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This study aimed to examine the effects of supplementation of postbiotics 
derived from Streptococcus thermophilus (ST) and Lactobacillus delbrueckii 
subsp. bulgaricus (LB) in cheese whey (CW) and skim milk (SM) on antioxidant 
activity, viability of yoghurt starters, and quality parameters of low-fat yoghurt 
during 22 days of storage. The LB-CW (L delbrueckii ssp. bulgaricus postbiotic-
containing cheese whey) sample exhibited the highest antioxidant activity, with 
18.71% inhibition (p  >  0.05). This sample also showed the highest water holding 
capacity (77.93%; p  <  0.05) and a trend toward receiving the most favorable 
sensory attributes (p  >  0.05) compared to the other samples. The LB-CW and 
LB-SM yoghurt samples exhibited significantly higher body and texture scores 
compared to the ST-SM-fortified yoghurt (p  <  0.05). However, there was no 
significant difference in the overall acceptability of the LB-SM and ST-SM yoghurt 
samples across both starters (p  >  0.05). Such findings highlight the potential of 
postbiotics as functional ingredients to enhance the nutritional and sensory 
aspects of yoghurt, further contributing to its appeal as a health-promoting 
product.
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1. Introduction

The widespread popularity and high consumption of yoghurt make it an appealing choice 
for incorporating various value-added ingredients, such as probiotic bacteria, prebiotics, plant 
fibers, and extracts (Fazilah et al., 2018). Postbiotics are another potential supplement derived 
from beneficial microorganisms, particularly lactic acid bacteria (LAB), that can be generated 
in culture media, food, or the intestine. While a universally accepted definition is lacking 
(Aguilar-Toalá et al., 2021; Sabahi et al., 2022; Thorakkattu et al., 2022), postbiotic constituents 
encompass diverse intracellular and extracellular compounds. However, it is generally 
acknowledged that the removal of bacterial cells is a necessary step (Wegh et al., 2019; Moradi 
et al., 2021). The resulting postbiotic solution contains compounds that are safe to consume, and 
also feature specific chemical structures and a long shelf life, making it suitable for use in food 
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products (Aguilar-Toalá et al., 2018). Postbiotics are gaining interest 
due to their inherent stability during processing and storage, making 
them more suitable for regions lacking reliable cold chains. Unlike 
probiotics, which often experience die-off during storage, postbiotics 
maintain stability over time. Probiotic manufacturers use overages to 
ensure labeled viable cell counts, and the live-to-dead ratio can 
change, impacting efficacy. Unlike probiotics, postbiotics remain 
stable at room temperature for years, eliminating viability concerns 
and allowing fixed microorganism levels at production. This stability 
makes postbiotics a promising option for areas with storage challenges 
(Salminen et al., 2021).

Probiotic bacteria produce water-soluble bioactive compounds 
known as “Postbiotics,” which encompass various metabolites such as 
bioactive lipids like conjugated linoleic acid (CLA), antimicrobial 
peptides like bacteriocins (BACs), and exopolysaccharides (EPSs) 
(Aguilar-Toalá et  al., 2018). These bioactive compounds offer a 
multitude of reported advantages, including anti-inflammatory, 
antimicrobial, anti-diabetic, anti-cancer, immunomodulatory, anti-
atherosclerotic, and anti-obesity activities, as documented in recent 
literature (Dubey et al., 2012; Dahiya and Puniya, 2017; Aguilar-Toalá 
et  al., 2018; Amiri et  al., 2020, 2022). Bacterial EPSs, which are 
polysaccharide molecules, are secreted by certain bacteria into the 
culture media. EPSs have been extensively studied for their 
technological applications in the food industry due to their textural 
and rheological properties. Moreover, they have gained considerable 
attention recently for their functional properties. For example, 
emerging research has highlighted their immunomodulatory 
potential, anti-inflammatory, anti-biofilm, and antioxidant activities 
(Kumar et al., 2007; Amiri et al., 2021).

Functional foods have the potential to be enriched with postbiotics 
to enhance the host’s immune activity. A mouse model study 
demonstrated that the cell-free fraction of fermented milk effectively 
prevented Salmonella infection (Dunand et  al., 2019). Presently, 
postbiotics derived from Lactobacillus acidophilus LA5 and 
Bifidobacterium animalis subsp. lactis BB-12 are being utilized in the 
production of functional foods, especially for cheese products (Sharafi 
et al., 2022), as well as for modified milk, with their effectiveness 
assessed in randomized clinical trials. For instance, Bifidobacterium 
breve and S. thermophilus postbiotics showed a reduction in the 
incidence of allergy-related symptoms in infants with a positive 
history of atopy during their early months of life; this effect persisted 
even after discontinuation of the preparation (Morisset et al., 2010). 
Additionally, these postbiotics were associated with a milder course of 
acute diarrhea in infants (Thibault et al., 2004). Notably, one of the 
active metabolites of S. thermophilus is the aforementioned 3′-GL 
(Perrin et al., 2000).

S. thermophilus and L. delbrueckii ssp. bulgaricus are commonly 
used bacteria in dairy product manufacturing. During the commercial 
production of probiotics, postbiotics are generated as byproducts and 
are often considered as waste. Instead of being discarded, the 
postbiotic solution waste product presents a cost-effective and 
biologically active alternative source to enhance the nutritional 
content and shelf life of yoghurt during storage. In many previous 
studies exploring the use of LAB postbiotics in food, researchers relied 
on de Man Rogosa and Sharpe (MRS) as a preparation medium for 
postbiotic solutions. However, there is particular importance in 
identifying new, inexpensive, and underutilized agro-industrial waste 
for postbiotic preparation. In this study, postbiotic solutions derived 

from Streptococcus thermophilus and Lactobacillus delbrueckii subsp. 
bulgaricus were prepared using cheese whey and skim milk, two 
innovative growth model media. These postbiotic solutions were 
subsequently incorporated into yoghurt in the form of powdered 
nutritional supplements, adding a functional dimension to the 
yoghurt. The effect of each postbiotic powder on the microbial, 
chemical, and sensory characteristics of the yoghurt that was enriched 
with the postbiotic formulations was investigated.

2. Materials and methods

2.1. Microorganisms and inoculums

Freeze-dried cultures of Streptococcus thermophilus and 
Lactobacillus delbrueckii subsp. bulgaricus (Chr. Hansen, DK-2970 
Hørsholm, Denmark) were obtained and individually weighted as 
recommended by the manufacturer, and grown for 24 h at 37°C in 
M17 (Neogen, Michigan, United States) and de Man, Rogosa, Sharpe 
broth (MRS) (Neogen, Michigan, United States), respectively. The 
cultures were then maintained at 4°C and sub-cultured three times in 
the same medium before each experiment.

2.2. Preparation of postbiotics solutions

Before the postbiotic preparation, S. thermophilus and 
L. delbrueckii ssp. bulgaricus were cultured at 37°C for 24 h in M17 and 
MRS, respectively. Following incubation, 50 μL of bacteria culture was 
separately sub-cultured in plastic tubes containing 50 mL of media, 
which were incubated at 37°C overnight. Next, the bacteria culture 
biomass was harvested by centrifugation at 4000× g for 10 min at 20°C 
and washed twice with sterilized standard saline solution. Finally, the 
harvested cells were resuspended in 10 mL of ultra-high temperature 
(UHT) milk and used as a bacteria culture to use in the next step. 
Skim milk (SM) and cheese whey (CW), obtained from Best way, 
Haulerwijk, Netherlands, were used as cultures media for postbiotic 
preparation. They were prepared as follows: initially, the pH was 
adjusted to 4.5 with 5 N hydrochloric acid (Merck, Darmstadt, 
Germany), then autoclaved at 121°C for 15 min, and the precipitates 
were separated by centrifugation at 2360× g for 5 min. The pH of the 
media (50 mL) was adjusted to 4.5 and autoclaved at 121°C for 15 min 
in 100 mL flasks. To optimize the incubation temperature and time of 
production of the highest postbiotic concentration (Experimental 
design not included), the method of Amiri et al. (2020) and Amiri 
et al. (2021) was used for postbiotic preparation in cheese whey and 
skim milk, with some modifications. Briefly, four different 
fermentation batches were prepared: ST-SM (S. thermophilus 
postbiotic-containing skim milk solution), ST-CW (S. thermophilus 
postbiotic-containing cheese whey solution), LB-SM (L. delbrueckii 
ssp. bulgaricus postbiotic-containing skim milk solution), and LB-CW 
(L. delbrueckii ssp. bulgaricus postbiotic-containing cheese whey 
solution). The resulting batches of ST-SM, ST-CW, LB-SM, and 
LB-CW were incubated at 40°C for 68 h, 39.6°C for 68 h, 46°C for 64 h, 
and 42.1°C for 68 h, respectively. During this time, the advancement 
of bacterial growth was monitored through the assessment of solution 
pH, total titratable acidity (TTA), and the turbidity of the solutions 
visually at 12-h intervals. After production, all fermented batches were 
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freeze-dried (Martin Christ, Osterode am Harz, Germany) at −60°C 
with 0.0046 mBar of pressure for 48 h (freeze-drying time). After 
completing the procedure, these freeze-dried powders of postbiotics 
produced by bacteria were stored in closed plastic containers in a 
freezer at −20°C.

2.3. Preparation of postbiotic yoghurts

Low-fat yoghurt was manufactured according to the method of 
Ghaderi-Ghahfarokhi et  al. (2020a) with some modifications. 
Commercial UHT milk (1.5 g/100 g of fat, 12.8 g/100 g of total solids 
(TS) content, and pH of 6.67) was used. Five yoghurt formulations, 
including Control (without postbiotic powder), ST-SM (yoghurt 
containing 3% S. thermophilus postbiotic-containing skim milk 
powder), ST-CW (yoghurt containing 3% S. thermophilus postbiotic-
containing cheese whey powder), LB-SM (yoghurt containing 3% 
L. delbrueckii ssp. bulgaricus postbiotic-containing skim milk powder), 
and ST-CW (yoghurt containing 3% L. delbrueckii ssp. bulgaricus 
postbiotic-containing cheese whey powder) were prepared by the 
procedure depicted in Figure  1. The experimental batches were 
inoculated with a yoghurt starter culture, comprising S. thermophilus 
and L. delbrueckii ssp. bulgaricus at a concentration of 2% v/v. 
Following uniform agitation, the resulting yoghurts were packed into 
100 mL sterile cups and subsequently incubated at 42°C until they 

reached a final pH of 4.5. Subsequently, the yoghurt samples were 
cooled to 4°C and stored for a duration of 22 days. Yoghurt production 
was performed in triplicate. The analysis encompassed the evaluation 
of both physicochemical attributes and microbial viability at four 
specific time points during the storage period: namely, days 1, 8, 
15, and 22.

2.4. Physicochemical analysis of yoghurts

pH indexes of the yoghurt were measured using a pH meter 
(Thermo Orion Model-420A′). In addition, titratable acidity (TTA) of 
yoghurt samples was measured by the AOAC official method and 
expressed as % lactic acid (AOAC, 2005).

The syneresis values of yoghurt samples were determined as 
recommended by Tamime et al. (1996). Briefly, 25 g of each yoghurt 
batch was weighted on a Whatman paper No. 42 (Whatman) placed 
on the top of a funnel. Syneresis is expressed as the amount of whey 
separated from the samples under the force of gravity at 4°C for 2 h of 
drainage into a flask of known weight divided by the initial 
yoghurt mass.

The water holding capacity (WHC) of yoghurt samples was 
determined according to the centrifugation method reported by 
Sahan et al. (2008). Briefly, each 5 g yoghurt sample was weighted in a 
falcon tube (Mi) and centrifuged at 3556× g for 30 min at 10°C. The 

FIGURE 1

Low-fat yoghurt manufacturing flowchart. Control: yoghurt without postbiotic powder; ST-SM: yoghurt containing 3% S. thermophilus postbiotic-
containing skim milk; ST-CW: yoghurt containing 3% S. thermophilus postbiotic-containing cheese whey; LB-SM: yoghurt containing 3% L. delbrueckii 
ssp. bulgaricus postbiotic-containing skim milk; LB-CW: yoghurt containing 3% L. delbrueckii ssp. bulgaricus postbiotic-containing cheese whey.
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resulting supernatant was discarded, and the expelled precipitate was 
collected and weighed (Mp). WHC was calculated using the equation:

 WHC %( ) = - ( )éë ùû ´1 100M Mp i

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

2.5. Enumeration of starter cultures

The viability of L. delbrueckii ssp. bulgaricus and S. thermophilus 
was determined in freshly made yoghurt samples during the storage 
period as previously described, and expressed as log colony-forming 
units (CFU) per gram of product (log CFU/g). The yoghurt cup was 
agitated, and 1 g of each sample was mixed with 9 mL of physiological 
saline solution using a vortex mixer. Diluted samples were then 
enumerated using the pour-plate technique. In the count of 
L. delbrueckii ssp. bulgaricus and S. thermophilus, MRS agar and M17 
agar were used, respectively. Both bacteria were incubated at 37°C for 
72 h under anaerobic (L. delbrueckii ssp. bulgaricus) and aerobic 
(S. thermophilus) conditions, following Batawy and Khalil (2018).

2.6. Antioxidant activity determination

2.6.1. Yoghurt samples extraction
The extraction method of yoghurt samples was conducted as 

reported by Demirci et al. (2017). To extract the desired components, 
5 g of yoghurt was mixed with an appropriate amount of diluted 
methanol (80:20, methanol: distilled water) in a ratio of 25 mL. The 
mixture was then homogenized using an ultra-turrax homogenizer 
and subsequently centrifuged at 7200 rpm for 10 min at 4°C. The 
resulting mixture was filtered using Whatman No. 1 filter paper, and 
the liquid portion obtained after filtration was stored at 4°C for 
subsequent analysis of antioxidant activity.

2.6.2. DPPH free radical scavenging activity assay
The DPPH radical activity was assessed as described by Yu et al. 

(2022). Initially, a solution of DPPH (0.01183 g) was prepared by 
dissolving it in 100 mL of 95% ethanol. Subsequently, 20 mL of the 
yoghurt sample was thoroughly mixed with 20 mL of the DPPH 
solution, followed by centrifugation at 10,000× g for 10 min. 2 mL of 
the resulting supernatant were combined with 8 mL of DPPH solution, 
mixed well, and left undisturbed in darkness for a duration of 30 min. 
Finally, the absorbance of the mixture was measured at a wavelength 
of 517 nm, using a blank solution of 95% ethanol, and the results are 
presented as the percent of DPPH cleared according to the formula:

DPPH clearance rate (%) = (1 – Asample/Aempty) × 100%.

2.6.3. ABTS+ free radical scavenging activity assay
The ABTS radical scavenging activity was measured according to 

the method of Yu et  al. (2022). ABTS (7 mM) stock solution was 
prepared by dissolving ABTS in 2.45 Mm potassium persulfate 
solution, and stored in the dark at room temperature for 12–16 h. A 
working solution of ABTS was then created by mixing the stock 
solution with anhydrous ethanol to achieve a specific absorbance. For 

the analysis, a small amount of the sample was mixed with the ABTS 
working solution, shaken, and the absorbance was measured after a 
short incubation period. The same procedure was followed for the 
yoghurt samples. The results are expressed in ABTS clearance (%) 
form according to the following formula:

ABTS clearance rate (%) = (1 – Asample/0.700) 100%.

2.7. Sensory analysis

The sensory properties of yoghurt samples, including their visual 
appearance, texture, flavor, and mouth sensation, were assessed by 15 
semi-trained panelists (staff, students, and researchers at the 
University of Helsinki, Helsinki, Finland). Yoghurt samples were 
served to the evaluators in 100-ml transparent glass cups bearing 
3-digit random codes. The 10-point hedonic scale ranging from 1 
(dislike very much) to 10 (like very much) was used on day 11 of 
storage. Yoghurt containers were labeled and the participants were 
trained to rinse their mouths before starting and between tasting 
the samples.

2.8. Statistical analysis

All physicochemical analyses and microbial counts were 
conducted in triplicates. The data obtained for yoghurt’s 
physicochemical, microbial, and sensorial evaluation were analyzed 
with ANOVA using the General Linear Model procedure, reported as 
mean ± standard deviations. Tukey’s test was used to compare the 
means; significant differences were estimated based on a p ≤ 0.05. All 
statistical analyses were carried out using Minitab 16 program 
(Minitab Inc., State College, PA, United States).

3. Results and discussion

3.1. pH and TTA of yoghurts

The pH values of the yoghurt samples were measured after 1, 8, 
15, and 22 days of storage at 4°C. Our results showed that the 
postbiotic powder types and storage time had a significant effect on 
the pH value of the produced yoghurts (p < 0.05). On day 1 of the 
storage period, the index of pH of all yoghurt samples ranged between 
4.62 and 4.68 (Table 1). This index decreased throughout the storage 
period, as also reported in other studies (Karaca et al., 2019; Ghaderi-
Ghahfarokhi et al., 2020a). pH values of ST-CW varied from 4.66 to 
4.63, and from 4.64 to 4.63 in LB-CW throughout the duration of 
storage (Table  1). This phenomenon was associated with the 
occurrence of organic acids present in the postbiotics that were 
assimilated by the yoghurt. A plausible explanation for this alteration 
could be attributed to mass exchange. Yoghurt samples containing 
cheese whey powders (ST-CW and LB-CW) showed a slight decrease 
in pH compared to skim milk (ST-SM and LB-SM) and Control 
formulations. The observed effect can also be  attributed to the 
presence of organic acids in the absorbed postbiotics within the 
yoghurt. These results align with the research conducted by Sharafi 
et al. (2022), where it was observed that samples containing postbiotics 
demonstrated a significant reduction in pH values in comparison to 
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the control samples. In another study, treatment with postbiotic 
decreased the pH values of the breast fillet samples compared to the 
control samples (İncili et  al., 2021). The post-acidification 
phenomenon of all yoghurt formulations was seen (Table 1), which is 
primarily contributed to the continuity of fermentation by starter 
culture strains throughout the duration of shelf-life (Basiri et  al., 
2018). This can be observed by the slight decrease of pH in Control 
samples without any supplementation. At the end of storage, ST-CW, 
ST-SM, LB-CW, and LB-SM yoghurts displayed a pH drop of ~0.03, 
0.09, 0.01, and 0.02 units compared to the first day, respectively, while 
the Control declined ~0.08 units. These results are in agreement with 
Elsamani and Ahmed (2014), who reported that pH values of yoghurts 
produced with or without cheese whey and skim milk were fairly 
similar, without noticeable difference between them.

The most common acid produced by probiotic bacteria is lactic 
acid (Ghaderi-Ghahfarokhi et  al., 2020b). As seen in Table  1, all 
yoghurts showed an increase in TTA and a decrease in pH during 
storage. In our study, the TTA index was distinctly related to the type 
of media and the strains used to produce postbiotic solutions, giving 
a higher concentration of lactic acid in LB-CW, LB-SM, and Control 
formulations as compared to ST-CW and ST-SM (Table 1). On day 8 
of storage, the highest concentration of lactic acid was observed in the 
ST-SM formulation, although this was non-significant compered to 
others (p > 0.05). However, there were some fluctuations in the TTA 
values of the yoghurt during the storage period, consistent with other 
studies. For example, Gonzaíez-Martí et al. (2002) also observed a 
small change in the acid content, with no significant difference in the 
lactic acid production among the yoghurt samples enriched with 
different types of cheese whey powder.

3.2. Syneresis and WHC

Yoghurt’s coagulum stability is an important quality parameter 
that should be monitored during storage (Ghaderi-Ghahfarokhi et al., 
2020b). As a result of weakening of the gel network, spontaneous 
syneresis causes the expulsion of whey from the body of yoghurt 

(Ozcan and Kurtuldu, 2014). The extent of syneresis was significantly 
influenced by yoghurt formulation and storage time (p < 0.05). 
Accordingly, the addition of CW or SM to reduce syneresis or improve 
yoghurt texture was noticeably dependent on the type of bacterial 
culture used. Whey separation varied across yoghurt samples within 
the range of 23.01–36.2% at the beginning of the experiment (p > 0.05). 
Throughout the cold storage period, all of the samples displayed a 
reduction in the rate of syneresis. Interestingly, the LB-CW yoghurt 
samples exhibited a significant decrease in syneresis from 38.58 to 
21.60% (p < 0.05), while the control sample showed a minor decrease 
during storage. As depicted in Figure 2A, the LB-SM formulation 
exhibited the lowest syneresis rate among all samples, decreasing from 
23.01% on day 1 of storage to 18.11% on day 22. A possible explanation 
can be the ability of the postbiotic compound, such as EPSs production 
by bacteria in LB-SM powder, to retain water in the yoghurt gel 
structure (Ghaderi-Ghahfarokhi et al., 2020a). In another research, 
Khider et al. (2022) demonstrated the impact of ESPs on diminishing 
and lessening syneresis in low-fat yogurt samples containing EPSs, as 
opposed to the control group. It is likely that the different conditions 
and strains used in the experiments have a major impact on the 
syneresis index (Gezginc et al., 2015). Our results accord with the 
findings of Akalin et  al. (2012), who reported that casein-based 
samples showed firmer gels with less syneresis than yoghurts enriched 
with cheese whey.

The water holding capacity of a gel structure is an essential factor 
in yoghurt production, as it is an indicator of their ability to retain 
serum (whey) (Kpodo et al., 2014). Enriching yoghurt with CW and 
SM had a major impact on the WHC in yoghurt samples, with values 
ranging from 48.26 to 65.71% on Day 1 and Day 22 of storage, 
respectively (Figure 2B). Hence, CW and SM improve the tendency of 
yoghurts to retain water in comparison with Control samples. While 
the LB-SM formulation showed the most constant WHC (65.71–
70.04%), the percentage of water retention was statistically decreased 
for other formulations (p < 0.05). The yoghurt samples enriched with 
cheese whey containing postbiotic powder of S. thermophilus (ST-CW) 
and L. delbrueckii ssp. bulgaricus (LB-CW) exhibited the highest WHC 
values of 77.93 and 75.47%, respectively. These findings are consistent 

TABLE 1 pH and titratable acidity (TTA; as lactic acid %) of low-fat yoghurts during 22  days of storage at 4°C.

Storage period (days)

Yoghurt formulation1 1 8 15 22

pH Control 4.68 ± 0.05ab,A 4.64 ± 0.01ab,B 4.63 ± 0.02a,BC 4.60 ± 0.03ab,C

ST-CW 4.66 ± 0.06ab,A 4.65 ± 0.02ab,AB 4.63 ± 0.01aa,AB 4.63 ± 0.01a,B

ST-SM 4.68 ± 0.01a,A 4.66 ± 0.01a,AB 4.63 ± 0.02a,B 4.59 ± 0.04b,C

LB-CW 4.64 ± 0.01bc,A 4.64 ± 0.07ab,A 4.64 ± 0.00a,A 4.63 ± 0.02ab,A

LB-SM 4.62 ± 0.00c,A 4.62 ± 0.05b,A 4.61 ± 0.01a,A 4.60 ± 0.01a,A

TTA Control 0.96 ± 0.04a,A 0.9 ± 0.08a,A 1.00 ± 0.08a,A 1.20 ± 0.00a,A

ST-CW 0.76 ± 0.04a,A 0.86 ± 0.04a,A 0.76 ± 0.04a,A 1.03 ± 0.04a,A

ST-SM 0.83 ± 0.04a,A 0.93 ± 0.04a,A 0.96 ± 0.04a,A 0.96 ± 0.04a,A

LB-CW 0.96 ± 0.04a,A 0.86 ± 0.09a,A 0.90 ± 0.08a,A 1.00 ± 0.08a,A

LB-SM 0.96 ± 0.04a,A 0.90 ± 0.08a,A 1.03 ± 0.012a,A 1.06 ± 0.09a,A

aValues (average ± SD) in the same column with the same superscript letters are not significantly different (p > 0.05). AValues (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.
1Abbreviations of different yoghurt formulations: Control (yoghurt without postbiotic); ST-SM (S. thermophilus postbiotic-containing skim milk); ST-CW (S. thermophilus postbiotic-
containing cheese whey); LB-CW (L. delbrueckii ssp. bulgaricus postbiotic-containing cheese whey); and LB-SM (L. delbrueckii ssp. bulgaricus postbiotic-containing skim milk) (n = 3).
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with prior research conducted by Akalin et al. (2012) on yoghurt 
fortification using skim milk powder, whey protein concentration 
(WPC), and sodium calcium caseinate. The study reported a WHC 
index of 68.78% for yoghurt fortified with WPC during a 28-day 
storage period, indicating the highest water holding capacity among 
all formulations. Also, in line with our finding, a study by Delikanli 
and Ozcan (2014) stated that yoghurt samples enriched with CW 
exhibited the highest WHC (83.32%) compared to other formulations 

during a 14-day storage period. Another recent study revealed the 
impact of adding CW to yoghurt samples, noting a significant increase 
in WHC values during storage (Brodziak et al., 2020). As discussed in 
the previous paragraph, ESPs can also affect WHC of yoghurt. Khider 
et al. (2022) demonstrated the impact of EPSs on the water holding 
capacity of low-fat yoghurt that was fortified with varying 
concentrations of EPS derived from Leuconostoc strains, in 
comparison to a control sample. The study revealed a noticeable trend: 

FIGURE 2

Syneresis (%) (A) and water holding capacity (%) (B) in different formulations of yoghurt during storage at 4°C. Control (yoghurt without postbiotic); 
ST-SM (S. thermophilus postbiotic-containing skim milk); ST-CW (S. thermophilus postbiotic-containing cheese whey); LB-CW (L. delbrueckii ssp. 
bulgaricus postbiotic-containing cheese whey); and LB-SM (L. delbrueckii ssp. bulgaricus postbiotic-containing skim milk). Lowercase 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 deviation (SD).
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as the concentration of EPS was elevated, there was a corresponding 
increase in the water holding capacity of the yoghurt.

3.3. Antioxidant activity

Postbiotics have been shown to possess a variety of functional/
bioactive properties, including antioxidant activity, either directly (by 
interacting with the intestinal microbiota or immune cells) or 
indirectly (by interacting with other organs outside the gastrointestinal 
tract) (Sharma and Shukla, 2016; Aguilar-Toalá et al., 2018). EPSs and 
peptides are well-known postbiotic compounds with antioxidant 
properties. EPSs have been shown to reduce oxidative stress, lipid 
peroxidation, and inflammation. Peptides have been found to have 
anti-aging, anti-inflammatory, and anti-microbial effects. Peptides and 
EPSs both have potential applications in health-promoting foods and 
beverages (Sabeena Farvin et al., 2010; Amiri et al., 2019; Chang et al., 
2021; Krunić and Rakin, 2022). In all yoghurt samples enriched with 
postbiotic supplement, the high rate of DPPH scavenging activity was 
significantly affected by yoghurt formulation and storage time 
(p < 0.05). As seen in Figure 3A, the LB-CW yoghurt sample showed 
the highest radical scavenging activity with 18.71% inhibition on day 
15 of storage, which was significantly greater than all other yoghurt 
samples (p < 0.05) except ST-CW. The scavenging activities of DPPH 
radicals significantly increased with the addition of postbiotic powder 
compared to Control yoghurt. These findings are in agreement with 
Demirci et al. (2017), who reported that addition of rice bran, which 
has antioxidative properties, to yoghurt increased scavenging activities 
of DPPH radical (12.75%). Interestingly, DPPH activity of LB-CW was 
higher than the other samples on the last day of storage. In support of 
our findings, several previous studies have reported CW-enriched 
yoghurts can increase antioxidant activity (Bierzuńska and Cais-
Sokolińska, 2018; Zoidou et  al., 2019; Krunić and Rakin, 2022). 
However, Roumanas et al. (2016) stated that addition of cheese whey 
did not increase DPPH levels during storage.

In addition to the DPPH method, the ABTS method was also used 
to quantify the radical scavenging value to support quantified 
antioxidant activity. The initial ABTS activity ranged from 7.7 to 
9.21% on the first day of storage, and it exhibited an exponential 
increase throughout the storage period, eventually reaching a relatively 
stable state after day 15 (Figure 3B). Yoghurts fortified with LB-CW 
and ST-SM showed higher ABTS activity on the final day of storage, 
with 51.78 and 51.19%, respectively (p < 0.05). The LB-CW sample 
exhibited the highest antioxidant activity in both DPPH and ABTS 
assays. This may be attributed to the ABTS radical inhibition capacities 
of EPSs produced by L. delbrueckii ssp. bulgaricus in postbiotic 
solutions. Abedfar et al. (2018) and El-Newary et al. (2017) reported 
that the percentage of ABTS radical scavenging activity of EPS 
increased with a rise in the concentration of EPS.

3.4. Viability of yoghurt cultures during 
yoghurt storage

As demonstrated in Figure 4, S. thermophilus and L. delbrueckii 
ssp. bulgaricus cell proportions were similar (approximately 108 cfu/
mL each) and maintained the same cell counts during the cold storage 
period. It is generally accepted that the standard count for 

S. thermophilus and L. delbrueckii ssp. bulgaricus should fluctuate 
around 107  in yoghurt products (Fadela et al., 2009). In the current 
study, the viability of both yoghurt cultures was studied during a 
storage time of 22 days at 4°C. This cultures’ growth and survival were 
influenced by CW and SM addition during cold storage. After the first 
storage day, S. thermophilus and L. delbrueckii ssp. bulgaricus counts 
of ST-SM samples were 8.46 and 8.46 log cfu/g, respectively, which 
were higher than in other samples (p > 0.05) (Figures 4A,B). These 
results agree with the yoghurt culture counts reported in the literature: 
S. thermophilus counts in skim milk-fortified yoghurt increased to 
9.78 log cfu/g on day 1 of storage (Marafon et al., 2011). During the 
first week of storage, the S. thermophilus and L. delbrueckii ssp. 
bulgaricus counts decreased slightly and continued to gradually 
decrease until the end of storage. Similarly, it was also found by 
Marafon et al., 2011 and Batawy and Khalil (2018) that the growth of 
yoghurt cultures decreased during cold storage. The viability of both 
starter cultures remained higher in the yoghurt fortified with LB-SM 
powder compared to the other samples during the storage period 
(p > 0.05) (Figures 4A,B). It is possible that LB-SM powder had more 
nutritional compounds that support yoghurt cultures. In the ST-CW 
and LB-CW yoghurt samples, the viable counts of starter cultures were 
7.72 and 7.53 log cfu/g for S. thermophilus and 7.69 and 8.07 log cfu/g 
for L. delbrueckii ssp. bulgaricus, respectively, on day 22 of storage. 
These findings showed that the viable counts of starter cultures in the 
yoghurt samples were at favorable concentrations. It has been shown 
by Ranok et  al. (2021) that adding cheese whey to yoghurt and 
increasing its concertation improves the bacteria viability in yoghurt 
products during storage and transit in the gastrointestinal tract. 
Furthermore, in a similar study by Glušac et al. (2015), the effects of 
adding honey and cheese whey to yoghurt were investigated, which 
revealed that adding cheese whey improved the viability of the yoghurt 
starters, but the addition of honey did not show a 
significant improvement.

3.5. Sensory analysis of yoghurts

The scores collected for sensory analyses (appearance, flavor, 
mouthfeel, body and texture, and overall acceptability) are displayed 
in Table 2. In the sensory analyses, the ST-SM samples received the 
lowest ratings in all indices except flavor by evaluators, while the 
highest ratings were given for the LB-CW and LB-SM yoghurt 
samples. This can be attributed to the development of texture and a 
more pleasant taste as a result of the postbiotic characteristics. The 
desirable body and texture in yoghurt samples (Table  2) could 
be  associated with higher amounts of exopolysaccharide in the 
postbiotics powders (Aziznia et  al., 2008; Amiri et  al., 2019; 
Yousefvand et al., 2022). Our findings were in line with the studies 
reported by Salih and Hamid (2013) and Antunes et al. (2005) who 
showed addition of skim milk in the products has a positive impact 
on the flavor and viscosity of the samples. In terms of flavor, texture, 
mouthfeel, and overall acceptability, LB-CW-fortified yoghurt 
showed the highest scores (p > 0.05). Nevertheless, Akalin et  al. 
(2012) reported no significant differences between experimental 
yoghurts containing and excluding CW in terms of sensory attributes. 
In order to determine overall acceptability, different sensory attributes 
must be  considered, including flavor, texture, and appearance 
perceptions. In a related context, Ozma et al. (2022) unveiled that the 
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application of an 8% solution of postbiotic derived from Lactobacillus 
paracasei ATCC 55544 as a coating for lamb meat slices resulted in 
consistent color, appearance, and overall consumer satisfaction 
ratings over the duration of storage. There were no notable alterations 
observed in these attributes for the lamb meat slices coated with the 
postbiotic. ST-SM and Control formulations were disliked slightly by 
panelists, while LB-CW and LB-SM formulations were preferred 
significantly by them. Antunes et al. (2005) found that the addition 
of WP and SM supplements had a positive impact on 
overall impressions.

4. Conclusion

Emphasizing the significance of utilizing affordable and easily 
accessible sources for postbiotic production, whey – a byproduct 
regularly generated in cheese plants – is often overlooked and 
discarded as waste within the food industry. However, recognizing 
its potential, whey can serve as a valuable resource for postbiotic 
preparation. This study explored the use of cheese whey and skim 
milk as alternative sources for postbiotic preparation. Specifically, 
postbiotics were derived from S. thermophilus and L. delbrueckii 

FIGURE 3

DPPH (%) (A) and ABTS (%) (B) in different formulations of yoghurt during storage at 4°C. Control (yoghurt without postbiotic); ST-SM (S. thermophilus 
postbiotic-containing skim milk); ST-CW (S. thermophilus postbiotic-containing cheese whey); LB-CW (L. delbrueckii ssp. bulgaricus postbiotic-
containing cheese whey); and LB-SM (L. delbrueckii ssp. bulgaricus postbiotic-containing skim milk) (n  =  3).
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ssp. bulgaricus in cheese whey and skim milk. Subsequently, the 
impact of these postbiotic-enriched cheese whey and skim milk 
supplements on the quality of yoghurt was thoroughly 
investigated. Postbiotic-enriched yoghurt showed high levels of 
antioxidant activity during 21 days of storage at 4°C. In addition 

to this beneficial property, sensory analysis conducted after 
11 days of storage revealed that postbiotic-enriched yoghurt from 
L. delbrueckii ssp. bulgaricus in cheese whey and in skim milk were 
rated as highly acceptable – scores nearly reached the maximum 
rating. Moreover, the remaining yoghurt products also achieved 

FIGURE 4

Viability of S. thermophilus (A) and L. delbrueckii ssp. bulgaricus (B) in different formulations of yoghurt during storage at 4°C. Control (yoghurt without 
postbiotic); ST-SM (S. thermophilus postbiotic-containing skim milk); ST-CW (S. thermophilus postbiotic-containing cheese whey); LB-CW (L. 
delbrueckii ssp. bulgaricus postbiotic-containing cheese whey); and LB-SM (L. delbrueckii ssp. bulgaricus postbiotic-containing skim milk). Lowercase 
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 deviation (SD).

TABLE 2 Sensory scores of low-fat yoghurts on day 11 of storage at 4°C.

Sensory attributes

Yoghurt 
formulation1

Appearance Flavor Mouthfeel Body and 
texture

Overall 
acceptability

Control 7.20 ± 2.01ab 6.33 ± 1.89a 7.53 ± 2.08a 7.73 ± 1.70a 7.40 ± 1.66ab

ST-CW 7.53 ± 2.18ab 7.33 ± 1.88a 7.46 ± 1.92a 7.13 ± 2.36ab 7.53 ± 2.06ab

ST-SM 6.26 ± 1.48b 6.93 ± 1.69a 7.00 ± 1.26a 6.06 ± 1.56b 6.66 ± 1.49b

LB-CW 8.00 ± 1.48ab 8.46 ± 1.69a 8.40 ± 1.26a 8.60 ± 1.56a 8.73 ± 1.49a

LB-SM 8.46 ± 1.54a 7.80 ± 1.46a 8.26 ± 1.48a 8.06 ± 1.56a 8.33 ± 1.34ab

a-bValues (average ± SD) in the same column with the same superscript letter are not significantly different (p > 0.05).
1Abbreviations of different yoghurt formulations: control (yoghurt without postbiotic); ST-SM (S. thermophilus postbiotic-containing skim milk); ST-CW (S. thermophilus postbiotic-
containing cheese whey); LB-CW (L. delbrueckii ssp. bulgaricus postbiotic-containing cheese whey); and LB-SM (L. delbrueckii ssp. bulgaricus postbiotic-containing skim milk).
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satisfactory sensorial acceptance. Drawing upon observations 
related to syneresis, water holding capacity, and sensory 
evaluations throughout a refrigerated storage period, our results 
suggests that the postbiotic-enriched formula has the potential for 
practical use as a product. The incorporation of postbiotic-
enriched powder into yoghurt did not exert a significant impact 
on the overall properties of the yoghurt, supporting its feasibility 
for application in the final product. Postbiotic solutions obtained 
from probiotics in cheese whey and skim milk show promising 
potential as nutritious liquids. Nevertheless, exploring postbiotic 
preparation using alternative animal and plant-based sources, 
particularly waste or byproducts, warrants further investigation. 
It is crucial to emphasize that regulations and proper labeling 
guidelines for food products containing postbiotics are essential 
prerequisites to enable their commercial utilization in the 
food industry.
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