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Abstract

The growing demand for high-protein dairy products, driven by the expanding markets for infant formula and nutri-
tional supplements, has led to a higher incorporation of milk protein ingredients like milk protein concentrate (MPC)
and whey protein isolate (WPI) in dairy formulations. However, the effects of these protein additives on the thermal
stability and sensory attributes of dairy products remain insufficiently studied. This research examines the influence
of thermal processing (80 °C for 30 min) and protein fortification (MPC, WP, and their combination) on the denatura-
tion of whey proteins, the formation of volatile compounds, and the sensory characteristics of milk. Specifically, whole
milk was fortified with MPC, WPI, and their combination at concentrations of 4% MPC, 4% WPI, and 2% MPC + 2%
WPI, respectively, to evaluate the impact of different protein fortifications on these properties. Our findings reveal
that heat treatment significantly promoted the denaturation of [3-lactoglobulin and a-lactalbumin, with protein fortifi-
cation playing a role in modulating these changes. Notably, lactoferrin exhibited matrix-dependent antioxidant be-
havior, meaning its antioxidant activity varied based on the protein composition and structure of the milk matrix, in-
fluencing its stability and function under different fortification conditions. Volatile profiling indicated that MPC en-
hanced the formation of sulfur-containing compounds and aldehydes, whereas WPI favored ketones and Maillard-
derived volatiles. Sensory analysis revealed that heated WPI fortified samples exhibited stronger cooked and dairy fat
aromas, while unfortified milk retained milky and grassy notes. Correlation analysis highlighted the mechanistic links
between protein denaturation and lipid-derived compounds. These results emphasize that protein type and composi-
tion play crucial roles in flavor development. The strategic blending of MPC and WPI offers a practical approach to
balancing volatile profiles and mitigating off-flavors, providing insights for the formulation of thermally stable, pro-
tein-fortified dairy products with optimized sensory quality.

Keywords: milk protein concentrate (MPC); whey protein isolate (WPI); protein denaturation; thermal processing; sen-
sory attributes

1. Introduction

The growing interest in high-protein milk powders is largely driven by the expanding demand for infant formulas
and targeted nutritional supplements aimed at older adults and sports professionals [1]. The incorporation of milk pro-
tein derivatives, such as whey protein isolate (WPI) and milk protein concentrate (MPC), in Protein-enriched on-the-
go-to-consume drinks has surged due to the superior quality of these proteins and the associated health benefits they
offer [2]. While milk proteins, particularly whey proteins, are prone to structural changes when subjected to heat treat-
ment, casein, the predominant protein in milk, is more stable under heat and remains largely unaffected by thermal
processing in dairy items [3]. Whey proteins are made up of various proportions, including p-lactoglobulin (3-1g), a-
lactalbumin (a-la), immunoglobulins (Ig), lactoferrin (Lf), lactoperoxidase (Lp), and bovine serum albumin (BSA) [4].
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In MPC, the typical casein: whey protein proportion is held at 78:22, ensuring stability during ultra-high-temperature
(UHT) processing due to the heat-resistant nature of casein micelles. However, whey proteins, especially $-lactoglobu-
lin, are vulnerable to denaturation during UHT processing, which can influence their solubility and functionality, in-
cluding emulsification and gel formation, although the higher casein content contributes to the overall stability. In con-
trast, WPI, composed entirely of whey proteins, undergoes significant denaturation and aggregation during heat treat-
ment, which limits its thermal stability [5].

Heating plays a pivotal role in dairy processing, with a substantial effect on the functional attributes of products
like yogurt, milk powder, and UHT milk. It affects essential qualities, including the consistency of yogurt texture, the
thermal stability of reconstituted milk, and the rheological behavior of sweetened condensed milk. The thermal milk
protein processing techniques facilitates the development of a protein network in yogurt, inactivates enzymes to en-
hance product stability, and modifies the viscosity of milk. Moreover, heat treatment contributes to the Maillard reac-
tion, which improves the development of sensory profile and color in milk-based items. In addition to these effects,
thermal processing is crucial for maintaining the microbiological safety of dairy products, which is essential for pro-
longing their shelf life [6-8]. In the dairy industry, heat treatment not only guarantees product safety but also enhances
shelf life, though it can also alter the physical and chemical characteristics of milk, potentially affecting the flavor, qual-
ity, and nutritional composition of the final product [9]. Dairy protein components in powdered form are generally
produced through several stages of processing, with heat treatment being a key factor in altering protein structures,
primarily by inducing denaturation [10-13]. Denaturation occurs in two distinct phases: initially, the disruption of weak
interactions, including hydrogen bonds and hydrophobic forces, which support the original protein configuration, re-
sults in the denaturation of both the two-dimensional and three-dimensional protein conformations. In the second
phase, the denatured proteins form aggregates through intermolecular disulfide linkages and hydrophobic interactions
[14-17]. The denaturation of whey proteins, including 3-lactoglobulin, becomes more pronounced with higher protein
concentrations in systems such as milk or reconstituted milk. Following thermal treatment at 80 °C for durations ranging
from 5 to 30 min, up to 70-95% of whey proteins may undergo denaturation, leading to aggregation via disulfide bond-
ing with k-casein, thus modifying functional properties such as gel formation and solubility [18].

MPC is a growing category of powdered dairy ingredients that combines both casein and whey proteins, with
protein concentrations typically varying between 40% and 89%. In the current era, MPC has been produced in a range
of protein levels and integrated into various dairy products. It is commonly used to modify the protein composition of
milk for cheese production and is also included in processed cheeses, infant milk formulas, dairy-based drinks, and
nutritional products. Among milk protein derivatives, MPC is particularly valued for its high protein content (50-85%)
and relatively low lactose levels [19]. MPC is a protein-rich powder derived from spray-drying skim milk, using mem-
brane filtration techniques to concentrate the proteins [20]. Carr [21] investigated the thermal stability of MPC85, pre-
pared at a 3.5% protein concentration, at 120 °C, and observed that it demonstrated limited stability. This instability
was largely influenced by the interaction between casein and whey proteins. In a following study, Crowley et al. (2014)
examined the impact of heat treatment on several MPC variants, including MPC35 (skim milk powder), MPC50, MPC60,
MPC70, MPC80, MPC85, and MPC90, when exposed to 140 °C [22]. Their findings revealed a trend in protein stability,
where stability initially decreased as protein concentration increased (from MPC35 to MPC80), it improved in the
MPC85 and MPC90 variants, likely due to the dominance of casein and the reduction in Maillard reactions associated
with lower lactose content.

WHPI is derived from liquid whey through a multi-step processing technique. Despite the fact that liquid whey is
rarely used directly as a nutritional component, except in certain products such as whey cheeses or beverages, it is
typically processed into premium products like dried whey powder or WPI, which contains more than 90% protein.
The preparation of WPI commonly employs techniques such as ion-exchange chromatography or ultrafiltration, subse-
quent to the use of spray drying, a widely adopted procedure that converts aqueous substrates into a fine powder [23].
Whey protein is recognized as a superior protein source, greatly boosting the nutritional content of diverse food prod-
ucts [24]. It is widely integrated into food products including baby food formulations, functional foods, and snack items.
Recently, there has been a growing highlight on modifying the characteristics of whey proteins to optimize their func-
tional attributes, such as improving heat resistance, controlling aggregation, and enhancing solubility at higher concen-
trations, to meet the evolving demands of the food sector. Whey proteins offer a diverse array of functional attributes,
including superior solubility, dispersibility, moisture retention, foam formation, whipping characteristics, emulsifying
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ability, gel formation, and pH regulation capacity [25]. These properties render whey proteins highly versatile, making
them appropriate for a variety of food applications [26].

Despite the common utilization of MPC and WPI to enhance dairy formulations, their combined effect on the ther-
mal durability and sensory attributes of whole milk remains underexplored. Also, there is very little knowledge on
dairy products with high protein content. This study investigated the heat-induced denaturation of high protein milk
systems fortified with MPC or WPI or both. Our findings provide actionable insights for developing thermally stable,
protein-fortified whole milk that maintains functionality and consumer acceptability.

2. Materials and methods

2.1. Sample collection and preparation

Ultra-high temperature (UHT, 138 °C for 2 sec) treated whole milk (WM) was acquired from regional marketplace,
specifically from the manufacturer Special Pure Milk, while MPC and WPI in powder form were provided by Cezanne
company, Yinchuan Ningxia, China. Whole milk (WM) was used as control. The nutritional composition of the whole
milk (WM), milk protein concentrate (MPC), and whey protein isolate (WPI) used in this study is presented in Table 1.
The compositional analysis of the whole milk (WM) supplemented with milk protein concentrate (MPC) and whey
protein isolate (WPI) is shown in Table 2. An aliquot of MPC or WPI was mixed with 24 aliquots (w w-1) of WM, denoted
WM+MPC or WM+WPIL. Same aliquot of MPC and WPI was mixed with 48 times of WM, denoted WM+MPC+WPIL.
After the mixing process, the resulting mixtures were exposed to heat treatment at 80°C for designated time intervals
(0, 5, 10, and 30 minutes) in a metal container, with the heated samples labeled as H. Before the analytical procedure,
all heated samples were tempered at 25 °C for at least 1 h until further analysis. In particular, four sample formulations
were prepared: 4% (w w-1) MPC was mixed with 96% (w w-1) whole milk, denoted as WM+MPC. Similarly, 4% (w w-
1) WPI was added to 96% whole milk, resulting in the formulation WM+WPI. Additionally, a combination of both 2%
MPC and 2% WPI was mixed with 96% whole milk, referred to as WM+MPC+WPI.

Table 1. Nutritional profile of whole milk, milk protein concentrate, and whey protein isolate.

Nutrient p(Protein)/(g 400mL1)  p(Fat)/(g 1400mL?) p(Carbohydrate)/(g 100mL1)
Whole Milk 3.3 3.6 4.8

Milk Protein 3.9 0.06 0.005

Concentrate

Whey Protein 4.6 0.22 0.01

Isolate

Table 2. Compositional analysis of whole milk (WM) supplemented with milk protein concentrate
(MPC) whey protein isolate (WPI).

Samples m(WM)/g m(Protein  w(Total w(Fat)/% w(Carbohydrate)/%
Additive)/g Protein)/%
WM (Control) 5.0 0.0 3.30 3.90 4.60
WM+MPC 4.8 0.2(MPC) 5.97 0.17 0.22
WM+WPI 4.8 0.2 (WPI) 6.77 0.17 0.21
WM+MPC+WPI 4.8 0.1(MPC) 6.37 0.17 0.22
+0.1 (WPI)

2.2. Protein Analysis
2.2.1. Determination of the Protein Profile

The protein profile was analyzed using SDS-PAGE, with minor adjustments to the procedure outlined by [27]. To
standardize the protein concentration for SDS-PAGE, each heat-treated sample was diluted to a 2% (w w-!) protein
concentration based on the original protein content (as indicated in Table 3) and vortexed thoroughly. The samples were
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then homogenized by vortex mixing (3 x 1 mol L™, with 30 sec intervals between cycles) to ensure complete homoge-
neity. Freshly prepared samples were immediately used for SDS-PAGE to minimize any protein degradation. To pre-
pare the protein samples, 80 uL of a double-concentrated reducing buffer was blended with 80 pL of each sample, while
20 uL of a five-fold concentrated non-reducing buffer was added to the remaining 80 uL of samples. The blends were
heated at 95 °C for 5 min in an Eppendorf Thermomixer. Following heating, the samples were vortexed and tempered
at room temperature for 30 min. For electrophoresis, 8 UL of the processed protein samples were loaded onto a 4-20%
Super-PAGE Bis-Tris gel (Epizyme, Shanghai, China), and separation was carried out using a Mini P-4 vertical electro-
phoresis system (Cavoy, Beijing, China). The separated proteins were stained with Coomassie Brilliant Blue R-250
(0.01%, w v1), obtained from Bio-Rad Laboratories (Hercules, CA, USA), for 1 hour, subsequently undergoing destain-
ing in a solution containing 250 mL of anhydrous ethanol (Macklin Biochemical Co. Ltd., Shanghai, China), 80 mL of
acetic acid (Mreda Technology Co. Ltd., Beijing, China), and 670 mL of deionized water, adjusted to a final quantity of
1 liter. The destaining process carried on overnight using a stirrer machine in a large petri dish. The electrophoresis gels
were then scanned using a scanner in carrier sheets. Each sample was analyzed in triplicate.

Table 3. Protein composition of milk samples (mg/mL) by SDS-PAGE.

Sample p(Total Protein)/ p(Casein)/ p(B-Lg)/ p(a-La)/ p(LF)
(mg-mLY) (mgmL™) (mg-mL?Y)  (mgmL?) /(mgmL?)
WM (control) 33 2.64 0.33 0.13 0.07
WM+MPC 6.5 5.2 0.65 0.26 0.13
WM+WPI 6.88 2.98 2.26 0.93 0.56
WM+MPC+WPI  6.69 4.08 1.45 0.58 0.34

2.2.2. Determination of Denaturation Rate of Active Protein

Protein quantification was carried out using a HPLC system (Agilent 1260, Agilent Technologies, USA) fitted with
an AdvanceBio RP-mAb C4 column (4.6 x 150 mm, 3.5 um), following a modified protocol from [28].

Subsequently, acidification and centrifugation were performed, followed by pH adjustment utilizing an accurate
pH instrument in combination with certified calibration liquids (pH 4.0 and 7.0). A 1 mol L-* HCI solution was prepared
by diluting concentrated HCl (37%, Mreda Technology Co., Ltd., Beijing, China) using deionized water, adjusting the
total volume to 100 mL. For pH adjustment, 20 mL portions of each sample were transferred to glass beakers, where the
initial pH (6.6 + 0.1) was measured. The pH was then lowered to 4.6 by gradually adding 1 mol L-* HCI drop by drop,
with thorough rinsing of the pH electrode and glassware with distilled water between sample preparations.

After acidification, the aliquots were moved into 50 mL centrifugal tubes of polypropylene, followed by stabilizing
at 20 °C for 20 min. The samples were subsequently centrifuged at 10,000 x g for 30 min at 4 °C using a bench-top
refrigerated centrifuge (Heraeus Multifuge x1R, Thermo Fisher Scientific, Cleveland, OH, USA). The resulting superna-
tants were passed through 0.22 um membrane filters into pre-labeled HPLC vials. Filtration was conducted using sy-
ringe-driven 0.22 pm membrane filters (Millipore) into pre-chilled Agilent glass vials, which were directly preserved at
-20 °C. Before the HPLC procedure, the frozen samples were given 2 hours to thaw at 4 °C. and vortexed to guarantee
full redissolution of the contents.

For high-performance liquid chromatography (HPLC) analysis, the specimens were separated at a constant
throughput of 1 mL min™?, utilizing a 10 uL injection volume, while the temperature of the column was held steady at
60 °C for the quantification of a-lactalbumin (a-LA) and p-lactoglobulin (B-LG), with measurement conducted at 210
nm. The solvent gradient initiated with 70% solvent A and 30% solvent B, gradually shifting to 45% solvent A and 55%
solvent B at 10 min, then altering to 30% solvent A and 70% solvent B at 10.1 min, and reverting to the original solvent
composition by 12.1 min, followed by an additional 17-min hold. For lactoferrin (LF) analysis, the column temperature
was increased to 70 °C, and measurement was conducted at 280 nm. The LF gradient began with 95% solvent A and 5%
solvent B for 2 min, then transitioned to 20% solvent A and 80% solvent B at 5 min, maintaining this formulation for 8
minutes before returning to the original solvent mix at 9 min, with a subsequent 13-min hold. Calibration graphs were
constructed using five different concentrations for each protein, with each analysis conducted in triplicate.
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2.3. Analysis and identification of the Volatile Organic Compounds (VOCs)
2.3.1. Extraction of volatile components by solid-phase microextraction (HS-SPME-arrow-GC-MS)

A 1 g portion of sodium chloride (NaCl) was combined with a 5 g sample, followed by the addition of 1 uL of a
0.816 mg mL solution of 2-methyl-3-heptanone, sourced from Macklin Biochemical Co. Ltd. (Shanghai, China), as an
internal reference. The mixture was transferred into a 10 mL amber container, capped with a rubber septum, and sub-
jected to vortex mixing for thorough homogenization. The container was then immersed in a metal bath set at 45 °C for
20 min to facilitate equilibration. A 120 pm, 1.1 cm DVB/CAR/PDMS fiber (divinylbenzene/carboxen/polydimethylsilox-
ane; Agilent Scientific Instruments, Santa Clara, USA) was introduced into the headspace, where it was equilibrated for
30 min at 45 °C, positioned 1 cm above the liquid level inside the sealed vessel. Following the extraction phase, the fiber
was placed into the analytical port for thermal desorption and maintained at 230 °C for 5 min. Each specimen was
examined in triplicate, and the data generated were processed using CDNN software (v.2.1, Applied Photophysics Ltd.,
Leatherhead, UK).

Volatile compound detection was performed using a gas chromatograph (Agilent 7890B, Agilent Technologies Co.,
USA), coupled with a solid-phase microextraction (SPME) arrow injector, a mass-selective detector (Agilent 5977, Ag-
ilent Technologies Co., USA), and a polyethylene glycol-based capillary column (Agilent DB-WAX, Agilent Scientific
Instruments, Santa Clara, USA; 60 m x 0.25 mm, 0.25-pm film thickness). Helium served as the carrier gas, with a con-
stant flow rate of 1.2 mL min?, and the system operated in a non-split mode, with the injector temperature maintained
at 250 °C. The column oven was programmed according to the following temperature ramp: starting at 40 °C, increasing
at 7 °C min to 75 °C, then rising at 2 °C min! to 150 °C, followed by a 5 °C min! increment to 230 °C, where it was
held for 2 min. The mass spectrometer operated in electron impact ionization mode with a 70 eV electron energy, and
the ion source temperature was stabilized at 230 °C. A full-scan analysis was performed within the mass-to-charge (m
z1) range of 30 to 350.

2.3.2. Identification and Quantification of Volatile Components

The volatile substances retrieved from the samples were first recognized through the NIST 14 mass spectral search
database, incorporated into the gas chromatography-mass spectrometry (GC-MS) system. Further validation of these
identifications was achieved via mass spectrometry (MS) analysis and the computation of the retention index (RI). The
retention index (RI) was calculated by analyzing a series of linear alkanes, spanning from C7 to C40, under identical
GC-MS parameters applied to the milk samples, employing the equation below:

RI=100%(n+ ti-tn/tn+1-tn )

The retention index (RI) was determined by comparing the elution duration of the specific volatile substance (ti) in
the milk sample with the retention periods of reference alkanes. This determination factors in the carbon chain length
(n) of the alkanes, where tn and tn + 1 represent the elution durations of alkanes containing n and n + 1 carbon atoms,
respectively. This method enables the calculation of the retention index for each volatile compound based on its elution
pattern relative to the alkanes.

VOCs were identified with the help of the NIST 14 spectral database and the Shimadzu Flavor Component data-
base. The relative abundance of each VOC was estimated through semi-quantitative analysis with an internal standard,
applying the following formula:

Cx=Ci/Ai xAx

In this approach, Cx and Ax denote the relative quantity and chromatographic signal strength of a VOC, respec-
tively, whereas Ci and Ai refer to the quantity and chromatographic signal intensity of the internal standard, 2-methyl-
3-heptanone.

2.4. Quantitative Descriptive Analysis (QDA)

The sensory qualities of the milk specimens were analyzed through Quantitative Descriptive Analysis (QDA), ad-
hering to the process outlined by [29]. A trained panel consisting of eight participants (two males and six females, aged
18 to 27) from Beijing Technology and Business University was selected for the assessment. Before participating, all
individuals reviewed and understood the study's aims, methodology, possible risks, and advantages, and gave their
informed consent. The panelists assessed five aroma attributes: milky, fatty, cooked, oxidized, and grassy, across eight
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different sample types. These included both unheated and thermally processed samples (heated at 80 °C for 30 min),
which were: WM Control, WM Heated, WM+MPC Control, WM+MPC Heated, WM+WPI Control, WM+WPI Heated,
WM+MPC+WPI Control, and WM+MPC+WPI Heated.

Following thermal treatment at 80 °C for 30 min, the specimens were swiftly reduced to 25 °C in a chilled water
bath, with continuous agitation for 5 min. Following this, the samples were permitted to stabilize for 30 min at 25 °C
before sensory evaluation. Each sample, both heated (cooled) and unheated, was evaluated in 10 mL aliquots served in
odorless, sealed glass vials under controlled lighting conditions. The aroma intensity was rated using an unstructured
line scale ranging from 0 to 15 points, with “none” on the left and “strong” on the right.

After the assessment, the panel reached an agreement on the sensory characteristics of each sample, defining terms
and reference points for each aroma attribute as outlined in Table S1. The sensory evaluation process was carried out
based on a predefined set of sensory descriptors, with all participants well-acquainted with the terminology and inten-
sity scales employed in the analysis.

2.5. Statistical Analysis

Each trial was conducted in three replications for every sample, and the outcomes were expressed as the average
+ standard deviation to ensure consistency and reliability. Data were meticulously documented, with initial computa-
tions carried out using Microsoft Excel 2025 (Microsoft, Redmond, WA, USA). Statistical analyses were conducted using
a two-way analysis of variance (ANOVA) in SPSS 27.0 software (SPSS Inc., Chicago, IL, USA), with a significance thresh-
old established at p < 0.05. To visually illustrate the data, bar charts, radar diagrams, and correlation graphs were gen-
erated using Origin 2025 (Origin Lab Corporation, Northampton, MA, USA). Principal Component Analysis (PCA) was
conducted using the SIMCA 14.1.0 software (Umetrics AB, Umea, Sweden) to assess data patterns and reduce dimen-
sionality. For heatmap and advanced clustering analysis, ChiPlot (https://www.chiplot.online/, accessed on 6 September
2025) was utilized. Additionally, XLSTAT software (version 2019.2.2, Addinsoft, New York, NY, USA) was used for
partial least squares regression (PLSR). to explore the relationships between the variables.

3. Results and Discussion
3.1. Sample Composition and Protein Profile (Gel Electrophoresis)
3.1.1. Effects of different protein compositions

SDS-PAGE could indicate native (non-denatured) and denatured proteins, detect hydrophobic aggregates (primar-
ily derived from unfolded whey proteins), and identify components of disulfide-bonded aggregates [30]. Evaluation
carried out under both reductive and non-reductive conditions showed distinct protein profiles among the four sample
groups (WM, WM+MPC, WM+WPI, WM+MPC+WPI), primarily driven by their varying compositions shown in Figure
1. The WM sample displayed distinct bands corresponding to both casein (asl-, as2-, -, k-caseins) and whey proteins
(B-Lg, a-La, LF), with casein bands showing higher intensity, which aligns with the anticipated 78:22 casein-to-whey
protein ratio in bovine milk. The reducing SDS-PAGE analysis (Figure 1A, 1B) revealed distinct protein patterns for
samples WM, WM+MPC, WM+WPI, and WM+MPC+WPI under varying heating duration (0, 5, 10, and 30 min at 80
°C). For sample WM (Figure 1A, lanes 2-5), the unheated control (lane 2) displayed intact protein bands, while heated
samples (lanes 3-5) revealed progressive fragmentation or aggregation, as indicated by the emergence of species with
greater molecular mass and the development of distinct protein clusters as heating time increased. Similar trends were
observed for WM+MPC. Prominent casein bands were observed in sample WM+MPC, reflecting MPC’s high casein
content, (Figure 1A, lanes 6-9) and WM+WPI (Figure 1B, lanes 2-5), though the presence of MPC or WPI appeared to
modulate the extent of protein degradation. The combination of MPC and WPI (sample WM+MPC+WPI; Figure 1B,
lanes 6-9) exhibited intermediate behavior, suggesting potential interactions between MPC and WPI that influenced
protein stability under heat stress.

In non-reducing conditions (Figure 1C, 1D), the protein profiles differed notably from those observed under re-
ducing conditions, highlighting the role of disulfide bonds in protein aggregation or stabilization, casein further formed
large aggregates, a characteristic of casein’s tendency to associate in the absence of reducing agents. For WM (Figure
1C, lanes 2-5), the unheated control (lane 2) showed minimal aggregation, while heated samples (lanes 3-5) exhibited
increased high-molecular-weight aggregates, indicative of heat-induced cross-linking. The addition of 4% MPC (Figure
1D, lanes 6-9) or 4% WPI (lanes 2-5 in panel B) altered the aggregation patterns, with MPC potentially promoting larger
aggregates and WPI stabilizing certain protein fractions. The milk protein bands (3-Lg, a-La, LF) displayed reduced
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intensity in the whole milk (WM) sample compared to the WM+WPI sample. The WM+WPI sample displayed more
pronounced whey protein bands (B-Lg, a-La, LF) under both reductive and non-reductive conditions, further confirm-
ing the role of WPI in enhancing the whey protein content. Sample WM+MPC+WPI displayed an intermediate profile
in both conditions: casein bands (from MPC) and whey protein bands (from WPI) were present at intensities between
those of WM+MPC and WM+WPIL. This confirmed the relative contributions of MPC (rich in casein) and WPI (rich in
whey proteins) to the mixture. Sample WM+MPC+WPI (Figure 1D, lanes 6-9) demonstrated a complex interplay be-
tween the two additives, resulting in a different aggregation profile. These results emphasize the impact of heat expo-
sure time and additive composition on protein behavior under non-reducing conditions. In non-reducing conditions,
-Lg appeared as dimers (~36 kDa) due to preserved disulfide bonds, with no detectable casein contamination, aligning
with WPI's high whey protein purity [31].

Under reducing conditions, partial recovery of 3-Lg bands indicated additional non-covalent aggregation mecha-
nisms [32]. MPC fortification attenuated [-Lg aggregation, suggesting caseins exert a protective chaperone-like effect
[14], whereas WPI-fortified samples showed more pronounced high-molecular-weight aggregates due to their higher
B-Lg content. The WM+MPC+WPI mixture demonstrated intermediate behavior, indicating interactions between ca-
seins and whey proteins. These findings demonstrate that p-Lg is the primary driver of heat-induced aggregation, ca-
seins mitigate this process, and a-La shows intermediate thermal resilience, underscoring the combined roles of protein
composition and heating time in governing stability of fortified milk systems.

(A) (B)
LF : 4 LF
Casein Casein
p-LG B-LG
o-La a-La
12345 6 7 89 123 45 6 7 8 9
© | _ : D) |
-8 s s . = A :TY '-_?
11
—» LF LF
i
. | |
» Casein Casein
B-LG B-LG
+» o-La o-La
123 45 6 7 8 9 123 45 6 7 8 9

Figure 1. SDS-PAGE under reducing (R) and non-reducing (NR) conditions. In Gel A (R), 1. MW Ladder, 2. WM, 3. H-WM (5 min),
4. H-WM (10 min), 5. H-WM (30 min), 6. WM + MPC, 7. H-WM + MPC (5 min), 8. H-WM + MPC (10 min), 9. H-WM + MPC (30
min). In Gel B (R), 1. MW Ladder, 2. H-WM + WPI, 3. H-WM + WPI (5 min), 4. H-WM + WPI (10 min), 5. H-WM + WPI (30 min), 6.
H-WM + MPC + WPI, 7. H-WM + MPC + WPI (5 min), 8. H-WM + MPC + WPI (10 min), 9. H-WM + MPC + WPI (30 min). In Gel C
(NR), 1. MW Ladder, 2. WM, 3. H-WM (5 min), 4. H-WM (10 min), 5. H-WM (30 min), 6. WM + MPC, 7. H-WM + MPC (5 min), 8.
H-WM + MPC (10 min), 9. H-WM + MPC (30 min). In Gel D (NR), 1. MW Ladder, 2. H-WM + WPI, 3. H-WM + WPI (5 min), 4. H-
WM + WPI (10 min), 5. H-WM + WPI (30 min), 6. H-WM + MPC + WPI, 7. H-WM + MPC + WPI (5 min), 8. H-WM + MPC + WPI (10
min), 9. H-WM + MPC + WPI (30 min). All heating was performed at 80 °C.

3.1.2. HPLC Analysis of Whey Proteins

Table 4 shows heat treatment significantly increased lactoferrin concentration in the heated whole milk sample
(WM-H; 0.451 mg mL-') compared to the non-heated whole milk control (WM; 0.096 mg mL-!) (P <0.05), suggesting that
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lactoferrin was released or stabilized by heat treatment, as previously reported by [33]. In contrast, the p-lactoglobulin
content was markedly decreased (P < 0.05) in the heated whole milk sample (WM-H; 0.014 mg mL-!) compared to the
non-heated whole milk (WM; 0.034 mg mL-'), possibly due to heat-induced aggregation or degradation. The incorpora-
tion of MPC or WPI significantly elevated (P < 0.05) the p-lactoglobulin composition in dairy samples relative to the
WM sample, with values of 2.011 and 6.469 mg mL-, respectively. However, heating caused a notable decrease (P <
0.05) in the B-lactoglobulin content of the heated WPI-fortified whole milk sample (WM+WPI-H; 5.193 mg mL-) com-
pared to the unheated WPI-fortified whole milk (WM+WPI). The sample fortified with 4% WPI (WM+WPI) exhibited
significantly higher (P < 0.05) concentrations of all three protein forms (a-lactalbumin, B-lactoglobulin, and lactoferrin)
compared with all other fortified samples, highlighting the ability of WPI to mitigate whey protein loss during thermal
treatment. The fortified sample containing both milk protein concentrate (MPC) and whey protein isolate (WPI), re-
ferred to as WM+MPC+WPI, exhibited intermediate protein concentrations, were notably reduced (P < 0.05) compared
to those measured in the WPI-fortified whole milk (WM+WPI) but higher than the MPC-fortified whole milk
(WM+MPC), suggesting possible synergistic or competitive interactions between the added proteins under thermal
stress. Overall, these findings demonstrate the temperature- and concentration-dependent behavior of whey protein
retention in fortified milk systems.

To further explore the molecular mechanisms underlying the compositional variations, size-exclusion chromatog-
raphy coupled with high-performance liquid chromatography (SEC-HPLC) was employed. Native WM exhibited low
a-lactalbumin (a-La) and -lactoglobulin (3-Lg) content, with well-defined monomer peaks, consistent with established
benchmarks for bovine milk [34]. In contrast, the formulations fortified with MPC and WPI exhibited large aggregates
that eluted at the void volume, alongside smaller soluble complexes, suggesting the simultaneous presence of both
denatured and native whey protein components. It was observed that 80 °C thermal treatment caused a significant loss
of soluble B-Lg in WPI-supplemented milk (=20% reduction), in accordance with its high thermal susceptibility [35],
while a-La was relatively resistant (< 12% reduction), most probably because of its disulfide-stabilized tertiary structure
[36]. Lactoferrin exhibited matrix-dependent behavior, meaning its antioxidant activity varied based on the protein
composition and structure of the milk matrix, influencing its stability and function under different fortification condi-
tions. Its concentration was higher in heated whole milk (WM), likely due to dissociation from natural casein-lactoferrin
complexes present in the milk matrix, and lower in fortified systems, suggesting co-aggregation with denatured (-
lactoglobulin during heating [37]. Overall, these chromatographic and compositional patterns indicate that the resili-
ence of whey protein is profoundly influenced by both the fortification method and the thermal treatment applied.

Consistent patterns in the behavior of heat-induced proteins across samples were found by the combined SDS-
PAGE and HPLC analyses. Although the mechanisms were different, both methods showed that heating (30 min at 80
°C) significantly altered protein profiles: HPLC measured changes in particular whey protein concentrations, while
SDS-PAGE emphasized aggregation (non-reducing) or fragmentation (reducing). The decrease in -lactoglobulin levels
detected by HPLC in heated WM (WM-H), for example, matched the findings of SDS-PAGE, where smearing or band
disappearance indicated heat-induced degradation. On the other hand, high-molecular-weight aggregates in non-re-
ducing SDS-PAGE were associated with the increased lactoferrin content in WM-H (HPLC), suggesting heat-stabilized
complexes. The additives MPC and WPI modulated these effects similarly in both analyses; MPC promoted aggrega-
tion, which was consistent with its intermediate HPLC protein retention, while WPI's dominance in preserving 3-lacto-
globulin (HPLC) paralleled its role in maintaining distinct protein bands (SDS-PAGE). Notably, their intermediate
HPLC concentrations were reflected in the synergistic effects of MPC+WPI in SDS-PAGE (e.g., distinct banding pat-
terns), indicating balanced protein interactions. All of these findings highlight how important heating time and additive
makeup are for protein stability, with WPI providing better defense against heat deterioration than MPC or both.
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Table 4. HPLC quantification of major whey proteins in milk and protein-fortified systems with and without heat treatment.

Sample p(a-lactalbumin)/(mg mL?) p(B-lactoglobulin)/(mg mL?) p(lactoferrin)/(mg-mL )
WM 0.03040.010¢ 0.03420.007° 0.0960.026°
WM-H 0.05240.009°¢ 0.01420.003f 0.45120.037°
WM+MPC 0.17440.025" 2.0110.185% 0.21840.023¢
WM+MPC-H 0.18140.021%¢ 1.91740.218° 0.23540.015°
WM+WPI 0.37340.105% 6.469140.3442 0.87740.081°
WM+WPI-H 0.3300.078% 5.19320.304° 0.50520.059°
WM+MPC+WPI 0.27440.034% 3.80520.072° 0.59920.043°
WM+MPC+WPI-H  0.290+40.035% 3.0550.046% 0.44520.098°

ae According to the Tukey test, different superscripts in the same column indicate significant differences (p <0.05).

3.2. Analysis and identification of the volatile organic compounds (VOCs)

The VOCs in milk subjected were examined under various heat treatments both qualitatively and quantitatively
using HS-SPME-arrow-GC-MS. The examination identified alcohols, aldehydes, acids, esters, and ketones among the
volatiles in the milk powder constituents, with these substances contributing notably to the overall fragrance. In total
of 45 VOCs were found based on the flavor compounds associated with milk. These compounds were chosen for prin-
cipal component analysis (PCA) based on prior reports [38]. These compounds included seven alcohols, seven alde-
hydes, eight acids, three esters, seven ketones, and fourteen other compounds (Table S2). Sulfur-containing compounds
have a considerable impact on the flavor profile of dairy products and are frequently linked to its cooked flavor [39].
Dimethyl trisulfide (DMTS) and dimethyl sulfone (DMSQO,), two sulfur compounds, were found in the samples. Strong
"rotten cabbage" off-flavors are produced by DMTS, which is produced by the microbial or thermal breakdown of sul-
fur-containing amino acids (such as methionine/cysteine). On the other hand, the oxidation product of dimethyl sulfide
(DMS), dimethyl sulfone (DMSQO,), adds disagreeable "burnt" notes. Divergent sulfur volatile pathways in the samples
are highlighted by DMTS, which indicates protein degradation or microbial activity, whereas DMSO; is formed by
abiotic oxidation [40]. Using GC/MS and descriptive sensory analysis, our study has investigated the flavor of the con-
stituents. These methods provide an effective approach to identifying the compounds in the constituents that contribute
to aroma. Numerous compounds have been detected in prior research employing analytical techniques [41]. The range
of the total VOC content was 9.40 ug kg to 19.83 ug kg.

Different volatile profiles for each sample group were found by the analysis, indicating variations in their compo-
sition. In line with the main fat oxidation pathways found in bovine milk systems, whole milk (WM) had higher levels
of lipid-derived aldehydes (hexanal, nonanal) and short-chain acids (butanoic acid) [42]. This profile changed with pro-
tein fortification: WM+MPC showed sulfur compounds (dimethyl trisulfide), which corresponded to the heat-induced
degradation of sulfur-containing amino acids in caseins [43], whereas WM+WPI had higher ketones (2-heptanone),
which were indicative of the breakdown of whey protein (3-lactoglobulin [44]. As seen in mixed-protein dairy matrices,
the blended WM+MPC+WPI group combined both protein-derived volatiles and showed intermediate characteristics
[45]. These changes demonstrate how protein type affects flavor chemistry: WPI prefers ketonic compounds linked to
creamy aromas [46], while MPC adds sulfurous notes associated with cooked off flavors [47]. All groups had persistent
levels of 1-hexanol and 1-octanol, which suggests secondary oxidation processes [48]. With MPC and WPI each posing
distinct challenges (sulfur vs. ketone formation) that need to be managed through customized processing to maximize
sensory quality in fortified dairy products, the results highlight how important protein selection is for flavor stability.

SPME found volatiles like straight-chain aldehydes that come from lipid oxidation (unsaturated fatty acids). These
volatiles distributes smells that are "grassy," "fatty," or "rancid" (hexanal, octanal, decanal, and nonanal) [49]. Aldehydes
were the most prevalent volatile compounds found in WM, with their levels decreasing upon the addition of protein,
likely due to the dilution of fat content [50]. Strecker aldehydes are made when amino acids break down in the Maillard

"nn

reaction, which is responsible for "malty,"” "nutty," or "burnt" notes (benzaldehyde and benzenecacetaldehyde) [51]. Such
compounds have been recognized in whey and dairy protein products and are linked to protein degradation (e.g.,
Strecker aldehydes) and lipid oxidation (e.g., straight-chain aldehydes), often correlating with off-flavors such as card-
board or rancidity [52-55]. Protein fortification using MPC or WPI usually increases the levels of Strecker aldehydes,

such as 3-methylbutanal derived from leucine; however, none were detected in this study [56]. In contrast, straight-
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chain aldehydes resulting from lipid oxidation, compounds like hexanal and nonanal were the primary volatile sub-
stances found in all milk samples [57]. This suggests that lipid oxidation, rather than protein degradation, was the pri-
mary pathway for volatile formation under the applied thermal processing conditions. According to [41,58,59], straight-
chain aldehydes are the primary volatiles produced through lipid oxidation. In this study, lipid oxidation products (e.g.,
hexanal, nonanal) were the predominant volatiles, indicating that protein degradation had a negligible impact under
the present processing conditions. These volatile compound profiles align with the sensory descriptive results, further
demonstrating that spray drying negatively impacts flavor (Figure PCA of volatile and sensory).

Figure 2A and B show that the VOC profiles were different in each sample when the histograms were stacked.
About 45% of alcohols, 15% of aldehydes and acids, and about 5-10% of ketones, esters, and other compounds were
found in unheated WM. This profile shows lipid oxidation activity in WM took place before heat treatment. Heating
increased the relative abundance of acids for all samples, which became the most common type in many heated samples
(for example, it peaked at about 40% in WM+WPI-H). Ketones were more noticeable in heated samples with WPI, but
less so in heated samples with MPC. The mixed WM+MPC+WPI-H had a more balanced and complex VOC distribution,
which means that the combined protein system changed how thermal degradation happened. The absolute VOC con-
tent (ug kg') increased with heating and fortification, peaking in the blended protein sample. This backs up the idea
that when protein additives are heated, they change the volatile profiles from native lipid oxidation products to protein-
derived compounds.

Principal component analysis (PCA) was employed to evaluate the variations in VOCs across the sample groups
(Figure 2C). The first two principal axes (PC1 and PC2) accounted for 44.8% of the overall variability (PC1: 28.8%; PC2:
16.0%), revealing distinct clustering patterns in the distribution of flavor compounds, where heated samples were sep-
arated from unheated ones, and protein-fortified samples (WM+MPC, WM+WPI, and WM+MPC+WPI) were differen-
tiated based on their compositional profiles. The unheated control (WM) formed a distinct cluster from all heated sam-
ples, indicating substantial thermally induced alterations in VOC profiles. Heated samples were separated along PC2,
with WM+MPC-H and WM+WPI-H forming separate sub-groups. This suggests that heating changes proteins in a spe-
cific way. The WM+MPC+WPI-H group was in the middle of the WM+MPC and WM+WPI samples. This shows that
the two proteins worked together to change the release of volatile compounds. These groupings are in line with the
heatmap results, which showed that samples added MPC had more aldehydes and samples added WPI had more Mail-
lard-derived compounds.

The cluster heatmap showed that the sample groups had different volatile organic compound (VOC) profiles (Fig-
ure 2D). In line with previous thermal reaction research in dairy systems [42,60], the unheated WM control group,
characterized by minimal VOC levels, formed a distinct cluster apart from the heated samples, establishing an antici-
pated baseline. The elevated concentrations of aldehydes and acids derived from lipids. (such as hexanal, nonanal, and
butanoic acid) observed in all heated samples are well-established indicators of lipid oxidation induced by heat, as
described in detail by [48]. There were also effects that were specific to proteins. [43] showed that casein can actively
change lipid oxidation pathways. This is in line with the subclustering of WM+ 4% MPC-H samples, which kept more
aldehydes. On the other hand, the increase in sulfur-containing compounds (like dimethyl trisulfide) and furans (like
furfural) in the WM+WPI-H group is in line with what is known about (3-lactoglobulin's role in promoting Maillard and
Strecker degradation reactions [61,62]. The intermediate VOC profile of the WM+MPC+WPI-H group indicates syner-
gistic interactions between casein and whey proteins upon heating, corroborating the hypothesis put forth by [45] that
competitive protein reactions may transpire in complex dairy matrices, thereby moderating overall volatile release.
These observations, consistent with the outcomes of the PCA analysis, show that the difference between sample groups
is caused by volatiles whose formation pathways are well known. However, the way protein combinations change them
gives us new information.
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Figure 2. The volatile organic compounds (VOCs) identified via Headspace Solid Phase Microextraction Arrow Gas Chromatog-
raphy Mass Spectrometry (HS-SPME-Arrow-GC-MS) in the milk after heat treatment and protein fortification. (A) The relative
VOC content. (B) The relative VOC content percentage. (C) The PCA analysis of the VOCs. (D) The clustering heat map analysis of

the VOCs.

3.3. Sensory Characteristics

The milky, dairy fat, cooked, oxidized, and grassy scents of all milk specimens were assessed to investigate the

alterations in taste triggered by thermal processing (80 °C, 30 min) and protein fortification (MPC, WPI). The radar plot
(Figure 3) showed different aroma profiles of the samples.
All milk samples exhibited distinct aroma profiles (Table 5). The unheated whole milk sample (WM Control) showed
the strongest milky aroma (~8.19), consistent with expectations for an unprocessed milk matrix [63]. However, heat
treatment at 80 °C for 30 min decreased the milky aroma by 20-30%, likely due to the degradation of volatiles [64]. The
heated WPI-fortified whole milk (WM+WPI Heated) exhibited the strongest cooked aroma (~8.75), which is probably
due to sulfur-containing compounds such as dimethyl sulfide released during whey protein denaturation [61]. The
heated milk sample fortified with both MPC and WPI (WM+MPC+WPI Heated) displayed the most pronounced dairy
fat aroma (~9.63), likely resulting from heat-induced protein-lipid interactions that enhance flavor richness [65].
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Table 5. Sensory Evaluation of Aroma Descriptors for Different Samples.

Descriptors WM~ WM-H WM+ WM+MPC-H WM+WPI WM+WPI-H WM+MPC+ WM+MPC+WPI-H

MPC WPI
Milky 819° 831° 763" 6.50° 8.38b° 5.56% 8.63° 10.06¢
Aroma
Dairy Fat  6.81b° 7.69b° 6.94°  6.44° 8.250° 713 9.75% 9.63b°
Aroma
Cooked 7.00c? 7.38b°  6.69°  5.56° 6.25¢4 8.75d° 4.81°% 9.00%
Aroma
Oxidized 6.31° 6.13° 5.69°  4.50b° 6.06° 8.50° 5.94° 5.63°
Aroma
Grassy 3.942° 2.44°  4.81b° 4.44ab° 475 3.69% 313 3.442°
Aroma

&< According to the Tukey test, different superscripts in the same column indicate significant differences (p <0.05).

Conversely, oxidized and grassy aroma notes were relatively low in all heated samples (oxidized: 4.50-8.50; grassy:
2.44-4.75), indicating that thermal treatment at 80 °C for 30 min (moderate heating) did not promote extensive lipid
oxidation. In contrast, previous studies have shown that higher-temperature treatments (> 120 °C, high heating) can
substantially increase these off-flavor compounds [66]. In conclusion, these findings suggest that thermal processing
exerts a greater influence on the aroma profiles of milk than the inherent composition of raw milk, while protein forti-
fication can specifically modify certain flavor attributes.

WM Control =— Milky Aroma

—«— Dairy Fat Aroma

+— Cooked Aroma

WM + MPC + WPI Heated WM Heated

0
° +— Oxidized Aroma
# ? +— Grassy Aroma
2

WM + MPC + WPI Control e VAEE L SIS \B WM + MPC Control

WM + WPI Heated ‘WM + MPC Heated

WM + WPI Control

Figure 3. Radar plot of aroma attribute intensities in milk samples after heat treatment and protein fortification. Each polygon
shape represents the complete sensory profile of a sample. Scales range from 0 (none) to 15 (extremely strong). WM = whole milk;

MPC = milk protein concentrate; WPI = whey protein isolate.

3.4. Correlation Analysis

The Partial Least Squares Regression (PLS-R) correlation loading plot (Figure 4) revealed two distinct groups of
aroma profiles: samples that underwent moderate thermal treatment (80 °C for 30 min) and were fortified with addi-
tional proteins (e.g., WM+MPC+WPI) exhibited fresh, dairy-like sensory attributes, including milky and grassy aromas.
Those traits are strongly correlated with volatile alcohols and ketones like 1-hexanol, 1-pentanol, and 2-heptanone.
These compounds are associated with creamy or green notes, with 2-heptanone being particularly prevalent in fer-
mented dairy systems [44]. In contrast, samples subjected to heat treatment (WM-H, WM+WPI-H) fit the description of
cooked or oxidized foods and are mostly made up of aldehydes (like nonanal and decanal) and Maillard-derived furans
(like furfural), which is a sign of thermal degradation in milk [67]. Whey proteins also change how flavors are released
because they can hold onto aromas well [46]. This could help keep fresh notes in samples with a lot of protein. Overall,
these results emphasize the impact of protein composition and thermal treatment on the sensory attributes of dairy.
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Figure 4. Partial Least Squares Regression (PLS-R) correlation loading plot of milk samples and volatile compounds, showing how
processing treatments affect aroma profiles. Important groups: (1) Protein-enhanced samples (e.g., WM + MPC + WPI) are linked to
fresh dairy smells (milky, grassy) and volatile alcohols/ketones (e.g., 2-heptanone, 1-hexanol); (2) Heat-treated samples (e.g., WM-
H, WM + WPI-H) are linked to cooked/oxidized notes and thermal degradation markers (e.g., furfural, nonanal). The axes show
latent variables (LV1 and LV2) and the percentages of explained variance. Ellipses show the 95% confidence intervals for the treat-

ment groups.

Correlation analysis (Figure 5) indicated a positive association (P < 0.05) between the denaturation of a-LA and £3-
LG and lipid-derived alcohols and ketones (1-heptanol, 2-heptanone). This suggests that the unfolding of whey protein
facilitates the formation of compounds responsible for grassy and creamy notes. This result is consistent with known
mechanisms of lipid oxidation and fermentation associated with dairy proteins [42,61]. There were strong positive cor-
relations between whey protein denaturation and furfural/benzaldehyde which indicates that the unfolding of protein
ease, Maillard and Strecker degradation pathways. This aligns with the established function of whey proteins, especially
their reactive amino acids, as principal precursors to thermal reaction volatiles [62,67]. On the other hand, the denatur-
ation of lactoferrin (LF) was negatively correlated with aldehydes like hexanal and octanal, which suggests that LF has
a protective, antioxidant effect that stops lipid oxidation. This corroborates the suggested mechanism by which LF's
iron-chelating activity inhibits pro-oxidant metal catalysis [68,69]. These findings collectively illustrate that protein-
specific conformational alterations during processing are a principal factor influencing the volatile complex dairy ma-
trices [65].

* p<=005

Figure 5. Correlation plot of milk protein denaturation (a-LA, B-LG, LF) and volatile compounds under different processing treat-
ments. The color key (right) indicates the strength and direction of the Pearson correlation coefficient, ranging from -1 (strong nega-

tive correlation, blue) to +1 (strong positive correlation, red).

4. Conclusion

This research examined the impact of thermal treatment (80 °C for 30 min) and protein enrichment (MPC and WPI)
on the structural alterations of whey proteins, the formation of volatile compounds, and the sensory characteristics of
dairy products. Following heating, the structural denaturation of (-lactoglobulin and a-lactalbumin was significantly
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promoted across all treatments, with protein fortification modulating these changes. Specifically, MPC fortification en-
hanced the formation of sulfur-containing compounds and aldehydes, while WPI fortification favored the generation
of ketones and Maillard-derived volatiles. Sensory analysis indicated that WPI-fortified samples exhibited stronger
cooked and dairy fat aromas, while unfortified milk retained milky and grassy notes. Correlation analysis further high-
lighted the mechanistic links between protein denaturation and lipid-derived compounds. These findings demonstrate
that the type and composition of protein fortification, particularly through the strategic blending of MPC and WPI,
significantly influence volatile profiles, mitigate off-flavors, and provide a practical approach for designing thermally
stable, protein-enriched dairy products with optimized sensory quality.
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