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Abstract
Fortifying conventional foods with postbiotic powders (PP) is an effective approach for the production of functional prod-
ucts. Preserving both functional properties of PP and the physical characteristics of fortified products is essential during 
this process. This study aimed to investigate the antioxidant activity and consumer testing of low-fat yoghurt fortified with 
PP and changes in their physical properties, including rheology, water holding capacity, and microstructure over a 21-day 
storage period. PP, derived from Bifidobacterium animalis subsp. lactis BB12 grown in cheese whey (CW) and skim milk 
(SM), was added to the product at 1% individually (B12-CW and B12-SM) and in a mixture (BB12-CW-SM). The results 
indicated that the antioxidant activity of the samples fortified with PP was 4.6 − 6.3%, almost double the values in samples 
without PP, despite their similar viability of starters (Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bul-
garicus) (> 8.5 log cfu/g). Adding BB12-CW significantly reduced mouthfeel, flavor, and overall acceptability of the product, 
while adding BB12-SM and BB12-CW-SM did not alter any consumer acceptability. Similarly, regardless of PP types, their 
fortification had negligible effects on viscosity, viscoelastic properties, shear-thinning behaviors, water-holding capacity, 
and microstructure formation, which remained nearly unchanged during storage. Overall, the addition of PP, particularly 
BB12-SM and BB12-CW-SM, significantly increased antioxidant activity while preserving important physical and consumer 
acceptance of yoghurt. These findings underscore the potential of postbiotics as functional ingredients, enhancing both the 
nutritional values and consumer appeal of yoghurt, thereby promoting its health benefits.
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Introduction

The widespread popularity and extensive consumption of 
yoghurt present a compelling opportunity to enhance its 
nutritional profile by introducing additional elements, such 
as probiotic bacteria, prebiotics, plant fibers, and various 
extracts (Fazilah et al., 2018; Ghaderi-Ghahfarokhi et al., 
2020). There is also potential for enriching yoghurt with 
postbiotics derived from beneficial microorganisms, particu-
larly lactic acid bacteria (LAB) and bifidobacteria. These 
postbiotics can be cultivated in culture media, food, or the 
intestinal tract. While a universal definition of postbiotics is 
yet to be established (Aguilar-Toalá et al., 2021; Amiri et al., 
2020; Sabahi et al., 2022; Thorakkattu et al., 2022), it is rec-
ognized that postbiotics encompass a variety of compounds 
found both inside and outside bacterial cells. Nevertheless, 
there is consensus that the removal of bacterial cells is cru-
cial (Moradi et al., 2021). The resulting postbiotic solution 
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consists of safe compositions with distinct chemical struc-
tures and an extended shelf life, making it well-suited for 
integration into various food products (Aguilar-Toalá et al., 
2018; Rudke et al., 2023). Hence, the acknowledgment that 
specific bacteria can contribute to health benefits by produc-
ing particular metabolites triggered the emergence of the 
probiotic concept, along with the development of pharma-
biotic metabolites. Postbiotics have garnered increased 
attention because of their natural stability throughout pro-
cessing and storage, rendering them particularly well-suited 
for regions with unreliable cold chain infrastructure. In 
contrast to probiotics, which often experience a decline in 
viability during storage, postbiotics maintain their stability 
over extended periods. Manufacturers of probiotics usually 
include a surplus of microorganisms to ensure the labeled 
viable cell counts, which could potentially cause fluctua-
tions in the live-to-dead ratio, affecting their overall effec-
tiveness. In contrast, postbiotics demonstrate impressive 
stability at room temperature for several years. This feature 
reduces concerns about viability and facilitates consistent 
microorganism levels during production, ultimately position-
ing postbiotics as a promising solution for areas that face 
challenges related to storage (Moradi et al., 2021; Salminen 
et al., 2021).

Probiotic microorganisms produce important bioactive 
elements that are water-soluble. Metabolites collectively 
referred to as postbiotics encompass bioactive lipids (e.g., 
conjugated linoleic acid), antimicrobial peptides (e.g., bac-
teriocins), and exopolysaccharides (EPSs) (Aguilar-Toalá 
et al., 2018). Notably, these postbiotics offer a diverse range 
of health benefits, including anti-atherosclerotic, immu-
nomodulatory, anti-diabetic, anti-obesity, antimicrobial, 
anti-inflammatory, and anti-cancer activities, as evidenced 
in recent literature (Amiri et al., 2022; Thorakkattu et al., 
2022). In recent times, there has been a growing interest in 
exploring the texture-related and rheological properties of 
EPSs, which are polysaccharide molecules released by spe-
cific bacteria into culture media. These EPSs are now being 
considered promising candidates for use in the food sector. 
Ongoing research has shed light on their functional char-
acteristics, emphasizing their potential for immunomodula-
tion, along with their anti-inflammatory, anti-biofilm, and 
antioxidant properties (Amiri et al., 2021; Kumar et al., 
2007). The recognition of potential health benefits associ-
ated with functional supplements has spurred the develop-
ment of various functional food items (Abdel-Hamid et al., 
2020), with a significant portion falling within the category 
of probiotic foods (Aguilar-Toalá et al., 2018). Nonetheless, 
there is notable concern linked to the utilization of probiot-
ics due to the existence of genes associated with antibiotic 
resistance within certain probiotic bacteria. These genetic 
elements possess the capability to be transmitted to patho-
genic bacteria through a process known as horizontal gene 

transfer (Imperial & Ibana, 2016). Another worrisome aspect 
regarding the formulation of probiotic products, whether 
in pharmaceutical or commercial food forms, pertains to 
upholding the viability of bacteria throughout manufactur-
ing and storage. The vulnerability of probiotic organisms in 
delivery systems is influenced by multiple factors. These 
include interactions with coexisting microbial species, prod-
uct acidity, water activity, temperature, nutrient availability, 
presence of growth stimulants and inhibitors, inoculation 
levels, fermentation duration, dissolved oxygen, and specific 
formulation techniques such as freeze-drying, spray drying, 
or freeze concentration (Sadighbathi et al., 2023). In practi-
cal terms, postbiotics have demonstrated greater stability 
and safety in comparison to the live microorganisms from 
which they originate, these are applicable in both food and 
pharmaceutical contexts. This is because their viability is 
not necessary either during consumption or in the context 
of large-scale production (Barros et al., 2020).

Bifidobacteria represent a prevalent probiotic genus 
extensively utilized in functional foods and serve as a funda-
mental component of the human intestinal microbiota. Nota-
bly, postbiotics sourced from BB12 are being harnessed for 
the creation of functional foods, particularly in the domain 
of cheese products (Sharafi et al., 2022). Within this group, 
Bifidobacterium lactis stands out as a Gram-positive, rod-
shaped bacterium characterized by its non-gas-producing, 
non-motile, and catalase-negative nature, thriving specifi-
cally in anaerobic conditions (Amiri et al., 2020). In the 
domain of microbial fermentation, diverse agro-industrial 
residues — particularly dairy effluents — have emerged as 
cost-effective alternatives to expensive cultivation media for 
nurturing microbial cultures. Specifically, whey, the primary 
byproduct of traditional cheese-making processes and ultra-
filtered white cheese production, remains in the forefront. 
This abundant and economical waste material possesses high 
lactose concentrations, rendering it a viable carbon source 
(Amado et al., 2016; Amiri et al., 2022).

Research findings indicate that BB12 has the capacity to 
produce postbiotics within cheese whey (Amiri et al., 2019, 
2020; Meira et al., 2015). Conventionally, in the course of 
manufacturing probiotics on an industrial scale, postbiot-
ics are produced as secondary products, often ending up 
as discarded waste. However, the potential of the residual 
postbiotic solution as a biologically active and cost-efficient 
resource has been recognized. This solution can serve as 
an alternative mean for improving the nutritional composi-
tion and extending the expiry date of yoghurt in cold stor-
age. Few prior researches have investigated the utilization 
of postbiotics derived from LAB in food applications, with 
a focus on preparing postbiotic solutions using the de Man 
Rogosa and Sharpe (MRS) medium. Nevertheless, there is 
still the need to identify novel, economically viable, and 
underutilized agro-industrial residues for the purpose of 
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postbiotic formulation. This research undertook the prepa-
ration of postbiotic solutions derived from BB12 within two 
innovative growth model mediums: cheese whey and skim 
milk. The resulting postbiotic matrices were later incorpo-
rated into yoghurt as powdered nutritional supplements. 
The fundamental aim of this research was to scrutinize the 
impact of individual postbiotic powders on the microbial, 
physicochemical, rheological characteristics, and consumer 
tests of yoghurt, with a focus on the enhancement achieved 
through the inclusion of postbiotics.

Material and Methods

Microorganisms and Inoculums

Cultures of BB12, Streptococcus thermophilus, and Lacto-
bacillus delbrueckii subsp. bulgaricus, obtained in freeze-
dried form from Chr. Hansen in DK-2970 Hørsholm, Den-
mark, were acquired and assessed in accordance with the 
manufacturer’s guidelines. BB12 cultures were grown for 
24 h at 37 °C, utilizing MRS medium (Oxoid, Basing-
stoke, Hampshire, UK) supplemented with 0.1% Tween 80, 
0.05% l-cysteine (AppliChem, Darmstadt, Germany), and 
0.1% lithium chloride (Sigma-Aldrich, St. Louis, Missouri, 
USA). S. thermophilus and L. bulgaricus were cultivated 
for 24 h at 37 °C using M17 medium (Neogen, Michigan, 
USA) and MRS medium, respectively. After cultivation, the 
cultures were stored at 4 °C and underwent three successive 
sub-culturing cycles within the same medium before each 
experiment.

Preparation of Postbiotic Solutions/Powders

Initially, BB12 underwent a 24-h growth period at 37 °C 
in an MRS medium supplemented as described. After this 
incubation, a sub-culture was established by transferring 50 
µL of the bacterial culture into Falcon tube vials containing 
50 mL of media, followed by an overnight incubation at 37 
°C. The resultant samples were centrifuged at 4000 × g for 
10 min at 20 °C and subjected to two washes with steri-
lized standard saline solution to collect the biomass of the 
bacterial culture. These harvested cells, upon resuspen-
sion in 10 mL of ultra-high temperature (UHT) milk, were 
employed as the bacterial culture in the subsequent step. For 
the postbiotics’ culture media, skim milk (SM) and cheese 
whey (CW) from Best Way in Haulerwijk, Netherlands, 
were used. The pH of the media was adjusted to 4.5 with 
5N hydrochloric acid (Merck, Darmstadt, Germany) before 
autoclaving at 121 °C for 15 min. Subsequently, the pre-
cipitates were isolated through centrifugation at 2360 × g for 
5 min. The sample was then supplemented with 1% peptone, 

followed by autoclaving the media at 121 °C for 15 min. 
A variation of the methodology presented in Amiri et al. 
(2020) and Amiri et al. (2021) was employed optimizing 
not only the incubation temperature but also the duration for 
achieving the maximum postbiotic concentration in CW and 
SM (experimental design not included). Briefly, two differ-
ent fermentation batches were prepared: BB12-CW (B. lactis 
BB12 postbiotic-containing cheese whey solution with 1.5% 
lactose (Fluka, Buchs, Switzerland) and BB12-SM (B. lactis 
BB12 postbiotic-containing skim milk solution with 0.18% 
lactose). Following their preparation, the batches were sub-
jected to incubation at two different temperatures: 30 °C 
for 40.8 h and 30 °C for 48 h, respectively. Throughout the 
entire duration, the visible growth of bacteria was monitored 
at 12-h intervals. After the fermentation process, all batches 
of fermented products underwent freeze-drying using Martin 
Christ equipment in Osterode am Harz, Germany, at − 60 °C 
under a pressure of 0.0650 mbar for a duration of 48 h. The 
resulting powders were subsequently stored in sealed plastic 
containers at 4 °C for subsequent testing.

Rehydration Properties of Postbiotic Powders

Water absorption capacity (WAC; g water/g sample) was 
determined following Meena et al. (2022). Briefly, 1 g of 
each postbiotic powder (PP) sample was weighted (weight 
of postbiotic powder (WPP)) and dispersed in distilled water 
(10 mL). The sample underwent homogenization for a dura-
tion of 5 min through the use of a vortex mixer, followed by 
centrifugation at 1200 times the force of gravity (1200 × g) 
for a period of 30 min. The supernatant was disposed of, 
and the sediment was gathered, weighed, and designated as 
the weight of sediment (WS). WAC was calculated using 
the equation:

The water solubility index (WSI; %) and swelling power 
(SP; g/g) of the polypropylene were evaluated using the cen-
trifugation method outlined by Meena et al. (2022). In brief, 
each 5 g sample of PP was measured and dispersed in dis-
tilled water (50 mL). The sample underwent centrifugation 
at 3500 times the force of gravity (3500 × g) for a duration of 
20 min at room temperature. The resultant supernatant and 
sediment were collected and individually weighed, with the 
sediment represented as the weight of the sediment paste 
(WSP). Subsequently, the supernatant was subjected to an 
oven at 105 °C for a duration of 5 h, and measurements were 
taken upon reaching a steady weight, defined as the dried 
supernatant weight (DSW). Solubility and swelling power 
were calculated using the equations:

(1)WAC = (WS −WPP) ÷WPP

(2)WSI = (DSW ÷WPP) × 100
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Preparation of Functional Yoghurts

To produce low-fat yoghurt, a modified procedure outlined 
by Ghaderi-Ghahfarokhi et al. (2020) was followed, utiliz-
ing commercial UHT milk with a composition of 1.5 g/100 g 
of fat, 12.8 g/100 g of total solids (TS) content, and a pH 
of 6.67. Four distinct yoghurt formulations, as indicated by 
sample codes in Table 1, were generated using the process 
outlined in Fig. 1. The initiation of yoghurt batches involved 
introducing a starter culture, consisting of Streptococcus 
thermophilus and Lactobacillus delbrueckii subsp. bulgari-
cus, with each component at a concentration of 1% v/v. Fol-
lowing thorough mixing, the resulting yoghurt was placed 
into sterile 100 mL containers and underwent incubation at 
42 °C until reaching a final pH of 4.5. Following that, the 
samples were cooled to a temperature of 4 °C and main-
tained in storage over a span of 21 days. The entire yoghurt 
manufacturing process was conducted in threefold repetition. 

(3)SP = (WSP × 100) ÷ (WPP) × (100 −WSI)

Throughout the storage period, analysis was done on days 1, 
7, 14, and 21 and included the assessment of both physico-
chemical characteristics and the viability of microorganisms.

Physicochemical Analysis of Yoghurts

The moisture content of the yoghurt samples was evaluated 
in accordance with the AOAC guidelines (AOAC, 1995). 
In this procedure, each 10 g portion of yoghurt underwent 
a drying process at 105 °C for 180 min. The percentage of 
moisture content was then calculated by dividing the weight 
after drying by the initial weight of the fresh yoghurt sample.

The AOAC protocol was also followed to measure the ash 
content of each yoghurt sample at 550 °C (AOAC, 1995), 
stated as the percentage of inorganic residue remaining after 
the incineration of the total weight of yoghurt.

The pH levels of the yoghurt were gauged employing a 
pH meter, specifically the Thermo Orion Model-420A′. Fur-
thermore, the determination of titratable acidity (TTA) in the 
yoghurt samples followed the official AOAC method, and 
the results were expressed as a percentage representation of 
lactic acid (AOAC, 2005).

The evaluation of syneresis levels in the yoghurt samples 
followed the approach outlined by Li et al. (2022). In brief, 
25 g from each yoghurt batch was measured on Whatman 
paper No. 42 (Whatman) placed on a funnel. The calculation 
of syneresis involved dividing the whey, which separated 
from the samples due to gravity during a 2-h drainage period 
at 4 °C, into a flask with a known weight, relative to the 
initial mass of the yoghurt.

The assessment of water holding capacity (WHC) in 
yoghurt samples followed the centrifugation method as 
detailed by Li et al. (2022). In essence, each 5 g yoghurt 

Table 1  Sample codes of the different yoghurt formulations investi-
gated in this study

CW cheese whey, SM skim milk

Sample codes Yoghurt formulations

Control Without postbiotic powder
BB12-CW 1% BB12 postbiotic containing cheese whey powder
BB12-SM 1% BB12 postbiotic containing skim milk powder
BB12-CW-SM 1% combination of BB12 postbiotic containing 0.5% 

cheese whey and 0.5% skim milk powders

Fig. 1  Low-fat yoghurt manu-
facturing flowchart. Yoghurt 
formulations: Refer to Table 1 
for sample codes
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sample was placed in a Falcon tube  (Mi) and then underwent 
centrifugation at 3556 × g for 30 min at a temperature of 10 
°C. After centrifugation, the supernatant was discarded, and 
the resultant precipitate was collected and weighed  (Mp). 
The calculation of WHC was carried out utilizing the fol-
lowing formula:

where  Mi and  Mp were the initial weight of the sample and 
the final weight of the precipitate, respectively.

The examination of yoghurt gel microstructure involved 
the use of a scanning electron microscope (SEM, S-4800, 
Hitachi, Tokyo, Japan) following the methodology outlined 
by Espírito-Santo et al. (2013). Yoghurt samples, initially 
stored at 4 °C for both 1 day and 21 days, were subjected to 
freeze-drying using a freeze-dryer (Martin Christ, Osterode 
am Harz, Germany) with specific adjustments. The resulting 
powders were attached to metallic stubs using double-sided 
carbon tape. Subsequently, the prepared samples underwent 
a coating process involving the application of a 4 nm-thick 
gold/palladium layer through two rounds of sputter coating 
using a high-resolution sputter coater (208HR, Cressing-
ton Scientific Instruments, Watford, UK). After the coating 
procedure, the samples were examined using SEM under 
specific conditions: an accelerating voltage of 10 kV, emis-
sion current set at 10 µA, working distance at 10 mm, and a 
magnification of 1000 × .

Antioxidant Activity Determination

Yoghurt Sample Extraction

The extraction process for yoghurt samples adhered to the 
procedures detailed by Demirci et al. (2017). In a concise 
overview, 5 g of yoghurt was blended with a 25 mL metha-
nol solution (80:20, methanol to distilled water). Follow-
ing this, the mixture underwent vortexing, centrifugation at 
7200 rpm for 10 min at 4 °C, and eventual filtration using 
Whatman No. 1 filter paper. The resulting liquid fraction was  
refrigerated at 4 °C for subsequent assessment of antioxidant 
activity.

DPPH Free Radical Scavenging Activity Assay

The determination of DPPH radical activity followed the 
protocol elucidated by Demirci et al. (2017). The evalua-
tion of DPPH radical scavenging activity entailed the amal-
gamation of 100 µL from the extracted sample with 2 mL 
of 0.2 mM DPPH radicals. This amalgam was allowed to 
stand undisturbed for 30 min in a darkened room at ambi-
ent temperature. Subsequently, 200 µL of the resulting 
mixture was introduced into the cavity of a 96-well plate, 

(4)WHC = [1 − (Mp ÷ Mi)] × 100

and the absorbance was subsequently gauged (wave-
length = 517 nm), employing a blank solution with 80% 
methanol. The outcomes are expressed as the percentage of 
DPPH clearance calculated by the microplate reader (Tecan, 
Hombrechtikon, Switzerland) using a specific formula:

where AC and AA were the absorbance of control and 
absorbance of extract, respectively.

Assessment of Apparent Viscosity and Gel Structure 
of Yoghurt

The viscosity of yoghurt samples was evaluated using a 
HAAKE MARS 40 rheometer (Thermo Scientific, Ger-
many) equipped with a parallel-plate measuring system 
(35 mm diameter). To determine flow behavior, rotational 
measurements were conducted, commencing with a gradual 
increase in shear rate from 0.04 to 100 1/s, followed by a 
stepwise decrease from 100 to 0.04 1/s. All viscosity assess-
ments were carried out at 4 °C, mirroring the yoghurt’s stor-
age temperature. Before analysis, the sample was allowed to 
stabilize between the plates for 2 min. Apparent viscosities 
of the yoghurt were recorded at a shear rate of 50 1/s, cor-
responding to the initial increase from 0.04 to 100 1/s. The 
hysteresis loop area, serving as an indicator of structural 
degradation, was calculated by examining the change in the 
flow profile area across shear rates ranging from 0.04 to 
100 1/s and 100 to 0.04 1/s. This computation was executed 
using the RheoWin Measuring and Evaluation Software.

To elucidate the viscoelastic properties of yoghurt during 
storage, a frequency sweep was performed, ranging from 0.1 
to 10 Hz, utilizing oscillatory measurements within the lin-
ear viscoelastic range. The storage modulus (G′), loss modu-
lus (G″), and loss tangent (tanδ = G″/G′) were determined at 
a frequency of 1 Hz. Each time point underwent examination 
with two biological replicates, and each replicate underwent 
two measurements for all tests.

Microbiological Determination of Yoghurts

Subsequent to agitation, each yoghurt formulation, weighing 
1 g, was mixed with 9 mL of physiological saline solution 
using a vortex mixer. The resulting diluted samples were 
then quantified and expressed as log colony-forming units 
(CFU) per gram of the product (log CFU/g). L. bulgaricus 
and S. thermophilus enumeration employed MRS agar and 
M17 agar, respectively. Bacteria underwent incubation under 
anaerobic conditions at 37 °C for 72 h (L. bulgaricus) and 
aerobic conditions (S. thermophilus), following the meth-
odology outlined by Batawy and Khalil (2018). Coliform 
count was ascertained using Violet Red Bile Agar medium 

(5)Inhibition = [(AC − AA) ÷ AC)] × 100
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(Neogen, Michigan, USA), and the plates were kept at 37 °C 
for 48 h. Yeasts and molds were quantified on Malt-Extract 
Agar medium (Neogen, Michigan, USA), and the plates were 
kept at 25 − 27 °C for 4 days.

Consumer Testing

A group of 20 semi-trained assessors evaluated the con-
sumer acceptance of yoghurt samples such as visual appear-
ance, texture, flavor, and mouth sensation. Evaluators tested 
the samples on the 10th day of storage. Each sample was 
served in a transparent cup labeled with three-digit random 
codes. Participants were instructed to cleanse their mouths 
before commencing and between sampling each yoghurt. To 
assess each sample, a hedonic scale consisting of 9 points 
was utilized, ranging from 1 (indicating strong dislike) to 9 
(indicating strong liking).

Statistical Analysis

Triplicate analyses were performed for both physicochemi-
cal assessments and microbial counts. The data acquired for 
evaluating the yoghurt’s physicochemical properties, micro-
bial content, and consumer acceptance underwent analysis 
of variance (ANOVA) through the general linear model 
procedure. Mean values, accompanied by their respective 
standard deviations, are presented in the results. To discern 
significant differences, mean comparisons were executed 
using Tukey’s test, with a predetermined level of statisti-
cal significance set at p ≤ 0.05. All statistical analyses were 
carried out using Minitab 21.4 software (Minitab Inc., State 
College, PA, USA).

Results and Discussion

Rehydration Characterization of Postbiotic Powders

Water absorption capacity significantly influences food prod-
ucts’ texture and development and highlights the potential 
benefits of probiotic fermentation in modulating food prop-
erties (Haque et al., 2016). In our study, the WAC value of 
BB12-CW was significantly higher than BB12-SM (p < 0.05; 
Table 2). One plausible reason for this phenomenon could  
be associated with the water absorption potential of post-
biotic compounds, including additional postbiotic, notably 
EPSs present in BB12-CW powder. EPSs are a function of 
different factors such as overall charge density, thickness, 
and hydrophobic nature of the particles (Yang et al., 2022).

The water solubility index was 44.00 ± 0.95% for BB12-
CW and 55.95 ± 0.61% for BB12-SM samples (p < 0.05).

These solubility values were lower compared to the 
WSI reported for freeze-dried yoghurt powder containing 

free Lactobacillus plantarum and probiotic fruit juice 
powders (Jouki et al., 2021 and Dias et al., 2018). Nota-
bly, the postbiotic powders analyzed in this study dis-
played predominantly porous surfaces, which have been 
documented to enhance solubility when food powders 
are reconstituted (Hardy & Jideani, 2020). Swelling 
power and WSI are critical parameters for characteriz-
ing the rehydration properties of powders. In our study, 
the swelling power of BB12-CW was significantly 
higher (4.63 ± 0.10 g/g) than BB12-SM (3.79 ± 0.06 g/g; 
p < 0.05). This difference can be associated with varia-
tions in the structural composition of the powders derived 
from different materials.

Physico‑Chemical Characteristics and Antioxidative 
Activity of Yoghurts

The pH assessments for yoghurt samples were carried out 
at four distinct time intervals: 1, 7, 14, and 21 days, all dur-
ing storage at 4 °C. Our observations revealed that both the 
postbiotic powder type and storage duration exerted a sig-
nificant influence on the pH values of the resulting yoghurts 
(p < 0.05). On the initial day of storage, the pH values for 
all yoghurt samples fell within the range of 4.17 to 4.43 
(Fig. 2A). Over the course of storage, this pH index gradu-
ally decreased, a trend consistent with findings in previous 
research studies (Ghaderi-Ghahfarokhi et al., 2021; Karaca 
et al., 2019). The observed phenomenon of pH decline in 
yoghurt samples containing BB12-SM powders, compared 
to BB12-CW and control formulations, can be imputed to 
the assimilation of organic acids present in the postbiotics. 
This alteration, likely linked to mass exchange processes, 
aligns with similar research findings by Sharafi et al. (2022), 
where significant reductions in pH values were noted for 
samples containing postbiotics compared to control sam-
ples. Consistent with this trend, İncili et al. (2021) observed 

Table 2  Rehydration properties of postbiotic powders

a, b Values (average ± SD) in the same row with different superscript 
letters are significantly different (p < 0.05)
c Abbreviations of different postbiotic powder formulations: BB12-
CW BB12 postbiotic containing cheese whey powder, BB12-SM 
BB12 postbiotic containing skim milk powder

Postbiotic powders formulationc

Properties BB12-CW BB12-SM

Water absorption capacity (g of 
water/g of sample)

1.53 ± 0.03a 1.33 ± 0.02b

Water solubility index (%) 44.00 ± 0.95a 55.95 ± 0.61b

Swelling power (g/g) 4.63 ± 0.10a 3.79 ± 0.06b
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reduced pH values in breast fillet samples treated with post-
biotics compared to control samples.

The post-acidification phenomenon persisted throughout 
the entirety of yoghurt samples, as illustrated in Fig. 2A, 
primarily driven by continuous fermentation carried out by 
starter culture bacteria over the entire duration of the shelf 
life, as noted by Basiri et al. (2018). At the conclusion of the 
storage period, yoghurts containing BB12-CW, BB12-SM, 
and BB12-CW-SM showed reductions in pH of approxi-
mately 0.24, 0.19, and 0.16 units, respectively, compared 
to the initial day, while the control experienced a decrease 
of about 0.21 units. These findings are consistent with the 
observations of Elsamani and Ahmed (2014), who reported 
similar pH values in yoghurts produced with or without the 
incorporation of cheese whey and skim milk.

Lactic acid, identified as the primary acid secreted by 
probiotic strains according to Ghaderi-Ghahfarokhi et al. 
(2021), showcased its impact on the yoghurt formulations 
in Fig. 2B. Throughout the storage duration, all yoghurts 
demonstrated a raise in TTA coupled with a simultaneous 
decrease in pH. Our investigation revealed that the type of 
media employed for generating postbiotic solutions signifi-
cantly influenced the TTA parameter, resulting in a higher 
concentration of lactic acid in the BB12-SM formulation 
compared to BB12-CW (Fig. 2B). Although there were 
no noteworthy distinctions in TTA content among these 
samples over the cold storage duration (p > 0.05), certain 
variations were observed in the TTA index of the yoghurt 
throughout the storage timeframe, aligning with observa-
tions in another study conducted by Gonzaílez-Martí et al. 
(2002). The varying concentrations of organic acids found 
in postbiotics produced by different probiotic bacteria may 
potentially result from the influence of fermentation media 

on heterofermentative biochemical pathways, particularly 
those involving lactic acid metabolism as the predominant 
metabolite product during the growth, which is a distin-
guishing characteristic of lactic acid bacteria (Chang et al., 
2021). Despite the limited understanding of how fermenta-
tion media impacts the expression of genes related to organic 
acid production in each bacterial strain, this research offers 
foundational insights into how different fermentation media 
and bacterial strains influence organic acid production in 
postbiotics.

The physicochemical features and antioxidative activ-
ity of the samples were assessed at day 7 of the storage 
period (Table 3). Statistical analysis indicated significant 
differences in total solid content between the control and 
the formulations BB12-SM and BB12-CW-SM (p < 0.05), 
but not BB12-CW (p > 0.05). It is evident that the postbi-
otic-yoghurt formulations exhibited higher total solid con-
tent compared to the control products, indicating a greater 
nutrient density in the postbiotic-yoghurts. These findings  
are consistent with the results of Demirci et al. (2017), who 
reported a total solid content of 12.66% for yoghurt samples.

In our current investigation, the mean ash content was 
significantly different in all yoghurt formulations (p < 0.05) 
(Table 3). These values closely align with those reported 
by Batawy and Khalil (2018) for yoghurts enriched with 
maltodextrin (0.78%), although they are lower than the lev-
els found in yoghurts fortified with enzymatically hydro-
lyzed guar gum (2.56%; Mudgil et al., 2016). Throughout 
the storage duration, minor fluctuations in ash content were 
noted in all yoghurt treatments. These differences may be 
attributed to changes in dry matter content over the stor-
age duration. The moisture content also varied significantly 
among all yoghurt formulations (p < 0.05) (Table 3). These 

Fig. 2  pH (A) and total titrat-
able acidity (as lactic acid %) 
(B) in different formulations of 
yoghurt during storage at 4 °C. 
Yoghurt formulations: Refer 
to Table 1 for sample codes. 
Error bars represent the mean 
(n = 3) ± standard deviation 
(SD)
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moisture values were higher than those reported by Sanusi 
et al. (2022) for yoghurt produced with soursop puree and 
by Dhillon et al. (2023) for flavored strained yoghurt. Nota-
bly, control and BB12-CW samples displayed notably higher 
moisture content compared to other samples (p < 0.05).

Postbiotics have been recognized for their diverse func-
tional and bioactive properties, including direct and indirect 
antioxidant activities (Aguilar-Toalá et al., 2018; Sharma & 
Shukla, 2016). Among these bioactive compounds, EPSs 
and peptides stand out for their antioxidant potential. EPSs 
have shown the capability to alleviate oxidative stress, lipid 
peroxidation, and inflammation, while peptides have dem-
onstrated anti-aging, anti-inflammatory, antimicrobial, and 
antioxidant effects. The potential benefits of both peptides 
and EPSs in promoting health in foods and beverages have 
been highlighted in studies (Amiri et al., 2019; Chang et al., 
2021; Krunić & Rakin, 2022). In our investigation, yoghurt 
samples fortified with postbiotic supplements exhibited 
significantly enhanced DPPH scavenging activity, influ-
enced by the formulation on day 7 of storage (p < 0.05). The 

BB12-SM yoghurt sample displayed the highest radical 
scavenging activity, showing a 6.30% inhibition on day 7 of 
storage (Table 3). This result was significantly superior to 
all other yoghurt formulations (p < 0.05), except for BB12-
CW-SM. It is worth mentioning that postbiotics, notably 
EPS, have bioactivities such as antioxidant activities (Pan 
& Mei, 2010; Xu et al., 2011). These EPS may be the main 
reason for the high antioxidant activity observed in post-
biotic yoghurt samples (Amiri et al., 2019). These find-
ings are in line with Demirci et al. (2017), who observed 
a 12.75% increase in DPPH radical scavenging activities 
when rice bran, known for its antioxidative properties, was 
added to yoghurt. Some authors have noted that EPS derived 
from bifidobacteria demonstrates antioxidant properties (Li 
et al., 2014; Sengül et al., 2011; Xu et al., 2011). However, 
the mechanism underlying these effects remains not fully 
understood.

Figure 3 presents the syneresis and WHC of the samples. 
Monitoring yoghurt coagulum stability is essential for qual-
ity assessment during storage (Ghaderi-Ghahfarokhi et al., 

Table 3  Physicochemical 
properties of low-fat yoghurt 
 samplese

a–c Values (average ± SD) in the same row with different superscript letters are significantly different 
(p < 0.05)
d Abbreviations of different yoghurt formulations: Refer to Table 1 for sample codes
e The results were given for 7 days

Yoghurt formulationd

Characteristics Control BB12-CW BB12-SM BB12-CW-SM

Total solids (%) 10.20 ± 0.19b 10.30 ± 0.24b 11.20 ± 0.14a 10.98 ± 0.08a

Ash (%, w/w) 0.66 ± 0.01ab 0.61 ± 0.01c 0.64 ± 0.01bc 0.69 ± 0.02a

Moisture (%) 89.80 ± 0.19a 89.69 ± 0.24a 88.79 ± 0.14b 89.01 ± 0.08b

DPPH (%) 2.67 ± 0.09c 4.59 ± 0.54b 6.30 ± 0.73a 5.59 ± 0.45ab

Fig. 3  Syneresis (%) (A) and 
water holding capacity (%) (B) 
in different formulations of 
yoghurt during storage at 4 °C. 
Yoghurt formulations: Refer to 
Table 1 for sample codes. Low-
ercase letters indicate significant 
differences (p < 0.05) between 
the storage days of each yoghurt 
sample. Uppercase letters 
indicate significant differences 
(p < 0.05) between different 
samples at the same storage 
time. Error bars represent the 
mean (n = 3) ± standard devia-
tion (SD)
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2020). The weakening of the gel network could result in 
spontaneous syneresis, leading to the expulsion of whey 
from the yoghurt matrix (Ozcan & Kurtuldu, 2014). The 
degree of syneresis was notably affected by both the yoghurt 
formulation and the storage duration (p < 0.05).

Specifically, syneresis was mitigated and yoghurt texture 
was enhanced by the addition of CW, SM, and their combi-
nation, and the extent of these results depended on specific 
ratios of the supplements. Initially, whey separation ranged 
from 20.74 to 25.60% across the different yoghurt samples 
(p > 0.05). All samples continued to decrease in syneresis 
throughout the cold storage period. Notably, syneresis sig-
nificantly declined in the BB12-CW yoghurt samples, drop-
ping from 25.60% on day 1 to 19.86% on day 21 (p < 0.05; 
Fig. 3A). In contrast, the reduction in the control sample 
was minor. This observed phenomenon may be explained by  
the capacity of postbiotic compounds, like EPSs produced 
by BB12 in BB12-CW powder, as highlighted by Ghaderi-
Ghahfarokhi et al. (2020), play a role in retaining water 
within the gel structure of yoghurt. Instead of relying on 
food additives, probiotic bacteria capable of producing post-
biotic are employed during fermentation to uphold optimal 
fermentation conditions and enhance the textural qualities of 
yoghurt. Consequently, this approach can obviate the neces-
sity for supplementary stabilizers (Tiwari et al., 2021). An 
independent study carried out by Khider et al. (2022) docu-
mented a decrease in syneresis in low-fat yoghurt samples 
that included EPSs, as opposed to the control group. It is 
plausible that differences in the experimental conditions uti-
lized in these studies may have played a role in the variations 
observed in the syneresis index, as proposed by Gezginc 
et al. (2015).

The ability of a gel structure to retain water is a crucial 
determinant of its capacity to retain serum or whey, making 
it a fundamental factor in yoghurt production (Kpodo et al., 
2014). The incorporation of CW and SM into yoghurt had a 
noticeable effect on WHC in yoghurt formulations through-
out the cold storage period, as depicted in Fig. 3B. Conse-
quently, CW and SM addition were observed to enhance 
the yoghurt’s propensity to retain water compared to control 
samples. Notably, the BB12-CW formulation consistently 
demonstrated the most stable WHC values, ranging from 
68.59 to 69.00%, while other formulations experienced neg-
ligible decreases in water retention percentage (p > 0.05), 
except for the control group on day 7 of the storage period 
(p < 0.05). Yoghurt samples enriched with cheese whey and 
incorporating the PP of BB12 (BB12-CW and BB12-CW-
SM) exhibited the highest WHC values, reaching 70.12% 
and 70.11%, respectively. In a correlated study, Akalin et al. 
(2012) investigated the enhancement of yoghurt by fortifying 
it with skim milk powder, whey protein concentrate (WPC), 
and sodium calcium caseinate. They found that WPC-for-
tified samples had a WHC index of 68.78% over a storage 

duration of 28 days. Delikanli and Ozcan (2014) similarly 
observed that over a 14-day storage period, WHC was also 
highest (83.32%) in yoghurt samples enriched with cheese 
whey. Recent research by Brodziak et al. (2020) affirmed the 
positive impact of incorporating cheese whey into yoghurt 
samples, indicating that WHC values significantly rise dur-
ing storage. Furthermore, as discussed in relation to syner-
esis, it is noteworthy that EPSs can influence the WHC of 
yoghurt. Using low-fat yoghurt samples, Khider et al. (2022) 
showed that an increase in EPS concentration corresponded 
to elevated water-holding capacity. In another study, the 
impact of 0.01% EPSs on the texture and microstructure 
of buffalo yoghurt indicated that the addition of EPS led to 
denser casein micelles. Furthermore, the incorporation of 
0.01% EPS resulted in improved stability in terms of water-
holding capacity, viscosity, hardness, and gumminess prop-
erties (Yang et al., 2014).

Microscopic imaging was utilized to observe modifications in 
the microstructure of yoghurt gel and clarify shifts in its physi-
cal and structural characteristics resulting from the enrichment 
with PP and subsequent refrigerated storage. These micrographs 
unveiled discernible disparities in the gel structures, particu-
larly with regard to the compactness of the three-dimensional 
network formed by casein micelles and the dimensions of the 
pores (Fig. 4A–D). The three-dimensional network, which arose 
from the aggregation of casein micelles, exhibited a pattern of 
globular shapes interspersed with void zones originating from 
the original serum. Notably, substantial distinctions were evi-
dent between the microstructures of yoghurt samples that were 
not supplemented with PP and those that were. A similar phe-
nomenon was reported by Espírito-Santo et al. (2013) in yoghurt  
fortified with passionfruit fiber. However, the yoghurt samples 
fortified with PP displayed a network with larger pores that is 
more open (Fig. 4D) in contrast to the control plain yoghurt 
(Fig. 4A). This divergence may be associated with the thermo-
dynamic incongruity between the polysaccharide’s existent in 
PP and the milk proteins (Corredig et al., 2011; Grinberg & Tol-
stoguzov, 1997). These findings align with the observations of 
Lee and Lucey (2003), who noted increased whey separation 
in soft yoghurt gels, resulting in relatively larger pores within 
the gel structure. Tudorica et al. (2004) similarly reported com-
parable outcomes, linking the presence of larger pore sizes and 
the formation of a more open network to higher concentrations 
of β-glucans in milk curds. Furthermore, the existence of larger 
pores and reduced cross-linking between casein micelles may 
provide an explanation for the observed decrease in yield stress 
in yoghurt structures containing postbiotic powder (PP), as out-
lined in Tables 4, 5, and 6. It is noteworthy that the micrographs 
of yoghurt samples stored for 21 days exhibited more densely 
packed casein networks compared to those taken at day 1, sug-
gesting changes in structure occurring throughout the storage 
period. These rearrangements likely contributed to higher shear 
stress values and storage modulus at the end of the storage period.
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Rheological Characteristics of Yoghurts

Tables 4, 5, and 6 provide a detailed breakdown of the 
viscosity, hysteresis loop, and storage and loss moduli for 

yoghurt samples formulated in various ways. The hyster-
esis loop refers to the reduction in apparent viscosity over 
time at a constant temperature, observed when a substance 
undergoes an elevated shear rate (Mewis & Wagner, 2009). 

Fig. 4  Scanning electron 
micrographs of yoghurt stored 
at 4 °C for 21 days. A-1 and 
A-21: Control samples at days 
1 and 21, respectively. B-1 and 
B-21: BB12-CW samples at 
days 1 and 21, respectively. C-1 
and C-21: BB12-SM samples 
at days 1 and 21, respectively. 
D-1 and D-21: BB12-CW-SM 
at days 1 and 21, respectively. 
Yoghurt formulations: Refer to 
Table 1 for sample codes

Table 4  Viscosity (Pa·s) of 
yoghurt samples at 50 1/s shear 
rate

a, b Values (average ± SD) in the same column with the same superscript letters are not significantly different 
(p > 0.05)
A Values (average ± SD) in the same row with the same superscript letters are not significantly different 
(p > 0.05) between the storage days of each yoghurt sample
B Abbreviations of different yoghurt formulations: Refer to Table 1 for sample codes (n = 2)

Yoghurt formulationB Storage period (days)

1 7 14 21

Control 2.00 ± 0.14a,A 2.16 ± 0.03a,A 2.06 ± 0.12a,A 2.05 ± 0.09a,A

BB12-CW 1.49 ± 0.16a,A 1.69 ± 0.04ab,A 1.84 ± 0.09a,A 1.87 ± 0.06a,A

BB12-SM 1.55 ± 0.03a,A 1.46 ± 0.15b,A 1.64 ± 0.09a,A 1.63 ± 0.01a,A

BB12-CW-SM 1.67 ± 0.17a,A 1.65 ± 0.18ab,A 1.70 ± 0.04a,A 1.97 ± 0.40a,A

Table 5  Hysteresis loop area Pa/s of yoghurt samples between the upper and lower areas of the flow curves

a–c Values (average ± SD) in the same column with the same superscript letters are not significantly different (p > 0.05)
A Values (average ± SD) in the same row with the same superscript letters are not significantly different (p > 0.05) between the storage days of 
each yoghurt sample
B Abbreviations of different yoghurt formulations: Refer to Table 1 for sample codes (n = 2)

Yoghurt formulationB Storage period (days)

1 7 14 21

Control 1571.50 ± 199.40a,A 1465.25 ± 160.86a,A 1479.25 ± 128.34a,A 1509.50 ± 62.93a,A

BB12-CW 1048.93 ± 142.94bc,A 1136.75 ± 32.88ab,A 1223.25 ± 71.06a,A 1329.75 ± 271.17a,A

BB12-SM 994.10 ± 43.13c,A 924.95 ± 104.86b,A 1019.75 ± 43.48a,A 1287.50 ± 41.01a,A

BB12-CW-SM 1094.00 ± 108.89ab,A 1065.30 ± 171.40ab,A 1150.50 ± 72.12a,A 1034.25 ± 2.47a,A
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The addition of PP resulted in a noticeable decrease in the 
apparent viscosity of the yoghurt. Consequently, the viscos-
ity of regular yoghurt was found to be higher than that of all 
yoghurt variants containing PP, although this difference did 
not reach statistical significance (p > 0.05). This phenom-
enon is likely linked to the interaction between caseins and 
polysaccharides, potentially stabilizing casein aggregates. 
These results are consistent with the findings of Tseng and 
Zhao (2013), who observed decreasing apparent viscosity 
values with the increasing addition of wine grape pomace as 
a prebiotic in yoghurt. Similarly, El-Said et al. (2014) noted 
a reduction in viscosity values with the increasing concentra-
tion of pomegranate peel extracts in yoghurt, attributing this 
effect to the impact of pomegranate peel extract on network 
aggregation within the yoghurt, possibly through electro-
static interactions. In contrast, some researchers reported 
significantly higher apparent viscosity in yoghurt samples 
enriched with inulin and peach dietary fiber compared to 
plain yoghurt (Donkor et al., 2007; Grigelmo-Miguel et al., 
1999).

Our analysis revealed that the hysteresis loop, storage 
modulus (G′), loss modulus (G″), and viscosity of yoghurt 
samples fortified with postbiotics were generally lower com-
pared to the control samples. However, an exception was 
noted for the BB12-CW and BB12-CW-SM groups, which 
exhibited comparable values on days 7, 14, and 21 of stor-
age, and on days 1, 7, and 21 (p > 0.05), respectively. The 
observation that the storage modulus G′ > loss modulus G″ 
indicated a gel-like structure in the yoghurt. The strength 
of this gel relied on the support provided by the milk pro-
tein network and the production of exopolysaccharides, as 
indicated by the loss tangent (tan δ). These findings, along 
with previous research, provide insight into the mechanisms 
contributing to the reduction in viscosity due to decreased 
levels of exopolysaccharides (EPSs). This reduction can be 
attributed to the hydrolysis of EPSs into their constituent 
monomers by glycohydrolases (Purwandari et al., 2007). In 
our study, both the storage (G′) and loss (G″) modulus of 
BB12-SM were consistently lower than those of the con-
trol group throughout the storage period (Table 6). This 
decrease can be linked to the hydrolysis of EPSs facilitated 
by glycohydrolases and an increase in acidity, as illustrated 
in Fig. 2B, compared to the control group. The observed 
decrease in viscosity in postbiotic-fortified yoghurt samples  
compared to the control yoghurt may have implications for  
consumer acceptance. Evaluators favored yoghurt with 
a slightly thicker consistency, potentially attributed to 
increased acidity.

The indicators related to viscosity, hysteresis loop, and 
storage and loss moduli exhibited a remarkable consistency 
across the diverse formulations of yoghurt (Tables 4, 5 and 
6, respectively). This uniformity suggests that the yoghurt 
products, whether crafted with postbiotic-containing cheese Ta
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whey powder or skim milk, possessed similar visual and 
mouthfeel attributes. Notably, these characteristics remained 
stable over the course of a 21-day storage period. Further-
more, the findings underscored a strong correlation between 
the viscosity of yoghurt products and their thixotropic 
behavior, a pivotal aspect of hydrogel rheological properties. 
Evaluation of the hydrogel’s ability to revert to its original 
structure, referred to as the hysteresis loop, involved tracking 
changes in viscosity during the restitution process following 
shearing, as detailed by Ghica et al. (2016).

Viability of Yoghurt Cultures During Yoghurt 
Storage

It is evident that the proportions of the cells of S. thermophi-
lus and L. delbrueckii ssp. bulgaricus exhibited a remarkable 
similarity, with each reaching an approximate concentra-
tion of  108 cfu/mL, and they remained consistent through-
out the entire cold storage period (Fig. 5). This aligns with 
the generally accepted standard count for these cultures in 
yoghurt products, which should ideally be around  107 cfu/
mL (Yousefvand et al., 2022). This study investigated the 
viability of yoghurt cultures throughout a 21-day storage 
period at 4 °C. The addition of CW, SM, and their combina-
tion significantly influenced the growth and survival of these 
cultures during cold storage. At the beginning of the storage  
period, the counts of S. thermophilus and L. delbrueckii 
ssp. bulgaricus in BB12-CW and BB12-CW-SM samples 
were 8.76 and 8.86 log cfu/g, respectively. These counts 
were slightly (but not significantly) higher in companion 
with the other formulation (p > 0.05) (Fig. 5A, B), consistent 

with earlier reports on yoghurt culture counts (Eskandari 
et al., 2012). In the initial days of storage, there was a slight 
decrease in counts for both yoghurt starters; this gradual 
decline persisted until the conclusion of the storage period.

Earlier research conducted by Marafon et al. (2011) and 
Batawy and Khalil (2018) also observed this trend, as they 
too noted a decline in the growth of yoghurt cultures during  
refrigerated storage. Interestingly, the viability of S. thermo-
philus and L. delbrueckii ssp. bulgaricus remained higher in 
yoghurt samples fortified with BB12-CW-SM and BB12-SM  
powders over the duration of storage (p > 0.05), respectively 
(Fig. 5A, B). This implies that BB12-SM powder might 
encompass a higher concentration of nutritional composi-
tions, offering enhanced support for yoghurt cultures. On 
day 21 of storage, the viable counts of starter cultures for 
S. thermophilus in BB12-CW, BB12-SM, and BB12-CW-
SM yoghurt samples were 7.60, 7.26, and 7.51 log cfu/g, 
respectively; for L. delbrueckii ssp. bulgaricus, they were 
6.96, 7.84, and 7.18 log cfu/g, respectively. These results 
indicate that the yoghurt samples maintained favorable 
concentrations of starter cultures. It has been shown that 
supplementing yoghurt with cheese whey and increasing its 
concentration can uplift the survival of bacteria in yoghurt 
products throughout the storage period and also facilitate 
passage through the gastrointestinal tract (Ranok et al., 
2021). Glušac et al. (2015) also showed that the addition 
of cheese whey improved the viability of yoghurt starters, 
whereas honey did not have a significant impact. Moreo-
ver, the inclusion of skim milk in yoghurt has been found 
to increase the count of S. thermophilus during storage, as 
demonstrated by Marafon et al. (2011).

Fig. 5  Viability of S. thermo-
philus (A) and L. delbrueckii 
ssp. bulgaricus (B) in differ-
ent formulations of yoghurt 
during storage at 4 °C. Yoghurt 
formulations: Refer to Table 1 
for sample codes. Lowercase 
letters indicate significant differ-
ences (p < 0.05) between the 
storage days of each yoghurt 
sample. Uppercase letters 
indicate significant differences 
(p < 0.05) between different 
samples at the same storage 
time. Error bars represent the 
mean (n = 3) ± standard devia-
tion (SD)
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Consumer Testing of Yoghurts

Table 7 presents the scores obtained from consumer test- 
ing, which encompassed various aspects such as flavor,  
appearance, body and texture, mouthfeel, and over-
all acceptability. In this evaluation, it was noted that the 
BB12-CW yoghurt formulations received the lowest rat-
ings across all categories except appearance and body and 
texture. Conversely, the control yoghurt samples received 
the highest ratings in most categories, with the exception 
of appearance (p > 0.05). This divergence in consumer 
ratings can be attributed to the distinctive characteristics  
brought about by the presence of postbiotics. It is likely 
that yoghurt samples underwent changes in texture and 
acquired a unique flavor profile due to the postbiotic com- 
ponents. Probiotic supplementation has been documented 
to notably influence the aroma of yoghurt through elevated  
synthesis of acetic and various other organic acids, along 
with acetoin, 2-butanone, and 2-ethyl-1-hexanol (Dimitrellou  
et al., 2019). Significantly, the satisfactory body and tex-
ture noted in the yoghurt samples might be associated with 
elevated levels of exopolysaccharides found in the postbiotic 
powders (Amiri et al., 2019; Aziznia et al., 2008; Yousefvand  
et al., 2022). Our observations are consistent with earlier 
research (Antunes et  al., 2005; Salih & Hamid, 2013), 
emphasizing the favorable influence of skim milk additions 
on flavor and viscosity in comparable products. Among the 
postbiotic-supplemented yoghurt samples, BB12-CW-SM-
fortified yoghurt garnered the highest scores across attrib-
utes such as flavor, texture, mouthfeel, and overall accept-
ability (p > 0.05). This suggests that the combination of CW 
and SM had a particularly favorable consumer acceptance. 
Nevertheless, Akalin et al. (2012) reported that including 
or omitting CW did not affect consumer acceptance of 
experimental yoghurts. In our study, the BB12-CW formu-
lation was slightly less favored by the panelists, whereas 
the control, BB12-SM, and BB12-CW-SM formulations 
were notably preferred. This preference for the latter for-
mulations corroborates the finding of Antunes et al. (2005), 

who reported that incorporating SM supplements positively 
influenced overall impressions of similar products.

Conclusion

Highlighting the importance of leveraging cost-effective and 
readily available sources for postbiotic production, whey — 
often disregarded and discarded as waste in cheese produc-
tion — holds untapped potential within the food industry to 
avail as a valuable resource for the production of postbiotic. 
The examination in this research explored the utilization 
of cheese whey and skim milk as alternative reservoirs for 
the synthesis of postbiotics, focusing on cultivating postbi-
otics from B. animalis subsp. lactis BB12 in both media. 
The impact of these postbiotic-enriched supplements on 
yoghurt quality was comprehensively assessed. The post-
biotic-enriched yoghurt demonstrated notable antioxidant 
activity throughout a storage duration of 21 days at 4 °C. 
Notably, after 10 days of storage, BB12-CW-SM yoghurt 
received high acceptability ratings in consumer evaluations 
among the postbiotic-enriched variants, with other formula-
tions also achieving satisfactory consumer acceptance. Our 
findings concerning syneresis, water retention capacity, and 
consumer assessments during cold storage suggest that there 
is great promise for the postbiotic-enriched formulation to 
become a marketable product. Crucially, the overall char-
acteristics of the yoghurt did not suffer from embedment 
of postbiotic-fortified powder into yoghurt, highlighting its 
suitability for integration into the final product. Furthermore,  
postbiotic solutions derived from probiotics in these dairy 
side-streams exhibit promises as nutritious beverage options. 
However, further exploration of postbiotic production using 
alternative sources, including animal or plant-based waste 
or byproducts, requires continued investigation. Simultane-
ously, regulatory standards and accurate labeling guidelines 
need establishment for food products incorporating postbiot-
ics to ensure their effective integration into the food industry.

Table 7  Consumer scores of low-fat yoghurts on day 10 of storage at 4 °C

a–c Values (average ± SD) in the same column with the same superscript letter are not significantly different (p > 0.05)
d Abbreviations of different yoghurt formulations: Refer to Table 1 for sample codes

Attributes

Yoghurt formulationd Appearance Body and Texture Mouthfeel Flavor Overall  
acceptability

Control 6.25 ± 1.33ab 6.20 ± 1.54a 7.20 ± 1.32a 7.60 ± 1.35a 7.10 ± 1.29a

BB12-CW 6.55 ± 1.53a 6.10 ± 1.41a 6.15 ± 1.89b 5.50 ± 2.32c 5.65 ± 2.00b

BB12-SM 5.45 ± 1.63b 5.90 ± 1.33a 6.45 ± 1.19ab 6.65 ± 1.30ab 6.30 ± 1.08ab

BB12-CW-SM 5.45 ± 1.60b 6.10 ± 1.51a 6.65 ± 1.34ab 6.40 ± 1.31bc 6.35 ± 1.18ab
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