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Abstract 

This study investigates some biofunctional, structural, and tribological attributes of synbiotic 

yogurts produced using Lacticaseibacillus paracasei as probiotic, and galactofructose, inulin, 

soy protein isolate, and spirulina as prebiotics. The highest gamma-aminobutyric acid (GABA) 

production (99.63 µg mL-1) and glutamic acid consumption (98.39 µg mL-1) was found in 

spirulina-supplemented probiotic yogurts (YSP), followed by galactofructose-supplemented 

probiotic yogurts (YGF). However, YSP exhibited the lowest probiotic viability and the 

greatest pH drop. The biological activity of YSP, in terms of total phenolics, antioxidant 

potential, antihypertensive activity, and degree of hydrolysis was significantly higher than the 

other yogurts. YSP showed lower friction coefficient in the high sliding velocities compared 

to other yogurt samples. The best appearance and mouthfeel was rated by panellists for YSP, 

while the taste, texture, and overall acceptance of other yogurts were preferred. Overall, the 

synbiotic yogurts containing spirulina, and galactofructose represent a promising strategy for 

development of functional dairy products.   

Keywords: Yogurt; gamma aminobutyric acid (GABA); synbiotics; viability; tribology, 

functional attributes.   

 

1. Introduction 

Fermented dairy products, especially yogurts, have been regarded as ideal vehicles to deliver 

probiotic bacteria and their biofunctional metabolites to the gut (Unno, et al., 2015). The 

importance of these products within the dairy sector is reflected in their growing market size. 

Yogurt market was about 85 billion USD in 2019 and is projected to reach about 106 billion 

USD in 2024 (Wan, Khubber, Dwivedi, & Misra, 2020). The health-promoting attributes of 

yogurt are mainly associated to the traditional yogurt starter cultures and their probiotic 

supplements (Linares, OôCallaghan, OôConnor, Ross, & Stanton, 2016). Stimulating gut 
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immune system, improving lactose digestion, in addition to the antidiabetic, anti-inflammatory, 

and anticholesterolemic attributes, are some of the health benefits of yogurt cultures and 

probiotic strains (Ghaderi Ghahfarokhi, Yousefvand, Ahmadi Gavlighi, Zarei, & Farhangnia, 

2020; Hussin, et al., 2021).  

Most of these health benefits are attributed to the bioactive compounds and metabolites 

produced during the fermentation process. Gamma-aminobutyric acid (GABA), a naturally 

occurring amino acid produced by Ŭ-decarboxylation of L-glutamic acid catalysed by 

glutamate decarboxylase (GAD) enzyme, is a bioactive compound that acts as the main 

inhibitory neurotransmitter in the central nervous system, playing a number of metabolic roles 

in the citric acid cycle in microorganisms and plants. GABA has shown a key role in regulation 

of sleep-awake cycles, vascular tone, motor activity, memory formation and cognition, and 

upholding the high seizure threshold (Ayag, Dagdemir, & Adnan Hayaloglu, 2022) as well as 

various tranquilizing, relaxing, and diuretic effects (Hussin, et al., 2021; Linares, et al., 2016). 

As a result, a number of neurological and psychiatric disorders such as depression, insomnia, 

anxiety, epilepsy, and schizophrenia are correlated to the low levels of GABA in brain (Hudec, 

et al., 2015).  It can also regulate the blood pressure, reduce the cholesterol levels, secrete 

insulin, induce hypotension, and inhibit lung adenocarcinoma (Sokovic Bajic, et al., 2019). 

GABA is approved as a bioactive ingredient to produce functional foods in various countries 

(Ayag, et al., 2022). Lactic acid bacteria (LAB) have a great potential in producing GABA-

enriched fermented foods through Ŭ-decarboxylation of glutamate by GAD enzyme (Tajabadi, 

et al., 2015). Among them, probiotic strains like lactobacilli, especially Lacticaseibacillus 

paracasei (L. paracasei), Lactobacillus delbrueckii, and Levilactobacillus brevis, genus 

Bifidobacterium and Lactococcus lactis showed better GABA-producing capability, while the 

former demonstrated better GABA biosynthesis performance (Hussin, et al., 2021; Linares, et 

al., 2016).  
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Incorporation of prebiotics into fermented dairy products, as growth stimulators for probiotics 

and beneficial bacteria in the gut, can improve the survival of probiotic bacteria during the 

product shelf-life and their transition through the gastrointestinal tract (Madhu, Amrutha, & 

Prapulla, 2012). Therefore, co-administration of probiotics and prebiotics (known as 

synbiotics) has been suggested as a promising approach to amplify the quantity of bioactive 

compounds and favourable metabolites in fermented foods and in the intestinal tract (C. Li, et 

al., 2020; Sarlak, et al., 2017).  

The prebiotics most commonly used in fermented dairy products are inulin and its derivatives, 

lactulose (galactofructose), and oligosaccharides (Belômer & Gasilina, 2015). In addition, other 

functional ingredients such as some sources of dietary proteins could also be used in dairy 

products due to their potential prebiotic effects. Among them, soy protein isolate (SPI) and 

spirulina could be of particular interest due to their high content of glutamate, which is the 

main GABA precursor (Niccolai, et al., 2019; Zareie, Yazdi, & Mortazavi, 2019). Spirulina is 

a dietary supplement obtained from the biomass of cyanobacteria and contains high levels of 

minerals, vitamins, carotenoids, chlorophyll, and essential amino acids (Niccolai, et al., 2019). 

The nutritional values of spirulina could be further enhanced through fermentation by LAB, 

which could improve biomass digestibility, leading to the expansion of a wide range of 

bioactive compounds and also supplementing the probiotic bacteria (Niccolai, et al., 2019). SPI 

also contains significant amounts of essential amino acids with high protein digestibility scores, 

isoflavones, and proper processing effects in fermented dairy products due to the formation of 

stable emulsion and foam (Singh, Kumar, Sabapathy, & Bawa, 2008).  

The main objective of the present study was to investigate the GABA production efficiency 

and biological activity (antioxidant activity and antihypertensive effects) of synbiotic yogurts 

containing L. paracasei as probiotic bacteria, and lactulose, inulin, SPI, and spirulina as 

prebiotic supplements. Furthermore, the impact of adding these prebiotics on the structural and 
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sensory properties of the produced yogurts was also studied, given the relevance of these 

considerations for the commercial application of functional dairy products. 

 

2. Materials and methods 

2.1. Materials 

Commercial yogurt culture, YoFlex Express 1.0 containing 

Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus (S. thermophilus) 

(1:1), and probiotic strain, L. paracasei subsp. paracasei (L. CASEI 431®) were obtained from 

Chr. Hansen Ireland Ltd. (Cork, Ireland). Spirulina powder with 66% protein was purchased 

from TheHealthyTree Co. Ltd. (Oxfordshire, UK), and SPI powder with 90% protein was 

purchased from Peak Supps (Bridgend, UK). Inulin (100% pure from chicory) and 

galactofructose (lactulose) powders were supplied by Mayfair Pharmaceutical Ltd. (London, 

UK) and Solactis Group SAS (INRAE, France), respectively. Spray-dried whole and skim milk 

powders were donated by DairyGold (Mitchelstown, Ireland). MRS agar, Tween 80, 

vancomycin, and gallic acid were purchased from Merck (Darmstadt, Germany). O-

phthalaldehyde (OPA) was purchased from Fisher Scientific Ltd. (Dublin, Ireland). 2,2ǋ-azino-

bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) solution, 1,1-Diphenyl-2-picrylhydrazyl 

(DPPH), trichloroacetic acid (TCA) (99%), sodium carbonate, and Folin-Ciocalteu's reagent 

were obtained from VWR International (Dublin, Ireland). ACE-kit WST (A502) was purchased 

from Dojindo EU GmbH (Munich, Germany).  

2.2. Pilot-scale production of stirred yogurts  

Reconstituted milk formulations were standardised at 2% w/w fat and 16.3% w/w dry matter 

using whole and skim milk powders, reverse osmosis (RO) water, and prebiotic supplements 

at 1% concentration when relevant. All reconstituted milks were pasteurized at 95C for 7 min 

by using a pilot-plant scale MicroThermics thermal processing unit (Model: 25EHVH, 
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Microthermics Inc., Raleigh, NC, USA), and finally homogenized at 20 MPa with a 

homogenizer (Model: NS2006H, GEA, Parma, Italy). The reconstituted milk without 

prebiotics was named MC, and the milk formulations containing 1% w/w inulin, 

galactofructose, SPI, and spirulina were named MIN, MGF, MSO, and MSP, respectively. The 

milk formulations were then cooled down to 43 C followed by inoculation of DVS Express 1.0 

yogurt starter culture (200 U 1,000 L-1) alone or with L. paracasei probiotic strain (25 g 1,000 

L-1) and fermentation at 43 C until reaching pH 4.6. The fermented milks were then stirred with 

an Ultra-Turrax blender (Model: T25, IKA, Staufen, Germany) at 10,000 rpm for 5 min, and 

stored in the fridge at 4 C. The obtained yogurts were named YC (control yogurt, without 

probiotics or prebiotics), YP (control yogurt + probiotic), YIN (YP + 1% inulin), YGF (YP + 

1% w/w galactofructose), YSO (YP + 1% w/w SPI), and YSP (YP + 1% w/w spirulina).  

2.3. Compositional analysis and pH measurement 

The composition of the milk formulations was determined by using a Bentley MilkoScanMT FT 

milk analyser (Bentley Instruments, MN, USA). The pH value of yogurt samples was measured 

with a pH-meter (Mettler Toledo, Griefensee, Switzerland).  

2.4. Viability of L. paracasei 

Enumeration of L. paracasei was performed by plating on MRS agar adjusted to pH 6.2 and 

supplemented with 0.05% vancomycin according to Abdel-Hamid, Romeih, et al. (2020). The 

plates were then placed in anaerobic jars and incubated at 37C for 72 h. Colony counts of 

viable cells were expressed as log CFU mL-1. 

2.5. Determination of glutamate and GABA 

Free GABA and glutamate content of milk and yogurt samples were measured by post column 

ninhydrin derivatization on a cation-exchange HPLC following the method reported by 

Linares, et al. (2016). The samples were first deproteinized by adding a 24% w/v TCA solution 

(1:1 v/v), allowed to stand for 10 min, and then centrifuged at 14,400 ×g for 10 min. 
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Afterwards, the supernatants were conveyed to new tubes and diluted with sodium citrate 

buffer (0.2 M) at pH 2.2 to give ca. 250 nmol of each amino acid residue. The samples were 

then diluted with norleucine as internal standard in 1:2 ratio to obtain the final concentration 

of 125 nmol mL-1. The GABA and glutamate contents of milk and yogurt samples were 

quantified by using a Jeol amino acid analyser (Model JLC-500/V, Jeol Ltd., Herts, UK) 

equipped with a Jeol-Na+ high performance cation exchange column. 

2.6. Preparation of yogurt supernatants 

Yogurt samples were centrifuged at 20,000 ×g for 30 min at 4 C. The collected supernatants 

were passed through 0.45 µm syringe filters to discard the large particles.  

2.7. Determination of total phenolic content (TPC) 

The TPC of yogurt samples was determined using the Folin-Ciocalteu spectrophotometric 

assay as described by (Abdel-Hamid, Huang, et al., 2020). Briefly, 30 µL of yogurt 

supernatants, 120 µL of distilled water, and 30 µL of Folin-Ciocalteuôs phenol reagent followed 

by 30 µL of sodium carbonate (1N) were poured into microplate. The plate was kept in the 

dark for 30 min at room temperature, and finally the absorbance was recorded at 750 nm by 

using a SpectraMax Microplate Reader (Molecular devices, San Jose, USA). TPC was 

expressed as µg gallic acid equivalents per mL yogurt supernatants (µg GAE mL-1). 

2.8. Antioxidant activity 

2.8.1. DPPHǒ assay 

The antioxidant activity of yogurt supernatants was measured according to Abdel-Hamid, 

Romeih, et al. (2020). First, a DPPHǒ solution (0.2 mM in 95% ethanol) was prepared, then 

100 µL of the ethanolic DPPHǒ solution was mixed with 100 µL of the yogurt supernatants or 

water (as control) and incubated at 37 C for 30 min in dark condition. The antioxidant activity 

was calculated using the following equation after measuring the absorbance at 517 nm using a 

Microplate Reader: 
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where Acontrol and Asample are the absorbance of the solution of DPPHǒ mixed with water 

(control) and yogurt supernatants, respectively.  

2.8.2. ABTSǒ+ assay 

The method reported by Abdel-Hamid, et al. (2019) was used to measure the scavenging 

capacity of yogurt supernatants against ABTS radical cations (ABTSǒ+). Briefly, 50 µL of 

yogurt supernatants were added to 200 µL of ABTSǒ+ working solution and incubated in the 

dark for 30 min at 30 C. The absorbance was recorded at 405 nm using a Microplate Reader 

and the radical scavenging capacity calculated using Eq. 1. 

2.9. Antihypertensive activity 

The angiotensin converting enzyme-inhibitory (ACE-I) activity of yogurt supernatants was 

measured by a spectrophotometric assay using ACE kits. Briefly, 20 µL of each sample, 20 µL 

of substrate buffer, and 20 µL of enzyme mixture were added to a microplate and incubated at 

37 C for 1 h. Afterwards, 200 µL of indicator solution was added to each well, incubated at 

room temperature for 10 min, and the absorbance was measured using a Microplate Reader at 

450 nm. The ACE-I activity calculated as follows: 

!#%) ÁÃÔÉÖÉÔÙ Ϸ
! !

! !
ρππ                                                       ς 

where Ablank1, Ablank2, and Asample are the absorbance of positive control without sample, reagent 

blank without the addition of enzyme mixtures, and the yogurt supernatants, respectively.   

 2.10. Degree of hydrolysis  

The extent of proteolysis was measured by OPA assay as reported by Madhu, et al. (2012). The 

samples were prepared by addition of 0.83 mL TCA solution (5% w/v) to 0.5 mL of yogurt 

samples followed by centrifugation of the mixtures at 10,000 ×g for 30 min at room 
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temperature. The supernatant was filtered using 0.45 mm PVDF syringe filters. Then 10 µL of 

each standard/sample was placed into each microplate well and mixed with 200 ml of OPA 

reagent. The reaction was allowed to proceed at room temperature for 15 min under gentle 

agitation. Finally, the absorbance was measured at 340 nm using a Microplate Reader. A 

calibration curve was plotted using L-leucine solution (as standard) in phosphate buffered 

saline in the range 0ï10 mM. The results are reported as mM leucine equivalent (mM LeuEqi). 

2.11. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

The individual proteins of milk and yogurt samples were identified by SDS-PAGE method as 

described by NuPAGE® Technical guide (Manual, 2003). For non-reducing condition, up to 

7.5 µL of samples and water were added to 2.5 µL of LDS NuPAGE® sample buffer (4X) 

(Bioscience Ltd., Dublin, Ireland), while up to 6.5 µL of samples and water were added to 1 

µL of NuPAGE® sample reducing agent (10X) and 2.5 µL of LDS sample buffer (4X). All 

samples were heated at 70C for 10 min, cooled immediately using an ice box, and loaded into 

SDS-PAGE gels. Both inner and outer sections of electrophoresis chamber were filled with 

NuPAGE® MES SDS Running Buffer (1X), while 500 µL of NuPAGE® antioxidant in 200 mL 

of 1X running buffer was used to fill the inner layer in reducing condition prior to starting the 

electrophoresis at 200 V for 35 min. The gels were stained in InstantBlue® (Expedeon, 

Cambridge, UK) Coomassie stain.  

2.12. Confocal laser scanning microscopy (CLSM) 

A Leica confocal laser scanning microscope (Model TCS-SP5, Leica Microsystems, Wetzlar, 

Germany) was used to visualize the microstructure of milk and yogurt samples. First, 1 mL of 

each sample was mixed with 100 µL of Nile Red (0.02% w/w in 1,2-propanediol) and 100 µL 

of Fast Green (0.1% w/w in water) and incubated at room temperature for 30 min. The stained 

samples were then placed onto the glass slides, and dual excitation at 488 nm (argon laser) and 

633 nm (HeNe 633 laser) was employed (emission wavelength was 563-610 nm for Nile Red 



10 
 

and 650-705 nm for Fast Green). Confocal micrographs were obtained using a 63x oil 

immersion objective with 1.4 numerical aperture. Digital images of 1024×1024 pixels were 

recorded by Leica LAS AV software (V 2.7.3.9723).  

2.13. Tribology 

The tribological attributes of yogurt samples were measured using an Anton Paar rheometer 

(Model MCR 302, Stuttgart, Germany) equipped with Anton Paar tribology accessory (ball 

geometry system, ball diameter: 12.7 mm, and contact angle: 90) as reported by Laiho, 

Williams, Poelman, Appelqvist, and Logan (2017). To do this, 1 mL of each yogurt sample 

was loaded onto the rubber pad surface. The Stribeck curves were obtained at 5 C using normal 

force of 3N, and rotation speed (VS) of 0.001-1000 min-1.  

2.14. Sensory evaluation 

The yogurt samples were organoleptically assessed by ten semi-trained panellists after 72 h of 

cold storage with an experience in the sensory evaluation of yogurt. A 5-point hedonic rating 

scale (1: dislike very much, 2: dislike slightly, 3: neither like nor dislike, 4: like slightly, and 

5: like very much) was used for ranking of yogurt samples in terms of texture, appearance, 

taste, mouthfeel, and overall acceptability (Abdel-Hamid, Huang, et al., 2020).    

2.15. Statistical analysis 

The obtained data were subjected to one way analysis of variance (ANOVA) and the 

significance differences were compared by Duncanôs multiple range test at significance level 

of 0.05 using the SPSS software (V23, SPSS Inc., USA).  

 

3. Results and discussion 

3.1. Compositional analysis of initial milk formulations 

The compositional analysis of the milk formulations used to produce yogurts are presented in 

Table 1. As shown, the total solids of all milk formulations were set at a range of 16.29-16.45% 
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w/w and no significant differences were observed (p>0.05) in their dry matter content. The 

changes in fat content of the samples were also small and ranged between 2.01-2.13% w/w in 

all samples. However, a significant drop in lactose content occurred when a part of the spray-

dried milk powders was substituted with 1% w/w of prebiotic supplement. As expected, the 

protein content of milks containing protein-based supplements (SPI with 90% w/w protein, and 

spirulina with 66% w/w protein) were higher than the control sample, while the non-protein 

prebiotics (lactulose and inulin) decreased the total protein content. 

3.2. pH changes of yogurts during the shelf-life 

The pH values of the control yogurt and probiotic yogurts from the day after the fermentation 

and four weeks over the products shelf-life were monitored due to the effects of post-

acidification on quality and sensory attributes of yogurt as well as the survival of probiotics 

(Deshwal, Tiwari, Kumar, Raman, & Kadyan, 2021) (Fig. 1). The drop in pH from 4.6 (at 

which fermentation was stopped) was about 0.12 in the control yogurt at day 1, while this drop 

was greater in yogurts co-fermented with probiotic bacteria. This could be attributed to the 

further production of organic acids in cold storage as a result of L. paracasei metabolic activity 

(Abdel-Hamid, et al., 2019; Terpou, et al., 2017). The largest pH drop was observed in the 

synbiotic yogurt containing spirulina (YSP), which showed the lowest pH (4.18) since day 1. 

This suggests that the starter culture and/or the probiotic bacteria might be more metabolically 

active in the presence of spirulina, followed by inulin, SPI, and lactulose most likely due to the 

abundance of various micronutrients and microbial growth promoters e.g. vitamins, amino 

acids, minerals, extracellular products, and etc. in spirulina-supplemented probiotic yogurts 

(Parada, de Caire, de Mulé, & de Cano, 1998) compared to the other synbiotic yogurts. Aryana 

and McGrew (2007) similarly noted differences in pH in Lacticaseibacillus casei (L. casei)-

supplemented yogurts depending on the type of prebiotic used. In their study, probiotic yogurts 

containing short chain inulin showed lower pH (higher lactic acid production) compared to 
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long chain inulin-containing probiotic yogurts. A pH decreasing pattern was observed for all 

yogurt samples over the shelf-life period, although the rate of change declined after the first 2 

weeks. This is in agreement with the results obtained by Chen, et al. (2020), who reported slight 

pH changes in black tea-enriched yogurt samples between the second and fourth weeks after 

production.  

3.3. Viability of L. paracasei over the product shelf-life 

Enumeration of L. paracasei in yoghurt samples during 28 days shelf-life is shown in Fig. 2. 

All probiotic yogurts had more than 107 CFU mL-1 over the shelf-life period, which met the 

minimum viability requirement for probiotic dairy products. The number of probiotic bacteria 

in all probiotic yogurts increased over the first three weeks of cold storage, and remained 

somewhat steady from the third week onwards, except for the synbiotic yogurt containing 

spirulina (YSP), in which the viability of probiotic bacteria increased over the first two weeks 

but then decreased over the following two weeks. YSP also had the lowest probiotic viability, 

which could be partially attributed to the greater extent of post-acidification observed in this 

formulation due to a higher fermentation rate in spirulina-loaded yogurts during the first 24 as 

discussed. Spirulina contains an array of growth-promoting micronutrients (iron, magnesium, 

potassium, calcium, vitamin A, niacin, choline, etc.), dietary fibres, fat, and proteins that can 

boost the proliferation of proteolytic probiotic bacteria, while the produced metabolites, mainly 

organic acids, slow down or inhibit their further growth (Alizadeh Khaledabad, Ghasempour, 

Moghaddas Kia, Rezazad Bari, & Zarrin, 2020). It has been confirmed that spirulina favours 

the lactic acid production in the presence of LAB, especially in the first stages of fermentation 

(Niccolai, et al., 2019). These results are in agreement with Lankaputhra, Shah, and Britz 

(1996), who reported that pH 4.3 is generally regarded as a critical pH, below which the growth 

and survival of probiotic bacteria is adversely affected.  
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In the first day of storage, the highest viability (3.40 × 108 CFU mL-1) was observed for the 

probiotic yogurt without prebiotics (YP), which exhibited the highest pH (Fig. 1). However, 

the synbiotic yogurt containing inulin (YIN) achieved similar viability levels as YP after three 

weeks of cold storage (5.77 × 108 CFU mL-1 for YP vs. 5.63 × 108 CFU mL-1 for YIN). In 

contrast, some studies confirmed a significant decline in L. casei count in probiotic yogurts 

supplemented with inulin (0-2% w/w) over the cold storage period (Aryana & McGrew, 2007; 

Nikmaram, et al., 2016). The results also show that L. paracasei have selectivity for adaptation 

to specific prebiotic supplements over the shelf-life. Ghaderi Ghahfarokhi, et al. (2020) 

similarly reported that L. casei grew better in low-fat yogurt containing hydrolysed tragacanth 

gum and inulin in comparison with the control yogurt and yogurt containing tragacanth gum 

over the cold storage, indicating the selectivity of probiotics for assimilation of prebiotics. A 

high micronutrient content and a low complexity of substrate have been reported to be critical 

factors in maintaining the probiotics survival rate during the cold storage of yogurts (Alizadeh 

Khaledabad, et al., 2020; Niccolai, et al., 2019). Overall, despite the initial lower probiotic 

viability of the synbiotic yogurts compared to YP, the addition of the prebiotics did not 

compromise the viability below the threshold limit for probiotic claims during the shelf-life of 

the products. The enhanced viability of probiotics in YP and YIN samples could be due to the 

capability of these substrates to neutralize growth inhibitors or provide additional 

micronutrients after fermentation (Ghaderi Ghahfarokhi, et al., 2020; Vasiljevic, Kealy, & 

Mishra, 2007).    

3.4. Changes in free glutamic acid and GABA contents during yogurt production 

The changes in the content of free glutamic acid and GABA upon fermentation for the different 

milk and yogurt samples were studied, and results are presented in Fig. 3. A significantly higher 

free glutamic acid content (111.5 µg mL-1) was observed in the spirulina-supplemented milk 

samples compared to the other milk formulations (ranged from 37.5 to 42.7 µg mL-1). Glutamic 
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acid was found as the most abundant amino acid (8373.63 mg 100 g-1) in dried spirulina as 

reported by (Dewi, Amalia, & Mel, 2016). The content of free glutamic acid decreased 

considerably after fermentation for all samples, as a result of its consumption by the starter 

cultures and probiotic bacteria. A reduction of 39.63, 39.01, 32.74, 24.30, 35.82, and 98.39 µg 

mL-1 in the free glutamic acid content was observed for YC, YP, YIN, YGF, YSO, and YSP, 

respectively. On the other hand, the GABA content of the initial milk formulations ranged 

between 0.02 and 0.23 µg mL-1, and increased significantly after fermentation, producing 

33.37, 30.12, 15.29, 45.64, 29.98 and 99.80 µg mL-1 GABA in YC, YP, YIN, YGF, YSO, and 

YSP, respectively. Thus, YSP showed the highest GABA-producing capability, followed by 

YGF. No significant differences were found in the GABA content of YC, YP, and YSO, while 

YIN showed the lowest GABA-producing capability.  

The production of GABA by LAB is strongly dependent on the bacteria strain, presence of 

GABA precursors, GAD activity, fermentation conditions, etc. (Di Cagno, et al., 2010; H. Li, 

Qiu, Gao, & Cao, 2010; Linares, et al., 2016). Therefore, the higher GABA producing 

capability observed for the spirulina-supplemented yogurts was mainly attributed to their 

higher glutamic acid content, although the presence of other micronutrients and dietary fibres 

(e.g. ɓ-glucan) might have also played a role. For example, the high vitamin B6 content of 

spirulina is regarded as GAD stimulant to catalyse GABA from glutamic acid (Ayag, et al., 

2022). The lower pH of YSP compared to other yogurts could have also contributed to its 

higher GABA content. Indeed, the acidic conditions, especially pHs below 4.5, are reported to 

be optimal to boost the GAD activity, hence achieving higher GABA production (Dhakal, 

Bajpai, & Baek, 2012). YGF also had higher GABA levels than the non-prebiotic yogurts and 

synbiotic yogurts containing SPI and inulin, despite being the formulation with the lowest 

initial glutamic acid content and the lowest glutamic acid consumption during fermentation. 

This could be attributed to the simple structure of lactulose compared to the complexity of 
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protein sources (SPI) and inulin (as a heterogeneous collection of fructose polymers), and 

therefore easier access for LAB to utilize it as a carbon source for a better growth and 

consequently higher production of metabolites. Another reason could be the ability of LAB to 

cleave the bonds in yogurt samples containing lactulose. Interestingly, the probiotic yogurt 

(YP) and control yogurt containing only starter culture (YC) showed similar amounts of 

GABA. Co-culturing Lactobacillus delbrueckii subsp. bulgaricus and S. thermophilus has 

been reported to produce high levels of GABA in a fermentation medium containing 10% w/w 

skimmed milk powder, 1% w/w monosodium glutamate, and other fermentation supplements 

(Watanabe, Hayakawa, & Ueno, 2011). The presence of these two strains in Express 1.0 as 

starter culture in the control yogurt explained the high GABA content in YC, which did not 

further improve with the addition of the probiotic strain. It seems that L. paracasei plays no 

major role in GABA production in probiotic-loaded yogurts. 

3.5. TPC and antioxidant activity of yogurts 

The TPC of yogurt samples is presented in Table 2. From the results, the highest TPC was 

found in YSP samples (72.13 µg GAE mL-1), while the lowest one was observed in YC (32.91 

µg GAE mL-1). The probiotic yogurt (YP) also exhibited higher TPC value when compared to 

the control, and all synbiotic yogurts showed considerably higher TPC values in comparison 

with YP and YC samples. The enhanced TPC in probiotic and synbiotic yogurts could be due 

to the fermentative activity of probiotics (Madhu, et al., 2012), whether supplemented with 

prebiotics or not, while prebiotic-supplemented ones were more effective. Likewise, the in vitro 

antioxidant potential of the produced yogurts followed the same trend as the TPC results (Table 

2). YSP and YGF were found as the yogurt samples with highest radical scavenging activity, 

while control and probiotic yogurts showed the least antioxidant potential in terms of ABTS 

and DPPH approaches. The strong correlation coefficient between TPC and antioxidant 

potential (R2=0.9552 for ABTS, and R2=0.9321 for DPPH) indicates that the radical 
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scavenging activity of the produced yogurts is mainly determined by the presence of these 

bioactive compounds. Utilization of mixed cultures instead of single strains in yogurt and 

acidified milk production was found as an effective strategy to boost the radical scavenging 

capacity of these products (Sah, Vasiljevic, McKechnie, & Donkor, 2014; Virtanen, Pihlanto, 

Akkanen, & Korhonen, 2007). In addition to the positive effects of co-fermentation with 

probiotics, the higher accessibility of bioactive compounds in synbiotic yogurts could be 

another reason for elevated levels of TPC and antioxidants in supplemented yogurts. In this 

regard, the higher biological activity of YSP sample is mainly attributed to the high contents 

of chlorophylls, phycocyanin, Ŭ-tocopherol, and carotenoids in spirulina (Barkallah, et al., 

2017; da Silva, et al., 2019). Moreover, presence of lactulose in yogurt formulation, possessing 

the same functions as oligosaccharides in growth stimulation of LAB (Waldron, 2009), might 

be contributing to the higher TPC and antioxidant activity. 

3.6. ACE-I activity 

Table 2 also displays the ACE-I activity of various yogurt samples. As it can be seen, the ACE-

I activity of probiotic yogurts (YP, 53.11%) was significantly higher than the control sample 

(YC, 37.13%). Also, the ACE-I activity of synbiotic yogurts, especially those supplemented 

with protein sources (SPI and spirulina), was significantly higher than the control and probiotic 

yogurts. Cavalheiro, et al. (2020) also reported a higher ACE-I activity in yogurt samples 

supplemented with sodium caseinate (as a prebiotic and protein source, 27.1% w/w) or 

Lactobacillus helveticus LH-B02 (as probiotic, 38.3% w/w) compared to the control yogurt 

(14.0% w/w). The higher ACE-I activity of probiotic and synbiotic yogurts could be correlated 

with the release of bioactive peptides, mainly from casein and other protein sources (SPI and 

spirulina in YSO and YSP samples, respectively) as a result of the proteolysis activity of 

probiotics, especially Lactobacillus strains, during the fermentation process (Donkor, 

Henriksson, Singh, Vasiljevic, & Shah, 2007; Rezaei, et al., 2019). Conversely, Papadimitriou, 
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et al. (2007) found no significant differences in ACE-I activity of probiotic sheep milk yogurts 

containing L. paracasei and yogurts produced by commercial starter cultures, which highlights 

the complexity of factors involved in the proteolysis of milk proteins during fermentation. 

Besides the fermentation considerations, certain prebiotic supplements could also enhance the 

ACE-I activity of yogurt themselves. Spirulina, for instance, contains two peptides with 

reported ACE-I activity, named Ile-Gln-Pro (IQP) and Val-Glu-Pro (VEP) (He, et al., 2018), 

which might have contributed to the higher antihypertensive activity detected  for YSP 

samples. Also, SPI is reported to be the precursor of several bioactive peptides, including 

LVLL, YVVF, LVF, FF, and IP, which  might have contributed to the improved ACE-I activity 

of YSP samples (Xu, et al., 2021). The enhanced levels of ACE-I in YIN and YGF samples 

could be due to their supporting action for probiotics growth resulting in superior 

antihypertensive properties compared to YP, however the main reason is still unknown. 

3.7. Degree of hydrolysis 

The proteolytic activity of the fermented milks are shown in Table 2. The degree of hydrolysis 

of YSP (2.22 mM LeuEqi) was significantly higher than other samples. No significant 

differences in release of amino groups were found between YSO and YGF, which exhibited 

greater proteolysis than YP and YIN samples, while YC and YIN showed the lowest extent of 

proteolysis with no significant differences between them. Except inulin-supplemented yogurt, 

other probiotic and synbiotic yogurts were more efficient in extending the degree of hydrolysis 

compared to the control yogurt exclusively fermented by starter culture bacteria. These findings 

are in agreement with the results reported by Sah, et al. (2014) and Abdel-Hamid, et al. (2019), 

indicating the improved proteolysis content as a result of co-fermentation with mixed cultures 

and probiotic-loaded fermentation media. The presence of enzymes, mainly peptidases and 

proteinases, in LAB is responsible for hydrolysis of proteins. Probiotic strains, in particular, 

are considered as proteolysis enhancers mainly due to the release of specific intracellular and 
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extracellular proteolytic enzymes targeting the whole hydrolysis of Ŭs-casein and ɓ-casein, and 

partial hydrolysis of ə-casein (Abdel-Hamid, et al., 2019; Vukotiĺ, et al., 2016). However, the 

hydrolysis extent is strongly dependent on the type of probiotic strains, accessibility of protein 

sources as hydrolysable substrates, and fermentation conditions.   

The increased proteolytic activity is considered as one of the main growth promoters in bacteria 

through releasing significant amounts of peptides and free NH3 groups (Donkor, et al., 2007). 

Accordingly, the higher ACE-I inhibitory and antioxidant potential of YSP, followed by YGF 

and YSP could be attributed to their higher proteolytic activity. Boosted proteolytic activity of 

prebiotic yogurts is also reported for those containing fructooligosaccharides (Madhu, et al., 

2012), inulin (Ramchandran & Shah, 2010), soy protein (Donkor, Henriksson, Vasiljevic, & 

Shah, 2005), and spirulina (Zarrin, Ghasempour, Rezazad Bari, Alizadeh, & Moghaddas Kia, 

2014). These results are in line with our results except for inulin-supplemented yogurt which 

did not improve significantly compared to the control yogurt. Also, a relatively high correlation 

coefficient (R2=0.8081) was found between ACE-I activity of yogurt samples and their degree 

of hydrolysis as correspondingly reported by (Abd El-Fattah, Sakr, El-Dieb, & Elkashef, 2016) 

and (Shakerian, et al., 2015). Interestingly, higher hydrolysis activity of synbiotic yogurt 

supplemented with Levilactobacillus brevis and SPI compared to the control sample was 

correlated with its higher GABA content, indicative of the generation of higher amounts of free 

amino acids and low molecular weight peptides (Zareie, et al., 2019), which is in line with our 

results. 

3.8. SDS-PAGE 

Fig. 4 shows the protein profile of milk and yogurt samples in reducing and non-reducing 

conditions. As observed a number of bands are hindered in non-reducing condition and thicker 

bands are accumulated in the top of the lanes, presenting the accumulation of protein aggregates 

in both milk and yogurt samples. However, employing reducing condition caused a clear 
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distinction between protein bands and lower protein aggregation in all studied samples. No 

considerable changes in protein profile, in terms of the intensity of bands, were detected in 

control yogurt, probiotic yogurt and synbiotic yogurts containing inulin and galactofructose 

and their initial corresponding milk formulae, except a reduction in band intensity at low 

molecular weights (e.g. 15 kDa) in YC and YP samples compared to the control milk. But the 

aggregates in SPI and spirulina supplemented samples (seen as bands at the top of the lanes) 

disappeared as a result of fermentation in the reducing condition. These results confirmed a 

low enzymatic activity in the matrix as a result of fermentation except for SPI and spirulina-

supplemented yogurt to some extent. These could be correlated with the higher proteolysis 

activity of YSP and YSO samples. Though no detectable changes in protein profile of YGF 

sample was spotted. 

3.9. Microstructure of milk and yogurt samples 

The microstructure of the pasteurized and homogenized milk samples before inoculation and 

after fermentation (day 1) is shown in Fig. 5. Little differences were observed between the 

various milk formulations. The uniform distribution of proteins and the small size of the fat 

globules confirmed the efficiency of the homogenization process. After fermentation, all 

samples exhibited the gel-like structure typical of yogurts, consisting of protein networks with 

embedded fat globules and serum pores (the unstained black areas in yogurt micrographs) 

(Nguyen, Ong, Lefèvre, Kentish, & Gras, 2014). There were more serum pores, but smaller, in 

YGF samples compared with other yogurt samples, indicative of weaker gels in these samples. 

Dai, Corke, and Shah (2016) correlated the higher water holding capacity and viscosity 

behaviour of konjac glucomannan supplemented skimmed and low-fat yogurts in comparison 

with the control yogurts to their less and smaller serum pores observed in CLSM micrographs. 

Big protein aggregates could be observed in the soy-containing sample (YSO), which was 

consistent with the limited solubility of SPI in aqueous-based solutions. 
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3.9. Tribology 

The friction and lubricity results of yogurts are given in Fig. 6. At sliding speeds below 1 mm 

s-1, the YSP and YP showed the highest friction factor and YGF showed the lowest friction 

factor, and no significant differences were observed between the other samples. It is worth 

noting that the surfaces of the measuring cell are touching base at low sliding speeds (up to 1 

mm s-1) which happens when the hydrodynamics can no longer support the applied load. This 

phenomenon is known as the boundary lubrication regime in which the friction is mostly 

directed by the surface roughness. In this state, the gelled network of yogurt proteins probably 

would not be able to enter into the contact zone, leading to exposing serum phase (containing 

solubilized low molecular weight proteins and water) into the contact zone (Laiho, et al., 2017).  

No significant differences were found in the friction factor of samples in the boundary 

lubrication regime area, indicating that the viscosity differences between the serum phases of 

yogurts were negligible, as expected. By increasing the sliding velocity up to 10 mm s-1, the 

hydrodynamic pressure and also the number of thick or gelled network particles which can 

enter the contact surface increases. In other words, the hydrodynamic pressure is high enough 

to initiate moving the larger parts to expose to the contact zone. As a result, the viscosity 

differences between the YSP and YP with other yogurts could be responsible for their higher 

friction coefficient, since friction factor is highly influenced by viscosity behaviour of samples 

(Laiho, et al., 2017). The smaller and uniformly distributed pores in the structure of YGF 

sample, observed by CLSM micrographs, can more easily enter to the gap between the glass 

bead and rubber pad, and hence lubricate and moisturize the surfaces, justifying the lower 

friction coefficient of YGF compared to other samples at 0.1-50 mm s-1 sliding speed range. 

While the higher friction coefficient of YSP sample at the same sliding speed could be related 

to the presence of spirulina with large particle size (ca. 150 µm) (TaŒska, Konopka, & 

Ruszkowska, 2017) within the yogurt matrix. Further increase in sliding velocity (>50 mm s-1) 
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caused a declining pattern in friction factor as a result of higher applied shear, and differences 

between treatment were tiny except for YSP which interestingly showed lower friction 

coefficient in high sliding speeds. The obtained friction coefficients in this study were higher 

than those reported by (Laiho, et al., 2017) which ranged between 0.04-0.1 in the sliding speed 

ranging from 0.01-200 mm s-1 for fat-free stirred yogurts containing different ratios of casein 

and whey.  

3.10. Sensory evaluation 

Sensory scores of yogurts is presented in Table 3. In general, all yogurts were favourably 

assessed, but significant differences were found between spirulina-supplemented samples 

compared to other yogurts. Based on presented comments by panellists, YSP generated distinct 

organoleptic attributes due to its special colour, taste, and texture. From Table 3, the lowest 

texture scores belonged to YSP while the highest mouthfeel scores specified for YSP which is 

in agreement with tribology results presenting lower friction coefficient in simulated mouth 

sliding speeds. The presence of spirulina in yogurt samples had its pros and cons so that the 

panellists liked the appearance of the samples due to their green colour, but its taste was not 

considered desirable by them because of its sea/vegetable off-putting flavour. Also, relatively 

lower scores were expressed for YSO especially in terms of taste which could be due to the 

SPI undesired aftertaste. Other yogurt samples did not show remarkable differences in light of 

sensory parameters and all were close to the control sample. Unlike the incorporation of 

prebiotics, co-culturing of yogurt samples with probiotics did not seem to affect their 

organoleptic attributes. Beheshtipour, Mortazavian, Haratian, and Darani (2012) similarly 

reported that probiotic yogurts containing 1% w/w of microalgae (Arthrospira platensis and 

Chlorella vulgaris) had the lowest sensory scores compared to the control yogurt and yogurts 

supplemented with 0.25 and 0.5% w/w microalgae. The off-flavour of some plant products and 

algae could be hindered by addition of fruit juice and pulps. In this regard, the addition of 1.5% 
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of kiwi-strawberry fruit blend could successfully cover the spirulinaôs off-flavour in low fat 

fermented milks comprising 0.3% w/w spirulina (Ásványi-Molnár, Sipos-Kozma, Tóth, 

Ásványi, & Varga, 2009). 

 

4. Conclusion 

This study demonstrated the effect of the combination of probiotic bacteria and prebiotic 

supplements to produce GABA-enriched fermented dairy products. It was identified that 

spirulina and galactofructose-supplemented probiotic yogurts were more efficient in 

consuming glutamic acid and generating GABA as a postbiotic with several health-promoting 

attributes. The probiotic and synbiotic yogurts also showed higher phenolic compounds, 

antioxidant activity, antihypertensive activity and proteolysis as compared to the control 

yogurt. However the higher production of beneficial metabolites was not necessarily related to 

the viability of probiotics, so that the samples with better biofunctional properties showed 

lower probiotics survival. The yogurt structure was influenced by loading probiotic bacteria 

and prebiotics. The sensory scores for spirulina-supplemented yogurts were lower than the 

other samples. Natural flavour-covering agents can address this shortcoming. Our results 

suggest that employing synbiotic systems in fermented dairy products can boost their 

functional properties and postbiotic contents to provide dairy-based nutraceutical superfoods.  
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Figures 

 

 

Fig. 1. pH changes of yogurt samples during the shelf-life (4 weeks). Values with the same 

letters are not significantly different (p>0.05). A, B, C, D and E are for yogurt samples in 

each week, and a, b, c, d, and e are for each yogurt sample during the shelf-life. YC is control 

yogurt without probiotics or prebiotics, YP is control yogurt + probiotic, YIN is YP + 1% 

inulin, YGF  is YP + 1% w/w galactofructose, YSO is YP + 1% w/w soy protein isolate, and 

YSP is YP + 1% w/w spirulina. 
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Fig. 2. The viability of L. paracasei in yogurt samples during the cold storage for four weeks. 

Values with the same letters are not significantly different (p>0.05). A, B, C, D and E are for 

yogurt samples in each week, and a, b, c, and d are for each yogurt sample during the shelf-

life. YP is control yogurt + probiotic, YIN is YP + 1% inulin, YGF  is YP + 1% w/w 

galactofructose, YSO is YP + 1% w/w soy protein isolate, and YSP is YP + 1% w/w 

spirulina. 
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Fig. 3. Changes in free glutamic acid and GABA content of the various milk formulations 

before and after fermentation (day 1). Error bars with the same letter are not significantly 

different (p>0.05). MC is the reconstituted milk without prebiotics, and MIN, MGF, MSO, 

and MSP are the milk formulations containing 1% w/w inulin, galactofructose, soy protein 

isolate, and spirulina, respectively. YC is control yogurt without probiotics or prebiotics, YP 

is control yogurt + probiotic, YIN is YP + 1% inulin, YGF  is YP + 1% w/w galactofructose, 

YSO is YP + 1% w/w soy protein isolate, and YSP is YP + 1% w/w spirulina. 
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Fig. 4. The protein profile of milk and yogurt samples in reducing and non-reducing 

conditions. For milk samples, C is the reconstituted milk without prebiotics, and IN, GF, SO, 

and SP are the milk formulations containing 1% w/w inulin, galactofructose, soy protein 

isolate, and spirulina, respectively. For yogurt samples, C is control yogurt without probiotics 

or prebiotics, P is control yogurt + probiotic, IN is YP + 1% inulin, GF  is YP + 1% w/w 

galactofructose, SO is YP + 1% w/w soy protein isolate, and SP is YP + 1% w/w spirulina. 
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Fig. 5. Microstructure of milk and yogurt samples as observed by CLSM, fat is shown in yellow-green and the protein in red. All scale bars 

represent 25 µm. MC is the reconstituted milk without prebiotics, and MIN, MGF, MSO, and MSP are the milk formulations containing 1% w/w 

inulin, galactofructose, soy protein isolate, and spirulina, respectively. YC is control yogurt without probiotics or prebiotics, YP is control yogurt 

+ probiotic, YIN is YP + 1% inulin, YGF  is YP + 1% w/w galactofructose, YSO is YP + 1% w/w soy protein isolate, and YSP is YP + 1% w/w 

spirulina. 

 


