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Abstract 

The development of functional yogurt products enriched with plant-derived ingredients 

and biologically active compounds represents a promising strategy to improve the nutri-

tional, probiotic, and antioxidant properties of fermented dairy foods. The aim of this 

study was to evaluate how plant-derived ingredients (whole-meal flour from sprouted 

wheat grain and a protein-rich functional ingredient derived from hemp press cake), used 

individually or in combination with curcumin- or ergosterol-enriched Saccharomyces cere-

visiae biomass, influence the physicochemical, structural-mechanical, probiotic, antioxi-

dant, and sensory characteristics of yogurt products. Two forms of yeast biomass were 

used as enrichment agents: one containing encapsulated curcumin and the other with a 

high ergosterol content. Milk mixtures were supplemented with yeast biomass containing 

34.0 mg/g encapsulated curcumin or 10.55 mg/g ergosterol. Additionally, whole-meal 

flour from sprouted wheat grain or the hemp-derived protein ingredient was incorpo-

rated into the yogurt products at concentrations of 2–3%. These ingredients were tested 

both individually and in combination to identify optimal formulations that would confer 

novel properties to the final products. Based on the conducted studies, it was found that 

the addition of enriched yeast biomass and the protein ingredient resulted in a denser and 

more uniform structure in the yogurt products compared to those of the control. The ti-

tratable acidity of the experimental formulations ranged from 80.2 to 91.8 °T, while pH 

values ranged from 3.79 to 4.04. Compared with the control sample, these changes indi-

cate enhanced lactic acid fermentation activity. The number of probiotic microorganisms 

in the experimental samples reached 1.6 × 107–6.4 × 107 MPN/g, exceeding those of the 

control by an order of magnitude. The type of plant ingredient used significantly deter-

mined the technological properties of the finished product. Compared with the control 

sample, yogurt products supplemented with the hemp press cake-derived protein ingre-

dient exhibited higher protein content (33–34% on a dry matter basis), increased viscosity 

(2.5–2.6 Pa·s), and reduced syneresis (values of 16.1 mL). The whole-meal flour from 

sprouted wheat grain exhibited a more pronounced stimulating effect on the growth of 

probiotic microflora. Enrichment of yogurt products with yeast biomass also increased 

antioxidant activity: the AOA (DPPH) value increased to 69–84% compared to ~62% in 

the control. Biotesting using Paramecium caudatum, a sensitive protozoan model widely 
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used for rapid assessment of biological compatibility, toxicity, and the relative biological 

value of food systems, demonstrated a statistically significant increase (p < 0.05) in proto-

zoan growth to 104–106% compared with the control sample, suggesting the absence of 

toxic effects and the potential bioavailability of yogurt matrix components. This data con-

firm the potential of using enriched yeast biomass in combination with plant ingredients 

for creating probiotic yogurt products with improved structural and functional proper-

ties. 

Keywords: yogurt products; hemp press cake; sprouted wheat grain; Saccharomyces  

cerevisiae; curcumin; ergosterol; probiotic properties; antioxidant activity 

 

1. Introduction 

Probiotic dairy products rank among the most commercially successful categories of 

functional foods due to their established nutritional value and health-promoting proper-

ties [1–4]. Globally, yogurt remains one of the most consumed functional dairy products, 

and recent research highlights growing consumer demand for formulations enriched with 

probiotics, prebiotics, and plant-derived ingredients to further boost their nutritional pro-

file and physiological benefits [5,6]. Furthermore, incorporation of plant materials into 

yogurt systems represents a major trend in functional food development owing to their 

capacity to improve antioxidant potential, microbiological stability, and overall function-

ality of fermented dairy products [7]. Current advances in fermented dairy products are 

concerned not only with preserving their traditional nutritional value and organoleptic 

properties but also with imparting new functional characteristics. These properties can be 

achieved by incorporating plant-based ingredients and biologically active compounds 

into yogurt products, thereby conferring antioxidant, antidiabetic, anti-inflammatory, and 

additional properties [8–12]. 

In recent years, researchers have focused considerable attention on the combination 

of dairy and plant-based food ingredients in the development of probiotic products [13–

15]. The use of plant-derived ingredients can increase the content of protein, dietary fiber, 

phenolic compounds, and other nutrients, while simultaneously modifying the flavor pro-

file and texture [16–20]. Several studies have shown that the addition of wheat bran to 

yogurt products increases probiotic counts, which is likely attributed to the presence of 

starch and polysaccharides with prebiotic properties [21,22]. Furthermore, whole-ground 

grain ingredients are rich in phenolic compounds that can enhance the antioxidant activity 

of yogurt and mitigate the cytotoxic effects of dairy products [23,24]. 

Germination is one approach to improving the carbohydrate and protein profiles, as 

well as the accumulation of functionally significant metabolites. Previous studies [25] 

have shown that a combination of ultrasound treatment, soaking and germination pro-

cesses, and/or fermentation of grain raw materials helps to increase antioxidant activity 

and the content of γ-aminobutyric acid, confirming the possibility of using such ingredi-

ents in functional food systems [16,26–29]. 

Plant-derived protein ingredients are of particular interest because they can fulfil 

both nutritional and structure-forming functions in fermented dairy systems. Xu et al. re-

ported that the addition of hemp protein to yogurt formulations resulted in lower pH 

values, higher titratable acidity, and changes in physicochemical characteristics associated 

with the development of lactic acid bacteria and the formation of the protein gel matrix 

[30]. These observations suggest that hemp processing by-products could serve as prom-

ising ingredients for improving the quality and functionality of yogurt products. 
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Another promising approach involves the development of dairy products with en-

hanced antioxidant properties using enriched yeast biomasses. Saccharomyces cerevisiae 

represents a promising carrier of biologically active substances and can be used to encap-

sulate compounds with limited solubility and stability. Kalinina et al. showed that pre-

liminary nanostructuring of curcumin increases the efficiency of its encapsulation into 

yeast cells, and bioavailability analysis confirmed the preservation of the bioactive sub-

stance after simulated digestion [31]. This approach is particularly relevant for dairy food 

systems since curcumin exhibits antioxidant activity, but its direct application in food ma-

trices is limited by low solubility and instability. Recent studies have highlighted growing 

interest in yeast-derived ingredients as functional components of fermented foods, includ-

ing dairy systems, due to their ability to improve antioxidant properties, enhance micro-

bial stability, and act as carriers of bioactive compounds [32]. Furthermore, Saccharomyces 

cerevisiae biomass is widely recognized as a promising delivery platform for biologically 

active substances because of its biocompatibility, protective cell-wall structure, and po-

tential to improve the stability and gastrointestinal availability of encapsulated com-

pounds [33]. 

Another approach to producing functionally enriched yeast biomasses involves the 

use of ergosterol synthesized by Saccharomyces cerevisiae cells. Ergosterol is the main sterol 

component of cell membranes and is considered a precursor of vitamin D2, which has 

driven interest in biotechnological methods for its accumulation in yeast biomass [34,35]. 

While ergosterol is widely recognized as a precursor of vitamin D2 following ultraviolet 

irradiation, no UV activation was applied during yogurt production in the present study. 

Therefore, ergosterol-enriched yeast biomass was considered primarily as a source of bi-

ologically active sterols and yeast-derived cellular components that may influence the 

functional, probiotic, and technological properties of the yogurt matrix rather than as a 

source of vitamin D2 itself. 

At the same time, the development of new functional types of dairy products aimed 

at conferring additional properties (e.g., natural antioxidant content) may affect the pro-

biotic activity of such systems, sometimes unpredictably. The key technological challenge 

in developing such products is to ensure the viability of probiotic microorganisms 

throughout the declared shelf life of fermented dairy products. 

To our knowledge, the combined use of curcumin- or ergosterol-enriched yeast bio-

mass with plant-derived ingredients from sprouted wheat grain and hemp press cake in 

yogurt systems has not been previously investigated. In particular, limited information is 

available on the interaction of these ingredients and their combined influence on the rhe-

ological and textural characteristics, probiotic viability, and antioxidant properties of fer-

mented dairy products. 

We hypothesized that the incorporation of enriched Saccharomyces cerevisiae biomass 

together with plant-derived ingredients would exert complementary effects within the 

yogurt matrix, leading to improved structural stability, enhanced growth of probiotic mi-

croorganisms, and increased antioxidant activity compared with conventional yogurt for-

mulations. 

This study aimed to evaluate the effects of plant-derived ingredients (whole-meal 

flour from sprouted wheat grain and a protein-rich functional ingredient derived from 

hemp press cake), used individually or in combination with Saccharomyces cerevisiae bio-

mass enriched with curcumin or ergosterol, on the physicochemical, rheological, probi-

otic, antioxidant, and sensory characteristics of yogurt products. 
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2. Materials and Methods 

2.1. Materials 

The following types of plant and dairy raw materials were used in this study. 

Pasteurized standardized cow’s milk (3.8% fat) produced by Chebarkulskoe Moloko 

LLC (Chelyabinsk, Russia) was used as the base for the yogurt products. 

As a starter culture, the commercial starter “Vivo Probio Yogurt” (CS) was used, 

which contains Streptococcus thermophilus, Lactobacillus delbrueckii ssp. bulgaricus, Lactoba-

cillus acidophilus (2 strains), Bifidobacterium lactis (2 strains), Lactobacillus casei, Lactobacillus 

rhamnosus, Lactobacillus paracasei, Bifidobacterium infantis, produced by Vivo Industry LLC, 

purchased in Chelyabinsk (Russia). 

The following plant ingredients were added before the fermentation process of the 

yogurt products: 

▪ Whole-meal flour from sprouted wheat grain (WG) containing 12.5% protein was 

produced according to a technology previously developed at the Department of Food 

and Biotechnology, South Ural State University, and described in detail elsewhere 

[20,30]. Briefly, wheat grain was cleaned and washed five times with running water 

at 20 ± 2 °C to remove surface impurities. Prior to germination, the grain was sub-

jected to ultrasonic treatment using an ultrasonic processing unit Volna-M UZTA-

0.63/22-OM (Biysk, Russia) operating at a frequency of 22 ± 1.25 kHz. Ultrasound 

treatment was carried out in a 1 L water medium at a power density of 245 W/L for 

5 min under continuous stirring of the grain suspension. 

Following ultrasonic treatment, the grain was soaked in drinking water at a grain-to-

water ratio of 1:1 for 6 h at 22 ± 2 °C. Germination was performed in a controlled-environ-

ment germination chamber (SHPZ Seed Germination Cabinet, Saratov, Russia) at 22 ± 2 

°C and a relative humidity of 95 ± 3%. The process was continued until more than 90% of 

the grains reached a sprout length of 1.5–2.0 mm, which required approximately 16 h un-

der the specified conditions. 

The germinated grain was subsequently dried in a laboratory drying oven (Binder 

M720, Binder GmbH, Baddeckenstedt, Germany) at 35–40 °C to a final moisture content 

of 8–14%. Dried sprouted grain was milled using a laboratory mill (Perten 3100, Perten 

Instruments AB, Stockholm, Sweden) operating at 20,000 rpm for 180 s. The resulting flour 

was additionally sieved to obtain a homogeneous whole-meal ingredient with a uniform 

particle size distribution and was subsequently used for yogurt production. 

▪ Protein ingredient (PI) with a protein content of 57.2% was obtained from hemp press 

cake via enzymatic hydrolysis using the multienzyme preparation Cellolux (Sibbio-

farm PA, Berdsk, Russia), followed by extraction with a eutectic solvent (choline chlo-

ride:glycerol in a 1:2 molar ratio, obtained at 80 °C). Choline chloride, CAS 67-48-1, 

CDH, India. Glycerol CAS 56-8-5, analytical grade, Ekos-1 JSC, Moscow, Russia. In-

dustrial hemp press cake was used as raw material. Enzymatic modification was car-

ried out using Cellolux-A (activity ≥ 2000 U/g). 

The production method is briefly described below. 

Enzymatic hydrolysis of the press cake was carried out under the following condi-

tions: hydromodulus 1:10, pH = 4.4–4.7, amount of enzyme complex added—500 mg/100 

g of press cake. Hydrolysis was performed for 2 h at a temperature of 50 °C with constant 

stirring (150 rpm) in a thermostatically controlled shaker BioSan ES 20/60 (Riga, Latvia). 

The supernatant containing the soluble protein fraction was decanted, and the protein 

was extracted from the remaining press cake using a eutectic solvent. Protein extraction 

was performed using a deep eutectic solvent based on choline chloride and glycerol (1:2), 

followed by centrifugation and drying. The DES was prepared by mixing choline chloride 

and glycerol at a molar ratio of 1:2 at 80 °C until a homogeneous transparent liquid was 
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obtained. Extraction with the eutectic solvent was carried out at a press cake:eutectic sol-

vent ratio of 1:5 for 1 h at a temperature of 50 °C with stirring in a thermostatically con-

trolled shaker at 150 rpm. The suspension was then centrifuged. The solubilizate was 

mixed with the post-fermentation liquid and freeze-dried. Protein ingredient yield was 

15.6%. 

2.2. Preparation of Enriched Yeast Biomass 

The following enriched yeast biomasses were used as enriching additives: 

1. Curcumin-enriched yeast biomass (BC) was used for experimental sample 1. The pro-

duction technology is described in more detail in the publication [31]. The process 

was carried out by encapsulating pre-nanostructured curcumin into Saccharomyces 

cerevisiae cells (strain W-68). The key parameters were temperature (25–45 °C) and 

incubation duration (up to 24 h), which have a significant effect on the efficiency of 

substance incorporation into the cellular structure. The resulting enriched biomass 

was stabilized (lyophilization/inactivation) for subsequent use in probiotic dairy 

products. 

2. Ergosterol-enriched yeast biomass (BE) was used for experimental sample 2. The pro-

duction technology is described in more detail in the publication [34,35]. Ergosterol-

enriched biomass was produced using Saccharomyces cerevisiae Y-1676 subjected to 

ultrasound treatment (22 ± 1.65 kHz, 128 W, 2 min) followed by cultivation in YPD 

medium (yeast extract 5 g/L, peptone 10 g/L, dextrose 20 g/L) under strictly aerobic 

conditions at a temperature of 33 °C, a stirring speed of 1000 rpm for 8 h, with inoc-

ulum added in an amount of 1 vol% of the medium volume. 

Curcumin-enriched biomass was produced using Saccharomyces cerevisiae W-68. Cur-

cumin was sonochemically nanostructured at 630 W for 10 min and subsequently encap-

sulated into yeast cells at 45 °C for 24 h. 

To obtain the enriched yeast mass in the two above cases, the yeast strain Saccharo-

myces cerevisiae, which is commercially available and was purchased from the collection 

of microorganisms of the National Bioresource Center of the All-Russian Collection of In-

dustrial Microorganisms of the National Research Center «Kurchatov Institute» (Moscow, 

Russia). 

The enriching additives were added based on the recommended daily intake (RDI) 

of curcumin (10 mg) and ergosterol (50 mg), as well as the content of bioactive compounds 

in the yeast cells and the encapsulation efficiency [35]. Milk mixtures were supplemented 

with yeast biomass containing 34.0 mg/g encapsulated curcumin or 10.55 mg/g ergosterol. 

The amount of biomass was calculated to provide approximately 20% of the recom-

mended daily intake of the corresponding bioactive compound. Accordingly, 0.06 g of 

curcumin-enriched yeast biomass (0.06%, w/w) or 0.95 g of ergosterol-enriched yeast bio-

mass (0.95%, w/w) was added per 100 mL of milk mixture. The content of the enriching 

additive in the finished yogurt product was planned to be 15–20% of the daily norm per 

100 mL of product. Prior to incorporation into milk mixtures, yeast biomass was thermally 

inactivated at 70 ± 2 °C for 15 min. The absence of viable cells was verified by plating on 

YPD agar followed by incubation at 30 °C for 72 h. Yeast biomass was added together 

with the starter culture during the mixing stage, prior to the addition of plant ingredients. 

2.3. Preparation of Yogurt Products Using Plant Raw Materials 

The yogurt products were prepared using the thermostatic method as described in 

[25,36]. Briefly, 100 g portions of milk mixture were preheated to 40 ± 2 °C, and the starter 

culture was added at 0.083% (w/w). The inoculum level (0.083%) was applied strictly ac-
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cording to the manufacturer’s instructions and was not modified during the study. Fer-

mentation was carried out at 42 ± 3 °C for 8 h until a stable coagulum was formed. 

At the fermentation stage, after 1.5 h of fermentation, 2 or 3% of the plant ingredient 

(WG or PI) was added to the respective samples, followed by stirring, which ensured their 

uniform distribution in the system and the formation of structured bonds during the fer-

mentation process. Previous reconnaissance studies established that the addition of 1% 

WG or PI did not have a significant effect on the properties of the yogurt products, while 

concentrations above 3% led to excessively dense consistency (for PI) or system stratifica-

tion with whey separation (for WG). Therefore, the amount of WG added was determined 

as 2% [37]. 

After fermentation was completed, the products were cooled and ripened at 4 ± 2 °C 

for 8 h to allow for stabilization of the structure, completion of post-fermentation pro-

cesses, and formation of the required rheological characteristics. 

2.4. Experimental Design 

The study included one control formulation and ten experimental yogurt formula-

tions. The experimental design was based on three factors: (i) the addition of enriched 

yeast biomass (curcumin-enriched biomass, BC, or ergosterol-enriched biomass, BE); (ii) 

the addition of whole-meal flour from sprouted wheat grain (WG); and (iii) the addition 

of a protein ingredient derived from hemp press cake (PI). Plant ingredients were used 

either individually or in combination with enriched yeast biomass to evaluate their sepa-

rate and interactive effects on the physicochemical, probiotic, antioxidant, and rheological 

properties of yogurt products. The control sample contained only milk and starter culture, 

whereas all experimental formulations differed by the type and combination of the func-

tional ingredients introduced into the yogurt matrix. A schematic summary of the formu-

lation of the experimental samples is presented in Table 1. 

Table 1. Summary formulation scheme of experimental samples of yogurt products. 

Raw Materials Used 
Sample Designation 

C S 1.1 S 1.2 S 1.3 S 1.4 S 1.5 S 1.6 S 2.1 S 2.2 S 2.3 S 2.4 

Pasteurized milk + + + + + + + + + + + 

CS + + + + + + + + + + + 

BC  +  +   +     

BE        + + + + 

WG   2% 2%     2%   

PI     2% 3% 2%   2% 3% 

+ This raw material was used to obtain the sample. 

All samples were produced using the same fermentation conditions. The starter cul-

ture was added at a level of 0.083%, and fermentation was carried out for 8 h. Plant-de-

rived ingredients were introduced 1.5 h after the start of fermentation, while the compo-

sition and concentration of ingredients for each formulation are presented in Table 1. 

Thus, the experimental scheme enabled the separate evaluation of (i) the effects of 

plant-derived ingredients without enriched yeast biomass (samples S 1.2, S 1.4 and S 1.5), 

(ii) the effects of curcumin-enriched yeast biomass alone and in combination with plant 

ingredients (samples S 1.1, S 1.3 and S 1.6), and (iii) the effects of ergosterol-enriched yeast 

biomass alone and in combination with plant ingredients (samples S 2.1–S 2.4). This de-

sign allowed assessment of both individual and combined contributions of the tested 

functional ingredients to yogurt product quality. 
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2.5. Sensory Evaluation 

Organoleptic evaluation of the yogurt products was performed in accordance with 

GOST 31981-2013 [38] by a trained sensory panel consisting of 15 experts. The assessment 

was carried out under standardized conditions (product temperature 10–12 °C, neutral 

lighting, and absence of extraneous odors). The samples were evaluated using descriptive 

sensory analysis based on the qualitative characterization of appearance and consistency, 

color, taste, and odor. Particular attention was paid to structural homogeneity, the pres-

ence or absence of syneresis, the intensity of the fermented milk flavor, and the occurrence 

of any off-flavors. Since the objective of the sensory assessment was a comparative char-

acterization of product quality attributes rather than the quantitative profiling of sensory 

descriptors, graphical sensory profiles (radar charts) and scoring scales were not applied. 

The final sensory conclusions were based on expert consensus and comparative evalua-

tion of the tested samples. All panelists had prior experience in the sensory evaluation of 

fermented dairy products and were familiar with the requirements of GOST 31981-2013 

[38]. 

Organoleptic assessment and syneresis determination were conducted after com-

plete formation of the yogurt gel, 8 h after production. Prior to analysis, the samples were 

stored under refrigeration at 4 ± 2 °C to allow stabilization of the fermented dairy matrix. 

2.6. Determination of Physicochemical Properties 

2.6.1. Titratable Acidity 

Determination of titratable acidity of the yogurt products was carried out in accord-

ance with the requirements of GOST 3624-92 [39] using the alkaline titration method. For 

analysis, a sample of the product (10.0 g) was weighed and transferred into a conical flask, 

20–30 cm3 of distilled water were added to obtain a homogeneous suspension, and 2–3 

drops of phenolphthalein indicator were added. Titration was carried out with sodium 

hydroxide solution at a concentration of 0.1 mol/dm3 until a faint pink color appeared that 

persisted for 30 s. Titratable acidity was expressed in degrees Turner (°T), where 1 °T cor-

responds to 1 cm3 of NaOH solution used to neutralize 100 g of product; the results were 

calculated considering the sample weight and titrant volume. 

2.6.2. pH Measurement 

Determination of active acidity (pH) of the yogurt products was carried out in ac-

cordance with the requirements of GOST 32892-2014 [40] using the potentiometric method 

with a laboratory pH meter Expert-001-3pH (manufacturer Econix-Expert LLC, Moscow, 

Russia). Before measurements, the instrument was calibrated using standard buffer solu-

tions with known pH values (4.00 and 6.86) at a temperature of (20 ± 2) °C. For analysis, a 

product sample was taken, brought to a homogeneous state, and the measurement was 

carried out on an aqueous suspension of the sample (1:1) at a temperature of (20 ± 2) °C 

until stable instrument readings were established. 

2.6.3. Viscosity Measurement 

Viscosity of the yogurt products was measured using an SV-A vibrational viscometer 

(A&D Company Limited, Tokyo, Japan) at 20.0 ± 0.1 °C. Prior to measurement, the sam-

ples were equilibrated to the target temperature. No deliberate homogenization or me-

chanical stirring was performed before viscosity determination. Samples were transferred 

carefully to the measuring vessel to avoid excessive disruption of the yogurt gel structure 

and to ensure consistent measurement conditions. Approximately 45 mL of each sample 

was placed in the measuring vessel to ensure complete immersion of the sensor plates. 

The measurement was performed after stabilization of the instrument readings, and the 

https://doi.org/10.3390/fermentation12070319


Fermentation 2026, 12, 319 8 of 19 
 

https://doi.org/10.3390/fermentation12070319 

dynamic viscosity value was subsequently recorded. Results were expressed in mPa·s. 

Each sample was analyzed in at least five replicates, followed by statistical evaluation of 

the data. 

2.6.4. Protein Content Determination 

Protein content was determined according to ISO 8968-1:2014 [41] (Kjeldahl method). 

The total nitrogen content was converted to protein using a conversion factor of 6.38. The 

obtained values were recalculated and expressed on a dry matter basis (% d.b.) using the 

dry matter content determined for each yogurt sample, thereby eliminating the effect of 

moisture content variability on the protein results. 

2.6.5. Syneresis Determination 

Syneresis was evaluated by spontaneous whey separation under static conditions. 

For each determination, 100 cm3 of yogurt product was transferred into a graduated la-

boratory cylinder and placed in an air thermostat with cooling (TLO-100, Tagler, Russia) 

maintained at 20.0 ± 0.1 °C. The samples were held for 60 min without agitation, vibration, 

or any other mechanical disturbance. After the holding period, the volume of whey sepa-

rated from the yogurt gel was measured directly using the graduated scale of the cylinder. 

The degree of syneresis was expressed as the percentage of separated whey relative to the 

initial sample volume. 

2.7. Microbiological and Microscopic Analysis 

2.7.1. Enumeration of Probiotic Microorganisms 

The content of probiotic microorganisms in the yogurt products was determined ac-

cording to GOST R 56139-2014 [42] using the Most Probable Number (MPN) method. Ster-

ile skimmed milk was used as the liquid cultivation medium for enumeration in accord-

ance with the standard protocol. A series of ten-fold dilutions (10−3 to 10−9) were prepared, 

and the inoculated tubes were incubated at 37 ± 1 °C for 72 h. Microbial counts were then 

estimated using the corresponding MPN tables. Therefore, the obtained values should be 

interpreted as estimates of viable microbial abundance suitable for comparative evalua-

tion among the studied samples. 

2.7.2. Microscopic Examination 

For microscopic examination, fixed smears of the yogurt products were prepared and 

stained with methylene blue. Microscopic observations were performed using a Biomed-

6 light microscope (Biomed, Russia). Samples were examined using a ×90 oil-immersion 

objective and a ×18 eyepiece, providing a total magnification of ×1620. 

2.8. Functional Property Assessment 

2.8.1. Biotesting Using Paramecium caudatum 

Bioavailability (Increase in the protozoan Paramecium caudatum, %) of the obtained 

yogurt products was assessed using a biotest on protozoa Paramecium caudatum with an 

initial concentration of at least 500 ± 100 cells/mL in Petri dishes. Counting of Paramecium 

cells was performed using the «BioLaT-3.2» device coupled with the Auto Ciliata XP soft-

ware (Moscow, Russia) [43,44]. The tests were conducted in accordance with GOST 31674-

2012 [45]. 

2.8.2. Antioxidant Activity (DPPH Assay) 

The antioxidant activity of the yogurt product samples was evaluated using the 

DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging assay [46]. Prior to analy-
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sis, yogurt extracts were prepared by mixing the samples with 80% (v/v) ethanol at a sam-

ple-to-solvent ratio of 1:10 (w/v). The resulting suspensions were centrifuged at 10,000 rpm 

for 15 min, and the supernatants were collected for further analysis. Subsequently, 0.5 mL 

of the extract was mixed with 3.6 mL of ethanolic DPPH solution (0.025 g/100 mL), incu-

bated in the dark at room temperature for 30 min, and the absorbance was measured at 

515 nm using a Jenway 6405 UV/Vis spectrophotometer (Jenway, Bibby Scientific Ltd., 

Stone, UK). Calibration was performed using Trolox standard solutions in the concentra-

tion range of 10–100 mg/L (R2 = 0.988), and the results were expressed as mg Trolox equiv-

alents per unit volume of sample. 

2.9. Statistical Processing of Results 

Data analysis was performed using Microsoft Excel for Microsoft 365 (Microsoft Cor-

poration, Redmond, WA, USA) and Statistica 10.0 software (StatSoft Inc., Tulsa, OK, 

USA). For each studied indicator, the arithmetic mean (M) and the standard error of the 

mean (m) were calculated. The significance of differences between samples was assessed 

using Student’s t-test. Differences were considered statistically significant at p < 0.05. All 

experiments were performed in at least three independent replicates, and measurements 

of each indicator were carried out in at least five replicate measurements. 

3. Results 

3.1. Sensory Profile of Yogurt Products 

Sensory evaluation was performed as a preliminary stage of formulation screening 

since the incorporation of plant-derived ingredients may substantially affect the appear-

ance, texture, flavor, and overall acceptability of yogurt products. This approach helped 

identify formulations with the most balanced sensory characteristics and provided an ad-

ditional basis for interpreting subsequent physicochemical and rheological results, partic-

ularly when comparing samples containing 2% and 3% plant ingredients. 

The control sample (C) of the yogurt product had a slightly loose, liquid curd with 

slight whey separation. The odor was distinctly fermented milk, creamy. Yogurt products 

containing whole-meal flour had a pronounced sour taste and partial thinning of the con-

sistency, whereas the addition of the protein ingredient (2 and 3%), resulted in a denser 

curd and a stable consistency. The samples with curcumin-enriched yeast (experimental 

samples S 1.1, S 1.3, and S 1.6) had a dense, thick curd without whey separation. Upon 

stirring, their homogeneity was preserved. The odor was distinctly fermented milk. A 

slight yeasty odor was noted. Yogurt products with ergosterol-enriched yeast (experi-

mental samples S 2.1–S 2.4) had a denser, viscous curd. Upon stirring, homogeneity was 

preserved. The odor was distinctly fermented milk. A slight yeasty odor was noted. 

Organoleptic evaluation revealed that the addition of the protein ingredient during 

the fermentation process promoted a denser and more viscous consistency. The best taste 

characteristics were observed in yogurt samples containing 2% of the ingredients. Increas-

ing the dosage above 2% led to a deterioration of the taste profile, which was characterized 

by the presence of astringent notes and an excessively dense consistency. 

3.2. Results of Determination of Physicochemical and Microbiological Parameters of  

Yogurt Products 

3.2.1. Physicochemical Characteristics and Probiotic of Yogurt Products Enriched 

A comprehensive assessment of the physicochemical parameters was performed for 

all yogurt samples. For a more visual presentation of the results and a more complete 

evaluation of the obtained results, the samples were divided into 2 groups: those enriched 

with curcumin-enriched yeast biomass (Table 2) and those enriched with ergosterol-en-

https://doi.org/10.3390/fermentation12070319


Fermentation 2026, 12, 319 10 of 19 
 

https://doi.org/10.3390/fermentation12070319 

riched yeast biomass (Table 3). The samples had different combinations of additional in-

gredients added: whole-meal flour from sprouted wheat grain alone, the protein ingredi-

ent from hemp press cake alone, as well as their combination with enriched yeast biomass. 

Table 2. Results of determination of physicochemical parameters of yogurt products enriched with 

curcumin-enriched yeast biomass (samples S 1.1–S 1.6) *. 

Parameter 
Sample Designation 

C S 1.1 S 1.2 S 1.3 S 1.4 S 1.5 S 1.6 

Titratable acidity, °T 76.2 ± 0.2 a 90.4 ± 0.2 b 90.6 ± 0.3 b 91.8 ± 0.3 c 86.4 ± 0.2 d 86.6 ± 0.3 d 80.2 ± 0.2 f 

pH 4.14 ± 0.12 a 4.02 ± 0.08 b 4.04 ± 0.12 b 4.02 ± 0.08 b 3.99 ± 0.12 b 4.02 ± 0.08 b 3.79 ± 0.10 d 

Degree of syneresis, mL 20.2 ± 1.2 a 21.1 ± 0.6 b 21.8 ± 0.6 c 27.6 ± 0.5 c 17.1 ± 0.6 d 15.1 ± 0.6 d 12.3 ± 0.6 d 

Number of probiotic micro-

organisms (MPN), MPN/g 
4.6 × 106 a 1.6 × 107 b 6.0 × 107 b 6.4 × 107 c 4.6 × 107 b 4.3 × 107 b 4.6 × 107 b 

* Data are presented as mean values ± standard deviation, n = 5. Different letters in the same row 

indicate significant differences (p < 0.05). 

Analysis of the physicochemical results (Table 2) showed that the addition of curcu-

min-enriched yeast biomass combined with plant-derived ingredients markedly influ-

enced acidity, syneresis, and the development of probiotic microbiota in yogurt products 

(samples S 1.1, S 1.3, and S 1.6). The titratable acidity of the experimental samples ranged 

from 80.2 to 91.8 °T, with the maximum values recorded for samples containing whole-

meal flour from sprouted wheat grain (S 1.2 and S 1.3). The pH values of the experimental 

samples ranged from 3.79 to 4.04, compared to 4.14 in the control sample. In general, the 

observed changes in pH and titratable acidity indicate active fermentation processes in 

the yogurt systems. However, the relationship between these parameters was not strictly 

linear across all formulations, which may be associated with differences in the buffering 

capacity of the multicomponent matrices containing plant-derived ingredients and en-

riched yeast biomass. Notably, sample S1.6 exhibited the lowest pH value (3.79) despite 

lower titratable acidity (80.2 °T) compared to several other experimental samples. This 

observation further supports the hypothesis that the composition of the yogurt matrix 

may influence the relationship between active and titratable acidity. 

These findings agree with previous studies [47,48], which reported that the incorpo-

ration of plant-derived ingredients into yogurt systems is often associated with enhanced 

growth of lactic acid bacteria and higher acidity values. This effect has been attributed to 

the presence of additional fermentable substrates and biologically active compounds; 

however, the specific contribution of individual plant components may vary depending 

on their composition and interactions within the yogurt matrix. 

Analysis of syneresis showed varying dynamics depending on the type of plant in-

gredient. For samples with the addition of WG (S 1.2 and S 1.3), an increase in the volume 

of separated whey to 21.1–27.6 mL was observed, which exceeds the control (20.2 mL) and 

indicates a less stable gel structure. At the same time, the addition of the protein ingredient 

PI both alone and together with enriched yeast biomass (S 1.4–S 1.6) led to a decrease in 

syneresis to 15.1–17.1 mL, indicating an increase in the water-holding capacity of the sys-

tem. 

This effect is corroborated by previous reports [3,4], which have shown that content 

of protein components and dry matter enhances water-binding capacity and reduces 

whey separation in yogurt systems. 

Particularly noteworthy are the results for probiotic microorganism counts. In all ex-

perimental samples, a significant increase in microbiota was observed compared to the 

control (4.6 × 106 MPN/g), with maximum values reaching 6.4 × 107 MPN/g (S 1.3). The 

most pronounced growth was observed in samples with the addition of WG, which may 
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be associated with the prebiotic effect of dietary fiber and starch hydrolysis products of 

sprouted wheat grain. 

These results are consistent with the publications of Montemurro et al., Grujović et 

al., Navarro et al., where the authors note that the use of plant components, including 

dietary fiber, contributes to increased survival and metabolic activity of probiotic micro-

organisms in fermented dairy products [5,48,49]. 

Similar dynamics were observed in the samples of yogurt products enriched with 

ergosterol-enriched yeast biomass (Table 3). 

Table 3. Results of determination of physicochemical parameters of yogurt products enriched with 

ergosterol-enriched yeast biomass (samples S 2.1–S 2.4) *. 

Parameter 
Sample Designation 

C S 2.1 S 2.2 S 2.3 S 2.4 

Titratable acidity, °T 76.2 ± 0.2 a 82.4 ± 0.2 b 84.2 ± 0.2 b 85.2 ± 0.2 b 80.4 ± 0.2 b 

pH 4.14 ± 0.12 a 4.04 ± 0.10 b 4.04 ± 0.12 b 4.02 ± 0.08 b 3.98 ± 0.12 b 

Degree of syneresis, mL 20.2 ± 1.2 a 20.0 ± 0.8 b 23.8 ± 0.6 c 18.6 ± 0.5 d 16.1 ± 0.6 f 

Number of probiotic microorgan-

isms (MPN), MPN/g 
4.6 × 106 a 3.8 × 107 b 3.5 × 107 b 4.6 × 107 b 6.0 × 107 b 

* Data are presented as mean values ± standard deviation, n = 5. Different letters in the same row 

indicate significant differences (p < 0.05). 

The titratable acidity of experimental samples S 2.1–S 2.4 ranged from 80.4 to 85.2 °T, 

while the pH values ranged from 3.98 to 4.04, compared with 4.14 in the control sample. 

Together with the observed changes in titratable acidity, these results indicate active fer-

mentation processes in the yogurt systems. However, the relationship between pH and 

titratable acidity was not strictly linear for all formulations, which may be related to dif-

ferences in the buffering properties of the multicomponent matrices containing plant-de-

rived ingredients and enriched yeast biomass. For example, sample S 2.4 exhibited a lower 

pH value (3.98) despite a relatively moderate titratable acidity (80.4 °T), suggesting that 

the composition of the yogurt matrix may influence active and titratable acidity to differ-

ent extents. 

The lowest syneresis value was recorded for sample S 2.4 (16.1 mL), while sample S 

2.3 also demonstrated reduced whey separation (18.6 mL) compared with the control (20.2 

mL). These results indicate that the incorporation of the hemp press cake-derived protein 

ingredient contributed to improved water retention and stabilization of the yogurt matrix. 

This may be attributed to an increase in the content of dry substances and enhanced water-

binding capacity of the protein-polysaccharide matrix; a similar technological effect for 

yogurts with a β-glucan hydrocolloid complex was shown by Sahan et al.—the addition 

of a structure-forming component influenced the physicochemical properties and quality 

of non-fat yogurt during storage [50]. 

The number of probiotic microorganisms in all experimental samples exceeded the 

level of the control yogurt product sample and reached 4.6 × 107–6.0 × 107 MPN/g. The 

highest values were found for samples S 2.3 and S 2.4 with the protein ingredient, which 

is consistent with the data of Ranadheera et al., according to which the presence of pro-

teins with different amino acid compositions and free sugars significantly affects the via-

bility and development efficiency of probiotics [51]. 

Overall, the use of yeast biomass enriched with both curcumin and ergosterol in com-

bination with plant ingredients leads to intensification of fermentation processes, in-

creased acidity, and a significant increase in the number of probiotic microorganisms, 

which allows them to be classified as probiotic products. The probiotic microorganism 

counts recorded in the experimental samples comply with the requirements of GOST R 
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55577-2013 [52]. The choice of the plant component type is a critical factor: the protein 

ingredient contributes to structure stabilization and reduction in syneresis, whereas 

wholemeal flour from sprouted wheat grain enhances the biochemical activity of the sys-

tem but may reduce its structural stability. 

3.2.2. Protein Content and Viscosity of Yogurt Products 

The research results showed that in all studied samples, the probiotic content meets 

the requirements for functional food products according to GOST R 55577-2013 [52]. Ac-

cording to GOST R 55577-2013 [52], probiotic products should contain at least 1 × 106 via-

ble probiotic microorganisms per gram throughout shelf life. At the same time, prebiotic 

properties of the additives used with respect to the starter microbial cultures were noted. 

In the enriched yogurt products, the probiotic content was an order of magnitude higher 

than in the control. This fact is also confirmed by the results of determining the protein 

content and viscosity of the obtained yogurt products (Figure 1). 

 

Figure 1. Results of determining the protein content and viscosity of the obtained yogurt products. 

Different lowercase letters indicate statistically significant differences between samples within the 

same parameter (p < 0.05). 

The results of determining the protein content and viscosity indicate that the addition 

of plant ingredients and enriched yeast biomass has a pronounced effect on the formation 

of the nutritional value and structural-mechanical properties of yogurt products, with a 

direct relationship being noted between them. The control sample was characterized by a 

protein content averaging 24% on a dry matter basis and a viscosity of 1.7 Pa·s, whereas 

the experimental samples showed differentiated dynamics depending on the type of en-

riching yeast biomass and plant component. 

In the sample containing curcumin-enriched yeast biomass and whole-meal flour 

from sprouted wheat grain (S 1.3), the protein content remained close to the control or 

decreased slightly, which is likely due to the relatively low protein content (12.5%) of the 

WG composition. At the same time, the viscosity of the sample was also below the control 

value, which may be attributed to the influence of sprouted grain particles (husk particles) 

on the formation of the yogurt curd and the redistribution of moisture in the food system. 

For samples with the protein ingredient from hemp press cake (S 1.4–S 1.6), a consistent 

increase in protein content to 32–33% and viscosity to 2.5–2.6 Pa·s was observed, confirm-

ing the structure-forming role of plant proteins in the fermented dairy matrix. A similar 
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trend was previously shown by Xu et al. [30], where the addition of hemp protein to a 

fermented yogurt food system contributed to improved curd quality, reduced whey sep-

aration, and enhanced rheological characteristics of the product. 

A similar pattern was also established for samples containing ergosterol-enriched 

yeast biomass (S 2.2–S 2.4). The addition of WG was not accompanied by a pronounced 

increase in protein content, whereas the use of PI ensured an increase in this indicator 

from 26–27% to 33–34% with a simultaneous increase in the viscosity of the food system 

to 2.5 Pa·s. These data are consistent with published results on the use of dietary fibers 

derived from cereal grains in yogurt products: AlKaisy et al. [53] reported that the addi-

tion of 1–4% wheat dietary fiber increases water-holding capacity, reduces syneresis, and 

increases viscosity compared to the control; this effect was attributed to an increase in dry 

matter content and the participation of dietary fiber in the formation of the curd. 

Thus, the most pronounced technological effect was established for samples S 1.4–S 

1.6 and S 2.3–S 2.4, containing 2–3% of the protein ingredient PI. The increase in protein 

content and viscosity in these samples indicates the formation of a denser product struc-

ture, in which plant proteins and yeast biomass components may additionally participate 

in stabilizing the fermented dairy system. This effect is consistent with current under-

standing of the role of plant proteins and grain components themselves in yogurt prod-

ucts [54–58]: their addition can increase the dry matter content, enhance interactions with 

the casein matrix, and improve the structural properties of the product. 

3.2.3. Antioxidant Activity and Biotesting of Yogurt Products 

Meanwhile, the addition of enriched yeast biomass contributes to an increase in an-

tioxidant activity and the growth of Paramecium caudatum protozoa in the obtained yogurt 

products (Figure 2). 

 

Figure 2. Results of determination of antioxidant activity and growth of Paramecium caudatum pro-

tozoa of the obtained yogurt products. Different lowercase letters indicate statistically significant 

differences between samples within the same parameter (p < 0.05). 

The results in Figure 2 show that all experimental samples containing enriched yeast 

biomass exhibited higher antioxidant activity than the control: the AOA (DPPH) value 

increased from ~62% in the control sample to 69–84% in the yogurt products. The most 

pronounced effect was observed for sample S 2.3, which may be attributed to the com-

bined contribution of ergosterol-enriched yeast biomass and plant ingredients, which also 

contain a number of substances with antioxidant activity [25,36]. 

The Paramecium caudatum biotest also revealed positive trends: protozoan growth in 

the experimental samples reached 104–106%, compared with approximately 101% in the 
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control. These results indicate the absence of detectable toxic effects and suggest favorable 

biological compatibility of the yogurt matrix components. Although the observed re-

sponse may be related to the presence of biologically active compounds in the enriched 

samples, further studies are needed to directly confirm their bioavailability. This is con-

sistent with the findings of Kalinina et al. [31,34], who reported that the encapsulation of 

nanostructured curcumin into Saccharomyces cerevisiae cells preserves antioxidant activity 

and enables sustained release of the bioactive substance. 

It can also be noted that our previous studies, presented in the open literature [37], 

have proven that a combination of ultrasound treatment, germination, and fermentation 

of grain raw materials is accompanied by an increase in antioxidant activity and the accu-

mulation of functionally significant metabolites. Furthermore, the observed increase in 

the biological response of the test culture is consistent with the conclusions of Ranadheera 

et al. that the food matrix and the presence of bioactive components can significantly in-

fluence the functional effectiveness of probiotic products [51,59,60]. 

3.2.4. Microscopic Characteristics of Yogurt Products 

The obtained data are also confirmed by the results of microscopic studies of yogurt 

products, presented in Figure 3, which shows the characteristic appearance of microbiota 

for yogurt products enriched with curcumin-enriched yeast biomass and yogurt products 

enriched with ergosterol-enriched yeast biomass. 

   
(Control) (A) (B) 

Figure 3. Results of microscopy of yogurt products: (Control)—yogurt product without the addition 

of enriched yeast biomass and plant ingredients; (A)—characteristic appearance of the microbiota 

of yogurt products enriched with curcumin-enriched yeast biomass (samples S 1.1, S 1.3, and S 1.6); 

(B)—characteristic appearance of the microbiota of yogurt products enriched with ergosterol-en-

riched yeast biomass (samples S 2.1–S 2.4), scale bar: 10 µm. 

Representative micrographs of the characteristic microflora of the studied yogurt 

products are presented in Figure 3. Microscopic analysis was performed to visualize the 

morphological features of starter culture microorganisms and to confirm the formation of 

a typical fermented dairy microflora. Studies presented in scientific publications [59] in-

dicate that various additives that are unconventional for fermented dairy products can 

have different effects on the development of lactic acid bacteria. Our research shows 

[34,35] that enriched yeast biomass has a stimulating effect on the development of micro-

organisms of the starter culture used. These data are also consistent with the pH values of 

the products. 

Microscopic examination demonstrated that the characteristic morphological profile 

of the starter microbiota was preserved in all yogurt samples. Long-chain streptococcal 

forms typical of Streptococcus thermophilus predominated in the field of view, while only a 

limited number of rod-shaped microorganisms were observed. Although the microscopy 

performed in this study was qualitative in nature, the visual observations were consistent 

with the microbiological results, which showed higher counts of probiotic microorgan-
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isms in the experimental samples than in the control. In samples supplemented with cur-

cumin- or ergosterol-enriched yeast biomass, microbial cells appeared more abundant and 

uniformly distributed throughout the yogurt matrix, indicating that the enriching ingre-

dients did not adversely affect the development of the starter culture. A limited presence 

of rod-shaped microorganisms was noted, visualized in some areas of view. In the exper-

imental samples containing yeast biomass with curcumin and ergosterol, the microbiota 

was more pronounced compared to the control, which is consistent with the previously 

obtained data on the increased number of probiotic microorganisms in these groups of 

yogurt products. 

Upon observation of the microscopic examination of the experimental samples char-

acteristic of this type of starter microbiota, no foreign microorganisms were detected. 

4. Conclusions 

The results of this study confirm that combining curcumin- or ergosterol-enriched 

yeast biomass with plant-derived ingredients is effective for developing yogurt products 

with improved functional and technological properties. All experimental samples exhib-

ited a denser and more homogeneous structure than the control; however, the most prom-

ising results were obtained for formulations containing the hemp press cake-derived pro-

tein ingredient in combination with enriched yeast biomass (samples S 1.6, S 2.3, and S 

2.4). These samples demonstrated the most favorable combination of structural stability, 

reduced syneresis, increased protein content, enhanced viscosity, high probiotic microor-

ganism counts, and elevated antioxidant activity. In addition, formulations containing 2% 

plant ingredient showed the most balanced sensory characteristics, indicating their suita-

bility for the development of functional probiotic yogurt products. 

The incorporation of plant-derived ingredients and enriched yeast biomass resulted 

in measurable changes in the acidity characteristics of the yogurt products, with titratable 

acidity ranging from 80.2 to 91.8 °T and pH values ranging from 3.79 to 4.04. These results 

confirm the successful fermentation of the developed formulations and demonstrate the 

influence of formulation composition on the acidification behavior of the yogurt matrix. 

The experimental samples contained 1.6 × 107–6.4 × 107 MPN/g of probiotic microor-

ganisms, which was substantially higher than in the control sample and met the criteria 

for functional probiotic products. Yogurt formulations containing whole-meal flour from 

sprouted wheat grain exhibited the highest counts of probiotic microorganisms, suggest-

ing a favorable effect of this ingredient on starter culture development. Among the tested 

formulations, samples combining enriched yeast biomass with the hemp press cake-de-

rived protein ingredient demonstrated the most advantageous technological characteris-

tics, including improved gel stability, increased viscosity, elevated protein content, and 

reduced syneresis (up to 16.1 mL), making them the most promising formulations for the 

production of functional yogurt products. 

The results of protein content and viscosity measurements demonstrated a pro-

nounced effect of the hemp press cake-derived protein ingredient on the formation of the 

structural and mechanical properties of the yogurt products. The highest protein content 

(up to 33–34% on a dry matter basis) and viscosity (up to 2.5–2.6 Pa·s) were recorded for 

samples S 1.5–S 1.6 and S 2.3–S 2.4, indicating the contribution of plant proteins to the 

stabilization of the protein–polysaccharide network within the fermented dairy matrix. 

From a technological perspective, these characteristics are particularly important, as in-

creased protein content and viscosity contribute to improved texture, enhanced gel stabil-

ity, and reduced whey separation during storage, thereby increasing the consumer appeal 

and industrial applicability of yogurt products. 

Enrichment of yogurt products with yeast biomass increased the antioxidant activity 

of the samples: the AOA (DPPH) value increased to 69–84%. The results of biotesting on 
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Paramecium caudatum and microscopy data confirmed the absence of a negative effect of 

the enriching components on the development of probiotic microbiota and the preserva-

tion of the characteristic morphological profile of the starter cultures in the finished prod-

uct. 

The results confirm the potential of enriched yeast biomass as a functional ingredient 

in yogurt production. Further evaluation of the stability of the observed effects during 

storage is recommended. 
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