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Featured Application

The findings of this study can be applied to the development of whey yogurt formulations in
dairy processing, particularly for the valorization of liquid whey as a dairy by-product. The
optimized formulation provides a practical basis for incorporating a substantial proportion
of whey while maintaining desirable physical stability during refrigerated storage. The
constrained mixture-design approach can also be applied as a formulation tool for balancing
multiple quality responses during the development of other fermented dairy products
containing whey or similar dairy by-products.

Abstract

The valorization of whey, a major dairy-processing by-product, represents an important
strategy for improving resource efficiency, supporting sustainable dairy production, and
diversifying fermented dairy products. However, increasing whey incorporation into yogurt
may affect gel stability and water retention during storage. This study aimed to develop and
optimize a whey yogurt formulation using a constrained mixture-design approach, with
milk, liquid whey, and skim milk powder (SMP) as formulation components. Twenty-two
randomized experimental runs were conducted, including 13 formulations in the first batch
and nine repeated formulations in a second batch. The mixture design was constrained to
40-100% milk, 0-50% whey, and 0-10% SMP, with the components summing to 100%. A
multi-response approach was applied to evaluate syneresis, water-holding capacity (WHC),
and pH after 1, 7, and 14 days of refrigerated storage, together with total phenolic content
(TPC) and microbiological quality. The experimental data were analyzed using Design-
Expert software (Version 13, Stat-Ease Inc., Minneapolis, MN, USA)), and mixture models
were evaluated using analysis of variance and model-adequacy statistics. Numerical op-
timization was performed using a desirability-function approach, with minimization of
syneresis and maximization of WHC as the principal optimization objectives. TPC was
evaluated as a supplementary response but was not included in the final optimization
because an adequate predictive model was not established. During storage, pH decreased,
indicating progressive post-acidification, while syneresis and WHC varied among formula-
tions and storage periods. The optimized formulation consisted of 52.665% milk, 38.948%
whey, and 8.388% SMP, with an overall desirability of 0.754. The predicted syneresis and
WHC values were 52.337 mL/100 mL and 48.442% on day 1, 53.231 mL/100 mL and 48.902%
on day 7, and 50.913 mL/100 mL and 52.329% on day 14, respectively, while the predicted
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pH values were 4.361, 4.273, and 4.154. The numerical optimum was further evaluated using
two independent confirmation runs, showing reasonable agreement between the predicted
and experimental syneresis and pH values. TPC results showed considerable variation
among the formulations, reflecting differences in the phenolic content of the developed
yogurts, while microbiological analysis showed variable results among the experimental
runs. Overall, the findings demonstrate the applicability of constrained mixture-design
methodology for balancing whey utilization with yogurt physical stability and highlight
the potential of liquid whey valorization as a sustainable strategy for fermented dairy
product development.

Keywords: whey valorization; yogurt; mixture design; multi-response optimization; synere-
sis; water-holding capacity; skim milk powder; storage stability; dairy sustainability

1. Introduction

Whey is a major dairy by-product generated during cheese and other dairy processing.
Although traditionally treated as a residual stream, whey contains lactose, soluble proteins,
minerals, and other water-soluble nutrients that can be recovered through food applications.
Its incorporation into value-added dairy products can therefore support more efficient
use of milk constituents, reduce the need for disposal, and create additional value within
the dairy production chain [1-5]. Recent reviews and case studies emphasize that whey
valorization is increasingly viewed within a circular-bioeconomy framework, with food
and beverage applications providing practical routes for converting a nutrient-rich by-
product into value-added products [4,5]. Recent research on whey-based beverages and
whey-enriched fermented products further demonstrates the feasibility of converting this
by-product into foods with desirable technological characteristics. The valorization of whey
is particularly relevant for small and medium dairy processors, where direct disposal may
represent both an environmental burden and a loss of potentially useful nutrients.

A mixture-design approach is well suited to this problem because the formulation vari-
ables are proportions constrained to a constant total rather than independent process factors.
In a mixture experiment, changing one component necessarily changes the relative contri-
bution of the other components, making conventional one-factor-at-a-time experimentation
inefficient for formulation development. Cornell [6] established the statistical framework
for mixture experiments, and Galvan et al. [7] summarized their broad application in food
and beverage formulation. Mixture and desirability approaches have also been success-
fully applied to yogurt, dairy powders, beverages, and other food matrices [8-14]. Recent
dairy studies demonstrate the value of combining constrained mixture formulations with
simultaneous optimization of several quality responses, including syneresis, texture, and
storage behavior. For example, recent work on milk-whey mixtures used desirability-based
optimization to identify balanced milk and whey proportions, while recent stirred-yogurt
research showed that mixture optimization can identify formulations that satisfy multiple
physical and sensory targets simultaneously [13,14].

Storage stability is especially important for whey yogurt because continued post-
acidification and structural rearrangement of the protein network can progressively modify
pH, syneresis, WHC, texture, and sensory quality [15-17]. Bierzuniska et al. [16] demon-
strated that whey-protein modification can improve water retention and reduce syneresis
during refrigerated storage, while Brodziak et al. [17] showed that whey-protein addition
interacts with starter culture and storage time to affect yogurt physicochemical properties.
The research of Hyseni [18] also observed high syneresis by day 21 in a formulation con-
taining 75% milk and 25% whey, providing a direct motivation for evaluating formulation-
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dependent storage stability in the present work. In addition, Hyseni et al. [19,20] reported
that liquid-whey incorporation can be used successfully in yogurt formulations supple-
mented with fruit ingredients, but the effects of formulation on texture and sensory prop-
erties underline the need for systematic control of the milk—-whey balance. More recently,
Hyseni et al. [21] evaluated yogurt produced with 25% liquid whey and fruit supplementa-
tion and reported that Enterobacteriaceae and Escherichia coli were not detected during storage,
further supporting the feasibility of liquid-whey incorporation in fermented yogurt systems.

The balance between milk, whey, and skim milk powder (SMP) is therefore particularly
important in whey yogurt. Whey can provide soluble proteins and lactose but, when used
at high proportions, can alter the total solids and casein environment of the formulation.
Previous studies have shown that dairy protein supplementation can modify acidification
kinetics, rheological properties, firmness, and microstructure [22]. Whey protein concen-
trates have also been reported to influence the physical properties of yogurt [23], while
changes in the casein-to-whey protein ratio can modify protein interactions and coagulation
behavior [24,25]. SMP contributes additional protein and milk solids and can improve gel
formation and water retention when incorporated at appropriate levels [22,26,27]. In a
whey-containing yogurt system, Khadka and Timsina [27] reported lower syneresis with
increasing SMP and also observed progressive changes in pH and syneresis during refriger-
ated storage. These findings indicate that formulation must be considered together with
storage time rather than evaluated only immediately after fermentation.

Among the most important physical quality characteristics of yogurt are syneresis and
water-holding capacity (WHC). Syneresis, or serum separation, represents the release of
liquid from the protein network and is commonly associated with a weak or insufficiently
compact gel structure. WHC describes the ability of the yogurt matrix to retain water against
mechanical or storage-related stresses. These responses are closely related as formulations
with stronger and more cohesive protein networks generally retain more serum and exhibit
less visible whey separation [15,28]. Syneresis can be affected by total solids, protein
concentration and type, casein-to-whey protein ratio, heat treatment, homogenization,
starter culture, fermentation, cooling, and storage conditions [15]. Thus, increasing whey in
a yogurt formulation cannot be considered only as a simple replacement of milk; it changes
the composition of the protein system in which the acid-induced gel develops.

Yogurt provides a suitable matrix for whey utilization because its quality is determined
by the composition of the milk base, protein interactions, fermentation conditions, and
subsequent refrigerated storage. Yogurt is produced mainly through the activity of Strepto-
coccus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus, which convert lactose to
lactic acid and progressively reduce the pH of the milk. As acidification proceeds, casein
micelles lose their colloidal stability and aggregate to form a three-dimensional protein
network. Heat treatment also promotes denaturation of whey proteins, which can associate
with k-casein and subsequently participate in the developing gel structure. Consequently,
changes in the relative amounts of casein, whey proteins, and other milk solids can alter gel
formation, network strength, serum immobilization, and the rheological properties of the
final yogurt [15,22,26,28].

Despite these advances, limited work has addressed the simultaneous optimization
of a three-component milk-whey-SMP yogurt system using multiple physical responses
measured at several storage times together with pH as a storage-quality constraint. Evaluat-
ing syneresis and WHC only at one time point may overlook changes that develop during
refrigerated storage. The present study therefore used a constrained randomized mixture
design to characterize milk—-whey-SMP formulations and to identify a formulation that
simultaneously minimizes syneresis, maximizes WHC, and maintains an appropriate pH
profile over 14 days. The objective was to formulate and optimize whey yogurt using milk,
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whey, and SMP as mixture components, with syneresis and WHC measured on days 1,7, and
14 and pH incorporated into the final numerical optimization. The working hypothesis was
that an appropriate balance of whey and SMP could permit substantial whey incorporation
while maintaining the physical stability of the yogurt gel during refrigerated storage.

2. Materials and Methods
2.1. Raw Materials

Raw milk and cottage cheese whey were obtained from the same local dairy farm
in Skopje, North Macedonia. The raw milk was collected from the farm, transported
to the laboratory, and stored under refrigeration at 4 °C until yogurt preparation. The
cottage cheese whey was produced at the same farm using milk from that farm. During
cottage cheese production, the milk was initially pasteurized at 80-85 °C for 15 min and
subsequently cooled to 30-35 °C. Rennet was then added to induce coagulation, and the milk
was maintained until a stable curd formed. The curd was cut to facilitate whey separation,
after which the whey was drained, filtered, packed in suitable containers, and stored under
refrigeration at 4 °C until collection and subsequent use in the laboratory.

YO-FLEX® Express 1.0 starter culture (Chr. Hansen A/S, Hersholm, Denmark), con-
taining Streptococcus thermophilus and Lactobacillus bulgaricus, was used. Skimmed milk
powder (SMP), medium-heat type, was supplied by Vita Nova, (Skopje, North Macedonia),
and manufactured by Vinnitsa Dairy Plant Roshen (PrJSC “VDP “ROSHEN” Vinnytsia),
Ukraine. According to the manufacturer’s specification, the product was produced from
skimmed milk and was characterized by a moisture content below 4.0%, titratable acidity
below 18 [29],a WPN value of 1.51-5.99, an insolubility index below 0.5 mL, and the absence
of foreign materials. The skimmed milk powder had a fat content of <1.25%, lactose content
of 54%, and protein content of >35%, as declared by the manufacturer.

2.2. Yogurt Manufacture

For yogurt preparation, the raw milk and cottage cheese whey were subjected to a
second heat treatment at 85 £ 2 °C for 25 min in the laboratory before being cooled to the
fermentation temperature of 45 £ 2 °C and inoculated with the starter culture. Formulations
were prepared by combining the mixture components according to the experimental design
and inoculated with 0.04% starter culture. Fermentation was conducted for 4 h at 43 °C.
Yogurts were cooled and stored at 4-8 °C for 14 days.

2.3. Mixture Design

A mixture design was employed to investigate the effects of milk, whey, and skim milk
powder (SMP) proportions on yogurt quality characteristics. The experimental design com-
prised 22 runs, including 13 initial formulations and 9 formulations independently prepared
in a second batch to assess reproducibility. Each independently prepared formulation was
treated as a separate experimental unit, and the responses from all 22 runs were included in
the mixture-model analysis. The proportions of the three mixture components were varied
within predefined formulation constraints and expressed exclusively as percentages: milk
(A), 40-100%; whey (B), 0-50%; and SMP (C), 0-10%. The mixture constraint was (A + B
+ C =100%) (Table S2). The distribution of the experimental runs within the formulation
space is presented in Figure 1.
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Figure 1. Experimental formulation space and distribution of the 22 experimental runs generated
using the mixture design. Red circles represent experimental design points, with adjacent numbers
indicating the number of runs at overlapping mixture compositions. Shaded regions and numbered
contour lines (1-5) represent the standard error of design, reflecting the variation in prediction
precision across the mixture space.

Replicated formulations were included to estimate experimental error and assess lack
of fit. Linear, quadratic, and higher-order mixture models were evaluated using Design-
Expert. Model selection considered sequential model significance, lack of fit, adjusted R?,
and predicted R2. The linear models were suggested for all responses, as the addition of
higher-order terms did not significantly improve model performance and generally reduced
predicted R?. Accordingly, linear models were retained as the most parsimonious options
for describing the relationships between milk, whey, and skim milk powder within the
investigated formulation domain. However, potential nonlinear effects cannot be completely
excluded. Prior to processing, the physicochemical properties of the materials were deter-
mined. The physicochemical properties of the milk, whey and milk-whey mixtures were
analyzed using a milk analyzer Lactoscan S (Milkotronic Ltd., Nova Zagora, Bulgaria).
Table 1 presents the physicochemical properties of pasteurized milk, pasteurized whey, and
the designed mixtures. Raw milk had a pH of 6.23, fat content of 4.02%, solids-non-fat (SNF)
of 7.82%, lactose content of 4.37%, protein content of 2.86%, and a density of 1.027 g/cm?®.
Raw whey had a pH of 5.82, fat content of 0.62%, SNF of 7.03%, lactose content of 3.93%,
protein content of 2.58%, and a density of 1.026 g/cm?.
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Table 1. Physicochemical properties of the pasteurized milk, pasteurized whey, and the designed
mixtures.

Fat SNF Lactose Protein Density

Samples PR ) () (%) (%) (g/emd)

Pasteurized Whey 5.29 0.14 7.32 4.1 2.68 1.028
Rl <P§lsit1‘f<‘;rized 633 465 774 433 2.83 1.026
R2 598 323  7.64 427 2.80 1.027

R3 582 246  7.63 427 2.80 1.027

R4 582 364  9.03 5.04 331 1.032

R5 584 313 9.2 5.03 331 1.032

R6 577 299 9.8 5.46 3.59 1.035

R7 619 140 937 5.22 3.44 1.035

RS 630 190 9585 5.49 3.61 1.036

R9 634 219  10.18 5.67 3.73 1.037

R10 624 176 1074 5.98 3.94 1.04

R12 614 121 1179 6.56 433 1.044

R14 618 128 1323 7.35 4.86 1.050

R18 612 163 1676 9.29 6.15 1.063

2.4. pH, Syneresis and WHC

pH was measured with a Benchtop pH Meter-210 (BIOBASE, Jinan, China), on days 1,
7, and 14 after yogurt production.

Syneresis

Syneresis of the yogurts was evaluated by filtering the samples (100 mL) through What-
man filter paper number 1 (Whatman International Ltd., Maidstone, UK) overnight [30].
The volume of the obtained whey was calculated using the following formula:

Syneresis (%) = (V,,/Vy) x 100

where (V,,) is the volume of separated whey (mL) and (V) is the initial volume of the
yogurt sample (mL). When a 100 mL yogurt sample was used, the numerical value of the
measured whey volume in milliliters was equivalent to the syneresis response expressed
in mL/100 mL. The resulting syneresis values were used as the response variable in the
mixture-design statistical models and numerical optimization.

WHC

WHC was measured after centrifuging 5 g of yogurt at 3542x g for 20 min at 4 °C using an
MPW-150R centrifuge (MPW MED. INSTRUMENTS, Warsaw, Poland). The calculation was:

WHC (%) = [1 — (whey weight/initial sample weight)] x 100

2.5.TPC

The analysis for determining the total phenolic content (TPC) of the yogurts was
conducted using the method described by Nakov et al. [31]. All samples were analysed
in triplicate. A blank sample was also prepared. In test tubes, 300 uL of the previously
prepared supernatant was measured using an automatic pipette. Next, 1.5 mL of Folin—-
Ciocalteu reagent was added to all samples. The samples were left for 5 min before 1.5 mL
of sodium carbonate solution was added. The samples were then vortexed and kept in the
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dark for 90 min. Absorbance was measured using an SP-UV1100 UV-Vis spectrophotometer
(DLAB Scientific Co., Ltd., Beijing, China) at 760 nm.

2.6. Microbiological Analysis

Microbiological analysis of the yogurt samples was performed using standard mi-
crobiological procedures for food products. Samples were aseptically homogenized and
serially diluted in sterile diluent. Appropriate dilutions were inoculated onto selective and
non-selective culture media, including Columbia Blood Agar (CBA), ChromID™ CPS®
(bioMérieux SA, Marcy-1'Etoile, France) Agar, and Salmonella-Shigella (SS) Agar for bacte-
rial isolation, and Sabouraud Agar for the cultivation of yeasts and molds. Bacterial cultures
were incubated at 37 °C for 24-48 h, whereas yeast and mold cultures were incubated
at 25-30 °C for 48-72 h. Representative bacterial colonies were selected based on colony
morphology and subjected to Gram staining and microscopic examination. The isolates
were subsequently identified using the VITEK® 2 automated microbial identification system
(bioMérieux, Marcy-1'Etoile, France) with appropriate identification cards. Identification
was based on the biochemical profiles of the isolates generated by the VITEK® 2 system. The
resulting identifications were used to characterize the bacterial microorganisms recovered
from the yogurt samples.

2.7. Multi-Response Optimization

Design-Expert v13 was used for mixture modeling and numerical optimization. Model
significance was assessed by ANOVA and adequacy by R?, adjusted R?, predicted R?, ade-
quate precision, and lack of fit. Simultaneous numerical optimization used the Derringer—
Suich desirability function [32]. Syneresis was minimized, WHC was maximized, and
pH was included as a quality constraint according to the final Design-Expert optimization
setup. The overall desirability represents the simultaneous satisfaction of the specified
response goals.

The prediction error for confirmation experiments was calculated as:

Prediction error (%) = [Experimental — Predicted|/Predicted x 100

The original 22 design runs were used for model fitting; therefore, fitted-versus-
observed agreement within those runs is reported as in-design prediction performance, not
independent external validation.

3. Results
3.1. Syneresis and Water-Holding Capacity During Storage

Syneresis and water-holding capacity (WHC) of the yogurt formulations were evalu-
ated on days 1, 7, and 14 of refrigerated storage. On day 1, syneresis values ranged from 48.5
to 69.5 mL/100 mL, while WHC ranged from 19.67 to 50.30%. On day 7, syneresis ranged
from 50.5 to 67.0 mL/100 mL and WHC from 21.94 to 50.26%. On day 14, syneresis ranged
from 48.0 to 69.5 mL /100 mL, whereas WHC ranged from 22.82 to 51.49%. These ranges
indicate considerable variation among the formulations at each storage time (Table S1). The
magnitude of syneresis differed among formulations throughout storage. On day 1, the low-
est syneresis value was observed in R13 (48.5 mL/100 mL), whereas the highest value was
observed in R2 (69.5 mL/100 mL). On day 7, syneresis values ranged from 50.5 mL/100 mL
in R13 to 67.0 mL/100 mL in R16. On day 14, the lowest syneresis was recorded for R13
(48.0 mL/100 mL), while the highest value was observed in R16 (69.5 mL/100 mL). WHC
also varied considerably among formulations. On day 1, values ranged from 19.67% in R3 to
50.30% in R13. On day 7, WHC ranged from 21.94% in R3 to 50.26% in R13. On day 14, the
lowest WHC was observed in R3 (22.82%), whereas the highest value was recorded in R13
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(51.49%). Thus, R13 maintained a comparatively high WHC throughout storage, while R3
consistently exhibited the lowest WHC. Changes in syneresis during storage varied among
the formulations. Some formulations showed increased syneresis, whereas others showed
decreased or relatively stable values from day 1 to day 14. For example, syneresis in R1
decreased from 57.0 to 48.5 mL/100 mL, while R8 decreased from 61.0 to 52.0 mL /100 mL.
In contrast, R16 increased from 65.5 to 69.5 mL/100 mL. Similarly, changes in WHC differed
among formulations. R1 increased from 41.88% on day 1 to 51.47% on day 14, and R8
increased from 38.89 to 45.05%. In contrast, R16 showed a slight decrease from 28.27 to
27.81%. The ratio and interactions of casein and whey proteins are particularly important
because they influence protein aggregation, gel formation, and the resulting microstructure
of yogurt [22,24,28]. The addition of whey proteins can also modify the physicochemical
characteristics of yogurt and, depending on the formulation and processing conditions,
affect both water retention and syneresis [17].

From a technological perspective, syneresis and WHC are important indicators of
yogurt gel stability and water retention. Excessive serum separation can negatively affect
the product’s physical appearance and potentially reduce consumer acceptability, whereas
higher WHC generally reflects a greater capacity of the protein network to retain water
during storage [15,28]. However, the practical significance of these responses depends
on formulation, processing conditions, storage time, and the analytical methods used.
Therefore, the observed values should be interpreted in the context of the specific yogurt
system rather than against a universal acceptance threshold.

Overall, the results show substantial variation in both syneresis and WHC among
the yogurt formulations during refrigerated storage. The direction and magnitude of
changes from day 1 to day 14 were formulation-dependent, with some mixtures showing
simultaneous reductions in syneresis and increases in WHC, while others showed the
opposite pattern (Table S1).

3.2. pH During Storage

The pH of the yogurt formulations was monitored on days 1, 7, and 14 of refrigerated
storage to evaluate acidification and post-acidification behavior. Initial pH values ranged
from 4.11 to 4.85, with the lowest values observed in R17 (4.11), R18 (4.14), R1 (4.15), and
R16 (4.17), whereas R12 (4.85) and R13 (4.73) showed the highest initial values. These
differences indicate variation in the extent of acidification among formulations before or
by the first day of storage. A progressive decrease in pH was observed in all formulations
during storage, indicating continued post-acidification. This behavior is commonly ob-
served in yogurt during refrigerated storage and is generally associated with continued
metabolic activity of the yogurt starter cultures [16,17,22,27]. Similar storage-related pH
changes have also been reported in whey-containing yogurt systems [4,20]. However, the
magnitude of the decrease varied among formulations. The largest reduction from day 1
to day 14 was observed in R12, from 4.85 to 4.28, followed by R13, from 4.73 to 4.22. In
contrast, R21 showed only a 0.07-unit decrease, from 4.23 to 4.16. R1 exhibited the lowest
final pH (3.89), decreasing from 4.15 on day 1. These differences demonstrate that post-
acidification was not uniform across the mixture formulations. The observed variation in
post-acidification may be related to differences in starter activity and the composition of
the milk-whey—skim milk powder matrix [16,17,22,27]. Because continued acidification
can alter the casein protein network and consequently influence water retention and gel
stability, pH should be considered together with syneresis and WHC [15,17,28]. Overall, all
formulations underwent post-acidification during storage, but the extent of pH reduction
differed considerably among mixtures.
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3.3. Model Adequacy

The six principal physical responses were adequately represented by statistically sig-
nificant linear mixture models with non-significant lack of fit. The strongest predictive
performance was obtained for WHC on day 7 (R? = 0.8027; predicted R? = 0.7438), followed
by WHC on days 1 and 14. Syneresis models showed more moderate predictive power but
remained statistically adequate within the experimental domain.

W1: model p < 0.0001; R? = 0.7161; adjusted R? = 0.6862; predicted R?> = 0.6354;
lack-of-fit p = 0.9996; adequate precision = 15.0176 (Table S3).

S1: model p = 0.0004; R? = 0.5570; adjusted R? = 0.5104; predicted R? = 0.4135; lack-of-
fit p = 0.5320; adequate precision = 10.6665 (Table 54).

W7: model p < 0.0001; R? = 0.8027; adjusted R? = 0.7820; predicted R?> = 0.7438;
lack-of-fit p = 0.4077; adequate precision = 19.0819 (Table S3).

S7: model p = 0.0053; R? = 0.4237; adjusted R? = 0.3630; predicted R? = 0.2142; lack-of-
fit p = 0.9275; adequate precision = 8.1011 (Table 54).

W14: model p < 0.0001; R? = 0.6949; adjusted R? = 0.6628; predicted R? = 0.6034;
lack-of-fit p = 0.8244; adequate precision = 14.1593 (Table S3).

S14: model p = 0.0007; R? = 0.5351; adjusted R? = 0.4861; predicted R?> = 0.3569;
lack-of-fit p = 0.9988; adequate precision = 9.9555 (Table S4).

For syneresis on day 7, the fitted linear mixture model was (57 = 0.564076A +
0.696828B—-0.431013C) (Table S5), where (A), (B), and (C) represent milk, whey, and
skim milk powder, respectively. The model yielded an (R?) of 0.4237, an adjusted (R?) of
0.3630, and a predicted (R?) of 0.2142. The coefficient of variation was 5.75%, while the
adequate precision value was 8.1011, exceeding the recommended threshold of 4. Although
the model showed an adequate signal-to-noise ratio and described part of the variation in
the experimental data, its relatively low predicted R? indicates limited predictive reliability
for new formulations. Therefore, predictions of syneresis on day 7 should be interpreted
cautiously, particularly when used in numerical formulation optimization. The optimized
formulation should consequently be considered a model-derived candidate within the
investigated mixture region rather than definitive evidence of a technological optimum
(Table S6).

3.4. Component Effects

Whey generally showed a positive contribution to syneresis, whereas SMP showed a
negative contribution. For WHC, SMP showed a strong positive contribution and whey
a negative contribution. Milk effects were response- and storage-dependent. This pat-
tern agrees with the established role of protein composition and total solids in yogurt gel
formation and water retention [15,22-24,33]. The result is consistent with Khadka and
Timsina [27], who reported lower syneresis at higher SMP levels in whey yogurt, and with
Arab et al. [15], who emphasized the joint effects of protein type, total solids, processing,
and casein-to-whey protein balance.

3.5. Final Multi-Response Optimization

The multi-response numerical optimization identified a formulation containing
52.665% milk, 38.948% whey, and 8.388% skim milk powder (SMP), with an overall de-
sirability of 0.754. This formulation provided the best simultaneous balance among the
optimization criteria for syneresis, water-holding capacity (WHC), and pH during refrig-
erated storage. The graphical optimization results are presented in Figure 2, where the
desirability plot illustrates the distribution of overall desirability within the investigated
milk-whey-SMP mixture space, while the overlay plot shows the feasible formulation region
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Desirability 0.754243

satisfying the specified optimization criteria. The selected formulation was subsequently
used for experimental confirmation.

Predicted S1 = 52.337 mL/100 mL; W1 = 48.442%; S7 = 53.231 mL /100 mL; W7 = 48.902%;
514 = 50.913 mL/100 mL; W14 = 52.329%.

Predicted pH1 = 4.361; pH7 = 4.273; pH14 = 4.154.

A: Milk (L) A: Milk (L)
100

40 . 60 60 40 60
C:SMP (g) B: Whey (1) C:SMP(9)
Desirability Overlay Plot
(a) (b)

Figure 2. Multi-response graphical optimization of whey yogurt: (a) desirability plot showing the
distribution of overall desirability within the milk-whey-skim milk powder mixture space; (b) overlay
plot showing the feasible formulation region satisfying the specified optimization criteria for syneresis,
water-holding capacity, and pH during refrigerated storage. Red circles represent the experimental
runs, with adjacent numbers indicating the number of runs at overlapping mixture compositions.
The colour gradient (green to yellow) illustrates changes in desirability, while contour labels indicate
specific desirability values (0.2, 0.4, and 0.6). The yellow marker identifies the selected optimal
formulation, with an overall desirability of 0.754243.

3.6. Experimental Confirmation

The numerically optimized formulation (52.67% milk, 38.95% whey, and 8.38% SMP)
was evaluated using two independent confirmation runs. The experimentally determined
syneresis values showed prediction errors of 9.24%, 3.25%, and 4.59% after 1, 7, and 14 days
of storage, respectively. The predicted and experimental pH values showed close agreement,
with prediction errors ranging from 1.18% to 2.06%. These results indicate a reasonable
agreement between the model predictions and the experimentally observed responses for
syneresis and pH (Table 2).

Table 2. Experimental validation of the numerically optimized yogurt formulation.

Response Predicted Value EXP(?ginit_a;g;lue I};igic(t;:;l
Syneresis, Day 1 52.337 47.50 + 1.41 9.24
Syneresis, Day 7 53.231 51.50 £ 2.12 3.25
Syneresis, Day 14 50.913 53.50 £+ 1.06 4.59

pH, Day 1 4.361 4.295 + 0.007 1.51

pH, Day 7 4.273 4.185 + 0.007 2.06

pH, Day 14 4.154 4.105 + 0.007 1.18
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3.7. Total Phenolic Content (TPC)

The total phenolic content (TPC) varied considerably among the 22 milk-whey-SMP
formulations, ranging from 12.52 to 93.66 mg GAE/100 mL. The highest value was observed
in Run 4 (93.66 mg GAE/100 mL), containing 82.5% milk, 16.5% whey, and 1% SMP, followed
by Run 10 (53.89 mg GAE/100 mL) with 63.5% milk, 32.5% whey, and 4% SMP. The milk-
only formulation (Run 1) showed a TPC of 36.15 mg GAE/100 mL. These results indicate
that changes in mixture proportions influenced the measured TPC, although the response
did not increase linearly with increasing whey and SMP levels. The comparison among
Runs 1, 4, and 10 suggests that the highest TPC was associated with an intermediate
proportion of whey and a relatively low level of SMP. The lower value observed in Run 10,
despite its higher whey and SMP contents, suggests that the response may be influenced by
interactions among the mixture components rather than by the concentration of a single
component. Differences in matrix composition may affect the availability and extractability
of compounds contributing to the Folin-Ciocalteu response.

However, the Folin—-Ciocalteu assay is not completely specific to phenolic compounds
because other reducing substances can also contribute to the measured response. Therefore,
the results should be interpreted as an estimate of phenolic-associated reducing capacity
rather than as a direct measurement of individual phenolic compounds [34,35]. Despite the
considerable variation among formulations, TPC was not included in the mixture-design
optimization because an adequate predictive model could not be established. This avoided
unsupported optimization of a response with insufficient predictive reliability. Nevertheless,
TPC was retained as a supplementary functional response. Overall, run 4 exhibited the
highest measured TPC, indicating that its particular balance of milk, whey, and SMP favored
a greater Folin—Ciocalteu response within the investigated formulation space.

3.8. Microbiological Findings

The microbiological analysis of the yogurt samples revealed notable differences among
the experimental runs. No microbial growth was detected in runs 1 and 14-22 under the
analytical conditions used, whereas runs 2-13 showed the presence of several microor-
ganisms, which were identified using the VITEK® 2 system. The identified organisms
included Escherichia coli, Enterobacter kobei, Streptococcus uberis, and Enterococcus gallinarum.
The detection of E. coli and E. kobei is consistent with concerns regarding hygiene and
potential contamination during processing or handling. Enterobacter spp. have been re-
ported as contaminants of milk and yogurt and may be associated with recontamination
following heat treatment [36,37]. Streptococcus uberis is associated with bovine milk and is
recognized as an environmental and intramammary pathogen of dairy cattle [38], whereas
enterococci can occur in raw milk and dairy products and may also be associated with
environmental, equipment, or post-processing contamination [39]. These observations are
compatible with possible contamination from raw materials, the processing environment,
equipment, or handling; however, the present experimental design was not intended to
identify the specific source of contamination. Furthermore, the microbiological assessment
was qualitative as it did not determine microbial concentrations or establish the origin of
the recovered isolates. An additional limitation is that runs 2-13 and runs 14-22 belonged
to different experimental batches. Therefore, differences in microbial recovery may reflect
batch variability or differences in processing and handling rather than formulation alone.
Because these potential effects could not be separated within the experimental design, no
causal relationship between formulation and microbial recovery can be established.

The results nevertheless emphasize the importance of strict hygienic control when
whey is incorporated into fermented dairy products, as whey may carry diverse microor-
ganisms and may present microbiological-quality challenges when storage and handling
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conditions are inadequate [37,40]. A related study by Hyseni et al. [21] reported no de-
tectable Enterobacteriaceae or E. coli in whey-supplemented yogurts during storage, although
differences in raw materials, formulation, and processing conditions prevent direct com-
parison of the microbiological outcomes. The use of an automated identification platform
such as VITEK® 2 provides a practical and standardized approach for the characterization
of bacterial isolates in food microbiology.

Nevertheless, identification accuracy depends on the organism, isolate quality, and
the system’s identification confidence. The microbiological findings should therefore be
interpreted within the scope and limitations of the methods used. Future investigations
should incorporate quantitative microbial analyses, appropriate microbiological quality-
control procedures, and experimental designs that allow batch effects to be distinguished
from formulation effects.

4. Discussion

From a dairy-processing perspective, the results support whey valorization through
direct incorporation into a fermented food using a familiar processing route. The selected
formulation demonstrates that substantial whey incorporation can be achieved while main-
taining the principal physical quality targets through an appropriate balance of milk and
SMP. The study therefore provides a formulation-level contribution to the sustainable uti-
lization of a major dairy-processing by-product. At the same time, the microbiological
observations indicate that whey handling and process hygiene remain important considera-
tions, as microbial growth was detected in runs 2-13, whereas runs 1 and 14-22 showed no
detectable growth under the analytical conditions used. Because the experimental design
was not intended to isolate the causes of microbial contamination, these differences should
not be attributed to formulation alone. This interpretation is consistent with previous reports
indicating that whey may harbor diverse microorganisms and that post-process contamina-
tion can occur when whey or dairy-contact surfaces are inadequately controlled [37,40]. The
findings therefore emphasize that successful whey valorization requires both formulation
control and consistent hygienic processing.

The use of mixture design and desirability optimization is methodologically consistent
with previous formulation studies. Cornell [6] established the basis for mixture experi-
ments, while Galvan et al. [7] reviewed their application across food systems. Dairy and
food studies have demonstrated the usefulness of mixture designs for optimizing starter
combinations, dairy powder systems, yogurt formulations, and other multicomponent
products [8-14]. Recent work on milk-whey systems identified an optimum near 30% whey
and 70% milk, whereas the present yogurt formulation selected a higher whey fraction
because SMP was simultaneously included as a third component [14]. This difference
illustrates an important advantage of the present formulation strategy, as whey utilization
was evaluated within a three-component system in which SMP could be used to compensate,
at least partly, for structural changes associated with replacing milk with whey.

The selected numerical solution of 52.67% milk, 38.95% whey, and 8.38% SMP, with
an overall desirability of 0.754, represents a compromise among several competing quality
requirements. Increasing whey incorporation favors greater by-product utilization but
may adversely affect serum retention and the protein network. Increasing SMP, in contrast,
increases protein and total solids and can contribute to improved water retention, while
also altering the overall composition of the formulation. The selected formulation therefore
occupies an intermediate region of the mixture space rather than an extreme formulation
point. Its approximately 39% whey fraction represents substantial by-product incorporation,
while the approximately 8.4% SMP level provides additional protein and solids that may
support physical stability. The alternative numerical solution containing 50% whey had a
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lower desirability of 0.740, illustrating the trade-off between greater whey incorporation
and the simultaneous achievement of the defined quality objectives.

The practical significance of this numerical optimum should also be considered in
relation to the predicted syneresis and water-holding capacity (WHC) values, rather than
the desirability score alone. Syneresis is an important indicator of yogurt gel stability, as
excessive serum separation can negatively affect product appearance and consumer ac-
ceptability, whereas WHC reflects the ability of the protein network to retain water during
storage [15,28]. The predicted syneresis values for the selected formulation were 52.337,
53.231, and 50.913 mL/100 mL on days 1, 7, and 14, respectively, while the predicted WHC
values were 48.442%, 48.902%, and 52.329% at the corresponding storage times. These
predicted values provide a practical description of the expected physical behavior of the
formulation during refrigerated storage. However, they represent model-based estimates
and should not, by themselves, be interpreted as proof that the product achieves optimal
technological quality or consumer acceptability. Direct comparisons with published studies
are limited by differences in formulation, processing conditions, storage time, and analyt-
ical methods [15,28]. Moreover, the cited literature does not provide a single universal
acceptance threshold for syneresis or WHC that can be directly applied to the present
formulation. Although previous research on milk-whey mixtures identified an optimum
containing approximately 30% whey [14], that study focused on compositional and nu-
tritional characteristics rather than syneresis and WHC. It therefore provides context for
the use of multi-response optimization but does not constitute a direct benchmark for the
physical quality values predicted in the present study. Accordingly, the selected formulation
is best described as the numerical optimum within the investigated mixture domain and
a promising candidate for further technological validation, rather than as a definitively
established optimum in terms of overall product quality.

Experimental confirmation provided preliminary evidence of the performance of the
selected formulation. The prediction errors for syneresis were 9.24%, 3.25%, and 4.59% after
1,7, and 14 days of storage, respectively, while those for pH ranged from 1.18% to 2.06%.
These results indicate reasonable agreement between the predicted and experimentally
observed syneresis and pH responses. However, the predictive performance of the syneresis
models was limited, particularly on days 7 and 14, for which the predicted R? values were
0.2142 and 0.3569, respectively. These values suggest limited reliability when predicting
syneresis in untested formulations. Therefore, despite the statistical significance of the
models, their predictions should be interpreted cautiously. Furthermore, confirmation was
based on only two independent runs, limiting the conclusions that can be drawn regard-
ing reproducibility. Additional experimental validation is needed before the optimized
formulation can be considered robust.

For water-holding capacity (WHC), experimental confirmation was available only on
day 14 because of laboratory-related technical difficulties. The predicted WHC was 52.329%,
compared with an experimental mean of 48.15 + 0.49%, corresponding to a prediction
error of 7.92%. Since WHC could not be experimentally confirmed on days 1 and 7, the
predicted WHC profile across storage remains only partially validated. Consequently, the
selected formulation should be regarded as the numerical optimum within the investigated
mixture domain and a promising candidate for further validation, rather than a definitively
established technological optimum. Additional independent experiments are needed to
assess the robustness and reproducibility of its performance. Furthermore, the relatively
low predicted R? values for syneresis on days 7 and 14 (0.2142 and 0.3569, respectively)
indicate limited predictive reliability for these responses.

The storage results are also important because a formulation that performs well imme-
diately after fermentation may not maintain the same physical quality during refrigerated
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storage. The predicted pH of the selected formulation decreased from 4.361 on day 1
to 4.154 on day 14, indicating continued post-acidification. Such a decline is commonly
observed in fermented milk products during refrigerated storage, although the extent of
post-acidification depends on formulation, starter culture, and storage conditions. Previ-
ous studies have reported similar post-acidification behavior in whey-containing yogurt
systems [16,17,27]. These findings highlight the importance of including storage-time
responses in formulation optimization rather than relying solely on measurements immedi-
ately after production.

The strong contribution of SMP to WHC agrees with previous studies. Damin et al. [22]
showed that supplementation with SMP, whey protein concentrate, and sodium caseinate
modifies acidification kinetics, rheological properties, and yogurt structure. Sodini et al. [23]
similarly demonstrated that whey-protein concentrates can alter the physical properties
of yogurt. Khadka and Timsina [27] specifically investigated whey yogurt and found that
increasing SMP reduced syneresis, with the optimized formulation containing 8% SMP and
a low level of stabilizer. Their storage study also showed that pH gradually decreased while
syneresis increased during refrigeration. The present results extend these observations
by evaluating SMP together with liquid whey and milk in a constrained three-component
mixture and by following both syneresis and WHC at days 1, 7, and 14. The agreement
between the present trends and previous yogurt studies supports the interpretation that
protein concentration and total solids are important determinants of water retention in
whey yogurt [15-17].

The observed component effects are consistent with the established mechanisms gov-
erning yogurt gel formation. Increasing whey generally increased syneresis and reduced
WHC in the fitted mixture models, particularly at earlier storage stages, whereas increasing
SMP showed the opposite tendency for WHC and generally contributed to lower syneresis.
The milk component showed smaller or non-significant effects for some of the later syneresis
responses, suggesting that, once an adequate milk fraction was present, further changes
in milk proportion were less influential than the balance between whey and SMP. These
trends can be interpreted in terms of the protein and total-solids environment. Yogurt
structure develops through acid-induced casein aggregation together with interactions
involving heat-denatured whey proteins [15,22,26,28]. Altering the casein-to-whey-protein
ratio changes the balance of protein interactions, network organization, and water immo-
bilization [24,25]. Thus, high whey proportions can substantially modify the gel matrix,
whereas SMP can partly compensate by increasing protein and total solids and improving
the capacity of the matrix to retain serum.

The present results demonstrate that the proportions of milk, whey, and SMP produced
clear formulation-dependent differences in the physical behavior of the yogurt during refrig-
erated storage. Syneresis varied substantially among formulations on all three measurement
days, while WHC also showed a broad formulation-dependent range. The statistical analy-
sis indicated that the principal physical responses were adequately described by significant
mixture models with non-significant lack of fit, with linear models generally providing an
appropriate balance between model significance and predictive performance. The strongest
model performance was obtained for WHC on day 7 (R? = 0.8027; predicted R* = 0.7438),
whereas the syneresis models showed more moderate but still useful predictive performance.
This pattern indicates that formulation composition accounted for an important proportion
of the observed variation in yogurt physical properties, while the replicated experimental
design provided an estimate of experimental variability and enabled assessment of model
lack of fit.

Experimental confirmation further strengthened the interpretation of the numerical
optimization. The selected formulation was independently prepared in two confirmation
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runs, and the experimentally determined syneresis values showed prediction errors of
9.24%, 3.25%, and 4.59% after 1, 7, and 14 days of refrigerated storage, respectively. The
corresponding pH values also showed close agreement with the model predictions, with
prediction errors ranging from 1.18% to 2.06%. The relatively low prediction errors, particu-
larly for syneresis at day 14 and for pH throughout storage, indicate reasonable agreement
between the predicted and experimentally observed responses. Because WHC was experi-
mentally confirmed only on day 14, the confirmation should be interpreted as experimental
support for the selected optimum based on syneresis and pH, with partial experimental
support for the predicted WHC response. A limitation of this study is that experimen-
tal confirmation was based on only two independent runs. Although these experiments
provided a preliminary assessment of the model predictions, further validation using addi-
tional independent batches and different raw-material sources is needed to establish the
robustness and reproducibility of the selected formulation. These findings support the
identification of a promising numerical optimum and demonstrate the usefulness of the
mixture-design approach within the investigated formulation domain, although further
validation is needed to establish the formulation’s overall technological performance.

5. Conclusions

The present study demonstrated that constrained mixture design can be effectively
used to develop and optimize whey yogurt by simultaneously considering syneresis, WHC,
and pH during refrigerated storage. The selected formulation of 52.665% milk, 38.948%
whey, and 8.388% SMP achieved the highest overall desirability (0.754) and provided a
balanced combination of physical stability and substantial whey incorporation. Experimen-
tal confirmation provided preliminary support for the selected numerical optimum based
on syneresis and pH, while WHC was experimentally confirmed only on day 14. There-
fore, the selected formulation represents a promising candidate within the investigated
formulation domain, although further experimental validation is needed to establish its
overall technological performance and reproducibility. TPC was useful as a supplementary
quality response, but its lack of an adequate predictive model justified its exclusion from
numerical optimization. The microbiological findings further emphasize that successful
whey valorization requires strict hygienic control in addition to appropriate formulation.
Overall, the results support the feasibility of using liquid whey in yogurt and demonstrate
the value of multi-response mixture optimization as a practical approach for sustainable
dairy by-product valorization.
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