǘ ŀƭΦΣ нлмтύ. The 

same strains were applied as functional cultures in food products (Siroli et al., 2017) and the fate of 

L. crispatus BC4, incorporated in a soft cheese, was investigated using the Simulator of the Human 

Intestinal Microbial Ecosystem (SHIME®) (Patrignani et al., 2020). Apart from supplying extra 

probiotic functions, LAB can degrade soy proteins into smaller peptides and amino acids, increasing 

protein bioavailability (Ghoneem et al., 2018; Wu et al., 2022). Moreover, processing (including 

formulation and fermentation) deeply modifies both the content and bioaccessibility of nutrients. 

In particular, bioaccessibility (meaning the fraction of the total amount of a substance that is 

released from the food matrix during digestion and potentially becomes available for absorption) 

can be modified by changes in the supramolecular architecture, in the network of interactions 

between molecules, as well as in nutrient location within compartments. This aspect has an impact 

on the nutritional value of foods (Di Nunzio et al., 2022).  

Considering the growing demand for non-dairy-alternatives as probiotic carriers, the main aim of 

this study was to characterize different types of fermented soy milks, obtained with the addition of 

commercial starter cultures and supplemented with encapsulated or non-encapsulated functional 

vaginal strains. In particular, the vaginal strains L. crispatus BC4 and L. gasseri BC9 were used 

individually or in combination, either encapsulated or not, to evaluate a possible synergistic effect 

between them. The nutritional profiles of the formulated products were also evaluated with a 

specific focus on minerals, vitamins, fatty acids, and amino acids content. Eventually, the different 

fermented products were digested following the INFOGEST protocol (Brodkorb et al., 2019) and the 

protein bioaccessibility was evaluated at the end of the gastric phase (lasting for 120min, G120), 

and in the middle (60 min, D60) and at the end of the duodenal phase (120 min, D120). 



212 
 

2. Materials and Methods 

2.1 Bacterial strains 

The functional strains used in this work (Lactobacillus crispatus BC4 and Lactobacillus gasseri BC9) 

belong to the collection of FABIT (Department of Pharmacy and Biotechnology, University of 

Bologna, Italy) and were isolated from the vagina of pre-menopausal Caucasian women (aged 18ς

45 years), with no symptoms of vaginal or urinary tract infections, in accordance with the Ethics 

Committee of the University of Bologna (52/2014/U/Tess). 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 transfers in MRS broth (Oxoid, 

Basingstoke, United Kingdom) using a 1% (v/v) inoculum and incubated overnight at 37 °C in aerobic 

conditions. 

 

2.2 Production of microcapsules by spray-drying 

L. crispatus BC4 and L. gasseri BC9 were individually cultivated overnight at 37 °C in 1 L of MRS broth 

+ 0.05% L-cysteine under anaerobiosis to obtain a final concentration of at least 9 log CFU/mL for 

each strain. After serial dilutions in saline solution (0.9% NaCl), the bacterial cell load was 

determined by plating the strains on MRS agar with 0.05% L-cysteine and incubating at 37 °C for 48 

h under anaerobiosis. One liter of each strain was centrifuged at 8200 rpm 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 saline solution (0.9% NaCl) and then resuspended in 500 mL of commercial 

soy milk (Alpro Original) with the following characteristics per 100g of product - Energy: 170 kJ / 40 

kcal; Fats: 1.8 g (of which saturated ones: 0.3 g); Carbohydrates: 2.8 g (of which sugars: 2.8 g), Fiber: 

0.4 g; Proteins: 3.0 g; Salt: 0.09 g; Vitamin D: 0.75 µg; Riboflavina (B2): 0.21 mg; Vitamin B12: 0.38 

µg; Calcium: 160 mg. 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 set at 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, 1 L of suspension was spray-dried to produce an average 

of 5.2 g of powder/100 mL of suspension. The spray-dried powder was collected from the cyclone, 

mixed gently, and vacuum-packed in nylon/polyethene, 102 ˃m high-barrier plastic bags (Tecnovac, 

{ŀƴ tŀƻƭƻ 5Ω!ǊƎƻƴΣ .ŜǊƎŀƳƻΣ Lǘŀƭȅύ ǳǎƛƴƎ ŀƴ {млл-Tecnovac device. 
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2.3 Preparation of fermented soymilks 

The production of fermented soy milks was carried out in lab conditions. Commercial UHT soy milk 

was split in 100 mL containers and inoculated with starter cultures (Lactobacillus delbrueckii subsp. 

bulgaricus and Streptococcus thermophilus) at the level of 6 log CFU/mL while the functional strains, 

encapsulated or not and combined or not, were inoculated at level of at least 7 log CFU/mL. The 

inoculated soymilks were incubated at 42 °C until reaching pH 4.5. Seven types of experimental 

fermented milks were produced and defined as follows: 

Control: fermented soy milk containing starter cultures only; 

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

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

BC4+BC9: fermented soy milk containing starter cultures, L. crispatus BC4+L. gasseri BC9; 

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

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

E-BC4+BC9: fermented soy milk containing starter cultures and an encapsulated mix of L. crispatus 

BC4+L. gasseri BC9. 

 

2.4 Starter cultures and probiotic strain viability in fermented soymilks 

At the end of fermentation, the different soy milk products were subjected to microbiological 

sampling according to the methods proposed in Chapter 8. 

 

2.5 Nutritional and fatty acids composition  

Samples of fermented soymilks were analyzed for the following parameters: energy values, fat, 

carbohydrates, proteins, dietary fibers, salt, moisture, ashes,  using the methods of the Association 

of Official Analytical Chemists (2000) (Obadina et al., 2013). The carbohydrate content was 

determined by difference between 100 and total sum of the percentage of moisture, protein, fat 

and ash (Chemists, 1990). The quality and quantity of total fatty acids (FAs) were determined 

according to Suzzi et al. (2015). Analyses were performed using an Agilent 7890A gas chromatograph 

(Agilent Technologies, Palo Alto, CA, USA) coupled to an Agilent 5975C mass spectrometer (Agilent 

Technologies, Palo Alto, CA, USA) operating in electron impact mode (ionization voltage 70 eV). To 

ǎŜǇŀǊŀǘŜ ǎŀƳǇƭŜ C!ǎΣ ŀ ŦǳǎŜŘ ǎƛƭƛŎŀ ŎŀǇƛƭƭŀǊȅ ŎƻƭǳƳƴ όол Ƴ Ҏ лΦон ҡƳύ ǿƛǘƘ лΦн ҡƳ ŦƛƭƳ ƻŦ /ŀǊōƻǿŀȄ 

(Supelco, Bellefonte, PA, USA) as stationary phase was used. The GC/MS parameters were the 

folloǿƛƴƎΥ ƛƴƧŜŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜΣ ннл ϲ/Τ ŘŜǘŜŎǘƻǊ ǘŜƳǇŜǊŀǘǳǊŜΣ ннл ϲ/Τ ŎŀǊǊƛŜǊ Ǝŀǎ όƘŜƭƛǳƳύ Ŧƭƻǿ 
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ǊŀǘŜΣ мΦр Ƴ[ Ƴƛƴҍ1Τ ǎǇƭƛǘ ǊŀǘƛƻΣ мΥрл όǾκǾύΦ ¢ƘŜ ƻǾŜƴ ǘŜƳǇŜǊŀǘǳǊŜ ǿŀǎ ǇǊƻƎǊŀƳƳŜŘ ŦǊƻƳ сл ǘƻ ннл ϲ/ 

ǿƛǘƘ ŀƴ ƛƴŎǊŜŀǎŜ ƻŦ п ϲ/κƳƛƴΦ C!ǎ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ŦŜǊƳŜƴǘŜŘ ǎƻȅ Ƴilk were identified by according to 

the retention time of a known FAs standard (Sigma-Aldrich, Schnelldorf, Germany) and by 

comparing their mass spectra with those present in the available database (NIST version 2011). 

 

2.5.1 Minerals and vitamins content 

Minerals (Calcium, Iron, Potassium, Magnesium, Sodium) were determined in fermented samples 

using the induced coupled plasma optical emission spectroscopy (ICP-OES; ICAP 6500 Duo ICP, 

Thermo Scientific, UK) method. The results are expressed as mg of mineral per 100 g of fermented 

soy milk. Determination of  selected vitamins such as B12 (as Cyanocobalamin), B2 (Riboflavin), and 

D (D2+D3), was carried out following the method  of Zhao & Shah,(2014) with some modifications, 

ǳǎƛƴƎ ƘƛƎƘ ǇŜǊŦƻǊƳŀƴŎŜ ƭƛǉǳƛŘ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅΦ ¢ƘŜ ǊŜǎǳƭǘǎ ŀǊŜ ŜȄǇǊŜǎǎŜŘ ŀǎ ƳƎ ƻǊ ˃Ǝ ƻŦ ǾƛǘŀƳƛƴ 

per 100 g of fermented soy milk. 

 

2.5.2 Amino acids compositions 

The quantitative analysis of total amino acids in fermented soy milk was carried out according to 

the method of  Wu et al. (2022). Briefly, fermented soy milk (0.5 g) was hydrolyzed in hydrochloric 

acid (6 M, 6 mL) at 110 °C for 24 h. Subsequently, the hydrolysate was vacuum dried at 50 °C to 

remove the hydrochloric acid, and then redissolved in loading buffer (0.01 M HCl). The sample 

solution was filtrated (0.22 ˃m) and analyzed with an amino acid analyzer (L-8900, Hitachi High-

Technologies Corporation, Tokyo, Japan). 

 

2.6 In vitro digestion 

Fermented soy milk was subjected to in vitro digestion according to the INFOGEST protocol. The 

analysis was performed in triplicate (n=3). In vitro digestion lasted for 242 min consisting in 2 min 

of oral digestion, 120 min of gastric digestion, and 120 min of intestinal digestion, at 37 °C. During 

the process, several consecutive enzymatic reactions took place by the addition of simulated saliva, 

simulated gastric juice (at pH 3, containing 2000 U/mL pepsin), and simulated pancreatic juice (at 

pH 7, containing 10 mM bile and 100 U/mL pancreatin). Samples were taken at the end of the gastric 

phase (G120), after 60 min (D60) and 120 min (D120) of the duodenal phase. In G120 samples, the 

pH was increased to 7 with 35% NaOH to stop the pepsin hydrolytic action and reported to 3 with 

37% HCl. Samples at D60 and D120 were acidified to pH 3 with 37% HCl to stop pancreatic hydrolysis 
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and reported to 7 with 35% NaOH (Di Nunzio et al., 2022). Digested samples were centrifuged at 

50,000 g for 15 min and the supernatants were stored at -80 °C until further analysis.  

 

2.7 SDS-PAGE 

Sodium dodecyl sulfateςpolyacrylamide gel electrophoresis analysis was performed using handcast 

16% polyacrylamide gels prepared according to Ferranti et al. (2014). Gel preparation and vertical 

electrophoresis were carried out using Bio-Rad (Bio-Rad Laboratories, California) equipment (Mini-

PROTEANW system). To evaluate the molecular weight of proteins and/or peptides of the samples, 

р ˃ƭ ƻŦ ŀ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ƳŀǊƪŜǊ όa.L CŜǊƳŜƴǘŀǎΣ [ƛǘƘǳŀƴƛŀύ ǿŀǎ ŎƘŀǊƎŜŘ ƻƴ ŜŀŎƘ ƎŜƭΦ ¢ƘŜ ƳŀǊƪŜǊ 

consisted of a mix of several standard proteins ranging from 10 to 200 kDa. Gels were stained in a 

solution containing 0.05% w/v Coomassie Blue, 50% v/v methanol, 10% v/v acetic acid and water at 

around 50 °C. Finally, the gels were destained in water at 50 °C and images were acquired using a 

benchtop scanner. 

 

2.8 Protein hydrolysis 

Peptide and protein concentration of the digested samples were determined 

spectrophotometrically by o-phthaldialdehyde (OPA) reagent, Coomassie assay, and by measuring 

the absorbance at 280 nm according to (Di Nunzio et al., 2013). Protein content from enzymes added 

during in vitro digestion was subtracted and values were normalized for the dilution factor due to 

the addition of digestive fluids. 

 

2.9 Statistical Analysis 

The obtained data, intended as the mean of three repetitions, were analyzed by Statistica software 

όǾŜǊǎƛƻƴ уΦлΤ {ǘŀǘ{ƻŦǘΣ ¢ǳƭǎŀΣ hYΣ ¦{!ύ ŀŘƻǇǘƛƴƎ ǘƘŜ ŀƴŀƭȅǎƛǎ ƻŦ ǾŀǊƛŀƴŎŜ ό!bh±!ύΣ ŀƴŘ ¢ǳƪŜȅΩǎ ǘŜǎǘ 

for data comparisons. 

 

3. Results and Discussion 

3.1 Nutritional values of the different fermented soy milks 

Soy milk was supplemented with two functional vaginal strains, namely L. crispatus BC4 and L. 

gasseri BC9, alone or combination (BC4+BC9), encapsulated or not, and then fermented by 
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commercial starter cultures (L. delbrueckii subsp. bulgaricus, S. thermophilus). The centesimal 

compositions of the different fermented soy milks are reported in Table 1.  

 

Table 1. Centesimal compositions of the different samples of fermented soy milk in terms of energy values 

(kJ/100g of product), Fat (g/100g of product), carbohydrates (g/100g of product), proteins (g/100g of 

product), dietary fibers (g/100g of product), salt (g/100g of product), humidity (g/100g of product), ashes 

(g/100g of product). Control: soy milk fermented with starter cultures; BC4: soy milk fermented with 

starter cultures and supplemented with BC4; BC9: soy milk fermented with starter cultures and 

supplemented with BC9; BC4+BC9: soy milk fermented with starter cultures and supplemented with BC4 

and BC9. Differences reported as lower case letters are significant within each parameter (p < 0.05) 

 

Nutritional 

values 

Unit Soy milk Control BC4 BC9 BC4+BC9 

Energy values kJ/100g 170 150 147 149 155 

Energy values kcal/100g 40 36 35 35 37 

Fat g/100g 1.8 1.5a ± 0.1 1.6a ± 0.1 1.5a ± 0.1 1.5a ± 0.1 

of which saturated FAs g/100g 0.3 0.2a ± 0.01 0.2a ± 0.01 0.2a ± 0.01 0.2a ± 0.01 

Carbohydrates g/100g 2.8 2.83a ± 0.1 2.38b ± 0.1 2.51b ± 0.1 2.58b ± 0.1 

of which sugars g/100g 2.8 2.05a ± 0.1 1.82ab ± 0.2 2.01a ± 0.1 1.7b ± 0.1 

Proteins g/100g 3.0 2.76a ± 0.02 2.79a ± 0.01 2.96b ± 0.07 2.9b ± 0.07 

Dietary fibers g/100g 0.4 < 0.1a ± 0.01 < 0.1a ± 0.01 < 0.1a ± 0.01 < 0.1a ± 0.01 

Salt g/100g 0.09 0.14b ± 0.01 0.11ab ± 0.02 0.08a ± 0.01 0.09a ± 0.01 

Moisture g/100g - 91.93a ± 0.1 92.44a ± 0.2 92.23a ± 0.1 91.89a ± 0.1 

Ashes g/100g - 0.99a ± 0.01 0.7b ± 0.01 0.79b ± 0.01 0.78b ± 0.01 

                   ά-άΥ 5ŀǘŀ ƴƻǘ ŀǾŀƛƭŀōƭŜ 

 

With respect to the original soy milk, fermented control product showed a reduction in fats, sugars, 

proteins, and dietary fibers. The addition of probiotic vaginal strains before fermentation also 

reduced the content of fats and fibers, but also enhanced the consumption of carbohydrates, 

particularly sugars, independently from the probiotic applied, either alone or in combination. On 

the contrary, the addition of strain BC9, alone or mixed with BC4, maintain the protein level at the 

same concentration present in the original soy milk (around 3 g/100g).  Concerning FAs composition 

(Table 2), the saturation was lower in samples supplemented with L. crispatus BC4 (BC4) compared 

to the control while it was higher in those containing the mix of L. crispatus BC4 and L. gasseri BC9 

(BC4+BC9). Differences were observed within unsaturated FAs. In fact, although total unsaturation 

was not different among the samples, the presence of BC9 alone determined a higher amount of 

monounsaturated FAs, due to an increase in the percentage of oleic acid (16.5 vs 15.1%), and a 

reduction in the percentage of the polyunsaturated linoleic acid. On the other hand, fermented 
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ǇǊƻŘǳŎǘǎ ŎƻƴǘŀƛƴƛƴƎ ./пΣ ŀƭƻƴŜ ƻǊ ƛƴ ŎƻƳōƛƴŀǘƛƻƴ ǿƛǘƘ ./фΣ ǎƘƻǿŜŘ ŀ ƘƛƎƘŜǊ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ʰ-

linolenic acid (8.3 vs 7.9%). Reduction in fats, carbohydrates, and an increase in proteins and total 

solids was reported by Obadina et al. (2013) during 24h spontaneous fermentation of soy milk. The 

improvement reported in protein content of fermenting soy milk as compared to soymilk might be 

due to some anabolic processes leading to polymer build-up or due to microbial cell proliferation. 

The carbohydrate content recorded in this study decreased significantly (p < 0.05) from 1.52% at 0 

h to 0.60% at 72 h of fermentation. The decrease observed in the carbohydrate content of 

fermenting soy milk as fermentation period increased could be explained by the activities of the 

fermenting microorganisms which utilized and transformed them into energy for growth and other 

cellular activities. Osundahunsi et al. (2007) also reported a decrease in carbohydrate content of 

soy-yoghurt fermented with starter cultures. Fat content as reported in this study varied from 2.18 

ς 0.87%. Fat content of soy milk was found to decrease as fermentation time increased and this 

might be attributed to the increased activities of the lipolytic enzymes during fermentation which 

hydrolyses fat components (triacylglycerol) into fatty acid and glycerol. The fatty acids were 

reported by Astuti et al. (2000) to be used as sources of energy by some microorganisms such as 

moulds resulting in lower fat content in fermenting soy milk at the end of fermentation.  

Table 2. Fatty acids composition and respective profile of the different samples of fermented soy milk 

reported as relative percentages (%). Control: soy milk fermented with starter cultures; BC4: soy milk 

fermented with starter cultures and supplemented with BC4; BC9: soy milk fermented with starter cultures 

and supplemented with BC9; BC4+BC9: soy milk fermented with starter cultures and supplemented with 

BC4 and BC9. Differences reported as lower case letters are significant within each parameter (p < 0.05). 

 

Fatty acids composition Control BC4 BC9 BC4+BC9 

Saturated FAs 14.9a ± 0.1 14.3b ± 0.2 14.9a ± 0.1 15.5c ± 0.3 

Unsaturated FAs 85.1a±0.1 85.7a±0. 0.1 85.1a±0.1 84.5a±0.4 

Monounsatered FAs 15.9a ± 0.2 16.3a ± 0.2 17.1b ± 0.2 15.8a ± 0.2 

Polyunsatured FAs 69.3a ± 0.2 69.4a ± 0.2 68.1b ± 0.4 68.7b± 0.2 

Trans-unsaturated FAs <0.1a ±0.01 <0.1a ± 0.01 <0.1a ± 0.01 <0.1a ± 0.01 

FAs Profile     

C16:0 (Palmitic acid) 10.8a ± 0.2 10.78a ± 0.2 10.76a ± 0.2 11.42b ± 0.2 

C18:0 (Stearic acid) 4.1a ± 0.3 3.52b ± 0.2 4.14a ± 0.3 4.14a ± 0.3 

C18:1 n9 (Oleic acid) 15.1a ± 0.6 15.68a ± 0.2 16.5b ± 0.4 15.05a ± 0.5 
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C18:1 (n7) (cis-Vaccenic acid) 0.8a ± 0.3 0.65a ± 0.1 0.63a ± 0.1 0.68a ± 0.1 

C18:2n6c (Linoleic acid) 61.35a ± 0.3 61.04a ± 0.3 60.05b ± 0.2 60.37b ± 0.2 

/муΥоƴо όʰ-Linolenic acid) 7.93a ± 0.2 8.36b ± 0.2 8.03ab ± 0.1 8.34b ± 0.2 

 

To assess more in dept the nutritional value of the different samples of fermented soy milks, the 

content of selected minerals (like Ca, K, Fe, Mg, Na,) and vitamins (such as B12, B2, and D) was 

determined (Table 3). 

Table 3. Minerals and vitamins compositions of the different samples of fermented soy milk:  calcium 

(mg/100g of product), iron (mg/100g of product), potassium (mg/100g of product), magnesium (mg/100g 

of product), sodium (mg/100g of product), B12 vitamin (as Cyanocobalamin) (mg/100g of product), B2 

ǾƛǘŀƳƛƴ όwƛōƻŦƭŀǾƛƴύ όƳƎκмллƎ ƻŦ ǇǊƻŘǳŎǘύΣ 5 ǾƛǘŀƳƛƴǎ ό5нҌ5оύ ό˃ƎκмллƎ ƻŦ ǇǊƻŘǳŎǘύΦ /ƻƴǘǊƻƭΥ ǎƻȅ Ƴƛƭƪ 

fermented with starter cultures; BC4: soy milk fermented with starter cultures and supplemented with 

BC4; BC9: soy milk fermented with starter cultures and supplemented with BC9; BC4+BC9: soy milk 

fermented with starter cultures and supplemented with BC4 and BC9. Differences reported as lower case 

letters are significant within each parameter (p < 0.05). 

 

Minerals and vitamins Unit Soy milk Control BC4 BC9 BC4 + BC9 

Calcium (Ca) mg/100g 160 133.2 a ± 0.1 143.32b ± 0.1 132.92c ± 0.1 132.62c ± 0.1 

Iron (Fe) mg/100g - 0.32a ± 0.01 0.40c ± 0.01 0.36b ± 0.01 0.37b ± 0.01 

Potassium (K) mg/100g - 309.12a ± 0.1 269.30b ± 0.1 255.09c ± 0.1 256.07c ± 0.1 

Magnesium (Mg) mg/100g - 12.24a ± 0.1 13.88b ± 0.1 12.91c ± 0.1 13.07c ± 0.1 

Sodium (Na) mg/100g 60 55.65a ± 0.1 45.12b ± 0.1 33.14c ± 0.1 34.16c ± 0.1 

B12 Vitamin (as 

Cyanocobalamin) 
µg/100g 0.38 < 0.010a ±0.01 < 0.010a ± 0.01 < 0.010a ± 0.01 < 0.010a ± 0.01 

B2 Vitamin (Riboflavin) mg/100g 0.21 0.180a ± 0.02 0.155b± 0.01 0.202 c ± 0.01 0.193d ± 0.01 

D Vitamins (D2+D3) µg/100g 0.75 < 0.20 a ± 0.02 < 0.010 a ± 0.01 < 0.20 a ± 0.01 < 0.20 a ± 0.01 

             ά-άΥ 5ŀǘŀ ƴƻǘ available 

 

Based on the results shown in Table 3, it can be stated that potassium was the most represented 

mineral, especially in the control sample, followed by calcium, sodium, magnesium, and iron. 

Compared to the control sample, those containing vaginal probiotics presented a higher amount of 

iron (0.37 vs 0.32mg/100g) and magnesium (13.28 vs 12.24 mg/100g) while they had lower 

potassium (260.15 vs 309.12 mg/100g) and sodium (average 37.4 vs 55.6 mg/100g). A similar trend 
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was reported in previous studies by Etiosa et al. (2017)Τ ~ŜǊǘƻǾƛŏ Ŝǘ ŀƭΦ (2022). Regarding calcium, all 

the fermented samples presented a lower concentration of this mineral (< 160 mg/100g) with 

respect to the original amount present in soy milk. Interestingly, addition of strain BC4 determined 

the lowest reduction in calcium content (143.32 vs 133.24 mg/100g). In this sense calcium gives 

bone strength, while its ions play an important role in many metabolic processes. Lack of calcium in 

the body can lead to some diseases such as osteoporosis ό~ŜǊǘƻǾƛŏ Ŝǘ ŀƭΦΣ нлннύ. Moreover, the same 

sample presented the highest concentration of magnesium and iron. Fermentation with starter 

cultures (L. delbrueckii subsp. bulgaricus and S. thermophilus) determined a broad reduction of all 

the vitamins, particularly B12 and D2+D3, while the addition of the vaginal strain BC9, alone or in a 

mix with BC4, prevented the reduction of vitamin B2. This is not surprising since recently Zhu et al. 

(2020) reported the use of riboflavin-producing lactobacilli to enrich fermented soy milk. This may 

then depend on LAB production or less consumption. 

 

3.2. Total amino acids content 

To better assess the changes of amino acids in the different samples of fermented soy milk, their 

amino acids composition was determined (Figure 1). The sample supplemented with both vaginal 

strains (BC4+BC9) showed an increase in Glutamic acid. As reported in literature, Glutamic acid is a 

multifunctional amino acid involved in taste perception, excitatory neurotransmission and 

intermediary metabolism (Kondoh et al., 2009). It plays an important role in gastric phase digestion 

with multiplicity effects in the gastrointestinal tract when consumed with nutrients by enhancing 

gastric exocrine secretion (Zolotarev et al., 2009). In addition, Glutamic acid is a specific precursor 

ŦƻǊ ƻǘƘŜǊ ŀƳƛƴƻ ŀŎƛŘǎΣ ǎǳŎƘ ŀǎ ŀǊƎƛƴƛƴŜ ŀƴŘ ǇǊƻƭƛƴŜΣ ŀƴŘ ŦƻǊ ōƛƻŀŎǘƛǾŜ ƳƻƭŜŎǳƭŜǎΣ ƭƛƪŜ ʴ-amino butyric 

acid (GABA) and glutathione. Regarding essential amino acids, no differences were observed among 

the samples analyzed for Isoleucine, Histidine, Leucine, Lysine while Methionine was not detected 

in any sample. On the contrary Phenylalanine and Tryptophan were significantly higher in samples 

containing BC4 (alone or in mix), when compared to the control. Threonine increased in all the 

samples supplemented with the vaginal strains (BC4, BC9, BC4+BC9) and Valine was higher in sample 

supplemented with the probiotic mix (BC4+BC9). A similar behavior was also described in a study 

conducted by Li et al. (2012), in which higher essential amino acids content was reported for 

fermented soy milk produced with probiotic lactobacilli.   
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Figure 1. Total amino acids content (mg/100g of product) of the different samples of fermented soy milk 

(control, BC4, BC9 and BC4+BC9). Differences reported as lower case letters are significant within each 

parameter (p < 0.05).  

 

3.3. SDS-PAGE of undigested and digested fermented soymilk products 

Protein profiles of all the fermented soy milks, produced with encapsulated or non-encapsulated 

vaginal bacteria (BC4 and BC9), were evaluated by SDS-PAGE (Figure 2). According to their 

sedimentation coefficient, ǎƻȅōŜŀƴ ǇǊƻǘŜƛƴǎ Ŏŀƴ ōŜ ŘƛǾƛŘŜŘ ƛƴǘƻ н{Σ т{Σ мм{Σ ŀƴŘ мр{Φ ʲ-Glycinin, the 

Ƴŀƛƴ ǇƻƭȅǇŜǇǘƛŘŜ ƻŦ т{ ŀƴŘ ǘƘŜ ƳŀƧƻǊ ŀƭƭŜǊƎŜƴǎ ƛƴ ǎƻȅōŜŀƴΣ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ ǘƘǊŜŜ ǎǳōǳƴƛǘǎΥ ʰΩ όϤтн 

ƪ5ŀύΣ ʰ όϤсу ƪ5ŀύ ŀƴŘ ʲ όϤрн ƪ5ŀύ  (Peng et al., 2022). 11S can be divided into acidic subunit A (~35 

ƪ5ŀύ ŀƴŘ ŀƭƪŀƭƛƴŜ ǎǳōǳƴƛǘ . όϤнл ƪ5ŀύΦ ¢ƘŜ ǎǳōǳƴƛǘǎ ƳŜƴǘƛƻƴŜŘ ŀōƻǾŜ όʰΩΣ ʰΣ ʲ ƻŦ т{ ŀƴŘ !Σ . ƻŦ 11 

S) were observed in Figure 2, examining the different bands ranging from 9 to 76 kDa. According to 

the profiles generated, no significant differences were observed among the band intensities of the 

samples, except from those of the E-BC4+BC9 sample.  
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Figure 2. SDS-PAGE of the different samples of fermented soy milk containing encapsulated or 

nonencapsulated vaginal probiotics. Control: soy milk fermented with starter cultures; BC4: soy milk 

fermented with starter cultures and supplemented with BC4; BC9: soy milk fermented with starter cultures 

and supplemented with BC9; BC4+BC9: soy milk fermented with starter cultures and supplemented with 

BC4 and BC9. E- samples contained encapsulated vaginal bacteria (BC4 and BC9). Lane 1: marker, lane 2: 

control, lane 3: BC4, lane 4: BC9, lane 5: BC4+BC9, lane 6: E-BC4, lane 7: E-BC9 , lane 8: E-BC4+BC9.  

Protein profiles of the samples were also evaluated upon in vitro digestion. In particular, all the 

samples were run on SDS-PAGE after 120 min of simulated gastric phase (G120), and 60 (D60) or 

120 min (D120) of simulated duodenal phase (Figure 3 and 4). 
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Figure 3. SDS-PAGE of the different samples of fermented soy milk, supplemented with nonencapsulated 

vaginal probiotics, obtained after in vitro digestion at selected time points: end of the gastric phase (G120), 

after 60 (D60) and 120 min (D120) of duodenal phase. Lane 1: marker, lane 2: control G120, lane 3: control 

D60, lane 4: control D120, 5: BC4 G120, lane 6: BC4 D60, lane 7: BC4 D120, 8: BC9 G120, lane 9: BC9 D60, 

lane 10: BC9 D120, 11: BC4+BC9 G120, lane 12: BC4+BC9 D60, lane 13: BC4+BC9 D120.  

 

Figure 4. SDS-PAGE of the different samples of fermented soy milk, supplemented with encapsulated 

vaginal probiotics, obtained after in vitro digestion at selected time points: end of the gastric phase (G120), 

after 60 (D60) and 120 min (D120) of duodenal phase. Lane 1: marker, lane 2: control G120, lane 3: control 

D60, lane 4: control D120, 5: E-BC4 G120, lane 6: E-BC4 D60, lane 7: E-BC4 D120, 8: E-BC9 G120, lane 9: E-

BC9 D60, lane 10: E-BC9 D120, 11: E-BC4+BC9 G120, lane 12: E-BC4+BC9 D60, lane 13: E-BC4+BC9 D120.  




















