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Featured Application

The results of the study can be applied to smaller dairy processors or on-farm organic
milk processing into fermented products, particularly yoghurts. This approach allows for
diversification beyond cheese production, while preserving high nutritional and bioactive
stability, along with acceptable sensory quality during refrigerated storage. These find-
ings support small-scale organic dairy producers in developing value-added dairy prod-
ucts with proven bioactive stability and extended shelf-life, enhancing their economic vi-
ability as a result. Emphasizing the health benefits of organic yoghurts could also become
a key element in marketing strategies, responding to growing consumer demand for nat-
ural, minimally processed products.

Abstract

The aim of the research was to assess changes in the bioactive status of organic yoghurts
produced in the spring/summer season from Simmental cows’ bulk milk during 28-day
refrigerated storage, including whey proteins, lipophilic vitamins, and free fatty acids,
and to interpret these changes not only in terms of compositional stability but also regard-
ing their nutritional significance, as evaluated using the IYQ (Index of Yoghurt Quality)
for vitamins. Raw milk was found to be a significantly richer source of biologically active
compounds compared with milk subjected to heat treatment. During the 28-day refriger-
ated storage of the yoghurts, unfavourable alterations were observed in the levels of se-
lected bioactive components belonging to both the protein and lipid fractions. A reduction
in the concentration of the analyzed proteins and vitamins was observed, ranging from
2% for vitamin Ds to 38% for lactoferrin, while the content of free fatty acids increased,
from 8% for monounsaturated free fatty acids (MUFFAs) to 39% for short-chain free fatty
acids (SCFFAs). The most pronounced changes were observed in lactoferrin content (p <
0.01), whereas vitamin Ds exhibited the highest stability throughout the storage period.
The stability of vitamin D3 was further confirmed using the Index of Yoghurt Quality
(IYQ). Despite the significant changes observed in the bioactive profile, the yoghurts re-
tained high sensory quality throughout the entire storage period. This indicates that al-
terations in bioactive status did not compromise the sensory quality of the product, even
after 28 days of storage (i.e., at the end of the shelf life). The obtained results indicate the
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feasibility of developing organic milk processing directly at the farm level while preserv-
ing the nutritional value of the products. The possibility of processing organic milk not
only into cheese but also into fermented dairy beverages, particularly yoghurts, is of key
importance for farmers aiming to diversify production, increase added value, and im-
prove the economic sustainability of small-scale organic farms.

Keywords: organic milk; yoghurt; whey proteins; vitamins; free fatty acids; index
of yoghurt quality

1. Introduction
1.1. Organic Yoghurt Production and Market

Interest in organic dairy products has increased over the past decade, with yoghurt
and cheese among the most frequently chosen items by European consumers. The steady
expansion of the organic food sector, together with rising demand for dairy products, has
created favourable conditions for both industrial-scale processors and small on-farm dairy
producers. Nevertheless, organic yoghurts represent a relatively small segment of the
overall dairy market [1-3].

In 2024, the value of the organic yoghurt market in Europe was estimated at approx-
imately USD 2.86 billion, accounting for approximately 35% of the global organic yoghurt
market. Estimates indicate that the European yoghurt market value will increase to USD
6.50 billion by 2033, and global to USD 58.5 billion by 2035. The development of this sector
is strongly supported by the availability of organic raw milk. In 2022, organic milk pro-
duction in the European Union exceeded 5.9 million tonnes [4-6]. However, substantial
differences in the structural development of the organic dairy sector have been observed
across European countries, with Italy reporting over 1,100 certified organic dairy produc-
ers, the United Kingdom and France more than 300, and the Czech Republic over 100,
whereas Poland demonstrated a comparatively limited and less dispersed sector [4,7]. Ac-
cording to the data from the Main Inspectorate of Agricultural and Food Quality Inspec-
tion in Poland [8,9], the estimated production value of organic cow’s milk in Poland in
2024 was approximately 33 million litres; organic sheep’s milk approximately 55 thousand
litres; and organic goat’s milk approximately 540 thousand litres; representing 0.22% of
national total milk production (conventional and organic). Only 5% of organic processing
plants (22 plants out of 460 organic dairy farms) were involved in milk processing and
cheese production in Poland, and they used milk acquired from cows, goats and sheep.
The share of entities involved in milk processing and cheese production in total organic
processing in Poland was 2.7% in 2024. Therefore, it is crucial to investigate the possibility
of processing organic milk to produce not only cheeses but also fermented beverages, pri-
marily yoghurt.

Assessing market development is complicated by the limited availability of detailed
statistical data. Most datasets aggregate figures for organic and conventional dairy prod-
ucts, without distinguishing organic yoghurt from other categories. Moreover, the decen-
tralized and small-scale nature of organic yoghurt processing contributes to data fragmen-
tation, making it difficult to precisely estimate production volumes at national, including
Polish, or European levels. Despite these limitations, available indicators consistently
point to a gradual increase in consumer demand for organic dairy products [1-3,10].
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1.2. Regulatory Frameworks in Organic Production

Organic dairy foods are produced from raw materials obtained on certified farms
operating under strict regulatory frameworks [11]. These systems restrict the use of syn-
thetic additives, growth promoters, hormones, genetically modified organisms, and non-
authorized substances during both primary production and processing. During the vege-
tation period, cows must be provided with access to outdoor areas that allow for natural
grazing. At least 60% of the dry matter of the daily ration should consist of roughage, fresh
forage, dried forage, or silage. For cows intended for milk production, a reduction in this
proportion to a minimum of 50% of dry matter is permitted for a maximum period of three
months during early lactation. Organic processing is based on the “clean label” concept.
Milk processing methods used for yoghurt production must ensure the preservation of
the natural quality of raw material. The use of food additives is strictly limited and may
only be employed in accordance with Commission Implementing Regulation (EU)
2021/1165 of 15 July 2021 [12]. Additives must not mislead consumers or compensate for
the inferior quality of the raw material. In organic natural yoghurt, the use of additives is
restricted exclusively to starter cultures. In flavoured organic yoghurts, certain additives,
such as pectin used as a gelling agent, are permitted. The use of synthetic colourants or
synthetic and nature-identical flavourings is strictly prohibited. In both farm-scale and
industrial production, the incorporation of fruit preparations is preferred over the addi-
tion of flavouring agents to preserve the natural character of the product. As a result, or-
ganic products align with current consumer expectations for minimally processed, health-
oriented foods. Although higher production costs remain a challenge, the perceived pro-
duction transparency, nutritional value and health benefits of organic dairy products con-
tinue to support their progressive market development [13-16].

1.3. Health-Promoting Properties of Organic Yoghurts

Yoghurts from organic production are nutrient-dense foods that offer a range of
health benefits due to their rich content of bioactive compounds, i.e., whey proteins, es-
sential minerals, fatty acids, and vitamins. $-lactoglobulin is the major whey protein, func-
tioning as a carrier for vitamins and fatty acids, and exhibits both antioxidant and antimi-
crobial properties. a-lactalbumin facilitates calcium absorption. Immunoglobulins, lyso-
zyme, and lactoferrin play a crucial role in modulating immune responses, demonstrating
antibacterial and antiviral activities [14,17-20]. Vitamin A contributes to the maintenance
of vision, epithelial tissue integrity, and immune function. Cholecalciferol (vitamin Ds) is
crucial for calcium and phosphorus homeostasis, supporting bone mineralization and
skeletal health, whereas vitamin E acts as a potent antioxidant, protecting cellular mem-
branes from oxidative damage and contributing to overall immune protection. Regular
consumption of yoghurts promotes intestinal health by supplying live lactic acid bacteria,
which can enhance the intestinal microbiota, improve digestion and support immune
function. Additionally, habitual yoghurt consumption has been associated with reduced
risk of metabolic disorders, improved lipid profiles and better regulation of blood glucose
levels. Fermentation-derived peptides and phenolic compounds further contribute to an-
tioxidant, anti-inflammatory, and cardiometabolic health-promoting effects [20-22].

“Eco yoghurts” evaluated by Paszczyk and Czarnowska-Kujawska [23] had the low-
est omega — 6/omega — 3 ratio, suggesting a greater health-promoting fatty acid profile
than conventional yoghurts. In other studies [22], a comparison of the nutritional value of
organic milk obtained from Jersey cows and yoghurts produced from it indicates that fer-
mentation led to a slight increase in the proportion of saturated fatty acids—SFA (+4.6%),
accompanied by a reduction in unsaturated fatty acids —UFA (-10%), and polyunsatu-
rated fatty acids —PUFA (-14.6%), as well as a 43% increase in the n - 6/n — 3 ratio. Com-
pared with organic milk, organic yoghurt was characterized by minor alterations in the
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amino acid profile. Notably, the content of phenolic compounds in yoghurt was approxi-
mately threefold higher than in milk, indicating that fermentation markedly enhances the
antioxidant potential and may increase the bioactive properties of the final product. This
effect is directly attributable to the quality of the raw material and the production technol-
ogy employed. According to Manuelian et al. [24], organic and conventional milk from
Holstein-Friesian cows did not differ significantly in total fat, lactose, vitamin E, or amino
acid content, likely due to similar management conditions, breed, and the generally high
production intensity in both systems. However, organic milk tended to have higher levels
of PUFA (p = 0.071), including omega-3 (p = 0.086), and higher cis-fatty acids (p < 0.001).
Attention to fatty acids was also drawn by Ormston et al. [25], and Paszczyk and Czar-
nowska-Kujawska [23]. Ormston et al. [25] demonstrated that organic milk exhibits a more
favourable fatty acid profile compared to conventional milk, with higher concentrations
of SFA, PUFA, and nutritionally relevant compounds such as alpha-linolenic acid, ru-
menic acid, and eicosapentaenoic acid, whereas conventional milk contained higher levels
of monounsaturated fatty acids (MUFA). In turn, Barfowska et al. [26], compared milk
obtained from Simmental cows raised on organic farms, as well as Simmental and Hol-
stein-Friesian cows fed in a TMR (Total Mixed Ration) system, in terms of its technological
suitability for processing. Milk derived from organic farms during the summer season
was characterized by the elevated levels of total protein, B-lactoglobulin, a-lactalbumin,
lactoferrin, and lysozyme. In addition, it exhibited a more favourable fatty acid composi-
tion, reflected by a reduced proportion of SFA and an increased share of UFA, particularly
MUFA and PUFA. These compositional differences reflect not only the cows’ diet but also
variations in feeding efficiency, with organic farms demonstrating improved conversion
of conserved forages and concentrates into milk, fat, and protein due to lower concentrate
input.

1.4. Yoghurt Storage

According to the definition given by the FAO/WHO, yoghurt is milk that has been
fermented and coagulated using Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus
salivarius subsp. thermophilus bacteria [27]. Lactic acid fermentation is one of the oldest and
most widespread methods for preserving milk, and thus fits very well into the idea of
organic food production. However, fermented beverages, including yoghurts, are consid-
ered to be perishable; therefore, at all stages of production and distribution, the refriger-
ated chain is required. At the moment of consumption, products cannot endanger the
health of the consumer, and should be characterized by desired quality characteristics
[16,28]. In this aspect, an important guideline for the consumer is the use-by date, indicat-
ing the shelf-life of a product stored in ideal conditions. This period largely depends on
the quality of raw material, the technological processes used, and conditions of produc-
tion, storage, transport and home storage of the final product [29-33]. The shelf-life of
yoghurt is usually 28 days, and is determined by the manufacturer on the basis of micro-
biological results obtained from shelf-life testing. If the manufacturer has an aseptic pro-
duction line and an aseptic packaging system, the shelf life can be as long as 48 days. In
the study by Janczuk et al. [34], it was shown that the content of lactoferrin in natural
yoghurt fortified with this protein gradually decreased during 28 days of storage at 4-6
°C, reaching a reduction of approximately 14% compared to the initial value. In yoghurt
fortified with 1-3% CLA, the total CLA content and its main isomers (cis-9, trans-11 and
trans-10, cis-12) significantly increased during 14 days of refrigerated storage, which was
attributed to the activity of lactic acid starter cultures [35]. Furthermore, the addition of
probiotics can significantly improve the biological activity of yoghurt, including antioxi-
dant (DPPH free radical scavenging rate and ferric reducing antioxidant power activity)
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and ACE inhibitory activities [36]. In the literature, different studies on the quality of fer-
mented milk during storage can be found. However, published studies mainly provide infor-
mation on microbiological and basic chemical properties of raw material and products.

The aim of the research was, therefore, to assess changes in the bioactive status of
organic yoghurts produced from Simmental cows’ milk during 28-day refrigerated stor-
age, including whey proteins, lipophilic vitamins, and free fatty acids, and to interpret
these changes not only in terms of compositional stability but also regarding their nutri-
tional significance, as evaluated using the IYQ (Index of Yoghurt Quality) for vitamins.

In the context of the growing demand for organic products and their health benefits,
the results of this study could be crucial for the food industry. Assessing the stability of
bioactive components during storage is important for smaller dairy processors and farms,
which can benefit from the increasing interest in healthy organic products to expand pro-
duction. Highlighting the health benefits of organic yoghurts could become a key element
in marketing strategies in response to consumers’ demand for natural, minimally pro-
cessed products.

2. Materials and Methods
2.1. Research Material

Milk for yoghurt production was obtained from three certified organic farms located
in the neighbourhood in the mountainous regions of Southern Poland. The farms were
selected based on their certified organic status (with a certificate confirming the use of
organic production methods) and location, with the aim of minimizing variability related
to environmental and management conditions. Environmental factors in the location of
the farms are characterized by a temperate continental climate. The temperature range
varies significantly between seasons, with winters typically experiencing sub-zero tem-
peratures, often ranging from -5 °C to —10 °C, and summers reaching around 25 °C to 30
°C. The region also experiences moderate humidity levels, with average relative humidity
around 75-80%, with higher levels during the winter months due to snowfalls. Seasonal
patterns include warm, humid summers with occasional thunderstorms, mild springs,
and cooler, wet autumns that transition into cold winters [37]. These climate conditions
influence the availability of forage, animal comfort, and the management of livestock
throughout the year; therefore, farms in close proximity, implementing the same practices,
were chosen for the study. In all chosen farms, Simmental cows were maintained in a tie-
stall housing system with straw bedding. During the spring/summer grazing season (May
—July), cows were provided with ad libitum access to pasture, with a daily intake of 2-3 kg
of hay. Additionally, they received a daily supplement of 1-2 kg of organic grain meal.
During the autumn-winter season, animals were fed approximately 20 kg of grass silage,
3 kg of hay, and 1 kg of organic grain meal daily. During the spring/summer grazing sea-
son, cows were kept indoors only for milking. Bulk milk samples were collected six times
(twice per month) from each farm, yielding a total of 18 samples. Milk was transported
under refrigeration and immediately used for chemical analyses and yoghurt production.

2.2. Milk Analysis

Each bulk milk sample was analyzed for the following parameters: active acidity
(pH); potential acidity (°SH); fat; protein, including casein, lactose, and dry matter con-
tents (Bentley DairySpec FT, Bentley Instruments, Chaska, MN, USA); somatic cell
count—SCC (Somacount 150, Bentley Instruments, Chaska, MN, USA); whey proteins,
including a-lactalbumin (a-LA), B-lactoglobulin (3-LG), bovine serum albumin (BSA),
lactoferrin, and lysozyme (using the liquid chromatograph ProStar 210 model and UV-Vis
ProStar 325 detector, with the Star 6.2 Chromatography Workstation, Varian, Palo Alto,
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CA, USA) [38]; fat-soluble vitamins, i.e., A, Ds, and E, as well as [3-carotene (analytical
method —as previous) [38]; and total bacterial count—TBC (BactoScan FC, FOSS, Hil-
leroed, Denmark).

Fatty acid methyl esters (FAME) were prepared in order to determine the amount of
free fatty acids in milk. 2% (v/v) sulfuric acid in methanol was used as a derivatization
reagent. A gas chromatograph (Shimadzu GC2010, Kyoto, Japan) interfaced with a quad-
rupole mass spectrometer (Shimadzu QP2010Plus, Kyoto, Japan) and autosampler (Shi-
madzu AOC-20i, Kyoto, Japan) was used. Chromatographic separation was performed on
a FactorFour Type VE-5MS capillary column (CP8944, length—30 m, internal diameter —
0.25 mm, film thickness—0.25 pm), Varian (Palo Alto, CA, USA). A dispenser heated to a
temperature of 250 °C worked in the sample division mode (Split mode—1:20). The mass
spectrometer was operated in the SCAN mode (40-550 m/z), with the ion source heated to
250 °C. The flow of carrier gas (helium) was constant during the analysis (1 mL/min). The
volume of the dispensed sample was 0.001 mL. Mass spectra of all the analyzed com-
pounds were compared to reference mass spectra (NIST 5.0), which allowed us to deter-
mine a similar coefficient of spectra. Qualitative analysis was performed on the basis of
obtained retention times and mass spectra recorded for standards of analyzed com-
pounds. Quantitative analysis of FAME was performed by external standard method, us-
ing 1-bromotetradecane as an internal standard.

Analogous tests were carried out on heat-treated bulk milk from the farms (details
on heat treatment are provided below in the Section 2.3).

2.3. Yoghurt Production

Yoghurts were produced by the water bath (thermostatic) method. Raw milk was
heat-treated at 85 °C for 30 min, cooled to 40 °C, and inoculated with 0.15 g/L of the ther-
mophilic yoghurt starter culture FD-DVS YC-380 Yo-Flex (Chr. Hansen, Horsholm, Den-
mark), containing Streptococcus salivarius subsp. thermophilus and Lactobacillus delbrueckii
ssp. bulgaricus [39]. Milk was incubated until it reached pH = 4.6, after which the yoghurts
were cooled to 20 °C to discontinue the fermentation. Such conditions ensure effective
inactivation of endogenous enzymes and microflora. This is particularly important to en-
sure the health safety of the product intended for consumption. Three yoghurt replicates
were produced per bulk milk sample, creating a total of 54 products, which were stored
at 4-6 °C for approximately 14 h prior to analysis, as shown in Figure 1.

£
J

g < iy
l

Ity = |

20°c

- 0,7,14, 21, 28 days

Figure 1. Technological flowchart illustrating the yoghurt production process.
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2.4. Yoghurt Analysis

Yoghurt analyses included the determination of potential acidity (°SH) expressed as
the content of lactic acid, and protein, fat and dry matter contents, all measured in tripli-
cate [39,40]. Whey proteins, vitamins, and free fatty acids were assessed as described for
milk samples [38,39].

A sensory evaluation was performed by a five-person panel consisting of adults of
varying ages (25-45 years) and professional backgrounds, all with experience in the sen-
sory evaluation of fermented dairy products. All panellists received detailed instructions
and participated in a short training session to refresh their understanding of the sensory
attributes (colour, consistency, flavour, and aroma) and the five-point scoring system, en-
suring consistency and reproducibility of the assessments. Each sample was served in
equal portions (approximately 100 g) in identical, neutral containers labelled with codes,
after being tempered at room temperature for 1 h prior to assessment. The evaluation was
conducted under controlled lighting and temperature conditions. The procedure included
a visual assessment of the product surface, evaluation of resistance during spooning, and
assessment of texture in the oral cavity. Panellists rinsed their mouths with water between
samples to minimize carry-over effects. A five-point scale was used to rate colour, con-
sistency, flavour, and aroma, where 1 indicated unacceptable quality and 5 denoted very
good quality [41].

Yoghurts were monitored at weekly intervals for 28 days, with a new container
opened at each stage, and stored under refrigerated conditions (4-6 °C). The 28-day stor-
age period was selected to reflect the typical refrigerated shelf-life of yoghurt, especially
in small-scale and on-farm processing. Most relevant quality changes in yoghurt occur
within the first 2-4 weeks of storage.

2.5. Calculation of the Index of Yoghurt Quality

Based on the daily requirement for a given ingredient (vitamin) for women and men
aged from 14 to 70 [42], and the caloric content of the product and the vitamin concentra-
tion in the product, the Index of Yoghurt Quality (IYQ) based on the Index of Food Quality
(IFQ) [43] for each vitamin was calculated, using the following formula:

IYQ — Nfrood+Cfood (1)

NRpA+CRDA
IYQ—Index of Yoghurt Quality,
Ntood —Nutrient in a food,
Ctooda—Number of calories in a food,
Nroa—Recommended dietary allowances for nutrient,
Croa—Recommended dietary allowances for energy,
RDA —Recommended Daily Allowances.

2.6. Statistical Analysis

Statistical analysis of the results was performed using StatSoft Inc. Statistica ver. 13.3
(Dell, Round Rock, TX, USA) by one-way analysis of variance (ANOVA). To establish re-
lationships between selected experimental variables, the Pearson’s correlation coefficients
(r) were calculated. Significance of differences was determined at a level of p (alpha) =
0.05. The results are presented as mean + standard deviation (SD).
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3. Results
3.1. Raw and Heat-Treated Milk
3.1.1. Acidity

The study included analyses of raw milk obtained in the spring/summer period from
organic farms, which was then heat-treated. The results before and after heat treatment
did not differ statistically (Table 1). The acidity of the milk, expressed as active acidity (pH
value) and potential acidity (titrimetric, in °SH), was found to meet the Polish standard
requirements PN-A-86003/A1:1998 [44] for drinking milk, according to which the active
acidity (pH) of heat-treated milk should be 6.6-6.8 and titrimetric acidity 6.0-7.2 °SH.

Table 1. Results of physicochemical analysis of raw and heat-treated bulk milk obtained from certified

organic farms in the spring/summer season used in the production of natural yoghurts (mean + SD).

Active Acidity Potential Acidity Total Protein Casein = Whey Proteins Fat Lactose Dry Matter
(pH) (%) (%) (%) (%) (%) (%)
Raw milk
6.72+0.04 6.84 +0.22 346+0.13 263+0.16 0858+0.07 3.72+0.18 475+0.04 12.85+0.18
Heat-treated milk
6.65 +0.03 6.90 +0.17 346+0.10 2.61+0.18 0.54~2+0.05 3.70+0.20 4.74+0.03 12.80+0.13

A B_differences significant at p < 0.01.

3.1.2. Biologically Active Nutrients

Evaluation of the nutritional value of the heat-treated bulk milk showed that it con-
tained 12.80% dry matter, including 3.46% crude protein, 3.70% fat and 4.74% lactose (Ta-
ble 1). The percentage of whey proteins was 0.54%, which accounted for 15.6% of the total
protein. This was reflected in the content of individual biologically active nutrients in the
protein fraction (Table 2). The heat-treated milk used for yoghurt production contained
0.74 g/L of B-lactoglobulin, 0.88 g/L a-lactalbumin, 0.41 g/L BSA, 32.97 mg/L lactoferrin,
and 4.45 ug/L lysozyme. It should be noted, however, that comparison of the results for
the raw milk before and after heat treatment showed that the untreated milk was a much
more valuable source of these proteins. The raw milk contained 0.85% of whey proteins,
including 3.65 g/L p-lactoglobulin (nearly five times more), 1.28 g/L a-lactalbumin (nearly
40% more), 0.43 g/L BSA (comparable), 137.14 mg/L lactoferrin (four times more) and
12.40 pg/L lysozyme (nearly three times more).

Table 2. Content of bioactive components in the raw and heat-treated bulk milk obtained from certified

organic farms in the spring/summer season used in the production of natural yoghurts (mean + SD).

Protein Fraction Fat Fraction

B-Lactoglo- A-Lactalbu-

BSA Lactoferrin Lysozyme [-Carotene Vitamin A Vitamin Ds Vitamin E

bulin
(g/L) (g/L) (mg/L) (ng/L) (mg/L) (mg/L) (ng/L) (mg/L)
Raw milk
0.600 B +
3.65B+026 1.28B+0.09 0.43+0.02137.148+11.1312.40 8+ 1.030.291 + 0.022 0.038 0.843 +0.0562.181 + 0.147
Heat-treated milk
A

0.74A+0.04 0884+0.04 041+0.02 32.97A4+1.90 4.454+0.19 0.268 +0.019 0'37;)021 * 0.767 £ 0.0471.893 £ 0.122

A-B_—differences significant at p <0.01.

The quality assessment of raw and heat-treated milk also included analysis of the
content of selected biologically active nutrients present in the lipid fraction, i.e., vitamins
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(Table 2), and free fatty acids (FFAs) (see Table 3). The raw milk contained on average 10%
more [3-carotene and vitamin Ds, 15% more vitamin E and 30% more vitamin A in comparison
with heat-treated milk used for yoghurt production (Table 2). All FFAs in the raw milk con-
stituted 0.276 g/100 g fat, and significantly increased in the heat-treated milk to 0.394 g/100 g
fat. Long-chain free fatty acids (C15-C24)—LCFFAs were the most dominant.

Table 3. Content of free fatty acids in the raw and heat-treated bulk milk obtained from certified organic

farms in the spring/summer season used in the production of natural yoghurts (mean + SD) (g/100 g fat).

Fat Fraction

SCFFA MCFFA

LCFFA SFFA UFFA MUFFA PUFFA All FFAs

0.008 £0.002 0.063 2 +0.006

0.006 +0.002 0.082 " + 0.007

Raw milk
0.199 4+ 0.017 0.1722+0.016 0.101 2+0.021 0.081 A+0.012 0.018 £0.004 0.276 A +0.025
Heat-treated milk
0.301 B+0.026 0.2638+0.022 0.142°+0.015 0.1178+0.010 0.022 +0.003 0.394 B+ 0.030

pH value

SCFFA —short-chain free fatty acids (C4-C8); MCFFA —medium-chain free fatty acids (C10-C14);
LCFFA —long-chain free fatty acids (C15-C24); SFFA —saturated free fatty acids; UFFA —unsatu-
rated free fatty acids; MUFFA —monounsaturated free fatty acids; PUFFA —polyunsaturated free
fatty acids; *>—differences significant at p < 0.05; # ®—differences significant at p <0.01.

3.2. Yoghurts
3.2.1. Acidity

During the study, the percentage of lactic acid in the yoghurts increased, reaching a
level of 1.476% on the final (28th) day. The pH value decreased during cold storage of the
products, falling from 4.58 on day 0 to 4.25 on day 28 —see Figure 2, indicating ongoing
acidification throughout storage.
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Figure 2. Changes in pH value in the analyzed yoghurts during 28 days of storage in refrigeration
conditions.

3.2.2. Biologically Active Nutrients

The status of bioactive compounds contained in the natural yoghurts produced from
the heat-treated milk was determined over 28 days of storage in refrigerated conditions.
The results are presented in Tables 4 and 5. The storage time was found to significantly (p
<0.05 and p <0.01) affect the content of all whey proteins (Table 4). The freshly produced
yoghurts (day 0 of storage) contained 0.92 g/L of 3-lactoglobulin, 0.84 g/L a-lactalbumin,
0.40 g/L BSA, 32.24 mg/L lactoferrin and 4.37 pg/L lysozyme. After 7 days of storage only
slight changes in their content were noted (comparable to day 0). The 14-day and 28-day

https://doi.org/10.3390/app16052277


https://doi.org/10.3390/app16052277

Appl. Sci. 2026, 16, 2277

10 of 24

storage periods led to more pronounced changes in protein status. The yoghurts analyzed
on the final storage day (day 28) were a poorer source of all whey proteins tested, as they
contained 25% less a-lactalbumin, 26% less lysozyme, 30% less (3-lactoglobulin and BSA
and as much as 38% less lactoferrin.

Table 4. Status of bioactive whey proteins in natural organic yoghurts during 28 days of refrigerated

storage (mean * SD).

Protein Fraction

Day of Storage p-Lactoglobulin a-Lactalbumin BSA Lactoferrin Lysozyme
(g/L) (g/L) (g/L) (mg/L) (ug/L)
0 0.92 <+ 0.08 0.842+0.04 040c+£0.01 32.24¢+3.30 4.37°+0.36
7 0.89 <+ 0.05 0792+0.02 039°x0.01 26.36°+2.01 4.19¢+0.22
14 0.82b+0.06 0.732+0.04 036%+0.02 23.948+2.69 4.028+0.13
21 0.752+0.07 0.692+0.06 0.32>+0.03 20.63 4B+2.15 3.738+0.25
28 0.70 2+ 0.06 0.632+0.07 0.282+0.03 19.854+3.07 3.244+0.30
Changes during storage (%) 31) 25] 30} 38] 26]
Factor influence—day of storage (p value) 0.042 0.031 0.027 0.006 0.010

BSA —bovine serum albumin; * > <—differences significant at p < 0.05; - » ¢—differences significant

at p <0.01; | —decrease in content.

In the present study, as the storage time increased the percentages of lipophilic vita-
mins in the yoghurt also decreased (Table 5). The fresh yoghurts (day 0) contained on
average 0.267 mg/L of 3-carotene, 0.453 mg/L vitamin A, 0.748 ug/L vitamin Ds and 1.849
mg/L vitamin E. During 28-day storage the greatest changes were in the content of 3-car-
otene, by 0.054 mg/L (p < 0.05), and vitamin A, by 0.077 mg/L (p < 0.05), which were 20%
and 17% less, respectively. In the case of vitamin E, the losses were 7%, i.e., 1.719 mg/L (p
<0.05) on day 28. The most stable vitamin was Ds. During storage its level remained sim-
ilar, with content of 0.730 pug/L noted on day 28. It is worth noting that only in the case of
the level of vitamin Ds were no statistically significant differences noted during storage of
the yoghurt.

Considering both the whey protein content and vitamin levels, it is necessary to link
the specific protein content in our yoghurts with the stability of vitamin Ds. The calculated
correlation coefficients obtained in our own studies suggest positive interactions between
these variables, i.e., very strong for (3-lactoglobulin and vitamin Ds (r =0.837, p <0.05), and
moderate for a-lactalbumin and vitamin Ds (r = 0.553, p < 0.05).

Table 5. Status of lipophilic vitamins in natural organic yoghurts during 28 days of refrigerated

storage (mean + SD).

Fat Fraction

Day of Storage -Carotene Vitamin A Vitamin Ds Vitamin E
(mg/L) (mg/L) (ug/L) (mg/L)
0 0.267 <£0.023  0.453<+£0.032 0.748+0.046  1.849 <+ 0.077
7 0.250<+0.005  0.441<+0.008 0.745+0.004 1.828 <+0.043
14 0.239bc+0.005 0.427b<+0.005 0.741+0.005 1.787°+0.022
21 0.2272+0.004 0.404°+0.007 0.735+0.005 1.752°+0.025
28 0.2132+0.006  0.3762+0.007 0.730+0.004 1.7192+0.031
Changes during storage (%) 20| 17] 2] 7]
Factor influence—day of storage (p value) 0.034 0.019 0.392 0.047

ab_differences significant at p < 0.05; # B—differences significant at p <0.01; | —decrease in content.
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The changes in content of FFAs in yoghurts are shown in Table 6. Long-chain free
fatty acids (C15-C24) were the most dominant, similarly as in the case of milk, and pal-
mitic (C16:0) and oleic (C18:1n9¢) acids in particular. From a quantitative point of view,
these two acids were found to be the major FFAs in all yoghurt samples. The levels of all
groups of FFAs were affected by the storage period and increased at the end of storage.
The total amount of short-chain free fatty acids (SCFFA) was higher by 39% on day 28.
The changes were statistically (p < 0.05) significant in the case of SCFFAs, long-chain free
fatty acids (LCFFA), polyunsaturated free fatty acids (PUFFA) and all FFAs.

Table 6. Status of free fatty acids in natural organic yoghurts during 28 days of refrigerated storage
(g/100 g fat) (mean + SD).

Fat Fraction

Day of St
ay of Storage ™ CEEA MCFFA  LCFFA _ SFFA UFFA  MUFFA  PUFFA  All FFAs
0.008 * 0317+ 0027+  0.440°+
0 oup 0098x0007 U T 0.303% 00240151 £00100128£0.007 0030
0.009 < + 0.383 b+ 00302+  0.498b=0
7 ogp 010020009 UL T 0336200250168 £00120137£0.007 0 09
0.008 * 0.405 > + 0032+ 05100+
14 oo 009620008 U0 T 0343200190170 200100139 £0.008 0 03
0.011 ® + 0.435 <+ 0032+ 0543 b+
21 oo 010420010 TU0 T 0350200220180 £00110.144£0.000 0 0033
0.013 b+ 0.457 <+ 0.036b+  0.554c+
28 ooy 011020009 TR T 0348200270177 £00130.139£0.008 .
Changes during
stomags (%) 391 121 311 131 151 81 251 221
Factor influ-
—day of
ence—dayof g 0.314 0.023 0.286 0.358 0.407 0.037 0.040
storage (p
value)

SCFFA —short-chain free fatty acids (C4-C8); MCFFA —medium-chain free fatty acids (C10-C14);
LCFFA —long-chain free fatty acids (C15-C24); SFFA —saturated free fatty acids; UFFA —unsatu-
rated free fatty acids; MUFFA —monounsaturated free fatty acids; PUFFA —polyunsaturated free

fatty acids; » > <—differences significant at p < 0.05; T —increase in content.

3.2.3. Organoleptic Characteristics

During 28-day storage in the refrigerated conditions of the yoghurts no statistically
significant changes were noted in their sensory quality, i.e., colour, consistency, flavour,
aroma and general acceptance. The mean results of the assessment of these characteristics
are presented in Figure 3. These characteristics were rated on average 10% lower on the
last day of storage (28) as compared to the first day.
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Figure 3. Changes in organoleptic quality (colour, consistency, flavour, aroma and general ac-

ceptance) of the analyzed yoghurts during 28 days of storage in refrigeration conditions.

3.3. Index of Yoghurt Quality

Figure 4 presents the Index of Yoghurt Quality (IYQ) values at 0, 7, 14, 21 and 28 days
of storage. IYQ, calculated for vitamins A, Ds, and E based on the modified Index of Food
Quality, showed that vitamin Ds is a nutritionally valuable component of yoghurt, with
an IYQ of 4.99 on day 0. Although the percentage losses of vitamins A and E during stor-
age were moderate (17% and 7%, respectively), their IYQ values remained below “1”
throughout the storage period, indicating that yoghurt was not a significant dietary source
of these vitamins even before storage. In contrast, vitamin Ds exhibited minimal degrada-
tion (2%), and its IYQ remained well above “1” during the entire storage period, confirm-
ing that yoghurt maintained its nutritional relevance as a source of this vitamin despite
storage-related changes. The IYQ for all three vitamins was highest on day 0 and de-
creased progressively over the 28 days of storage. The changes expressed as percentages
indicate a rapid decline in the nutritional value (IYQ) of yoghurt for vitamin A, whereas

the decrease was slowest for vitamin Ds.

10
g—=—Vitamin A

g=—=—\itamin D3

7 Vitamin E

Changes in IYQ expressed in %

0 7 14 21 28
Day of storage

Figure 4. Index of Yoghurt Quality (IYQ) reflecting vitamin content changes in yoghurts over 28

days of refrigerated storage.
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4. Discussion
4.1. Acidity and Biologically Active Nutrients in Raw and Heat-Treated Milk
4.1.1. Acidity

In general, the main aims of heat treatment are to reduce the microbial population,
to inactivate enzymes and to minimize chemical reactions and physical changes. The heat
treatment process is thus essential before beginning production of dairy products, includ-
ing yoghurt, not only on an industrial scale, but also on farms. This helps to ensure the
health safety of produced food. Trajkovska et al. [32] reported that over-acidification or
post-production acidification refers to the decrease in pH value occurring after fermenta-
tion and during refrigerated storage of yoghurts. It results from the continued metabolic
activity of yoghurt cultures, leading to ongoing lactic acid production through lactose fer-
mentation, and [3-galactosidase-mediated lactose fermentation at low temperatures.

In the present study, yoghurts were prepared using a thermophilic yoghurt starter
culture, containing S. salivarius subsp. thermophilus and L. delbrueckii subsp. bulgaricus.
These strains act synergistically. S. thermophilus initiates rapid lactose fermentation, pro-
ducing lactic acid and supporting early acidification, while L. bulgaricus contributes to the
characteristic final acidity and texture of the yoghurt. In industrial yoghurt production,
such starter combinations are widely used due to their predictable fermentation perfor-
mance and consistent impact on pH value and titratable acidity. In probiotic or functional
yoghurts, additional strains such as L. acidophilus, Bifidobacterium spp., or L. casei are often
incorporated to enhance microbial stability, support digestive health, and maintain mod-
erate acidification during storage [45]. This comparison supports the satisfactory fermen-
tation performance of the starter strains used.

According to the Codex Alimentarius [29], the titratable acidity as well as microbiolog-
ical and chemical criteria should be used to detect unacceptable conditions in milk and
fermented dairy products. Titrimetric acidity expresses the degree of milk buffering and
indicates any changes taking place in the concentration of acidic compounds in the milk,
even if the pH remains unchanged [46].

4.1.2. Biologically Active Nutrients

According to Lorenzen et al. [46], the milk production process can vary depending
on the initial concentration of whey proteins in the raw milk, particularly (3-lactoglobulin.
Mayer et al. [47] suggest that 3-lactoglobulin should account for at least 10% of the total
milk protein in the case of pasteurization (HTST). Comparative studies of raw and heat-
treated milk have shown no significant changes in the total protein content; however, heat
treatment alters the proportions of individual proteins due to denaturation and protein—
protein interactions [46]. As a result, pasteurized milk has been recognized as a valuable
source of bioactive whey proteins. However, increasing the heat load leads to progressive
structural changes in these proteins. Vasbinder et al. [48] and Wang et al. [49] observed a
significant reduction in the concentration of native whey proteins with increasing temper-
ature, with almost complete denaturation occurring during UHT processing (>120 °C).
This extensive denaturation promotes aggregation phenomena, including interactions be-
tween denatured B-lactoglobulin, bovine serum albumin (BSA), and k-casein, as well as
adsorption onto fat globule membranes [48]. Spectroscopic and electrophoretic analyses
of Wang et al. [49] further confirm that pasteurization induces only minor alterations in
the secondary structure of whey proteins, whereas ultra-pasteurization significantly re-
duces a-helix content and increases random coil structures, indicating a transition from
ordered to disordered conformations. These conformational changes are accompanied by
modifications in tertiary structure, as evidenced by fluorescence red shifts observed after
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ultra-high-temperature treatment, reflecting increased polarity of the protein microenvi-
ronment and irreversible unfolding. Differential scanning calorimetry (DSC) analyses
have shown higher denaturation peak temperatures in UHT-treated whey proteins com-
pared to pasteurized samples, suggesting enhanced thermal stability of protein aggre-
gates formed during ultra-pasteurization [49]. Such aggregates are considered heat-stable
but biologically less native due to irreversible denaturation. High-temperature treatment
adversely affects ligand-binding properties of 3-lactoglobulin, including its ability to bind
vitamin Ds, retinol, or fatty acids (e.g., palmitic acid), which is lost at temperatures above
70-80 °C. In contrast, a-lactalbumin exhibits high renaturation potential, with reversible
even in 90% denaturation observed even after heating up to 110 °C [50]. Lactoferrin
demonstrates notable thermostability under acidic conditions, retaining resistance to de-
naturation at 90-100 °C for 5-10 min and during UHT treatment at low pH [51], while
partial inactivation occurs only after prolonged (i.e., over 30 min) heating above 85 °C [52].
Lysozyme activity is relatively heat-resistant. Pasteurization of cow’s, buffalo’s, and
camel’s milk at 65-75 °C does not significantly reduce its activity, but higher temperatures
(>85 °C) can cause partial inactivation [53,54]. Notably, although lysozyme loses enzy-
matic activity upon denaturation, it retains its antibacterial properties due to bioactive
peptide sequences released during hydrolysis [54]. In general, the content of non-dena-
tured whey proteins serves as a valuable chemical indicator of the thermal load applied
during milk processing. The heat sensitivity of whey proteins follows this order: a-lactal-
bumin < 3-lactoglobulin < bovine serum albumin < immunoglobulins [55]. While thermal
processing modifies the structure and native content of whey proteins, these proteins re-
main in milk, often forming complexes with other components, thus preserving part of
their biological value. This is particularly important for consumers, as whey proteins are
well-known for their health-promoting properties, including antibacterial, antiviral, and
anticancer effects [17-19].

Vitamins such as A, Dz and E, and [3-carotene, however, are more resistant than whey
proteins to the high temperatures applied during heat treatment. Their concentrations
generally remain unchanged or are only slightly reduced, typically by no more than 10-
20% [56]. However, available data in this area are limited. Recent studies [57] indicate that
vitamin Ds exhibits particularly high thermal stability when encapsulated in nanoemul-
sion systems, maintaining high encapsulation efficiency and retention even after thermal
processing. Moreover, interactions between vitamin Ds and whey proteins may enhance
the thermal stability of the protein matrix [58]. Vitamin A and (3-carotene have been shown
to moderately inhibit the formation of heat-induced nonenzymatic post-translational
modifications in whey proteins, suggesting their relative stability under thermal condi-
tions. In addition, (3-carotene encapsulated in emulsion systems demonstrates good heat
resistance and high retention rates during processing [59]. Vitamin E (a-tocopherol) has
also been reported to improve the thermal stability of whey protein isolates, although ex-
cessive concentrations may exert a pro-degradative effect [60].

The lipid fraction of milk also contains a small proportion of fatty acids not esterified
in triglycerides, referred to as free fatty acids (FFAs). FFAs are primarily distributed
within the milk fat phase and, to a lesser extent, in the aqueous phase, with typical con-
centrations ranging from 0.5 to 1.2 mmol/100 g of milk fat [61]. The free fatty acid content
in dairy products is strongly influenced by the initial quality and composition of raw milk,
particularly microbial contamination by lipolytic and psychrotrophic bacteria, as well as
factors such as cow diet and health, or processing conditions. Heat treatment, including
pasteurization and UHT processing, generally reduces lipolysis by inactivating lipopro-
tein lipase, although its effects on FFA levels vary and may also involve oxidative changes
and fatty acid isomerization [62-65]. The findings of the present study are consistent with
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reports by other authors [46,62], who likewise demonstrated that heat treatment affects
the composition of the milk lipid fraction.

4.2. Yoghurts
4.2.1. Acidity

The acidity of the experimental yoghurts remained within the normal range, with
titrimetric acidity (expressed as lactic acid content) generally increasing during storage.
Comparable findings were reported by Kudetka [66], who observed a steady increase in
lactic acid content over a 21-day storage period under refrigerated conditions. On the final
day of storage, the lactic acid content ranged from 0.659% to 0.680% for yoghurts pro-
duced from cow’s milk pasteurized at 90 °C for 10 min, and from 0.693% to 0.720% for the
variant pasteurized at 95 °C for 5 min. Similarly, Ramchandran and Shah [67] recorded an
increase in titratable acidity in low-fat yoghurts stored at 4 °C for 28 days. On the final
day of storage, they noted a pH value of 4.53 and a lactic acid concentration of 1.23 mg/100
g, compared to a pH of 4.49 and 0.86 mg/100 g of lactic acid on day 1. These findings are
consistent with the research of Trajkovska et al. [32], who showed that the pH of yoghurt
gradually decreased during storage at various temperatures (5 °C, 10 °C, and 25 °C), indi-
cating an increase in acidity over time. Titratable acidity increased with storage time, with
higher values observed at higher temperatures, suggesting more intensive lactic acid pro-
duction under warmer conditions. As such, the growing importance of temperature con-
trol during the distribution of dairy products, particularly through e-commerce, has been
emphasized by Wasserlauf-Pepper et al. [31], highlighting the need to monitor and regu-
late the cold chain.

The changes in acidity are directly related to the type of strain used. In cow’s milk
yoghurt, S. thermophilus initially causes a rapid decrease in pH during the first 4 h of fer-
mentation, with pH values dropping from 6.6 to around 5.4. As fermentation continues,
L. bulgaricus takes over, producing more lactic acid, which further lowers the pH to ap-
proximately 4.4 by the end of an 8 h fermentation period. This pH reduction continues
during storage, with a slight decrease observed over 21 days, reaching a final pH of
around 4.2 [30]. Ge at al. [68] showed that the monoculture of L. bulgaricus led to the most
rapid acidification, with pH values dropping to 4.30 at the end of fermentation and 4.15
after 21 days of storage, while the monoculture of S. thermophilus reached pH values of
4.56 and 4.22, respectively. In contrast, the co-culture of L. bulgaricus and S. thermophilus
resulted in more gradual acidification, with final pH values of 4.45 after fermentation and
4.30 after storage, demonstrating a more balanced and stable acidification process. Shori
et al. [69] observed the lowest pH values, ranging from 4.5 to 4.2, in L. rhamnosus, with
significant differences (p <0.05) compared to L. casei, L plantarum, and control (S. thermoph-
ilus and L. delbrueckii subsp. lactis) yoghurts. These values gradually decreased over 21
days of refrigerated storage at 4 °C. No significant differences (p < 0.05) were observed
between L. casei, L plantarum and the control yoghurt. This indicates that the pH of these
samples remained more stable throughout storage.

Overall, the increase in titratable acidity during storage is a critical factor in deter-
mining yoghurt shelf life and quality. This ongoing fermentation process, influenced by
factors such as initial milk pH, microbial activity, storage temperature, and additives,
plays a significant role in shaping the product’s final characteristics [32,66—-69].

4.2.2. Biologically Active Nutrients
Whey Proteins

The content of whey proteins in fresh yoghurts is closely related to their content in
the processing milk and production method, while the changes during storage depend on
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the time and conditions of storage. In a study by Ruprichova et al. [70], conducted on
commercial yoghurts, 3-lactoglobulin was found to be the most thermally unstable pro-
tein. This instability is primarily attributed to the processing temperature and the fermen-
tation conditions. During fermentation, lactose is converted to lactic acid, which denatures
milk proteins, giving yoghurt its characteristic texture and sensory properties. A study by
Bonczar et al. [71] on thermophilic yoghurt cultures, such as YC-180, which contains S.
thermophilus and L. bulgaricus (similar to the cultures used in our own research), revealed
that these cultures produced the highest levels of 3-casein and a-lactalbumin, and the
lowest levels of serum albumin. This suggests that the high-molecular-weight proteins,
including lactoferrin and serum albumin, undergo more extensive hydrolysis during 14-
day storage of the yoghurt. Several studies [72-74] indicate that different starter cultures
can have varying effects on the protein composition of yoghurt. For instance, L. bulgaricus
and S. thermophilus are capable of hydrolysing both caseins and whey proteins [73,74].
Caseins are more easily hydrolysed in the presence of certain starter culture bacteria than
whey proteins [72]. Proteolytic activity of Lactobacillus strains also differs among individ-
ual whey proteins, as a-lactalbumin is more readily hydrolysed than 3-lactoglobulin.

However, beyond the susceptibility of whey proteins to hydrolysis, the individual
compounds also play important functions in yoghurt structure and properties. [3-lactoglo-
bulin contributes to emulsion stabilization in milk, thereby enhancing the overall struc-
tural stability of yoghurt [75]. In addition, the application of a-lactalbumin in the form of
a-lactalbumin hydrolysate-calcium complexes has been reported by Zhao et al. [76] to
modulate fermentation kinetics and improve storage stability by supporting the growth
of S. thermophilus, limiting post-acidification, maintaining viscosity, and reducing whey
separation. Furthermore, antimicrobial proteins such as lactoferrin and lysozyme may be
used to control undesirable microbial growth, contributing to an extended shelf-life of
yoghurt without affecting sensory properties [77].

Generally, the concentration and stability of a-lactalbumin, -lactoglobulin, lactoferrin,
and lysozyme in yoghurt are influenced by various factors including thermal treatments and
storage conditions. These proteins play significant roles in maintaining the quality and extend-
ing the shelf-life of yoghurt through their functional properties and interactions.

Vitamins

Vitamins are an important group of organic substances with high biological effec-
tiveness and are essential to the proper growth and function of the body. Unfortunately,
the human body is unable to produce them independently or produces them in negligible
quantities, so they must be regularly supplied with food or in the form of supplements.
The influence of various factors on vitamin content in yoghurts is a relatively rarely ad-
dressed topic in scientific literature. Herrero-Barbudo et al. [78] observed that whole-fat
(3.1% fat) yoghurt contained higher levels of fat-soluble vitamins, including retinol, {3-
carotene, and a-tocopherol, compared to low-fat varieties. However, Fox et al. [56] re-
ported that whole plain milk yoghurt (3% fat; unflavoured) contains approximately 28 ug
of retinol, 21 ug of carotene, 0.04 ug of vitamin Ds, and 0.05 pg of vitamin E per 100 g.
Papastoyiannidis et al. [79] investigated the stability of selected B-vitamins during the
production and storage of fermented milks made from cow’s milk, both non-fortified and
fortified with selected B-group vitamins such as thiamine, riboflavin, pyridoxine, pyri-
doxal, pyridoxamine, and folic acid. They found that although certain vitamins decreased
during milk heat treatment and fermentation, the concentrations of all vitamins remained
stable during 16 days of storage at 4 °C. Moreover, both the species and strain composition
of the starter cultures significantly influenced vitamin retention during fermentation and
refrigerated storage. According to Tamine and Robinson [80] and Fox et al. [56], dissolved
oxygen can significantly reduce the content of vitamins C, Bs, B12, as well as folic acid and
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lipophilic vitamins during the production process and storage. Unfortunately, the availa-
ble literature provides limited information on changes in the status of lipophilic vitamins
during refrigerated storage of yoghurts. Jafari et al. [81] described the stability of vitamin
Ds in fortified yoghurt and yoghurt drink (Doogh). The vitamin Ds content was not af-
fected by the applied heat treatment, including pasteurization as well as subsequent pro-
cessing steps such as homogenization and fermentation. Both water- and oil-dispersible
forms of vitamin remained stable throughout the 21-day shelf-life of yoghurt samples
stored in opaque containers, as no statistically significant differences were observed. Alt-
hough studies specifically addressing vitamin content in yoghurt are limited, investiga-
tions on other dairy products, such as powdered milk, indicate that vitamin A (present
mainly as retinol and carotenoids) and E may undergo significant degradation under cer-
tain storage conditions. Powdered milk stored at room temperature under light exposure
exhibited the greatest losses of fat-soluble vitamins, i.e., the concentration of vitamin A
decreased by approximately 91% relative to the initial level after one year, while vitamin
E (expressed as a-tocopherol) by approximately 95% [82]. Despite its contribution to hu-
man dietary requirements, yoghurt in its traditional recipe is a poor source of fat-soluble
vitamins. Vitamin E, when incorporated into yoghurt through fortification, remains stable
during refrigerated storage at 4 °C for up to 28 days, despite the thermal processing steps in-
volved in manufacture. Furthermore, fortified yoghurt samples exhibit significantly (p <0.05)
higher in vitro antioxidant activity compared with non-fortified controls, indicating that the
added vitamin E retains its functional and bioactive properties throughout storage [83].

Refrigerated storage at 4 °C generally supports the stability of vitamin D3 and E in
fortified yoghurts for up to 28 days, whereas vitamin A and carotenoids may undergo
gradual degradation over time. Nevertheless, further yoghurt-focused studies are re-
quired to comprehensively verify these changes.

Interactions Between Whey Proteins and Vitamin Ds

The relationship between the specific protein content in the analyzed yoghurts and
the stability of vitamin Ds should be examined within the framework of binding interac-
tions, stability mechanisms, and bioavailability. Forrest et al. [84] reported that vitamin Ds
interacts with milk proteins, including B-lactoglobulin A (a major whey protein) and f3-
casein. These interactions are modulated by environmental factors such as pH and ionic
strength, which may influence the stability and bioavailability of vitamin Ds in dairy ma-
trices. Therefore, the presence of whey proteins may contribute to the stabilization of vit-
amin Ds in milk and yoghurt, potentially enhancing its nutritional value.

Additionally, whey proteins have been employed to enhance the effectiveness of vit-
amin Ds fortification in dairy products, owing to their ability to increase circulating levels
of 25-hydroxyvitamin D, the primary circulating form of vitamin Ds. This suggests that
the incorporation of whey proteins in vitamin Ds-fortified dairy products may help opti-
mize vitamin Ds status in the body. Furthermore, L-cysteine has been shown to increase
circulating hydrogen sulphide, nitrite, and 25-hydroxyvitamin D levels in Zucker diabetic
fatty rats, and in vitro studies indicate that hydrogen sulphide and nitrite can upregulate
the expression of vitamin D hydroxylase genes in monocytes [85].

The interactions between milk proteins and micronutrients, including vitamin Ds,
can be influenced by processing methods such as heat treatment or high-pressure pro-
cessing, which may alter protein structures and their interactions with vitamins. This un-
derscores the importance of processing techniques in preserving the nutritional quality of
fortified dairy products [86].
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Free Fatty Acids

Determination of FFAs in dairy products is primarily applied as an indicator of milk
quality [63]. Milk with elevated FFA levels develops a rancid flavour due to the liberation
of SCFFAs, especially butyric acid, and generally becomes unacceptable. FFAs in yoghurts
are influenced not only by the milk quality but also by the fermentation conditions as well
as storage time and temperature. Storage of dairy products can contribute to the release
of FFAs from triglycerides as a result of milk fat lipolysis, which may be induced by en-
dogenous milk enzymes, including thermoresistant lipases, or by the metabolic activity of
lactic acid bacteria [87,88]. The observed increase in short-chain free fatty acids (SCFFAs)
may be attributed to the ability of yoghurt cultures to selectively hydrolyse C4-C8 fatty
acids from triglycerides. These compounds are esterificated in triglycerides mainly at sn-
3 position, which is easily hydrolysed by lipases of bacteria. However, bacterial lipases
possess weak specificity to the linkage in sn-2 position in triglycerides, where more than
50% of C10-C14 acids are esterificated [88,89]. Our results are consistent with those re-
ported by Yadav et al. [90], who observed a significant (p < 0.05) increase in total FFAs
throughout both fermentation and 10 days of cold storage in probiotic dahi. They also
obtained notable rises in specific components such as butyric and linoleic acids, indicating
enhanced lipolytic activity associated with probiotic cultures—L. acidophilus and L. casei.
In yoghurt containing Acinetobacter genomospecies 10, short-chain free fatty acids (SCFFAs)
increased from 25.3 mg/kg to 34.4 mg/kg over 14 days of refrigerated storage; medium-
chain free fatty acids (MCFFAs) from 20.4 mg/kg to 25.7 mg/kg; and long-chain free fatty
acids (LCFFAs) exhibited the largest increase, i.e., from 240.2 mg/kg to 322.8 mg/kg [91].
It is worth noting that saturated volatile free fatty acids were the focus of Beshkova et al.
[92], who found that the mixed cultures (S. thermophilus and L. bulgaricus) formed volatile
compounds more actively than the pure cultures. In a study by Giiler and Giirsoy-Balc1
[89], significant differences were observed in volatile free fatty acids (C2—-C10) between
goat’s and ewe’s milk yoghurts. The total level of SCFFAs (C4-C8) was the highest in
ewe’s yoghurts. Analysis of changes during 21 days of storage indicated that SCFFAs
reached a maximum level at the end of storage period, whereas LCFFAs (C16—C18:1) de-
creased over the same period. As Reguta [88] reported, fermented beverages stored for 14
days exhibited lower levels of most FFAs compared to samples analyzed after one day of
storage. The intensity and direction of these changes in FFA content were dependent on
the type of starter culture used.

Although in the sensory evaluation, the yoghurts received an overall acceptance (>4.3
points/5), it should be noted that higher levels of SCFFAs may increase the risk of rancid
taste, especially with prolonged storage. According to the literature [63], SCFFA levels
above a certain threshold can become sensory detectable, leading to an unpleasant taste
(e.g., sour-rancid), which negatively affects the product quality. While in the case of the
yoghurts analyzed in this study, the SCFFA levels increased by 39% by the end of the 28-
day storage period, they did not reach a level that would be considered sensory unac-
ceptable. However, further studies may help determine the exact threshold above which
the presence of SCFFAs starts to have a negative impact on consumer acceptance.

As indicated by the above studies, the profile of free fatty acids in yoghurt undergoes
significant changes during storage, reflecting ongoing lipolytic activity. These changes are
strongly influenced by both the storage duration and the microbial composition of the
product. Probiotic yoghurts typically contain higher levels of unsaturated FFAs compared
to conventional ones, which may have important implications for their nutritional value,
sensory properties (particularly flavour development), and overall quality.
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4.2.3. Organoleptic Characteristics

Sensory characteristics are very important in the consumers’ evaluation of a product.
Some people are unwilling to give up certain sensory characteristics even if the product
is less healthy. The factors that play the most important role in determining the market
behaviour of consumers, including in the case of yoghurt, include freshness, flavour and
aroma. These characteristics directly depend on the acidity, including the contents of lactic
acid, FFAs and volatile compounds [93-95]. Higher content of lactic acid increased the
acidity of the yoghurt and thus its flavour, making it sourer. In our research, the decrease
in acidity was not very high in the initial day and during storage, therefore, the general
acceptance of yoghurts was satisfactory (above 4.3 points/5 max points). The levels of
FFAs were significantly elevated; however, not to such an extent that it would affect a
strong rancid flavour. Coggins et al. [96] indicated that storage duration (0-56 days) sig-
nificantly (p <0.01) affected both appearance (e.g., colour description, brightness) and tex-
tural attributes (e.g., firmness, viscosity) with intensity increasing over time, whereas tem-
perature and time-temperature interactions had no significant effect on the sensory profile
of conventional milk yoghurt.

4.2.4. Index of Yoghurt Quality

Each person has their own individual needs regarding nutrients. Therefore, it is cru-
cial to deliver products with low energy density and high nutritional density. Any num-
ber of nutrients can be included in the profile of a food, provided there is adequate infor-
mation on human requirements and on the nutrient composition of the food. The Index
of Yoghurt Quality (IYQ), based on the modified Index of Food Quality (IFQ), is such a
quality-distinguishing feature. An index of “1” or higher for a particular nutrient indicates
that the food is a good choice to cover the Recommended Daily Allowances (RDA). More-
over, this factor changes at different rates for various nutrients. Milk is a good source of
protein (IFQ = 1.8) and calcium (IFQ = 4.1) [43]. In general, it is difficult to discuss the
results for the Index of Yoghurt Quality (also referred to in this approach as the Index of
Food Quality) for vitamins, as there is no data available in the literature on IYQ for vita-
mins in yoghurts. The use of IYQ enables differentiation between technological degrada-
tion and nutritional relevance. Importantly, this index can also be applied to other com-
ponents, provided that recommendations exist for them. On this basis, the health-promot-
ing properties of products (nutrient density) can be quantified and could potentially be
used on packaging in the future as additional product information for consumers.

5. Conclusions

Processing of milk directly by dairy farmers is a natural development of milk pro-
duction. In a country like Poland, this form of income is still limited. This study highlights
the potential for the development of organic milk processing in on-farm facilities, empha-
sizing the importance of assessing both product quality and safety. During the 28-day
refrigerated storage period, significant alterations were observed in the bioactive compo-
nents of yoghurt, including both protein and lipid fractions, with decreases in whey pro-
teins ([3-lactoglobulin, a-lactalbumin, BSA, lactoferrin and lysozyme) and lipophilic vita-
mins (A, E and p-carotene), while the content of free fatty acids increased. The most pro-
nounced reduction occurred in lactoferrin, whereas the content of vitamin Ds remained
largely stable, as further confirmed by the Index of Yoghurt Quality (IYQ). Despite these
biochemical changes, the sensory attributes of yoghurts remained stable throughout the
storage period. This indicates that alterations in bioactive status did not compromise the
high sensory quality of the product even after 28 days of storage (the end of their shelf
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life). Therefore, the study indicates the importance of monitoring the dynamics in the sta-
tus of bioactive compounds in dairy products, particularly in light of growing consumer
interest in functional and organic food. Further research is warranted to provide detailed
insights into the characteristics of the bioactive status of yoghurts during storage, espe-
cially with regard to free fatty acids, as well as in relation to other factors.
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