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Abstract

This study investigatesomebiofunctional,structura) andtribological attributesof synbiotic
yogurtsproducedusingLacticaseibacillus paracaseais probiotic, and galactofructose, inulin,
soy proteirisolate and pirulina as prebiotis. The highesgammaaminobutyric acid (GABA)
production(99.63 ug mL*) and glutamic acid consumptid®8.39 ug mL?) was found in
spirulinasupplementegbrobiotic yogurts (YSP), followed by galactofructossupplemented
probiotic yogurts (YGF). However YSP exhibitedthe lowestprobiotic viability and the
greatestpH drop. The biological activitpf YSP, in terms of total phenolics, antioxidant
potential,antihypertensive activityand degree of hydrolysis was significantly higher than the
other yogurtsYSP showed lower friction coefficient the high sliding velocities compared
to other yogurt sample¥he bet appearance and mouthfeel watedby panellists for YSP,
while thetaste, texture, and overall acceptance of other yogurts were prefewadl, the
synbioticyogurts containing spirulina, and galactofructose represent a promising strategy for
development of functional dairy products.

Keywords Yogurt; ganma aminobutyric acid (GABA); symotics; viability; tribology,

functional attributes.

1. Introduction

Fermented dairy products, especially yogurts, have been regarded as ideal vehicles to deliver
probiotic bacteria and their biofunctional metaboliteghe 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, 2020The healthpromoting attributes of

yogurt aremainly associatedo the traditional yogurt starter cultures and itherobiotic

supplementd Li nar es, O6Cal l aghan, O & Gtonolatiogrgut Ro s s,



immune systemmproving lactose digestioim addition to the antidiabetic, antiflammatory,

and anttholesterolemic attributesare some of the health benefits of yogurt cultures and
probiotic straind Ghader i Gh ahf ar ok hGavlighiyZarais&d-arlvaagnia,, A h m
2020; Hussin, et al., 2021)

Most of these health benefits aattributedto the bioactive compounds and metabolites
produced during the fenentation process. Gamramindutyric acid(GABA), a naturally
occurring amino acid p r o d u ¢ e-dkcarboyylatioh of lglutamic acid catalysed by
glutamate decarboxylase (GAD) enzyme a bioactive compounthat acts as the main
inhibitory neurotransmitter in the central nervous systgayinga number of metabolic roles

in the citic acid cycle in microorganisms and plants. GAB#sshown a key role in regulation

of sleepawake cyclesvascular tone, motor activity, memory formation and cognition, and
upholding the high seizure thresh@fslyag, Dagdemir, & Adnan Hayaloglu, 20223 well as
various tranquilizing, relaxing, and diuretic effe@ithissin, et al., 2021, Linares, et al., 2Q16)

As a result, a number of neurological and psychiatric disorders such as depression, insomnia,
anxiety, epilepsy, and schizophrenia are coreel#o the low levels of GABA in braffiHudec,

et al.,, 2015) It can also regulate the blood pressure, reduce the cholesterol levels, secrete
insulin, induce hypotension, and inhibit lung adenocarcind®akovic 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 (LABhavea great potential in producing GABA
enriched f er me ndeerboxylaton of glutamate by GADhenz\Tajabadi,

et al., 2015) Among then, probiotic strains like lactobacillespeciallyLacticaseibacillus
paracasei (L. paracase), Lactobacillus delbrueckij and Levilactobacillus brevis genus
BifidobacteriumandLactococcus lactishowed better GABAroducing capability, while the
former demonstrateldetterGABA biosynthesigperformancéHussin, et al., 2021; Linares, et

al., 2016)



Incorporation of prebioticeto fermented dairy productas growth stimulatorf®r probiotics

and beneficial bacteria ithe gut, canimprove the survival of probiotic bacteriduring the
productsheltlife andtheir transitionthrough the gastrointestinaact (Madhu, Amrutha, &
Prapulla, 2012) Therefore, ceadministration of probioticsand prebiotics (known as
synbiotics) has been suggested as a promising approach to amplify the quantity of bioactive
compounds and favourable metabolites in fermentedsfend in the intestinal tra@E. Li, et

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

The prebioticsnost commonly used in fermented dairy productsrauln and its derivatives,
lactulose (galaofructose)andoligosaccharides Be | 6 mer & QGraadditibniothem , 2 0 1 ¢
functionalingredientssuch as some sources of dietary proteimsid also be usedin dairy
products due to their potential prebiotic effedsnong them, soy proteiisolate (SPl)and
spirulina could be of particular interest due to their high contegtudhmate which isthe

main GABA precurso(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(@&tm®la, et al., 2019)

The nutritional values ofprulina could befurther enhanced through fermentation by LAB,
which could improve biomass digestibilitieadingto the expansionof a wide range of
bioactive compoundsnd also supplementing the probiotic bact@Miacolai, et al., 2019)5PI

also contains significant amounts of essential amino acids with rotginpdigestibility scores,
isoflavones, and proper processing effects in fermented dairy products due to thoiowh

stable emulsion and foa(8ingh, Kumar, Sabapathy, & Bawa, 2008)

The main objective of the present study was to investigate the GABA production efficiency
and biological activity (antioxidant activigndantihypertensive effedgt®f synbiotic yogus
containingL. paracaseias probiotic bacteria, and lactulose, inulin, SPI, and spirulina as

prebiotic supplement&urthermorethe impact of adding these prebiotics ondtracturaland



sensorypropertiesof the producedyogurtswas also studied, given the relevance of these

considerations for the commercegbplicationof functional dairy products

2. Materials and methods

2.1. Materials

Commercial yogurt culture,  YoFlex Express 1.0  containing
Lactobacillusdelbrueckiisubsp bulgaricusandStreptococcuthermophilis (S.thermophilis)
(1:1), andprobiotic strainl. paracasesubsp.paracaseiL. CASEI 431®) werebtainedrom
Chr. Hansen Irelantdtd. (Cork, Ireland).Spirulina powdemwith 66% proteirwas purchased
from TheHealthyTreeCo. Ltd. (Oxfordshire, UK), and SPI powder with 90% protein was
purchased from Peak Supps (Bridgend, UKulin (100% pure from chicory) and
galactofructose (lactulose) powders were supdhigdayfair Pharmaceutical Ltd. (London,
UK) andSolactis GrousAS (NRAE, France), respectivelpraydriedwholeand skinmilk
powders were donatedy DairyGold (Mitchelstown, Ireland)MRS agar, Tween 80,
vancomycin, and gallic acid were purchased from Merck (Darmstadt, Germ@ny).
phthalaldehyd¢OPA)was purchased from Fisher Scientific Ltd. (Dublin, Irela@¢-Bginc
bis-(3-ethylbenzothiazolin&-sulfonicacid) (ABTS) solution, 1,1-Dipheny}2-picrylhydrazyl
(DPPH), trichloroacetic acid (TCA) (99%), sodium carbonate, and FGlocalteu's reagent
were obtained from VWR International (Dublin, IrelandCE-kit WST (A502)was purchased
from Dojindo EU GnbH (Munich, Germany).

2.2. Pilotscaleproductionof stirred yogurts

Reconstituted milk formulations were standardiseé% w/w fat and 16.30 w/w dry matter
usingwhole and skimmilk powders, reverse osmosis (RO) water, and prebiotic supplements
at 1% concentratiowhen relevantAll reconstituted milks werpasteurized at 9& for 7 min
by using a piloplant scale MicroThermicshermal processing unitModel: 25EHVH,
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Microthermics Inc., Raleigh, NC, USA), and finally homogenized at 20 MRh a
homogenizer Nlodel: NS2006H, GEA, Parma, lItaly)The reconstitutedmilk without
prebiotics was named MC, and the milkformulations contining 1% w/w inulin,
galactofructose, SPI, and spirulina were named MIN, MGF, MSO, and MSP, respettinely.
milk formulations werethea o o | e d d ofellowed by ino¢watio@ oDVS Express 1.0
yogurt starter culturé200 U1,000 %) alone or withL. paracaseprobiotic strain25 g1,000

LY and fermerdtionat 43 C unti |l r eachi nwpretherstirdiedvdth The f
an UltraTurrax blender (Model: T25, IKA, Staufen, Germany) at 10,000 rpm for 5 min, and
storedin thef ri dge at 4 C. The obtained  ywithputrt s we
probiotics or prebiotigs YP (control yogurt+ probiotig, YIN (YP + 1% inulin), YGF (YP +

1% w/w galactofructose)YSO(YP + 1% w/w SPI), and YSRYP + 1% w/w spirulina)
2.3.Compositionalanalysisand pHmeasurement

The composition othemilk formulatiors wasdetermined by usingBentleyMilkoSca™ FT

milk analyser Bentley Instruments, MN, USA). The pH value of yogatnplesvas measured
with a pHmeter (Mettler ToledoGriefensee, Switzerland).

2.4. Viabilityof L. paracasei

Enumeration otf.. paracaseiwas performed by plating on MRS agafjusted to pH 6.2 and
supplemented with 0.05% vancomyeiccording tcAbdelHamid, Romeih, et al. (2020)he
plateswere then placedin anaerobic jarsaand incubatedt 37C for 72 h.Colony counts of
viablecells were expressed as log CFL™.

2.5. Determination of glutamate and GABA

Free GABA and glutamate contesf milk andyogurtsample were measured by post column
ninhydrin derivatization on a catie@xchange HPLCfollowing the method reported by
Linares, et al. (2016Yhe samples were first deproteinizeddolgling &24%w/v TCA solution

(2:1 viv), allowed to tand for 10 min, and then centrifuged at 14,4@Pfer 10 min.



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 vth norleucine as internal standard in ta#o to obtain the final concentration

of 125 nnol mL™. The GABA and glutamate contentf milk and yogurt samples were
guantified by using a Jeol amino acid analyser (Model-3Q@V, JeollLtd., Herts, UK)
equipped with a Jedlla” high performance cation exchange column.

2.6. Preparation ojogurtsupernatants

Yogurt samples were centrifuged at 20,0@¢0fxor 30 min at 4 C. The
were passed through 0.45 um syringe it discardhe largeparticles

2.7. Determination ofotal phenoliccontent (TPC)

The TPC of yogurt samples was determined using the -Baticalteuspectrophotometric
assayas described byAbdelHamid, Huang, et al., 2020Briefly, 30 uL of yogurt
supernatants, 120 uL of distilled waterd&80 pL of FolinCi ocal t euds phenol
by 30 uL of sodium carbonate (1N) were poured imigroplate. The plate was kept in the
dark for 30 min atoomtemperature, and finally the absorbance was recorded at 750 nm by
using aSpectraMaxMicroplate Reader Molecular devices, San Jose, USA)PC was

expressed as g gallic acid equivalents per mL yogurt superngigr@AE mL™Y).

2.8. Antioxidant activity

2.8.1. DPPH assay

The antioxidant activity of yogurt supernatants wasasuredaccording toAbdelHamid,
Romeih, et al. (2020First, a DPPH solution (0.2mM in 95% ethanglwas prepared, then
100pL of the ethanolic DPPHsolutionwas mixed with 100 pL of the yogurt supernatants or
water(as control) and incubated at 37 C for
was calculated using the following equation afteeasuringhe absorbance at 517 nasing a

Microplate Reader
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where Aonrol and Asample @are the absorbance of tiselution of DPPH mixed with water
(contro) andyogurtsupernatants, respectively.

28.2. ABTS *assay

The method reported b&bdelHamid, et al. (2019Wwas used to measure the scavenging
capacity of yogurt supernatants against ABTS radical cations (ABTBriefly, 50 uL of
yogurt supernatantsereadded to 200 uL of ABTS*working solution and incubated the
dark for 30 min at 30 C. The absorbance was
and the radical scavenging capacity calculated using Eqg. 1.

2.9. Antihypertensive activity

The angiotensin converting enzynnghibitory (ACE-I) activity of yogurt supernatants was
measured by a spectrophotometric assay using ACBBkigsly, 20 pL of each sample, 20 pL

of substrate buffer, and 20 pL of enzyme mixtwereadded to a microplate and incubated at
37 C f oterwalfds, B00 pLAof indicator solution was added to each well, incubated at
room temperature for 10 min, and the absorbanceweasured using Microplate Reader at

450nm. The ACEI activity calculated as follows:

I,
! #%)AAOE@ECIU | pTT C

where Avank1, Ablanke, and Aampleare the absorbance of positive control without sample, reagent
blank without the addition of enzyme mixtures, and the yogurt supernatanes;tnesly.

2.10. Degree of hydrolysis

The extent of proteolysis was measuredB3A assay as reported badhu, et al. (2012)The
samples were prepared by addition of 0.83 mL TCA sotufi®6 w/v) to 0.5 mL of yogurt

samples followed by centrifugation of the mixtures at 10,090for 30 min at room



temperature. The supernatavasfiltered using0.45mm PVDF syringe filters. Then 10 pL of
each standard/sample was placed into each microplate well and mixed witth @0OPA
reagent. The reactiowas allowed to proceed at room temperature for 15 min under gentle
agitation. Finally, the absorbance was smgad at 340 nm using a Microplate Readker.
calibration curve was plottedusing L-leucine solution(as standardin phosphate buffered
salinein therange 10 mM. The resultarereported as mM leucine equivalent¥l LeuEqj.

2.11. Sodium dodecyulphatepolyacrylamide gel electrophoresiSSPAGE)

The individual proteins of milk and yogurt samples were identified by-BRGE method as
described by NuPAGETechnical guidgManual, 2003) For nonreducing condition, up to
7.5 uL of samples and water were added to [2L50f LDS NuPAGE® sample buffer (4X)
(Bioscience Ltd., Dublin, Irelandhile up to 6.5uL of samples and water were added to 1
pL of NUPAGE® sample reducing agent (10X) aldb pL of LDS sample buffer (4X). All
samples were heated at €dor 10 min, cooled immediately using an ice box, and loaded into
SDSPAGE gels.Both inner and outer seotis of electrophoresis chambeerefilled with
NuPAGE® MES SDS Running Buffer (1X), while 500 pL 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 galere stained in InstantBlfe (Expedeon
Cambridge, UK Coomassiestain.

2.12. Confocallaser scanning microscopy (CLSM)

A Leica confocal laser scanning microscope (Model .S, Leica Microsystems, Wetzlar,
Germany) was used to visualize the matroctureof milk and yogurt samplegirst, 1 mL of
each sample was mixed witB0 pL of Nile Red(0.02%w/w in 1,2-propanedioland100 pL

of Fast Greel(0.1%w/w in water)and incubated at room temperature for 30 min. The stained
samples were then placed onto the glass slatebdual excitation at 488 nm (argon laser) and

633 nm HeNe 633 laser) was employ&hmission wavelength was 5630nm for Nile Red



and 650705 nm for Fast Green)Confocal micrographs werebtainedusing a 63x oil

immersion objective with 1.4 numerical aperture. Digital imagfe$024x1024 pixels were
recorcedby 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, Germangjjuipped withAnton Paar tribology accessory (ball
geometry systemball diameter: 12.7 mmand contact angle: 90 as reported by.aiho,

Williams, Poelman, Appelqvist, and Logan (2017 do this,1 mL of each yogurt sample
wasloaded onto the rubber pad surfatlee Stribeck curves wepbtainedat 5 C usi ng n
forceof 3N, and rotation spedt¥s) of 0.00:1000 min'.

2.14. Sensory evaluation

The yogurt samples were organoleptically assessed lsgisrirained panellists after 72 h of

cold storage with an experience in the sensory evaluation of yoguspofnbhedoniaating

scale {.: dislike very much, 2: dislike slightly, 3: neither like nor dislike, 4: like slightly, and

5: like very much was used forankingof yogurt samples in terms of textusgpearance,

taste, mouthfeel, and overall acceptabiidpdelHamid, Huang, et al., 2020)

2.15. Statistical analysis

The obtained data were subjected to one way analysis of varf@N@VA) and the
significance differences were compared by DLt

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

3. Results and discussion
3.1. Compositional analysdf initial milk formulations
The compositional analysis of the mitkrmulationsused to produce yogurts are presented in

Table 1 As shown, the total solids of all mifermulations weraet aia range 01629-16.45%
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w/w and no significant differences were observpd0(05) in theirdry mattercontent The
changes in fat content of the samples were sisalland ranged between 2:2113%w/w in
all samplesHowever, asignificant drop in lactose content occurred when a patiedpray
dried milk powdersvassubstituted with 1%v/w of prebioticsupplementAs expected, the
protein content of milks containing protdiasedsupplements (SPI wit®0% w/w protein, and
spirulina with 66%w/w protein) were higher than the control sample, while theprotein
prebiotics (lactulose andulin) deceased the total protein content.

3.2. pH changesf yogurts during the shelife

The pH values of the control yogurt and probiotic yogfrds the day after the fermentation
and fou weeks over the products shéfé were monitored due to theffects of post
acidification on quality and sensory attributes of yogurt as wetthesurvival of probiotics
(Deshwal, Tiwari, Kumar, Raman, & Kadyan, 20ZE)g. 1). The drop in pH from 4.6at
which fermentationvasstopped) was about 0.12time control yoguriat day 1while this drop
was greaterin yogurts cefermented with probiotic bacteridhis could be attributed to the
further production of organic acids in cold storage as a resulfpafracaseimetabolic activity
(AbdelHamid, et al., 2019; Terpou, et al., 201The largestpH drop wasobservedn the
synbiotic yogurt containing spirulina (YSRyhichshowed the lowest pH (4.18)nce day 1
This suggests that the starter culture and/or the probiotic batighftbemoremetabolically
active in the presence of spiruljfallowed by inulin, SPI, and lactuloseost likely due to the
abundance of various micronutrients and microbial growtlmpters e.g. vitamins, amino
acids, mineralsextracellular productsand etc. in spirulinasupplementegbrobiotic yogurts
(Parada, de Caire, de Mulé, & de Can®@8)ompared to the otheynbiotic yogurtsAryana
and McGrew (2007%imilarly noteddifferences in pHn Lacticaseibacilluscasei(L. case)-
supplemented yogurtkepending on the type of prebiotic uskdtheir study, probiotic yogurts

containing short chain inulin showed lower pH (higher lactic acid production) compared to
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long chain inulincontainingprobiotic yogurtsA pH decreasing pattern was observed for all
yogurt sarples over the shelffe period, althoughtherate ofchangedeclinedafter the first 2
weeks.Thisis in agreement with the results obtainedinen, et al. (2020yhoreported slight
pH changes irblack teaenriched yogurt samples beten the second anduith weeks after
production

3.3. Viability of L. paracaseiver the product shelife

Enumeration of.. paracasein yoghurt sampleduring 28 daystself-life is shown in Fig2.

All probiotic yogurts had more than 1GFU mL* overthe shelflife period which metthe
minimumviability requiremenfor probioticdairy products. The number of probiotic bacteria
in all probiotic yogurtsncreasedover the first three weeks of cold storage, and remained
somewhat steady from the third week onwards, extmpthe synbiotic yogurt containing
spirulina (YSP)in which the viability of probiotic bacteria increased over the first two weeks
butthen deceased over thimllowing two weeks.YSP also hadhe lowestprobiotic viability,
which could bepartially attributed tothe greater extent of posicidification observed in this
formulation due to &igher fermentatiomatein spirulinaloaded yogurts dumg the first 24as
discussed. Spirulina contaias array of growtipromoting micronutrients (iron, magnesium,
potassium, calcium, vitamin A, niacin, choline, etc.), dietary fibres, fat, and prtheirtan
boost the proliferation of proteolytic probiothacteria, while the produced metabolites, mainly
organic acids, slow down or inhibit their further groW#tiizadeh Khaledabad, Ghasempour,
Moghaddas Kia, Rezazad Bari, & Zarrin, 2020has been confirmed that spirulina favours
the lactic aid production in the presence of LABspecially in the first stages of fermentation
(Niccola, et al., 2019) These results are in agreement witmkaputhra, Shah, and Britz
(1996) who reported that pH 4.3 is generally regarded as a criticddgibw whichthe growth

and survival of probiotic bacteria adversely affected

12



In the first day of storage, the highest viability (3.40  CFU mL?) was observed foihe
probiotic yogurt without prebioticéYP), whichexhibited the highest pH (Fid.). However,
thesynbiotic yogurt containing inulin (YIN&achieved similaviability levelsasYP after three
weeks ofcold storage (5.77 x $@CFU mLfor YP vs. 5.63 x 1CFU mL*for YIN). In
contrast, some studies confirmed a significant declirle icaseicount in probiotic yogurts
supplemented with inulin (@% w/w) over the cold storage perigdryana & McGrew, 2007;
Nikmaram, et al., 2016 he results also show tHatparacasehave selectivity for adaptation

to specific prelotic supplements over the shéfe. Ghader i Ghahfarokhi,
similarly reported thalt. caseigrewbetter in lowfat 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 prebitics.
high micronutrientcontentandalow complexity of substrateave been reported to bgtical
factors in maintaining the probiotics survival rate during the cold storage of y@gliztsdeh
Khaledabad, et al., 2020; Niccolali, et al., 20X9yerall, despite the initial lower probiotic
viability of the swybiotic yogurts compared to YP, the addition of frebioticsdid not
compromise the viability belothe threshold limifor probiotic claimsduring theshelflife of

the productsThe enhanced viability of probiotics in YP and YIN samples could be due to the
capability of these substrates to neutralizeewgh inhibitors or provide additional
micronutrients after fermentation Gh a d e r i Ghahfarokhi, et al
Mishra, 2007)

3.4. Changes iffreeglutanic acidand GABAcontentsduring yogurt production

Thechanges ithe content ofreeglutamic acid and GABAIpon fermentatiofor thedifferent

milk and yogurt samplasere studied, and resuligse presented in Fig. A significantly higher

free glutamic acidcontent(111.5 pgmL™) was observeéh the spirulinasupplemented milk

samplesompared to the other milk formulatiofranged fom 37.5 to 42.7ug mL?). Glutamic
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acid was found as the masbundant amino acid (8373.63 @0 g?) in dried spirulina as
reported by(Dewi, Amalia, & Mel, 2016) The content offree glutamic acid decreased
considerably aftefermentationfor all samples, as a result of its consumptigrthe starter
culturesandprobiotic bacteriaA reduction of 39.63, 39.01, 32.74, 24.30, 35.82, and 9839
mL7 in thefree glutamic acid contenwas observed forC, YP, YIN, YGF, YSO, and YSP
respectively.On the other handhé GABA content othe initial milk formulationsranged
between0.02 and 0.23 pug mL?, and increasedignificantly after fermentation producing
33.37, 30.12, 15.29, 45.64, 29.88d99.80ug mL* GABA in YC, YP, YIN, YGF, YSO, and
YSP, respectivelyThus, YSP showedé highest GABAproducing capability, followed by
YGF. No significant differences were foundtime GABA content of YC, YP, and YSQvhile
YIN showed the lowest GABAroducing capability.

The production of GABA by LAB is strongly dependd on thebacteriastrain, presence of
GABA precusors GAD activity, fermentationconditions etc. (Di Cagno, et al., 201(. Li,
Qiu, Gao, & Cao, 2010OLinares, et al., 2016)Therefore, the higher GABAroducing
capability observed for thespirulinasupplemented yogustwas mainly attributedto their
higherglutamic acid content, although theepence of othenicronutriens anddietary fibres

( e . -glucan¥might have also played a rol€or example, the high vitaminsBontent of
spirulina isregarded as GAD stimulant to catalyse GABA from glutamic é&igg, et al.,
2022) The lower pH of YSP compared to other yogurts could have also contributed to its
higher GABA contentindeed, he acidic conditions, especially pHelow 4.5 arereported to
be optimal to boost th&AD activity, hence achieving higher GABA producti¢idhakal,
Bajpai, & Baek, 2012)YGF alsohadhigher GABA levelsthan thenonprebiotic yogurts and
synbiotic yogurts containing SPI and inulaespite being the formulan with the lowest
initial glutamic acid content and the lowest glutamic acid consumption during fermentation.

This could be attributetb the simple structure of lactulose compared to thenplexity of
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protein sources (SPI) and inulin (as a heterogeneollection of fructose polymersand
therefore easier access for LAB to utilize it as a carbon source better growth and
consequentiyigher productiorof metabolitesAnother reason could be the ability of LAB to
cleave the bonds in yogurt samples containing lactuloserestingly,the probiotic yogurt
(YP) and control yogurtontaining only starter cultur€¥C) showed similar amounts of
GABA. Co-culturing Lactobacilus delbrueckiisubspbulgaricusandS. thermophilis has
been reported tproducehigh levels of GABA in a fermentation medium containing 1M05&
skimmed milk powder, 1%/w monosodium glutamate, and other fermentation supplements
(Watanabe, Hayakawa, & Uend)Pl) The pesence othese two straing1 Express 1.0 as
starter culture in the control yoguekplained the higiGABA contentin YC, which did not
further improve with the addition of the probiotic strainseems thalt. paracaseiplays no
major role in GABA production in probiotimaded yogurts.

3.5. TPC and antioxidaractivity of yogurts

The TPC of yogurt samplas presented in Table 2. From the resuhg highest TPC was
found in YSP samples (72.13 pg GARY), while the lowest one was observed in YC (32.91
ug GAE mL?). The probiotic yogur€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 sample3.he enhanced TPC in probiotic and synbiotic yogurts could be due
to the fermentative activity of probioti¢gdladhu, et al., 2012)whether supplemented with
prebiotics or not, while prebiotisupplemeted ones were more effective. Likewise, itheitro
antioxidant pagntial of the produced yogurfidlowedthe samérendas theTPCresultg(Table

2). YSP and YGF were found as the yogurt samples with highest radical scavenging activity,
while control andl probiotic yogurts showed the least antioxidant potential in terms of ABTS
and DPPH approache3he drong correlationcoefficient between TPC and antioxidant

potential (R?=0.9552 for ABTS, and #0.9321 for DPPH)indicates that the radical
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scavenging activity of the produced yogurtsrainly determinedy the presence dhese
bioactive compounddJtilization of mixed cultures instead of single strains in yogurt and
acidified milk production was found as an effective strategy to boosatheat scavenging
capacityof these productéSah, Vasiljevic, McKechnie, & Donkor, 2014; Virtanen, Pihlanto,
Akkanen, & Korhonen, 2007)n addition tothe positive effects of etermentation with
probiotics, thehigher accessibilityof bioactive compounds in synbiotic yogurts could be
another reason for elevated levels of TPC and adtoss in supplemented yogurts. In this
regard, he higher biological activity of YSP samplenminly attributed to the high contents
of chl or ophyl Hegphemplhand aarotgnaids iinnspiruli@@arkallah, et al.,
2017; da Silva, et al., 201Nloreover presence of lactulose yogurt formulation possessing
the same functions as oligosaccharides in gratithulation of LAB(Waldron, 2009) might

be contributing to the higin TPC and antioxidant activity.

3.6. ACElI activity

Table 2alsodisplays the ACH activity of various yogurt samgeAs it can be seen, the ACE

| activity of probiotic yogurt{YP, 53.11%)was significantly higher than the control sample
(YC, 37.13%) Also, the ACEI activity of synbiotic yogurts, especially thosgppiemented
with protein sources (SPI and spirulina), was significantly higher than the control and probiotic
yogurts. Cavalheiro, et al. (202Qlso reporteda higher ACEI activity in yogurt samples
supplemented with sodium caseinate éaprebiotic and protein sourc®7.1% w/w) or
LactobacillushelveticusLH-B02 (as probiotic38.3%w/w) compared to the control yogurt
(14.0%w/w). The higher ACH activity of probiotic and synbiotic yogurts could be correlated
with the release of bioactive peptidesainly from caseinand other protein sources (SPI and
spirulina in YSO and YSP samples, respectively)a resulof the proteolysis activity of
probiotics especially Lactobacillus strains, during the fermentation proce@3onkor,

Henriksson, Singh, Vasiljevic, & Shah, 2007; Rezaeli, et al., 2CHverselyPapadimitriou,
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et al. (2007¥ound no significantifferencesn ACE-I activity of probiotic sheep milk yogurts
containingL. paracaseiand yogurts produced by commercial starter culfwwgch highlights
the complexity of factors involved in thgroteolysis of milk proteins during fermentation
Besideghe fermentatiorronsiderationscertainprebioticsupplements could also enhance the
ACE-l activity of yogurt themselves Spirulina, for instancegontainstwo peptideswith
reported ACEl activity, named lleGIn-Pro (IQP) and ValGlu-Pro (VEP)(He, et al., 2018)
which might have contributed tthe higher antihypertensivactivity detected forYSP
samplas. Also, SPI is reported tbe the precursor of severaioactive peptidesincluding
LVLL, YVVF, LVF, FF, and IP,which might have contributed to the improva@E-I activity
of YSP sample¢Xu, et al., 2@1). The enhanced levels of AGEN YIN and YGF samples
could be due to their supporting action for probiotig®wth resulting in superior
antihypertensive propertieempared to YPhowever the main reason is still unknown.

3.7. Degree ohydrolysis

The poteolytic activityof thefermented milkare shownn Table 2.The degree of hydrolysis
of YSP (2.22 mM LeuEqgi)was significantly higher than othexamples No significant
differencesin releaseof amino groupsvere found between YSO and YGQGkhich exhibited
greater proteolysis than YP and YIN samples, while YC andsfidlved the lowest extent of
proteolysis with no significardifferencesbetween themExcept inulinsupplemented yogurt,
other probiotic and synbiotic yogurts were more efficient iereding the degree of hydrolysis
compared to the control yogurt exclusively fermented by starter culture batherse. findings
are in agreement with the results reporte®#y, et al. (2014andAbdelHamid, et al. (2019)
indicating the improved proteolysis content as a result -décuentation with mixed cultures
and probiotieloaded fermentation medidhe presence of enzymes, mainly peptidases and
proteinases, in LAB is responsible for hydrolysis of proteins. Probiotimstra particular,

are considered as proteolysis enhancers mainly due to the relspseiGtintracellular and
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extracellular proteolyticenzymésar get i ng t he whaod eei tayethyramd| by s i s
parti al h yadeinAbdglsla mi df et al etal, 2DT6HOwevethek ot i |
hydrolysis extents strongly dependaw on the type of probiotic strains, accessibility of protein
sources as hydrolysable substsatand fermentation conditions.

The increased proteolytic activityégensidere@s one of thenain growth promotsin bacteria
through releasing significant amounts of peptidesfes@lNHz groups(Donkor, et al., 2007)
Accordingly, the higher ACHE inhibitory and antoxidant potential of YSFfollowed by YGF

and YSP could be attributed to their higpesteolytic activity.Boosted proteolytic activity of
prebiotic yogurts is alsceported for those containing tooligosaccharidegMadhu, et al.,
2012) inulin (Ramchandran & Shah, 201@py protein(Donkor, Henriksson, Vasiljevic, &
Shah, 2005)andspirulina(Zarrin, Ghasempour, Rezazad Bari, Alizadeh, & Moghaddas Kia,
2014) These results are in line with our results except for imupplemented yogurt which
did not improvesignificantlycompared téhe control yogurt. Also, gelativelyhigh correlation
coefficient (R=0.8081)wasfound between ACH activity of yogurt samples and their degree
of hydrolysis as correspondingly reported(Bd El-Fattah, Sakr, EIDieb, & Elkashef, 2016)
and (Shakerian, et al., 2015)nterestingly higher hydrolysis activity of synbiotic yogurt
supplemented with_evilactobacillus brevisand SPlIcompared to the control sampleas
correlated with its higher GABA conteimidicative ofthe generation of higher amounts of free
amino acids and low molecular weight pepti{iareie, et al., 2(H), which is in line with our
results.

3.8. SDSPAGE

Fig. 4 showsthe protein profile of milk and yogurt samples in reducing andredaocing
conditions. As observed a number of bands are hindered iredaring condition and thicker
bands are accumulated in the top ofiéimes presenting the accumulation of proteggeegates

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 sahples.
considerable changes in protein praqfile terns of the intensity of bandsyere detected in
control yogurt, probiotic yogurt and spiotic yogurts containing inulin and galactofructose
and theirinitial correspondingmilk formulae except a reduction in band intensity at low
molecular weights (e.g. a) in YC and YP samples compared to the control.riilk the
aggregates in SPI and spirulina supplemented sarfgdena as bands at the top of the lanes)
disappeare@s a result of fermentatian the reducing conditiariThese resutconfirmed a

low erzymatic 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 detecthle changes in protein pradiof YGF
sample was spotted.

3.9. Microstructure of milk and yogurt samples

The microstructure of thpasteurized and homogenized milk samples before inoculation
after fermentatior{day 1)is shown in Fig5h. Little differences were observedbetweenthe
various milkformulations The uniform distribution of proteins artlde small size of théat
globules confirmed the efficiency dhe homogenization procesgfter fermentation,all
samplesxhibited the gelike structure typical of yogurts, consisgiof protein networks with
embeddedat globules and serum porébe unstained Btk area in yogurt micrographs)
(Nguyen, Ong, Lefevre, Kentish, & Gra§12}). There weranoreserum poresbutsmaller in

YGF samples compared with other yogurt sampitelcative ofweakergels inthesesamples

Dai, Corke, and Shah (201@prrelated the higher water holding capacity and viscosity
behaviour of konjac glucomannan supplemented skimmed anthtoygurts in comparison
with the control yogurtsottheir less and smaller serum pores observed in CLSM micrographs.
Big protein aggregates could be observed in thecsoyaining sample (YSQWwhich was

consistent with the limited solubility &PI in aqueoubased solutions
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3.9. Tribology

The frictionand lubricityresults ofyogurts are given in Fid. At sliding speeds below hm

s?, 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 samiglegorth

noting that the surfasef the measuring celére touching base at low sliding speégs to 1

mm st) which happens when the hydrodynamics can no longer support the applied load. This
phenomenoris 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 poaibatsy

would not be able tenterinto the contact zone, leading to exposing serum phastaciony
solubilized low molecular weight proteins and water) into the contact(kaite, et al., 2017)

No significant differences were found the friction factor of samples irthe boundary
lubrication regime area, indicating that the viscosity differences between the serum phases of
yogurts werenegligible, as expecte®y increasinghe sliding velocityup to 10 mms?, the
hydrodynamic pressure amdsothe number of thiclor gelled networkparticles which can

enter the contact surfaggcreasesin other words, the hydrodynamic pressure is high enough
to initiate moving he larger partso expose to the contact zors a result, the viscosity
differences between the YSP and YP with other yogurts dmiatdsponsible for their higher
friction coefficient since friction factor is highly influenced by viscosity behaviousarples
(Laiho, et al., 2017)The smaller and uniformly distributgabresin the structureof YGF
sample, observed by CLSMicrographs, can more easily enter to the gap between the glass
beadand rubber padand hence lubricate and moisturize the surfaces, justifying the lower
friction coefficient of YGF compared to other saeplat 0.4350 mm s! 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 (uh)a Es k a , Konopk

Ruszkowska, 201 ithin the yogurt matrix. Further increase in sliding velocity (w4 s?)
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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 whicterestingly showed lower friction
coefficient in high sliding speed$he obtained friction coefficients ithis study were higher

than those reported I§iaiho, et al., 201 Avhichranged between 0.62L1 in the sliding speed
ranging from 0.02200 mm s! for fat-free stirred yogurts containing different ratios of casein
and whey.

3.10. Sensory evaluation

Sensory scoreef yogurts is presenteth Table 3. In general, all yogurtgere favourably
assessed, but significant differences were found between spsulimdemented samples
compared to other yogurts. Based on presented comments by parv&iBtgenerated distinct
organoleptic attributes due to its spedalour, taste, ad texture. From Table 3, the lowest
texture scorebelonged to YSRvhile the highest mouthfeel scores specifiedyfBP which is

in agreement with tribology results presenting lower fricttmefficient in simulated mouth
sliding speeds. The presence of spirulina in yogurt samples had its pros and cons so that the
panellistsliked the appearance of the samples due to their gr@enr, but its taste was not
considered desirable by thdmcause of its séaegetableoff-putting flavour. Also, relatively

lower scores were expressed for Y8€pecially in terms of taste which could be due to the
SPI undesired aftertast®ther yogurt samples ditbt show remarkable differences in light of
sensory parameters and all were clasdhte control sampleUnlike the incorporation of
prebiotics, ceculturing of yogurt samples with probiotictid not seem to affect their
organoleptic attributesBeheshtipour, Mortazavian, Haratian, and Darani (2Gi@jlarly
reportedthat probiotic yogurts containing 1%/w of microalgae Arthrospira platensisand
Chlorella vulgarig had the lowest sensory scores compared to the control yogurt and yogurts
supplemented with 0.25 and 0.5%w microalgae. The offlavour of some plantroductsand

algae could be hindered by additiof fruit juice and pulps. In this regard, the addition of 1.5%
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of kiwi-strawberry fruit blend could uccessf ul | y ¢ o yMlaourinlowefats pi r ul
fermented milkscomprising 0.3%w/w spirulina (AsvanyirMolnar, Siposkozma, Toth,

Asvanyi, & Varga, 2009)

4. Conclusion

This study demonstrated ttegfect of thecombination of probiotic bacteria and prebiotic
supplements to produce GABé#nrichedfermented dairy products. It was identified that
spirulina and galactofructoseipplemented probiotic yogurts were more efficient in
consuming glutamic acid and generattBgBA as a postbiotic with several heafthomoting
attributes. The probiotic and synbiotic yogurts also showed higher phenolic compounds,
antioxidant activity, antihypertensive activity apdoteolysisas compared to the control
yogurt. However the highg@roduction of beneficial metabolites was not necessarily refated
the viability of probiotics, so that the samples with better biofunctional properties showed
lower probiotics survival. The yogurt structusas influencedy loading prbiotic bacteria

and prebiotics.The sensory scores for spirulisapplemented yogurts were lower thihe

other samples. Naturdlavour-covering agents can address this shortcomigy. results
suggestthat employing synbioticsystems in fermented dairy products can boost their

functional properties and postbiotic contents to provide dased nutraceutical superfoods.
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Fig. 1. pH changes of yogurt samples during the shigdf(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 thiéeshé&lf is control
yogurt without probiotics or prebiotics, YP is control yogurt + probiotic, YIN is YP + 1%
inulin, YGF is YP + 1% wi/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. paracasein 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, ¢, and tbaeach 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 aciddaGABA 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 forntations containing 1% wi/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 isYP + 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 andraedocing

conditions. For milk samples, C is the reconstituted milk without prebiotics, and IN, GF, SO,
and SP ee 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 istYP6 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 ygkew andhe protein in red. All scale bars
represent 25 pm. MC is the reconstituted milk without prebiotics, and MIN, MGF, MSO, and MSP are the milk formulatiomsgdtaiv/w
inulin, galactofructose, soy protein isolate, and spirulina, respectively. YCt®lcpogurt 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 W5 i®a'w/w
spirulina.
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