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Abstract: The growing demand for sustainable dairy alternatives has increased interest in oat milk with improved nutritional, functional,
and sensory properties. This study investigated the effects of germination duration on the physicochemical characteristics, colloidal
stability, bioactive profile, and sensory acceptability of oat milk. Oat seeds (Avena sativa L.) were germinated for 24, 48, and 72 h, and
oat milk was prepared from germinated and ungerminated seeds under identical processing conditions. Samples were evaluated for
pH, total soluble solids, particle size, zeta potential, physical stability, soluble protein content, total phenolic content (TPC), and DPPH
radical scavenging activity. Sensory evaluation assessed appearance, color, smell, taste, mouthfeel, and overall acceptability.
Germination improved colloidal stability, with zeta potential becoming more negative, shifting from =15 mV in the ungerminated control
to —20 mV after 72 h. TPC increased from 7.83 to 11.45 mg GAE/100 mL, accompanied by an increase in DPPH radical scavenging
activity from 6.31% to 8.33%. Soluble protein content also increased moderately, from 2.1 to 3.2 ppm, with increasing germination
duration. Although germination improved appearance and color scores, it reduced smell, taste, and mouthfeel scores, indicating
differences between visual appeal and other sensory attributes. Overall acceptability decreased after 24 and 48 h of germination,
whereas the sample germinated for 72 h (YS72) remained comparable to the ungerminated control. These findings demonstrate the
potential of germination as a pretreatment for improving oat milk stability and bioactive properties. The results also highlight the
importance of selecting an appropriate germination duration to balance physicochemical improvements with sensory acceptability.

Keywords: Oat, plant milk, bioactive, germination, functional milk.

Filizlenmis yulaf tohumlarindan bitki bazli biyoaktif stt Gretimi

Ozet: Surdurilebilir siit alternatiflerine yonelik artan talep, besinsel, fonksiyonel ve duyusal ézellikleri gelistiriimis yulaf stiine olan ilgiyi
artirmistir. Bununla birlikte, bu Griinlerde fiziksel stabilitenin korunmasi ve duyusal kabul edilebilirligin saglanmasi, Urin gelistirme
calismalarinda 6nemli konular arasinda yer almaktadir. Bu galismada, gimlendirme siresinin yulaf sitliniin fizikokimyasal 6zellikleri,
kolloidal stabilitesi, biyoaktif profili ve duyusal kabul edilebilirligi izerindeki etkileri incelenmistir. Yulaf taneleri (Avena sativa L.) 24, 48
ve 72 saat slreyle ¢imlendirilmis; ¢imlendiriimis ve c¢imlendiriimemis tanelerden ayni islem kosullarinda yulaf siti hazirlanmistir.
Ornekler; pH, toplam kuru madde, partikiil boyutu, zeta potansiyeli, fiziksel stabilite, ¢dziiniir protein igerigi, toplam fenolik madde igerigi
(TFM) ve DPPH radikal stiplirme aktivitesi agisindan deg@erlendirilmistir. Duyusal degerlendirmede goriinls, renk, koku, tat, agiz hissi
ve genel kabul edilebilirlik 6zellikleri incelenmistir. Cimlendirme suresinin uzamasiyla ortalama partikil boyutu, ¢cimlendiriimemis kontrol
orneginde 45.682,5 nm iken 72 saat sonunda 7.421,2 nm’ye diismustir. Zeta potansiyeli ise kontrol 6rneginde —15 mV iken 72 saatlik
¢imlendirme sonrasinda —20 mV’ye ulagsmistir. Fiziksel stabilite, ¢cimlendirme siresine bagli olarak dogrusal olmayan bir degisim
gostermis; 48 saat sonunda azalirken 72 saat sonunda %91,67’ye yiikselerek kontrol drneginin tizerinde bulunmustur. TFM, 7,83’ten
11,45 mg GAE/100 mL'’ye yukselirken DPPH radikal stpurme aktivitesi %6,31’den %8,33’e artmistir. Cozunlr protein igerigi de
¢imlendirme suresinin uzamasiyla 2,1’den 3,2 ppm’e ylkselmistir. Cimlendirme, goriinus ve renk puanlarini iyilestirmesine ragmen
koku, tat ve agdiz hissi puanlarini distrmus; gérsel 6zelliklerdeki iyilesmenin bltiin duyusal 6zelliklere ayni bicimde yansimadigi
gorulmuistir. Genel kabul edilebilirlik, 24 ve 48 saatlik ¢imlendirme sonrasinda azalirken 72 saat gimlendirilen 6rnek (YS72),
¢imlendiriimemis kontrolle benzer duzeyde kalmistir. Bu bulgular, ézellikle 72 saatlik ¢imlendirmenin yulaf sttiniin fiziksel stabilitesini
ve biyoaktif 6zelliklerini gelistirmeye yonelik bir 6n islem olarak potansiyelini ortaya koymaktadir. Sonuglar, fizikokimyasal iyilesmeler
ile duyusal kabul edilebilirlik arasinda denge saglamak igin uygun ¢imlendirme suresinin segilmesinin dnemini vurgulamaktadir.

Anahtar Kelimeler: Yulaf, bitkisel sit, biyoaktif, filizlenme, fonksiyonel siit.
I EEEEEE—————————,
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1. Introduction

The global transition toward more sustainable food systems
have increased interest in plant-based milk alternatives, driven
by health, environmental, and ethical considerations. Lactose
intolerance, cow’'s milk protein allergy, concerns regarding
dietary cholesterol, and the increasing adoption of vegan and
flexitarian diets have further stimulated the demand for dairy-
free beverages. In parallel, the environmental impacts
associated with conventional dairy production, including
greenhouse gas emissions and extensive land and water use,
have encouraged the development of more sustainable
alternatives (Chalupa-Krebzdak et al., 2018). Consequently,
plant-based milk alternatives derived from legumes, nuts,
oilseeds, and cereals have gained considerable commercial
and nutritional importance.

Among cereal-based alternatives, oats (Avena sativa L.) are
particularly promising because of their favorable nutritional
composition, mild flavor, and technological versatility (Patra et
al.,, 2022). Oats contain soluble dietary fiber, especially B-
glucans, as well as proteins, unsaturated fatty acids, essential
minerals, B-complex vitamins, and various phytochemicals
(Singh et al., 2025). They are also distinguished by the presence
of avenanthramides, a group of phenolic compounds
associated with  antioxidant, anti-inflammatory, and
cardioprotective activities (Tang et al., 2023). These nutritional
and bioactive constituents make oats a suitable raw material for
developing functional plant-based beverages.

Oat milk is generally well accepted because of its creamy
consistency, relatively mild sensory profile, and fiber content.
Nevertheless, its composition and quality are strongly affected
by the characteristics of the oat grains and the processing
conditions used during soaking, milling, extraction, filtration, and
thermal treatment. Conventional processing may restrict the
transfer of proteins and bound phenolic compounds into the
aqueous phase. In addition, incomplete starch hydrolysis and
the presence of suspended particles may adversely affect
viscosity,  particle-size  distribution, colloidal  stability,
sedimentation behavior, and sensory quality
(Babolanimogadam et al., 2023; McCarron et al., 2024).
Therefore, appropriate pretreatment strategies are required to
improve the nutritional, functional, and physicochemical
properties of oat-based milk alternatives.

Germination is a natural and sustainable pretreatment that
induces extensive biochemical and structural changes in cereal
grains. During germination, endogenous amylases, proteases,
phytases, and cell-wall-degrading enzymes are activated.
These enzymes promote starch hydrolysis, protein mobilization,
reduction of antinutritional factors, and the release or de novo
synthesis of bioactive compounds, including phenolic acids, y-
aminobutyric acid (GABA), vitamins, and bioactive peptides (do
Nascimento et al.,, 2022; Karabulut et al., 2024). In oats,
germination has been reported to alter carbohydrate
metabolism and improve protein digestibility, phenolic content,
and antioxidant capacity (Aparicio-Garcia et al., 2021). Because
these transformations modify the quantity and characteristics of
soluble and dispersed components transferred into the aqueous
phase, germination may affect not only the nutritional and
bioactive properties of oat milk but also its particle
characteristics, colloidal stability, and sensory acceptability.

Recent studies have demonstrated the potential of germination
to improve the nutritional, functional, and sensory properties of
oat-based products. Babolanimogadam et al. (2023) compared
germination with acidic, alkaline, and a-amylase treatments,
applied individually or in combination, in oat-milk production.
Germinated samples resulted in the highest oat-milk yield
(91.70%), while the combination of germination and acidic
treatment produced the highest protein extraction yield

(82.74%). The authors also reported acceptable sensory scores
for germinated oat milk and particularly favorable results for
treatments combining germination with a-amylase. However,
only a single germination duration of 96 h was evaluated.
Alsadiq and llowefah (2024) investigated the germination of two
oat samples for 24, 48, and 72 h and observed time- and
sample-dependent changes in total dietary fiber and phenolic
content. Milk fortified with germinated oat flour showed greater
sensory acceptance than milk fortified with ungerminated oat
flour, although the control milk remained the most preferred.
Nevertheless, that study focused on the use of germinated oat
flour as a fortifying ingredient rather than on an oat-based milk
produced directly from germinated grains. More recently, Wei et
al. (2024) selected oats germinated for 48 h to produce whole
germinated oat milk and reported increases in total protein,
GABA, total phenolics, and reducing sugars during germination.
They further demonstrated that high-energy fluidic
microfluidization reduced particle size and improved the
viscosity and physical stability of the resulting beverage.
However, because germination was combined with enzymatic
treatment and high-pressure microfluidization, the contribution
of germination time alone to the physicochemical stability of oat
milk could not be clearly distinguished.

These studies demonstrate the nutritional and technological
potential of germinated oats but leave several important
questions unresolved. Previous research has either examined a
single germination duration, used germinated oat flour to fortify
milk, or combined germination with intensive enzymatic and
mechanical processing. Therefore, the time-dependent effects
of germination alone on oat milk produced under otherwise
identical processing conditions remain insufficiently
characterized. In particular, few studies have simultaneously
examined physicochemical properties, particle size, zeta
potential, phase stability, soluble protein content, phenolic
compounds, antioxidant activity, and sensory acceptance
across different germination periods. Accordingly, the present
study aimed to determine the effects of 24, 48, and 72 h of
germination on the physicochemical stability, bioactive
properties, and sensory characteristics of oat milk relative to an
ungerminated control.

2. Materials and Methods
2.1 Materials

Oat seeds (Avena sativa L.) were obtained from a certified
local grain supplier in Sakarya, Turkiye. Prior to the
experiment, the seeds were stored in airtight containers under
cool and dry conditions to minimize moisture uptake and
microbial contamination. Damaged, discolored, or broken
grains were manually removed by visual inspection. To
preserve the native biochemical composition of the seeds, no
thermal or chemical pre-treatment was applied before
germination.

All reagents and analytical-grade chemicals used in the study,
including Folin—Ciocalteu reagent, gallic acid, 1,1-diphenyl-2-
picrylhydrazyl (DPPH), sodium carbonate, and bovine serum
albumin (BSA), were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Distilled water used for soaking, extraction,
dilution, and analytical procedures was obtained from an
ELGA PURELAB® water purification system (Veolia Water
Technologies, UK).

2.2 Methods

2.2.1. Germination of oat seeds

The germination process of oat seeds (Avena sativa L.)
comprised four sequential steps: surface sterilization,
soaking, germination, and sample collection. To minimize
microbial contamination, approximately 100 g of whole oat
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seeds were surface-sterilized by immersion in 0.002 N sodium
hypochlorite (NaOCI) solution for 20 min at room temperature
under gentle agitation. Following sterilization, the seeds were
rinsed three times with tap water and finally with distilled water
to remove residual chlorine.

The sterilized seeds were then soaked in distilled water at a
seed-to-water ratio of 1:10 (w/v) and incubated in the dark at
room temperature (24 + 1 °C) for 12 h to ensure complete
hydration and activation of germination-related metabolic
pathways. After soaking, excess water was drained, and the
hydrated seeds were evenly distributed in a single layer
between two sterile, moistened Whatman No. 1 filter papers
placed in 150 mm sterile glass Petri dishes. To maintain
adequate humidity, 10-12 mL of distilled water was added to
each dish, and moisture was replenished daily.

Germination was carried out in the dark at 25 = 1 °C for 24,
48, or 72 h to evaluate time-dependent effects on the
physicochemical and functional properties of oat milk. Seeds
were periodically inspected for radicle emergence and
microbial contamination. At the end of each germination
period, germinated seeds were collected, gently blotted to
remove surface moisture, and non-germinated or
contaminated seeds were discarded. Germinated samples
were either processed immediately or stored at —20 °C in
airtight polyethylene bags prior to oat milk preparation.

2.2.2. Proximate composition of germinated oat
seeds

The proximate composition of germinated oat seeds was
determined according to standard AOAC methods. Moisture
content was measured by oven-drying the samples at 100 °C
to constant weight (AOAC, 2000). Ash content was
determined by dry ashing in a muffle furnace at 525 °C until
complete incineration was achieved (AOAC Official Method
923.03). Crude fat content was analyzed using Soxhlet
extraction with chloroform as the solvent (AOAC Official
Method 920.39).

Protein content was determined using the Dumas combustion
method in accordance with AOAC Official Method 992.23
(AOAC, 2000) using a VELP NDA 701 nitrogen analyzer
(VELP Scientifica, Italy). Crude protein content was calculated
by multiplying the measured nitrogen content by a nitrogen-to-
protein conversion factor of 5.83, which is appropriate for oat-
based matrices.

2.2.3. Preparation of germinated oat milk

Following germination, oat seeds from each time point (24, 48,
and 72 h) were evenly spread in a single layer on stainless
steel trays lined with blotting paper and dried in a hot air oven
at 50 °C to constant weight. The dried samples were ground
for 5 min using a commercial blender (Electrolux, Sweden) to
obtain a fine oat flour. Oat milk was prepared by dispersing
the flour in distilled water at a seed-to-water ratio of 1:10 (w/v),
followed by thorough blending to facilitate hydration and
extraction of soluble components. The slurry was filtered
through four layers of muslin cloth to separate the liquid
fraction (oat milk) from the solid residue, with gentle filtration
applied to minimize foam formation and preserve colloidal
stability.

Four oat milk formulations were prepared and analyzed on
the same day: Control (non-germinated), YS24 (24 h
germination), YS48 (48 h germination), and YS72 (72 h
germination). All samples were stored at 4 °C and subjected
to physicochemical, functional, and bioactive analyses within
12 h of preparation to minimize oxidative and microbial
degradation (Figure 1).

2.2.4. Physicochemical characterization of oat milk
samples

2.2.4.1. pH measurement

The pH of oat milk samples was measured using a calibrated
digital pH meter (Mettler Toledo, Switzerland). The instrument
was calibrated with standard buffer solutions at pH 4.00 and
7.00 prior to analysis. Measurements were performed at room
temperature (=22 °C), and all samples were analyzed in
triplicate.

2.2.4.2. Total soluble solids content

Total soluble solids content was determined according to
AOAC Official Method 925.23 (AOAC, 2000). Approximately
5.00 + 0.01 g of each oat milk sample was dried in a hot air
oven at 105 °C to constant weight. Total solids were
calculated gravimetrically and expressed as a percentage of

the initial sample mass (Eq. 1).
Total Soluble Solids (%) = (jl‘j) x 100 1)
o

where A is weight of empty crucible (g), A, is weight of crucible
+ dried sample (g) A; is weight of crucible + fresh sample (g).

2.2.4.3. Soluble protein content

Soluble protein concentration was determined using the
Bradford colorimetric method. Oat milk samples were diluted
(1:10, v/v) in 0.2 M sodium phosphate buffer (pH 7.0) and
centrifuged at 13,000 xg for 25 min at 25 °C. An aliquot of the
supernatant (150 pL) was mixed with Bradford reagent
(Sigma-Aldrich, USA), incubated for 10 min at room
temperature, and absorbance was measured at 595 nm using
a spectrophotometer (Thermo Spectronic Genesys 5, USA).
A buffer blank was used for baseline correction. Protein
concentration was quantified using a bovine serum albumin
(BSA) calibration curve (R2 = 0.9824).

2.2.4.4. Particle size and zeta potential

The mean particle size and zeta potential of the oat milk
samples were determined using a Zetasizer Nano ZS
(Malvern Instruments Ltd., UK), based on dynamic light
scattering (DLS). Samples were diluted 1:100 in 0.01 M
sodium phosphate buffer (pH 7.0) prior to analysis to prevent
multiple scattering. Zeta potential measurements were
performed at 23 °C, with a fixed scattering angle of 90° and a
laser wavelength of 658 nm. The absorption and refractive
indices used for the calculations were 0.001, 1.33, and 1.45,
respectively.

2.2.4.5. Physical stability

Physical stability of oat milk samples was evaluated based on
volume separation and expressed as physical stability (%).
Approximately 15 mL of freshly prepared oat milk was
transferred into a graduated cylinder and left undisturbed at
room temperature. After 2.5 h of storage, the volume of the
sedimented phase at the bottom of the cylinder was recorded,
and visual phase separation was documented.

Physical stability (%) was calculated according to the ratio of
the non-sedimented (stable) phase volume to the total sample
volume using the following Eqg. 2:

Physical stability (%) = (1) x 100 @)
t

where V;represents the volume of the sedimented phase and
V.denotes the total volume of the oat milk sample. Higher
physical stability values indicate greater resistance to
sedimentation and phase separation.

2.2.4.6. Color measurement

Color characteristics of the oat milk samples were determined
using a colorimeter (ColorFlex EZ, HunterLab, USA). The
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device was calibrated using a standard white calibration tile
prior to each measurement. Color was expressed in terms of
L* (lightness), a* (red-green), and b* (yellow-blue) values.
Total color difference (AE)* was calculated using Eq. 3:

2.2.4.7. Bioactive properties

The total phenolic content (TPC) of the oat milk samples was
determined using the Folin—Ciocalteu colorimetric method
according to Singleton and Rossi (1965), with minor
modifications. Briefly, 100 pL of oat milk sample was mixed
with 7.9 mL of distilled water and 500 pL of Folin—Ciocalteu
reagent. Subsequently, 1.5 mL of 20% (w/v) sodium
carbonate solution was added, giving a final reaction volume
of 10 mL. The reaction mixture was vortexed and incubated in
the dark at room temperature for 1 h. Absorbance was
measured at 765 nm using a UV-visible spectrophotometer
(Shimadzu UV-1240, Japan). A reagent blank containing
distilled water instead of the sample was prepared under
identical conditions. TPC was quantified using a gallic acid
calibration curve (0-200 pg/mL; R2=0.991) and expressed as
mg gallic acid equivalents (GAE) per 100 mL of oat milk.

The antioxidant activity of the oat milk samples was evaluated
using the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical-
scavenging assay according to Brand-Williams et al. (1995),
with minor modifications. Briefly, 100 pL of sample extract was
mixed with 3.9 mL of freshly prepared 0.1 mM DPPH solution
in methanol. The reaction mixture was vortexed and incubated
in the dark at room temperature for 30 min. Absorbance was
measured at 517 nm using a spectrophotometer (Thermo
Spectronic Genesys 5, USA). A control containing 100 pL of
methanol and 3.9 mL of 0.1 mM DPPH solution was prepared
under identical conditions. DPPH radical-scavenging activity
was calculated using Equation 4.

Water Mixing &
addition Grinding

Homogenisation Filtration

AEx=(Lz — L)* + (az — a)? + (b; — by)? 3)
where subscripts 1 and 2 represent the values for control and
test samples, respectively.

DPPH Scavenging Activity(%)z(w) x 100 4)

Acontrol

Where Aconiror is absorbance of the control, Aggmpie is
absorbance of the sample.

2.2.4.8. Sensory evaluation

A preliminary sensory evaluation was conducted to assess the
organoleptic characteristics of germinated and ungerminated
oat milk samples. All samples were served at 25 °C. A panel
of 10 semi-trained individuals (students of food engineering
department) was asked to evaluate the samples based on
appearance, color, smell, and overall acceptability, using a 9-
point hedonic scale (1 = very poor, 9 = excellent). Samples
were tasted for evaluation purposes and then expectorated
rather than swallowed.

2.2.5. Statistical analysis

All results are expressed as mean + standard deviation (SD)
from at least three independent replicates per treatment
group. Statistical analyses were performed using R software
(Version 3.6.3, R Foundation for Statistical Computing,
Vienna, Austria). One-way analysis of variance (ANOVA) was
conducted to determine statistically significant differences
between groups, followed by Duncan’s multiple range test at
a 95% confidence level (p < 0.05).

Storage
ATP
protei
o "3
N
Peptides @ Aminoacids vb
s

Germinated Oat Milk

Figure 1. Schematic illustration of the germination process and oat milk preparation. Control (non-germinated), YS24 (24 h germination),
YS48 (48 h germination), and YS72 (72 h germination).
Sekil 1. Cimlenmemis yulafin ¢cimlenme stirecini ve yulaf siitli hazirlama islemini sematik olarak gésteren ¢izim. Kontrol (cimlenmemis),
YS24 (24 saat ¢cimlenme), YSA48 (48 saat ¢cimlenme) ve YS72 (72 saat ¢cimlenme).

3. Results and Discussion

3.1. Proximate composition of germinated oat
samples

Changes in the proximate composition of oat seeds during
germination (24, 48, and 72 h) are summarized in Table 1.

Germination induced compositional changes. Fat content
exhibited a non-monotonic response to germination.

While no significant difference was observed between the
ungerminated and YS24 samples, fat content increased
significantly at 48 h of germination (p < 0.05). The YS72
sample showed intermediate values and did not differ
significantly from either the ungerminated or YS48. These
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results indicate limited lipid mobilization during early
germination, with a transient increase in extractable fat at 48
h, possibly associated with structural loosening of lipid—matrix
interactions rather than net lipid biosynthesis.

Table 1. Proximate composition of germinated and
ungerminated oat seeds.

Tablo 1. Cimlenmis ve ¢gimlenmemig yulaf tohumlarinin temel
kimyasal bilesimi.

%dm Fat Ash Protein Carbohydrate
Control 7.09+ 451+ 1760z 63.00 +
0.29"" 0.122 0.54° 2.142
YS24 717+ 416+ 1960+ 60.23 £
0.05° 0.452 0.742 3.54°
YS48 799+ 445+ 18.20% 60.45 +
0.112 0.782 0.81% 5.41°
YS72 740+ 465+ 18.80% 60.61 £
0.40% 0.122 0.6420 4.11°

* Control (non-germinated), YS24 (24 h germination), YS48
(48 h germination), and YS72 (72 h germination). Values are
expressed as mean * standard deviation, n = 3.

Crude protein content increased significantly after 24 h of
germination compared to the ungerminated. Prolonged
germination (48 and 72 h) resulted in intermediate protein
levels that were not significantly different from either the
ungerminated or YS24 samples. This pattern suggests that
the observed increase in protein percentage is primarily due
to a relative concentration effect associated with carbohydrate
degradation rather than de novo protein synthesis (Wei et al.,
2024). Importantly, the absence of protein loss across
germination times indicates that germination mainly
influences protein quality and structural characteristics, rather
than total protein quantity (do Nascimento et al., 2022). Ash
content remained statistically unchanged throughout
germination. This stability confirms that germination did not
alter the total mineral content of oat seeds. Carbohydrate
content decreased significantly in all germinated samples
compared to the ungerminated (p < 0.05), whereas no
significant differences were observed among the germinated
groups themselves. This reduction reflects partial starch
hydrolysis and its utilization as an energy source during
germination. The relatively limited magnitude of decrease
indicates that carbohydrate degradation was moderate and
did not severely disrupt the carbohydrate matrix of the grain
(Wei et al., 2024).

3.2. Physicochemical properties of oat milk
3.2.1. pH

Changes in the pH of oat milk samples produced from
ungerminated and germinated oat seeds (24, 48, and 72 h)
are shown in Figure 2a. The ungerminated oat milk exhibited
the lowest pH value (6.33). Germination led to a significant
increase in pH (p < 0.05), with the highest values observed in
the YS24 and YS48 samples (approximately 7.0—7.1), which
did not differ significantly from each other.

In contrast, the YS72 sample showed a significantly lower pH
than YS24 and Y S48, although it remained significantly higher
than the ungerminated. The increase in pH during the early
and intermediate stages of germination (24—-48 h) can be
attributed to metabolic and biochemical transformations in the
seed, including the activation of proteolytic and phytase
enzymes, leading to the release of amino acids and mineral
ions that enhance the buffering capacity of the system. The
subsequent decrease observed after prolonged germination
(72 h) may be related to intensified metabolic activity and the
partial accumulation of organic acids, which counteract the
initial buffering effects (Saxena et al., 2023). The elevated pH
values obtained after 24 and 48 h of germination may be
advantageous for oat milk systems, as they can enhance
electrostatic repulsion between dispersed components and
contribute to improved colloidal stability.

3.2.2. Total soluble solids

Changes in the total soluble solids (TSS) content of oat milk
samples produced from ungerminated and germinated oat
seeds (24, 48, and 72 h) are shown in Figure 2b. The
ungerminated oat milk exhibited a significantly lower TSS
value (approximately 1.6%) compared to all germinated
samples (p < 0.05). In contrast, oat milk samples obtained
from germinated seeds (YS24, YS48, and YS72) showed
similar TSS values (approximately 1.8%), indicating no
significant differences among germination times (p > 0.05).
The increase in TSS observed after germination can be
attributed to enzymatic starch hydrolysis and the release of
low-molecular-weight soluble compounds, primarily sugars,
into the aqueous phase (Karabulut et al., 2024).

The absence of significant differences among the germinated
samples suggests that the major contribution of germination
to soluble solid formation occurs during the early stages (24
h), after which a dynamic balance between sugar release and
metabolic utilization is established. These findings are
consistent with previous reports showing that germination
enhances extractable soluble solids in cereal-based systems
through enzymatic depolymerization of starch reserves, while
prolonged germination does not necessarily result in further
increases in TSS (Saxena et al., 2023). The elevated TSS
values observed in germinated samples may contribute to
improved body and mouthfeel of oat milk without the need for
extended germination times.
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Figure 2. Effects of germination time on basic physicochemical
properties of oat milk. a) pH, (b) total soluble solids (%), and (c)
soluble protein content of oat milk samples produced from
ungerminated (control) and germinated oat seeds for 24
(YS24), 48 (YS48), and 72 h (YS72).

Sekil 2. Cimlenme stiresinin yulaf siitliniin temel fizikokimyasal
6zelliklerine etkileri. Cimlenmemis (kontrol) ve 24 (YS24), 48
(YS48) ve 72 saat (YS72) siireyle cimlendirilmis yulaf
tohumlarindan diretilen yulaf sitii érneklerinin pH'i, (b) toplam
¢Ozinir katr madde (%) ve (c) ¢bziindir protein igerigi.
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3.2.3. Soluble protein content

Changes in soluble protein content of oat milk samples
produced from ungerminated and germinated oat seeds (24,
48, and 72 h) are presented in Figure 2c. Germination resulted
in a moderate and time-dependent increase in soluble protein
content. The soluble protein concentration increased from 2.1
ppm in the ungerminated control to 2.5, 3.0, and 3.2 ppm in
the YS24, YS48, and YS72 samples, respectively. Thus, the
YS72 sample exhibited an approximately 52% higher soluble
protein content than the ungerminated control. These results
demonstrate that germination increased the amount of protein
detected in the soluble fraction of the oat milk, with the
greatest value observed after 72 h of germination. Similar
moderate increases in soluble protein availability following
germination have also been reported in germinated oat-based
systems (Babolanimogadam et al., 2023).

3.2.4. Particle size and zeta potential

Changes in the particle size and zeta potential of oat milk
samples produced from ungerminated and germinated oat
seeds are presented in Figures 3a and 3b, respectively. The
ungerminated oat milk exhibited a mean particle size of
45,682.5 nm. Germination resulted in progressively lower
particle sizes, with values of 15,285.1, 10,285.1, and 7,421.2
nm for the YS24, YS48, and YS72 samples, respectively. The
smallest mean particle size was therefore observed in the
YS72 sample. Although the numerical particle size decreased

a)

60000

50000

40000

30000

Particle size (nm)

20000 1 s

10000 1

0 T

c) 100

| b
i W1

Control YS24 YS48 YS72

(%)
S

Physical stability
L .-
o (=

a

90 4

704

b 3

60 = c

50 A

30

10 4

0 4 T - -

Control YS24 YS48 YS72

after 24 h, the YS24 sample did not differ significantly from the
ungerminated control, whereas more pronounced reductions
were observed after 48 and 72 h. The reduction observed with
prolonged germination may be associated with the activity of
endogenous amylolytic, proteolytic, and cell-wall-degrading
enzymes, which can partially disrupt starch—protein
aggregates and structural components of the oat matrix
(Karabulut et al., 2024).

Germination also altered the zeta potential of the oat milk
particles (Figure 3b). The zeta potential changed from =15 mV
in the ungerminated control to —18, —-22, and —20 mV in the
YS24, YS48, and YS72 samples, respectively. These shifts
indicate changes in the surface charge characteristics of the
dispersed particles, potentially resulting from the exposure or
release of ionizable groups during germination. Although
more negative zeta potential values may promote electrostatic
repulsion, the measured values correspond to moderate
rather than strong electrostatic stabilization. Moreover, the
YS48 sample exhibited the most negative zeta potential but
did not show the highest macroscopic physical stability, as
discussed in Section 3.2.5. Therefore, zeta potential and
particle size alone were not sufficient to predict the phase-
separation behavior of the oat milk samples. Other factors,
including continuous-phase viscosity, particle-size
distribution,  biopolymer  hydration, and steric or
macromolecular interactions, may also have influenced the
observed stability.
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Figure 3. Effect of germination time on particle size and zeta potential of oat milk. (a) Mean patrticle size, (b) Zeta potential, (c)
Physical stability (%) of oat milk samples produced from ungerminated (control) and germinated oat seeds for 24, 48, and 72 h. (d)
Representative photographs of oat milk samples after standing 2.5 h, illustrating phase separation behavior.

Sekil 3. Cimlenme stiresinin yulaf siitiiniin partikiil boyutu ve zeta potansiyeli lizerindeki etkisi.

(a) Ortalama partikiil boyutu, (b) Zeta potansiyeli, (c) Cimlenmemis (kontrol) ve ¢imlenmig yulaf tohumlarindan 24, 48 ve 72 saat stireyle
Uretilen yulaf sttt 6rneklerinin fiziksel stabilitesi (%). (d) 2,5 saat bekletildikten sonra yulaf sttt 6rneklerinin temsili fotograflari, faz
ayrisma davranigini géstermektedir.
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3.2.5. Physical stability analysis

Changes in the physical stability of oat milk samples produced
from ungerminated and germinated oat seeds (24, 48, and 72
h) are presented in Figure 3c-d. Physical stability differed
significantly among the samples (p < 0.05) and exhibited a
non-linear dependence on germination time.

Physical stability values were 58.33%, 57.50%, 49.17%, and
91.67% for the control, YS24, YS48, and YS72 samples,
respectively. The control and YS24 samples exhibited
comparable stability, whereas the value decreased to 49.17%
after 48 h of germination. In contrast, extending germination
to 72 h increased physical stability to 91.67%, corresponding
to an approximately 57% improvement relative to the
ungerminated control. These results demonstrate a non-linear
effect of germination time, characterized by transient
destabilization at 48 h followed by pronounced stabilization at
72 h. Notably, prolonged germination (72 h) resulted in a
pronounced improvement in physical stability, with the YS72
sample reaching the highest value (approximately 92%). The
temporary reduction in stability observed at 48 h may be
associated  with  germination-induced  microstructural
rearrangements, including partial degradation and
redistribution of starch and cell wall polysaccharides, which
can lead to less homogeneous particle populations and
reduced resistance to sedimentation (Karabulut et al., 2024).
Conversely, extended germination (72 h) appears to promote
the formation of a more stable colloidal network, likely due to
improved dispersion homogeneity, enhanced hydration of
biopolymers, and stronger interparticle repulsion. Unlike many
commercial oat milk formulations relying on added stabilizers,
the improved stability observed in the 72 h germinated sample
was achieved solely through germination-induced structural
modifications (McCarron et al., 2024; Tuncel et al., 2024). The
markedly higher physical stability of the YS72 sample is
consistent with the more negative zeta potential values
observed at prolonged germination time. These findings
demonstrate that germination time is a critical factor governing
the physical stability of oat milk, with extended germination (72
h) effectively enhancing resistance to phase separation, while
intermediate germination may induce a short-lived
destabilization.

3.2.6. Color

The total color difference (AE*) of oat milk samples produced
from ungerminated and germinated oat seeds (24, 48, and 72
h) are presented in Figure 4a. Germination induced
measurable changes in all color coordinates, with AE* values
between 0.30 and 2.31.

These color changes can be attributed to biochemical
transformations occurring during germination, including the
release of phenolic compounds, enzymatic browning
reactions, and redistribution of pigments and soluble solids in
the aqueous phase (Liu et al., 2021). Despite these trends,
AE* values remained relatively low (< 3), suggesting that the
overall color differences between germinated and
ungerminated samples were minor and likely below the
threshold of strong visual perception. This indicates that
germination-induced improvements in nutritional and
functional properties do not cause undesirable color
alterations, supporting consumer acceptability of germinated
oat milk formulations.

3.3. Bioactive properties of oat milk

Changes in TPC of oat milk samples produced from
ungerminated and germinated oat seeds (24, 48, and 72 h)
are presented in Figure 4b. The ungerminated sample
exhibited a TPC of 7.83 mg GAE/100 mL, whereas

germination resulted in a significant and time-dependent
increase, reaching 9.95, 10.59, and 11.45 mg GAE/100 mL
after 24, 48, and 72 h, respectively, with the highest value
observed in the YS72 sample. This progressive increase can
be attributed to both de novo biosynthesis and enhanced
release of phenolic compounds during germination. Activation
of phenylalanine ammonia lyase (PAL) stimulates phenolic
biosynthesis, while enzymatic degradation of cell wall
components and macromolecules facilitates the liberation of
phenolics previously bound to polysaccharides and proteins
(Dominguez-Arispuro et al, 2017). In addition, germination-
induced shifts in pH and nitrogen metabolism may further
modulate enzyme activity and phenolic stability, promoting
their accumulation. Similar germination-dependent increases
in phenolic content have been widely reported for cereal and
legume systems and are strongly influenced by germination
duration and processing conditions (Dominguez-Arispuro et
al., 2017; Merenkova et al.,, 2022; Lopez-Martinez et al.,
2017). The increase in antioxidant capacity following
germination may be attributed to enhanced extractability of
phenolic compounds rather than excessive accumulation to
levels affecting sensory perception (McCarron et al., 2024).
The antioxidant activity of the same samples, evaluated by the
DPPH radical scavenging assay (Figure 4c), followed a
comparable trend. The ungerminated oat milk showed a
DPPH scavenging activity of 6.31%, while germinated
samples exhibited gradually higher values, reaching up to
8.33% in the YS72 sample, corresponding to an approximate
2% absolute increase. The relation between TPC and DPPH
results indicates that phenolic enrichment is the primary
contributor to the observed enhancement in antioxidant
activity. In addition to phenolics, germination activates
proteolytic pathways that may release amino acids and short
peptides with intrinsic antioxidant properties, such as
histidine, tyrosine, methionine, and cysteine, which can further
contribute to radical scavenging through hydrogen or electron
donation (Fadlillah et al., 2023). Previous studies have
demonstrated that enzymatic proteolysis and metabolic
reorganization during germination promote the formation of
bioactive peptides and redistribution of antioxidant
metabolites (Merenkova et al.,, 2022). These results
demonstrate that germination promotes a coordinated
increase in antioxidant potential through combined phenolic
biosynthesis, release of bound phenolics, and metabolic
restructuring of seed components. Although the absolute
increase in DPPH activity was moderate, the consistent and
time-dependent trend suggests germination as an effective
and natural strategy to enhance the bioactive functionality of
oat milk systems (Lopez-Martinez et al., 2017).

However, antioxidant activity was evaluated using only the
DPPH radical scavenging assay, which primarily reflects the
hydrogen- or electron-donating ability of antioxidants toward a
stable organic radical. Therefore, the results represent DPPH
radical scavenging activity rather than the overall antioxidant
capacity of the samples. The absence of complementary
assays based on different antioxidant mechanisms, such as
ABTS radical scavenging or ferric reducing antioxidant power
(FRAP), is a limitation of the present study.
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Figure 4. Color and bioactive properties of oat milk as
affected by germination time.
Sekil 4. Yulaf stitiiniin rengi ve biyoaktif ézellikleri, cimlenme
siresine bagli olarak degisimi.

3.4. Sensory evaluation

The sensory attributes of oat milk samples produced from
ungerminated and germinated oat seeds were evaluated in
terms of appearance, color, smell, taste, mouthfeel, and
overall acceptability, and the results are presented in Figure
5a—f. Germination significantly influenced all sensory
attributes; however, the direction and magnitude of the
changes depended on the germination time and the attribute
evaluated.

Appearance scores increased from approximately 6.0 in the
ungerminated control to 6.1 in YS24 and 6.3 in both YS48 and
YS72. The YS48 and YS72 samples received the highest
appearance scores and did not differ significantly from each
other (p > 0.05). Color scores also increased with germination,
rising from approximately 5.4 in the control t0 5.6, 5.7, and 6.1
in YS24, YS48, and YS72, respectively. The highest color
score was observed for YS72. These results indicate that
prolonged germination improved the visual attributes of the
oat milk. The relatively small instrumental color differences
among the samples (AE* < 3) also indicate that the
germination-induced color changes remained limited.

In contrast, smell scores decreased from approximately 4.8 in
the ungerminated control to 4.5 in YS24 and approximately
4.2 in both YS48 and YS72. The control received the highest
smell score, whereas YS48 and YS72 received the lowest
scores. Taste scores followed a non-linear pattern and
decreased from approximately 4.0 in the control to 3.7 in YS24
and 3.1 in YS48, before increasing to approximately 3.8 in
YS72. Nevertheless, all germinated samples received
significantly lower taste scores than the control. Mouthfeel
was also affected by germination. The control received the
highest score of approximately 5.1, while YS24 received the
lowest score of approximately 3.9. The mouthfeel scores of
YS48 and YS72 recovered to approximately 4.9 but remained
lower than that of the control.

Overall acceptability decreased from approximately 4.9 in the
ungerminated control to 4.5 and 4.3 in the YS24 and YS48
samples, respectively. The YS72 sample received an overall
acceptability score of approximately 4.8 and did not differ
significantly from the control (p > 0.05). Thus, although
intermediate  germination  periods reduced  overall
acceptability, extending germination to 72 h restored
acceptability to a level comparable to that of the ungerminated
oat milk. These findings partially agree with
Babolanimogadam et al. (2023), who reported acceptable
sensory scores for oat milk produced using germination
treatments. Overall, prolonged germination improved
appearance and color and maintained overall acceptability,
although reductions in smell, taste, and mouthfeel scores
revealed attribute-specific sensory trade-offs.
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Figure 5. Sensory properties of oat milk as affected by germination time. Control (non-germinated), YS24 (24 h germination), YS48
(48 h germination), and YS72 (72 h germination).
Sekil 5. Yulaf siitiiniin duyusal ézelliklerinin gimlenme sliresine bagll olarak degisimi. Kontrol (¢cimlendiriimemis), YS24 (24 saat
¢cimlendirme), YS48 (48 saat ¢cimlendirme) ve YS72 (72 saat ¢cimlendirme).

4. Conclusion

This study demonstrated that germination is an effective and
sustainable pretreatment for modifying the physicochemical
stability and bioactive properties of oat milk. Germination for
24-72 h induced systematic biochemical and structural
changes, including increases in pH and total soluble solids and
a progressive reduction in mean particle size from 45,682.5
nm in the ungerminated control to 7,421.2 nm after 72 h.
Germination also produced more negative zeta potential
values, with the highest absolute value observed after 48 h.

The reduction in particle size, together with the increase in the
absolute zeta potential, likely contributed to reduced particle
aggregation and gravity-driven separation. Soluble protein
content increased moderately from 2.1 to 3.2 ppm, indicating
partial protein solubilization during germination. However, the
relatively limited magnitude of this increase suggests that the
observed changes in colloidal stability also involved
modifications in starch, other soluble components, and
interfacial interactions.
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Germination significantly increased total phenolic content in a
time-dependent manner, accompanied by an increase in
DPPH radical scavenging activity. Sensory evaluation
revealed improvements in appearance and color but
reductions in smell, taste, and mouthfeel. Overall acceptability
decreased in the YS24 and YS48 samples, whereas the YS72
sample remained comparable to the ungerminated control.
Overall, controlled germination represents a mild and
environmentally friendly strategy for producing oat milk with
modified colloidal characteristics and enhanced bioactive
potential.
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Sut ve sit trunlerinde serum proteinleri denatiirasyonunun énemi ve serum
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Ozet: Sitte iki temel protein grubu bulunmaktadir ve bu proteinlerin %20’sini serum proteinleri, diger adiyla whey proteinleri
olusturmaktadir. Serum proteinleri, sitiin islemesi ve st Urtnleri agisindan énemli proteinlerdir. Siit proteinlerinin %20’sini olusturan
bu serum proteinlerinin denattirasyonu cesitli sut Grtnlerinde farkli avantajlar ve uygulamalar sunmaktadir. Serum proteinlerinin
denatiirasyonu; fermente slt Uriinlerinde su tutma kapasitesinin artinimasi ve Urlin teksturinin iyilestiriimesi, peynir Grtnlerinde
randiman ve teksturin iyilestiriimesi, protein sindiriminin artirilmasi, biyoaktivitenin artiriimasi veya biyoaktif bilesenlerden daha etkin
yararlaniimasi gibi ¢esitli fonksiyonel avantajlar da sadlamaktadir. Bu sebeple serum proteinlerinin kullanildigi Uriinlerde denatire
formda kullaniimasi siklikla 6nerilmekte ve uygulanmaktadir. Serum proteinlerinin denatirasyonu sicaklik uygulamasiyla
gerceklesmektedir ve denatlirasyonun tamamlanmasi igin yiksek sicaklikta ve uzun sireli isil islem uygulanmasi gerekmektedir. Serum
proteinlerinin denatirasyonunun saglanmasi igin geleneksel isil isleme alternatif yontemler Gzerine calismalar yurGtulmektedir. Bu
derleme kapsaminda yiiksek basing, ultrases, mikrodalga ve ohmik isitma gibi alternatif isleme yontemlerinin serum proteinlerinin
denatiirasyonuna etkisinden bahsedilmistir. Literatlirde ayrica farkh elektriksel islemlere ait galismalardan da s6z edilse de, belirtilen
yéntemler serum proteinlerinin denatlrasyonu icin etkin ydntemler olarak bildiriimemistir. Her ne kadar yuksek basing, ultrases,
mikrodalga ve ohmik isitma yontemlerinin laboratuvar diizeyindeki ¢alismalarinda serum proteinlerinin denatiirasyonu etkin bir sekilde
gercgeklestiriimis olsa da, galismalarin pilot ve sanayi lgeklerinde ve farkli kosullarda da test edilmesi gereklidir. Ayrica, belirtilen
yenilikgi alternatif igsleme ydntemlerinin eneriji tiiketimi, stirdurdlebilirlik ve toplam rtin maliyeti agisindan etkilerinin de incelenmesi ve
bitincul olarak yorumlanmasi gerekmektedir. Dolayisiyla, yenilikgi alternatif isleme yontemlerinin serum proteinlerinin denatiirasyonu
amaciyla kullanimina dair ¢alismalar heniiz yeterli dizeyde degildir. Bitiincll bir bakis agisiyla, gerek pilot 6lgek gerekse de endistriyel
Olgekte galismalar yapiimahdir.

Anahtar Kelimeler: Siit Serum Proteinleri, Yenilikgi isleme Yéntemleri, Denatiirasyon, Siit Uriinleri

The importance of whey protein denaturation in milk and dairy products and
innovative methods for whey protein denaturation

Abstract: Milk contains two main types of proteins, of which approximately 20% are serum proteins, also known as whey proteins.
Whey proteins are of great importance in milk processing and dairy product development. The denaturation of whey proteins, which
constitute 20% of milk proteins, provides various advantages and applications across different dairy products. In fermented dairy
products, whey protein denaturation contributes to improved water-holding capacity and enhanced texture. In cheese products, it
enhances yield and textural properties. Additionally, it offers functional benefits such as increased protein digestibility, enhanced
bioactivity, and improved utilization of bioactive components. Thus, the use of whey proteins in their denatured form is frequently
recommended and applied in dairy product formulations. Denaturation of whey proteins typically occurs through thermal processing
and requires the application of high temperatures over extended periods to be effective. In this context, research has focused on
alternative methods to conventional thermal treatments to achieve whey protein denaturation. This review discusses the impact of
innovative processing technologies such as high-pressure processing, ultrasound, microwave, and ohmic heating on the denaturation
of whey proteins. Although other electrical-based technologies have also been reported in the literature, the aforementioned methods
are not currently considered the most effective for whey protein denaturation. While laboratory-scale studies have demonstrated the
efficacy of these alternative methods in achieving whey protein denaturation, further investigations are necessary at pilot and
industrial scales under varying processing conditions. Moreover, the energy consumption, sustainability, and overall production cost
associated with these innovative methods must also be evaluated and interpreted holistically. Hence, current research on the use of
innovative processing technologies for whey protein denaturation remains insufficient. A comprehensive approach involving both
pilot-scale and industrial-scale studies is required to fully assess the feasibility and industrial applicability of these alternative
methods.

Keywords: Whey Proteins, Novel Processing Methods, Denaturation, Dairy Products
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1.Giris

Serum proteinleri/whey, yani diger bir ifadeyle peynir alti
suyunun proteinleri, tim sit proteinlerinin %20’sini olusturur.
Peynir alti suyu soluk yesil renkli olarak tanimlanmasina
ragmen, bu renk Urdn bilesimi ve kalitesine gore
deg@ismektedir. Serum proteinleri sutin koagullasyonu
sonrasinda geriye kalan sivi fazda yer almasiyla
6zdeslestiriimis ve peynir Uretiminde olusan pihtinin altinda
kalan suyu ifade etmesi sebebiyle dilimizde bu sekilde
tanimlanmigtir (Bansal ve Bhandari, 2016; Yerlikaya ve dig.,
2010). Serum proteinlerinin fiziksel, kimyasal ve fonksiyonel
Ozellikleri yUksektir. Besleyici 6zelliklerinin yani sira amino asit
yapisi agisindan da oldukga dengelidirler. Serum proteinlerinin
tipik bilesimini B-laktoglobulin, a-laktalbumin,
immuinoglobulinler, laktoferrin, laktoperoksidaz,
glikomakropeptit, serum albimini ve proteoz-peptonlar
olusturmaktadir. Bunlarin dnemli bir kismini B-laktoglobulin ve
a-laktalbumin olusturmaktadir. Peynir alti suyu igin ortalama
besin 6geleri bilesimi Tablo 1’de verilmistir.

Tablo 1. Asidik ve tatli peynir alti suyu bilesimi % (Yuksel ve dig.,
2019; Yerlikaya ve dig., 2010).

Table 1. Composition of acidic and sweet whey % (Yuksel et
al., 2019; Yerlikaya et al., 2010).

Bilesen adi Tath Peynir Alti Asidik Peynir
Suyundaki % Alti Suyundaki
miktar % miktar
Su 92-94 92,5-94
Kuru madde 6,3-7 5,5-7
Yag 0,5-0,9 0,05-0,1
Protein 0,5-0,9 0,2-1
Laktoz 4,5-5 3,5-5

Asidik peynir alti suyunun taze peynir veya stizme yogurt gibi
proseslerden elde ediimesine gére degisimi mevcuttur. Asidik
peynir alti suyunun %1,5 oraninda protein ve disik miktarda
laktoz igerigine sahip oldugu da belirtimektedir (Altun Bigki,
2025). Serum proteinleri, kazeinin koagllasyon yéntemine bagh
olarak farkli fiziksel ve fizikokimyasal ©6zelliklere sahip
olmaktadir. Serum proteinleri 20 amino asidin tamamini ve 9
elzem amino asidin timinu icermeleri sebebiyle, tam protein
niteligindedir. Serum proteinleri, gcli bir hiicre ici antioksidan
olan glutatyonun 6ncusidir ve tek karbon metabolizmasinda
kritik rol oynayan kukurt iceren amino asitlerin zengin ve dengeli
bir kaynagidir. Diger proteinlere kiyasla 3-4 kat daha fazla
biyoyararlanabilir ~ sistein  igcerir.  Sistein,  antioksidan,
antikarsinojenik (kanser karsiti) ve bagisiklik sistemini uyarici
Ozelliklere sahip bir tripeptit olan glutatyonun biyosentezi icin
onemlidir (Yigit ve dig., 2023; Bansal ve Bhandari, 2016; Solak
ve Akin, 2012). Peynir alti suyu proteinlerinin enzimatik yolla
pargalanmasiyla elde edilen peptitlerin biyoaktif dzellikleri de
literatirde siklikla incelenmistir. Peynir alti suyu kaynakli
biyoaktif peptitlerin anjiyotensin doénistirict enzimini (ACE)
inhibe ederek hipertansiyona karsi koruyucu etki gosterdigi
bildiriimektedir. Peynir alti suyu protein fraksiyonlarinin
antikanser etkilerinin 6zellikle kolon kanserine karsi oldugu
belirtilmistir (Smithers ve dig., 1998). Serum proteinleri igin yine
farkh  fonksiyonel 6&zelliklerden de bahsedilmektedir: [3-
laktoglobulinin vitamin A tasiyicisi olmasi ve a-laktalbuminin ise
meme bezlerinde laktoz Uretimi icin roli oldugu da belirtilmigtir
(Zhang ve dig., 2021).

Serum proteinleri, peynir Gretiminden ¢ikan peynir alti suyunun
membran filtrasyon iglemine maruz birakilmasi (membran tipine
bagh olarak laktozun da ayrilmasi veya ayri bir filtrasyon
asamasi ile laktozun da ayrilmasi saglandiktan sonra), isil
isleme tabi tutulmasi (denatiirasyonun saglanmasi) ve ardindan
kurutma islemine tabi tutularak tretilebilmekte ve toz olarak elde
edilebilmektedirler (Tunick, 2008).

Dogrudan peynir alti suyunun filtrasyon sonrasinda isil iglem
uygulamasi, kurutma veya filtrasyon olmadan sadece isil islem
uygulamasi ve kurutma agamasiyla Uretim de s6z konusudur.
Serum proteinlerinin  sitln iglenmesi ve farkli Uriinlere
donusturtlmesinde cesitli gorevleri bulunmaktadir. Fermente
sut Urtinlerinde (yogurt, kefir ve ayran gibi) serum proteinlerinin
driinden ayriimasini azaltma ve su tutma kapasitesinin artigiyla
yuksek kivamda Urin eldesinin  saglanmasina katkisi
bulunmaktadir. Peynir Griinlerinde aligilagelmisin disinda serum
proteinlerinin ilavesinin dokusal 6zelliklerin iyilestiriimesi, eritme
tipi Urtnlerde erime performansini iyilestirme, dondurmalarda
agiz hissini iyilestirme, cesitli sit Urtnlerinde de emdlsiyon
kapasitesini artirma, kivam artigi saglama, képik olusturma,
cirpma kapasitesi artigi, yag alternatifi olarak kullanma ve
teksturtn iyilesmesini saglama gibi faydalar olacak sekilde
kullaniimaktadir (Ipsen, 2017; Jovanovi¢ ve dig., 2005). Serum
proteinlerinin  1sil iglemle yapisal degisikliklerinin, bu
fonksiyonlardaki énemi blytuktir. Serum proteinleri 1sil islemle
birlikte denatire olmaktadir. Peynir alti suyu ve serum
proteinlerinin denatirasyonu ve sonrasinda elde edilen serum
protein formlarinin sut, sit Griinleri ve farkl gida sektorlerinde
kullaniimasina dair literatiirde bu konuya dair galismalar da yer
almaktadir (El-Aidie ve Khalifa, 2024; Giroux ve dig., 2018;
Wijayanti ve dig., 2014). Bu derleme calismasi kapsaminda
serum proteinlerinin denatlrasyonunun sut ve sut Urdnleri
acisindan 6neminden bahsedilip, serum proteinlerinin
denatlrasyonunun saglanmasinda kullanilan geleneksel 1sil
isleme alternatif uygulamalar ve bu konudaki giincel gelismeler
aktarilmaktadir.

2. Serum Proteinlerinin Denattirasyonu ve Onemi

Serum proteinleri, kiiresel biyopolimerler olarak tanimlanmigtir.
Serum proteinlerinin  denatiirasyonunda, dislfit baglarinin
aclimasiyla yapinin denatiire formata donistigu belirtimektedir
ve bu denatlrasyon derecesi farkli serum proteinlerine goére
degisiklik gdstermektedir. Ancak, denatirasyondan kasit, tim
proteinlerin %100 oraninda denaturasyonunun saglandigi
durumdur, bunun digindaki durum igin kismi denatiirasyon
kavramindan  bahsedilmektedir. Serum  proteinlerinin
denaturasyonunun saglanmasi ortam sicakhgina, pH'a ve
serum proteininin tlrine baghdir. Ayrica, sl iglem, sadece
protein denatlrasyonu amagli degil, mikrobiyal ve enzimatik
stabilite ile birlikte tat bilesenlerinin gelisimi acisindan da
onemlidir (Zhang ve dig., 2021). Isil islem uygulamasi ile serum
proteinlerinin denatire oldugu, kiresel konformasyonlarinin
degistigi ve bunun sayesinde serum kullaniminda saglanan
fonksiyonelligin gerceklestigi bildiriimistir. Bu durumun ortam pH
degeri ile de iliskili oldugundan bahsedilmistir (van der Linden
ve Venema, 2007). Serum proteinlerinin iyonik kuvvet ve pH
etkisine bagl olarak birlesik bir hal alma durumu (agregasyon
davranisi) Sekil.1’de paylagiimistir.
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Sekil 1. izoelektrik pH degeri ve iyonik etkiye bagl serum
protein denatiirasyonu (van der Linden ve Venema, 2007).

Figure 1. Denaturation of whey proteins as influenced by
isoelectric pH and ionic effects (van der Linden ve Venema,
2007).

pH ile birlikte sicakhgin denatiirasyon Uzerindeki ortak etkisi
agisindan, ortam pH degeri arttikga denatlrasyon
sicakliginin azaldigi; dolayisiyla pH ile denaturasyon
sicakligi arasinda ters bir iliski oldugu belirtimektedir
(Brodkorb ve dig., 2016). Serum proteinlerinin denattrasyonu
hedeflenirken, sicaklik ve slrenin etkisinin, tim serum
proteinlerinin denatlrasyonunu saglayacak nitelikte olmasi
gerekmektedir. Literatirde bu konuda yapilan
arastirmalarda, a-laktalbumin igin belirli bir sicakhk ve stre
dengesinin 6nemli oldudu, 65-70°C gibi sicakliklarda 30
dakika gibi uygulamalarin denatiirasyona etkisinin 125-
130°C bandinda 2-3 s’lik uygulama ile benzer oldugu, 80°C
altindaki uygulamalarin a-laktalbumin (izerinde agregasyon
etkisinin disik oldudu, ¢ok uzun surelerdeki uygulamalarla
etkin bir denatiirasyon saglanabildigi ve 80°C ve Uzerinde
diger proteinlere bagh halde ¢okelme egilimi oldudu ifade
edilmistir. Genel olarak serum protein denatliirasyonunun 65
°C itibariyla etkin bir sekilde goézlemlendigi belirtiimektedir
(Jovanovic ve dig., 2005). Literatirde ayrica, p-
laktoglobulinin daha yuksek sicakliklarda denatlire olmaya
baslamasina ragmen, pH ~6,7de 70 °C’de 30 dakikalik
uygulama ile denattire oldugu belirtilmistir. Laktoferrinlerin isil
denatirasyonu i¢cin sicakhk degerinin dider serum
proteinlerine gére daha yiiksek oldugu bildirilmistir (Xiong ve
dig., 2020; Kramer ve did., 2017). Serum proteinlerinin genel
itibariyla 70°C Uzerinde belirgin olarak denatlire olmaya
baslayabildikleri, serum proteinlerinin denatlirasyonu igin st
pH’si olarak ifade edilen pH degerlerinde yapilan isil islem
uygulamalari iginse 100°C ve (izerinde de dakikalarla ifade
edilebilecek sirelere ihtiyag oldugu, toplam serum protein
denatirasyonunun %100 olarak gergeklesmesi icin 100°C’de
en az 2 dakikalik, dneri olarak 5 dakika ve Uzeri bir islemin
gerceklesmesi gerektigi bildirilmistir (McMahon ve dig.,
1993). Serum proteinlerinin farkli sicakliklarda uygulanan isil
islemler ile denatlirasyon oranlarini iceren veriler, Tablo 2'de
verilmistir.

Tablo 2. Farkli sicaklik ve stire kombinasyonlarindan olusan isil
islem uygulamalarinin toplam serum protein denatiirasyonuna
etkisi (Guinee, 2021; Anema ve Li, 2003)

Table 2. Total whey protein denaturation under different
temperature-time heat treatment combinations. (Guinee, 2021;
Anema & Li, 2003).

Sicaklik (°C) - siire % serum proteini

(dakika) denatirasyonu
75°C-60 dak 55
80°C -60 dak 90-95
85°C -30 dak 90-95
90°C -30 dak 95-100
95°C -20 dak 95-100
100°C -2 dak 95-100

Serum protein gesidine gére olan denatiirasyon kosullarina ait
veriler ise Tablo 3’te derlenmistir.

Tablo 3. Serum proteinleri fraksiyonlarinin denatlirasyon
kosullari (Wagner ve dig., 2020)

Table 3. Denaturation conditions of whey protein fractions
(Wagner et al., 2020).

Serum proteini Denatiirasyon Denatlirasyonun

fraksiyonu baslangig maksimum
sicakhgi (°C) sicakhgi (°C)
a laktalbumin 62 68
B laktoglobulin 78 83
Sigir serum 64 70
albumini
immiinoglobulinler 72 89

B-laktoglobulin, denatiirasyon siresi ve denatirasyon
baslangic  sicaklhigi  agisindan  serum  proteinlerinin
denatiirasyonunda neredeyse belirleyici rol oynamaktadir.
Serum proteinlerinin denatiirasyonunda genellikle bu protein
fraksiyonunun tam olarak denatiire olmasi hedefi mevcuttur.
immiinoglobulinler icin de benzer durumdan bahsedilebilir
(Wagner ve dig., 2020).

Serum proteinlerinin i1sitlmasiyla olusan denatlrasyonun
ozellikle kazein ile olan etkilesimini artirdigi ve siki bir jel
olusturdugu bildirilmistir. Denatire serum protein oraninin
artmasinin peynirin sertligi agisindan olumlu etkilerinin zayif
oldug@u, ancak sutten elde edilecek peynir miktarinin artiginda
faydasinin oldugu belirtilmistir (Guinee, 2021). Denatiire serum
proteinleri icin en 6nemli faydanin iyi bir su tutma o6zelligi
saglamalari ve tekstir gelistirmeye yonelik firsat tanimalari
oldugu bildiriimistir (Abd El-Salam ve dig., 2009). Bu faydadan
Ozellikle yodurt ve ayran gibi fermente Urlinlerde
faydalaniimaktadir (Akdeniz ve Akalin, 2019). Serbest yag
ayriminin azaltlmasi ve mikroyapinin iyilesmesi yoninden
peynir Uretiminde denatiire serum proteinlerinin kullaniminin
olumlu etkilerinden bahsedilmistir (Li ve dig., 2023). Serum
proteinlerinin antioksidan profilinin eldesi i¢in denatirasyonun
gerekli oldugu da bildiriimektedir (Bansal ve Bhandari, 2016;
Demirci ve dig., 2000). Denatiire serum proteinlerinin protein
sindirimine etkisi yonlinde aragtirmalar da mevcuttur. Bazi ara
drinler ve sindirim hizi yéninden kismi avantajlardan
bahsedilse de, denatirasyonun proteinlerinin  sindirimini
hizlandirdigina veya sindirim Ulzerinde kesin olumlu etkiler
olusturdugu yoninde sonuglar ¢ok kisithdir (Abrahamse ve dig.,
2022). Serum proteinlerinin  denatlrasyonunun  protein
sindirimini olumsuz etkileyebilecegini bildiren calismalar da
bulunmaktadir. Bazi ¢alismalar dogrultusunda serum
proteinlerinin kismi denatlirasyonunun sindirilebilirligi artirdidi
yoénlndeki sonuglar da paylasiimistir (Singh ve dig., 2014).
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2.1 Serum Proteinlerinin Denattirasyonunun Tayin
Edilmesinde Kullanilan Yéntemler

Serum proteinlerinin denatlirasyonunun st urinleri agisindan
6nemi literatirde siklikla belirtilirken, denatire serum
proteinlerinin tUretiminin ylksek sicaklik ve siire uygulamalari ile
gerceklestigi ve sanayi ile surddrulebilirlik agisindan bu
durumun zaman kaybi ile enerji verimsizligi yarattigi da
gorilmektedir. Bu sebeple, literatirde serum proteinlerinin
denatirasyonunun saglanmasi igin alternatif ve yenilikgi
yontemlerin uygulanmasindan bahsedilmektedir.

Serum proteinlerinin denatiirasyonunun tayin edilmesi, Uriin
teksturti, tuketici tarafindan algilanan kalite ve raf omri
acisindan Urtn stabilitesi konusunda &énemli bir husustur.
Serum proteinlerinin denatirasyonunun tayininde: ters faz
yuksek performansli sivi kromatografisi, jel elektroforezi, UV
spektrofotometresi, floresans  spektrofotometresi gibi
geleneksel yontemlerle birlikte, diferansiyel taramali kalorimetre
gibi termal yontemler ile ELISA testi, hizli sensorler ve in-line
Olctmler gibi yenilik¢i yontemler de bulunmaktadir (Finnegan ve
dig., 2024).

Yiksek performansli sivi kromatografisi, temel ¢6zinurlik
farkina dayali olarak denaturasyon derecesinin belilenmesinde
kullaniimaktadir. Serum proteinleri denatiire oldugunda yapilari
acllir ve aciga cikan proteinler genellikle kazeinlerle veya kendi
aralarinda agregatlar olusturarak ¢éziinmez hale gelir. HPLC
yontemiyle 6rnekte ¢dzinur (dogal) halde kalan protein miktar
Olgulur, toplam protein miktarina oranlanir ve bdylece serum
proteinlerinin ne kadarinin denatiire oldugu hesaplanir (Zhang
ve dig., 2024).

Jel elektroforezi yontemi, proteinlerin molekdiler agirliklarina ve
elektriksel yuklerine gére ayrilmasini saglayarak 1sil iglem
sirasinda kurulan kovalent (6zellikle distilfit) baglarin ve yapisal
degisimlerin gdrsellegtiriimesine ve incelenmesine olanak
taniyarak denattire serum proteinlerinin oraninin belirlenmesini
sagdlar (Bogahawaththa ve Vasiljevic, 2020).

UV spektrofotometresi, denatlire olan serum proteinlerinin
¢Ozeltilerindeki bulanikhk oranini 1sik sacihimiyla o6lgerek
denatire olan miktar belirler ve oran hakkinda bilgi saglar
(Freire ve dig., 2022).

Floresans spektrofotometresi, protein yapisindaki aromatik
amino asitlerin c¢evrelerindeki polarite degisimlerini izleyerek
denatiirasyonun  erken asamalarindaki  konformasyonel
acilmalari tespit eder (Zhang ve dig., 2024).

Diferansiyel taramali kalorimetre yontemiyle denatiire olmus ve
olmamis serum proteinlerinin termal kararlihgi ve denatiirasyon
sicakhgr (Tq) Olgllerek protein yapisinin isiya karsi ne kadar
direngli oldugu termodinamik olarak ortaya konur (Jennings ve
dig., 2025).

ELISA testinde serum proteinlerinin dogal konformasyonlarina
baglanabilen antikorlardan yararlaniimaktadir. Bu immunolojik
yontemde serum proteinleri denatiire oldugunda, baglanma
orani azalmaktadir ve bdylece denatlirasyon tespiti
saglanabilmektedir (Curlej ve dig., 2022).

In-line o6lgim sensoérleri ile anlk olarak spektrofotometrik
sistemlerin gorintlleyici olarak gérev yapmasi sayesinde kisa
zaman igerisinde hat icinde veya hattin Gzerindeki numune
alaninda Urtn gérlntilenir ve denatlrasyonun derecesi anlik
olarak takip edilebilir (Freire ve dig., 2022).

21. ylzyihn en ¢ok konusulan ve tartisilan konularindan olmakla
birlikte, makina 6grenmesi ve yapay zekanin farkli kullanim
alanlan bilinmektedir. Gida sektdriinde ve arastirmalarinda da
bu konularin kullanimi s6z konusudur. Sit sektoriini ilgilendiren
akademik  galismalarin, serum proteini ve protein
denatiirasyonunu hedefleyen calismalarinin bazilarinda da
tayin yontemleri veya yardimcisi olarak kullanilimistir.
Transformer tabanli protein dil modellerini  kullanarak

proteinlerin hlcresel ve gevresel kosullardaki termal kararlilig
Uzerine c¢lkarimlarda bulunma ve proteinlerin  kararlik
kayiplarini, denatlrasyon egiklerini ve serbest eneriji
degisimlerini  modellemede kullanilan rastgele ormanlar
(Random Forest), destek vektdr makineleri (SVM) ve 3D CNN
tabanli gériintiileme yaklagimlarinin kiyaslamali kullanimlari ile
denaturasyon miktarlarinda tespite yardimci olan makina
o6grenmelerle birlikte, yapay zeké& entegrasyonlari ile protein
termal profil gorintilemeleri ile denatirasyon kararlar da
mevcuttur. Protein denatlirasyon egrilerinin spektrometrelere
baghh yapay zekd modelleri ile tahminlenmesi ve
denatiirasyonun hangi noktada ve sicaklikta gergeklesecegine
dair 6nerilerde bulunma gibi ¢alismalara da 2020 sonrasinda
yer verilmigtir.

Farkh  yéntemlerin  kullanmiyla  serum  proteinlerinin
denaturasyon dereceleri genel itibariyla tespit edilebilmektedir.
Bu noktada gerek geleneksellesmis ve uzun suren yéntemler
gerek hizl analizler de kullaniimaktadir.

3. Serum Proteinlerinin  Denatlirasyonu igin
Kullanilan Yenilik¢i Yontemler

Serum proteinlerinin  denatlrasyonunun saglanmasi igin
literatiirde geleneksel 1sil islem uygulamasina alternatif farkli
yontemlerden ve geleneksel 1sil islem uygulamasi ile
kiyaslamalarindan bahsedilmektedir.

3.1 Yiksek Basin¢ Uygulamasi

Yiiksek basing uygulamasi, kati veya sivi gidalarda 100 MPa
(1000 bar) degerinden yiiksek olan basinglarda (genellikle 100-
1000 MPa arasinda uygulamadan bahsedilip, 600 MPa
deg@erinin  Gzerinde uygulamalar c¢ok kisithdir) gidanin
islenmesini tanimlamaktadir (OzIli ve Atasever, 2007).
Uygulamanin kokeni 20. yuzyihn sonlarinda
mikroorganizmalarin  inaktivasyonu amagh kullanimi ile
baslamistir. Isi uygulamasi olmadan mikroorganizmalarin
inaktivasyonunu hedefleyen yontem, gunimizun yenilikgi-yesil
teknolojileri arasinda da gosterilmektedir. Yiksek basing
sistemlerinde basing dogrudan veya dolayli olarak
gerceklestirilebilmektedir.

Basincin dogrudan gergeklestigi sistemlerde piston bulunur,
gida piston Uzerinde olusturulan basing etkisiyle sikisir ve
dogrudan basing islemine tabi tutulur. Dolayl basing isleminde
ise gida basing pompasi ile bir kaba basiimaktadir ve boylece
istenilen basinca dolayli olarak ulagilir (Oduzhan, 2013). Isil
isleme alternatif yontemlerden biri olarak bahsedilse de,
pastorizasyon sicakliklarinin altindaki degerlerdeki Urtnlere
uygulamalari da mevcuttur. Gida kalitesinin saglanmasi ve
homojenizasyon uygulamalari igin alternatif bir ydontem olarak
sunumu s0z konusudur (Muntean ve dig., 2016). Yiksek
basincin sut ve Urlnlerine dair literatiirde gesitli uygulamalari
bulunmaktadir. Bu uygulamalar iginde ylUksek basing
uygulamasinin homojenizasyon alternatifi, mikrobiyal ve enzim
inaktivasyonu olarak kullanimi ile o6zellikle st proteinlerine
etkisinden bahsedilmektedir (Lopez-Fandino ve dig., 1996).
Peynirde de verim artigl, rennet koagulasyon suresinin
kisalmas! gibi avantajlar da saglamaktadir. Bununla birlikte,
yiksek basin¢g isleminin slitte serum proteinlerinin
denatiirasyonu amaciyla kullanimindan da s6éz edilmektedir
(Mandal ve Kant, 2017). Ramos ve dig. (2015), siite
pastérizasyon ve yiiksek basing uygulamasinin (20 °C’'de 200-
600 MPa deger araliklarinda) gesitli kalite parametreleri ve
serum  proteinlerinin  denatlrasyonu Uzerindeki  etkileri
incelemistir. Yiksek basing uygulamasinin genel olarak
pastorizasyondan serum proteinlerinin denattrasyonunda daha
etkili oldugu belirtiimigtir.

Khojasteh ve dig. 2025, farkli yenilikgi yontemler ile 1sil islemin
serum protein izolatlar Gzerindeki etkilerini incelemistir. Yiksek
basing uygulamasinin (500 MPa’da 20 dakikalik bir
uygulamanin oda sicakliginda yapildidi belirtiimigtir) 1sil isleme
gore daha etkin bir serum protein denatlirasyonu sagladigi ifade
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edilmistir. Ozellkle 450 MPa ve buna yakin olan basing
degerlerinde, uzun olmayan slrelerde ve neredeyse oda
sicakligl kosullarinda serum protein denattrasyonunun etkin bir
sekilde gerceklestirilebildidi, hedef Uriin dogrultusunda uygun
yuksek basing kullanimi ile serum proteinlerinin hizl ve etkin bir
sekilde denatire edilmesinin gergeklestirilebilecegi belirtilmistir
(Ozaybi, 2024). Yine de, ylksek basing uygulamasinin serum
protein denatlrasyonlari Uzerindeki etkisinin uygun sicaklik,
basing ve slre kosullarinin belirlenmesine yonelik calisma
ihtiyaci oldugu da literatirde belirtiimektedir.

3.2 Ultrases Uygulamasi

Bircok alanda kullanim alani bulan ve yenilikgi ydéntemler
arasinda siklikla s6z edilen bir diger yontem ise ultrasestir.
Ultrases, insan kulaginin duyamadigi olglideki yiksek frekansli
sesleri (= 20 kHz) genel olarak tanimlamaktadir (Gallo ve dig.,
2018). Isil olmayan yenilikci teknolojilerden olan ultrases, yesil
teknolojilerden  biri  olarak  goésteriimektedir.  Ultrases,
ultrasonikasyon veya sonikasyon olarak da isimlendirilir.

Bu yéntem, 1sil etki olmaksizin uygulanabildigdi gibi, isil islemle
birlikte  (termosonikasyon), basing  etkisiyle  birlikte
(manosonikasyon) ve hem basing hem isiyla birlikte
(manotermosonikasyon) kullanimi da s6z konusudur (Dodanay
ve Baltacioglu, 2022). Ultrasonikasyonun temel prensibi,
yuksek frekansli ses dalgalarini Greten bir ultrasonik jeneratoriin
kullaniimasi ve bu dalgalarin belli bir alanda, belli bir frekansta
hareketi sirasinda bu alan igerisinde yer alan malzemeyle olan
etkilesimidir (Gallo ve dig., 2018). Ultrasonikasyonun tipta
kullaniminin olduk¢a yaygin oldugu bilinmekteyken, bu yéntem
20. yuzyilin sonlarinda gidalarda da 6zellikle laboratuvar dlcekli
olmakla birlikte, farkli uygulamalar (mikrobiyal inaktivasyon,
enzim inaktivasyonu, ekstraksiyon, proses verim artigi vb.) da
s6z konusudur (Onyeaka ve dig., 2023; Mehta ve dig., 2022;
Huang ve dig., 2020). Ultrasonikasyonun st Uriinlerinde de
mikrobiyal inaktivasyon, yag globdllerinin homojenizasyonu,
fermentasyon siirecini  hizlandirma, proses iyilestirme,
dondurma Uretiminde kristalizasyonun iyilegtiriimesi, in vitro
sindirilebilirlikte artis, islem surelerinin  kisaltilmasi gibi
etkileriyle birlikte, serum protein denatirasyonu uzerine olan
etkilerinden de kisitl galismada s6z edilmektedir (Rafiei ve dig.,
2025; Akdeniz ve dig., 2024; Carrillo-Lopez ve dig., 2021; Munir
ve dig., 2019; Zhang ve dig., 2015). Almanza-Rubio ve dig.,
2016, 20 kHz'te 50-100 W giicunde laboratuvar 6lcekli ve kesikli
sistemdeki ultrases sisteminde yaptiklari c¢alismalarda, 63
°C'den daha disik degerlerde serum proteinlerinin
denatlrasyonunu saglamistir. Yogurtlar Gzerine de ultrases
uygulamasi ile serum proteinlerinin  denatlrasyonunu
hedefleyen ¢alismalar yurutulmustir. Akdeniz ve Akalin (2023)
ise  Ozellikle serum proteinlerinden  (-laktoglobulinin
denatiirasyonunun etkin oldugunu, yodurtlarda bu konu
Ozelinde yapilan galismalarin su tutma kapasitesinin artigl
acisindan énemli oldugdu bilgisini paylasmiglardir. Frydenberg
ve dig. (2016) tarafindan, serum protein izolatlari izerindeki
serum proteinlerinin - denatlirasyonu i¢in  ultrasonikasyon
isleminin etkisi de arastinimistir. Ultrasonikasyonun, serum
protein denatlirasyonu igin gereken esik enerjisini diigirdigu,
dolayisiyla standart bir 1s1l isleme gére daha diistik sicakliklarda
velveya slrede denatiirasyonun saglanabildigi bildiriimistir.
Calismada 24 kHz'te 200 W guigte, 20°C’yi gegmeyecek sekilde
islem uygulanirken, standart isil islemde ise 65°C'de serum
protein denatlirasyon derecesi incelenmistir.

Gregersen ve dig. (2019), pastorize tam yagh sutte serum
protein  denatirasyonunu da inceledikleri makalede,
ultrasonikasyonu farkl sicakliklarda (27,5-50-70 °C) ve farkli
glclerde (10-30-50 W) uygulamisglardir. Calismada 6zellikle
sicakhgin denatirasyon Uzerindeki etkisinin 6nemli oldugu,
yuksek oranda serum proteini denatirasyonu igin yiksek
sicakliklarin segilmesi gerektigi vurgulanmistir. Literattrde farkl
sut urtinlerinde ultrasonikasyon uygulamalari ile serum protein
denatlirasyonunun incelenmesi yapilmigtir.

Geleneksel isil isleme oranla daha etkin, genel olarak daha kisa
sirede ve daha az enerji ile serum protein denatlirasyonunun
saglanabildigi belirtilse de, ¢alismalarin artiriimasi ve tat profili
ile diger yonlerden de g¢ok genis verilerle sanayiye
uygulanabilirligin daha derinlemesine incelenmesi
gerekmektedir.

3.3 Ohmik Isitma Uygulamasi

Ohmik isitma, temeli Ohm Kanunu’na dayanan bir isleme
yontemidir. Akim, voltaj ve direng iligskisine bagldir. Voltajin
akim ve direng carpimina esit oldugu formdil, bu ydntemin
uygulanmasinda da gegcerlidir. Ohmik 1sitmada, gida elektrotlar
ile temas halinde bulunarak direng gorevi gorir, alternatif akim
gidadan gecer ve bu gecislerde 1sinma saglanir ve bu isinma
tekdiize/homojen bir 1sinma saglamaktadir (igier, 2005). Ohmik
isitma 6zellikle 20. ylzyilin sonlarinda gidalarda laboratuvar
dizeyinde uygulanmaya baslanmigtir. Ohmik 1sitma;
¢Ozundurme, mikrobiyal inaktivasyon, ekstraksiyon gibi
islemlerde gida alaninda kullaniimaktadir (Khalid ve dig., 2024;
Pereira ve dig. 2020; Duygu ve Umit, 2015; Castro ve dig.,
2004). Sut ve drdnleri iginse ohmik 1sitma; mikrobiyal
inaktivasyon, proses optimizasyonu, kalitenin korunmasi,
peynirde verim artigi ve kalitenin optimizasyonu, asit pihti
nitelikli Urtnlerde jel kalitesinin artigi, biyoaktif bilesenlerin
korunmasi ve tekstirel Ozelliklerin korunmasi gibi amaglarla
kullaniimaktadir (Silva ve dig., 2021; Rocha ve dig., 2020;
Caruggi ve dig., 2019). Ohmik isitmanin elektriksel etkisinin
drdnlerde hizli bir 1sitma yaptidi ve geleneksel isil islem gibi
ozellik gosterdigi belirtiimektedir. Bu hizli 1Isinma ve homojen
elektrik etkisinin, geleneksel isil islemle olan etkileri genel olarak
kiyaslandidinda: ohmik Isitmaya ait besinsel 06gelerin
korunmasinin daha fazla oldugu belirtimektedir (Sain ve dig.,
2024). Ohmik 1sitmanin serum proteinleri tGzerindeki etkilerine
dair calismalar da bulunmaktadir. Sereechantarerk ve dig.,
(2021) tarafindan ohmik isitma ile serum proteinlerindeki
degisimler incelenmistir. Serum protein izolatinin baz alindidi
calismada bir sollsyon olarak hazirlanan serum protein izolati
ohmik isitmaile farkli sicakliklarda (60-70-80 °C), 5 kW gii¢, 250
V voltaj ile 20 A’llik akimda 15 dakika boyunca isleme tabi
tutulmustur. 70 °C itibariyla ohmik iglemin denatirasyon
etkinliginin oldukga yuksek oldugu bildirilmigtir. Pereira ve dig.,
(2016) de serum protein izolatlarinin agregat olusumlar
sirecinde denatiirasyon duzeyini de degerlendirmek igin
incelemede bulunmus ve ohmik Isitmayl ydntem olarak
kullanmigtir. Sollisyon olarak hazirlanan serum protein izolati,
hem geleneksel 1sitma hem de ohmik isitma ile kiyaslamali
olarak iglenmistir. 6-12 V/cm olacak sekildeki elektrik alan
uygulamasinda 90 °C’ye getirilip, ardindan farkh sicakliklara
sogutularak etkinlik belirlemesi yapimistir. islem 5 dakika
boyunca uygulanarak geleneksel isil islem ile kiyaslanmistir.
Ohmik isitmanin belli bir etkinlikte serum proteinlerinin
denatiirasyonu amagli kullanilabildigi  belirtiimistir. Ohmik
Isitmanin serum protein denatirasyonu konusunda kisith da
olsa kullanimindan bahseden caligsmalara rastlanmaktadir. Bu
yontemin etkinligi Uzerine c¢alismalar hentz gelismektedir.
Yontem kapsaminda etkin bir denattirasyon ve kullanimin enerji
ve zaman ydninden avantajlarina dair ileri calismalar da
gerekmektedir.

3.4 Mikrodalga Uygulamasi

Mikrodalga uygulamasi, 20. ylzyilda poptlerlesen ve yaygin bir
kullanim alani  kazanmig bir teknolojidir. Mikrodalga,
elektromanyetik radyasyon spektrumunda yer alir ve bu
spektrum dalga boylari aralidina bagl olarak belirli sinirlarla
tanimlanmistir.

Mikrodalgalar, kizilétesi ve radyo dalgalarinin arasinda yer alan
dalga boylarina sahiptirler. Dalga boylari 0,001-1 metre
araligindadir ve frekanslar ise 300 MHz-300 GHz araligindadir
(Guzik ve dig., 2022).

Mikrodalga farkli endistriyel alanlarda farkl niteliklerle kullanim
alani bulmaktadir. Mikrodalganin gida alaninda kullanimlari:
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mikrobiyal inaktivasyon, enzimatik inaktivasyon, kurutma,
ekstraksiyon, distilasyon ve ¢o6ziindirme gibi 6Orneklerle
tanimlanmaktadir ve gun gectikge kullanim alanlari
cesitlenmektedir (Bi ve dig., 2023; Guzik ve dig., 2022; Wang ve
dig., 2020; Chandrasekaran ve dig., 2013; Routray ve Orsat,
2012).

Mikrodalga isleminin serum proteinlerinin denatirasyonunu
sagladigina dair veriler mevcuttur ve serum proteinlerinin genel
denatlrasyon derecelerinin  altinda da bu kosullar
saglanabilmektedir. Hassas olan serum proteinleri Uzerinde
etkin bir denatlirasyon igin oldukga kisa streli bir islemle
mikrodalga isleminin olumlu sonugclari oldudu da bildirilmektedir
(Munir ve dig., 2019). Huang ve digd. (2025), farkli gliclerde 2-5
s araliginda 70 °C’ye kadar i1sinabilen mikrodalga sisteminde ve
farkh 1sil islem kosullari ile kombinasyonlarinda siti isitarak,
Urtindeki protein yonunden degisimleri ve sindirilebilirlik etkilerini
de incelemislerdir. Calismada serum proteinlerinden 6zellikle
laktoferrin igin denatlirasyondan bahsedilmis; mikrodalga
uygulamasinin da serum protein denatirasyonu agisindan etkin
bir ybntem olarak kullanilabilecedinden bahsedilmistir.
Literatlirde serum protein denatliirasyonunun mikrodalga islemi
ile incelenmesine dair ilk calisma 1996 yilinda Villamiel ve dig.
tarafindan yapilmistir. 600 W gucinde gerceklestirilen
galismada, sut mikrodalgada 600 W’ta isitilmis ve referans isil
islem olan geleneksel 70 °C'de geleneksel isitma ile
kiyaslanmigtir. a-laktalbumin icin geleneksel i1sil islem ile benzer
serum proteini denatiirasyon sireleri ile karsilasilirken, (-
laktoglobulin icin surelerin genel olarak geleneksel 1sil iglem
uygulamasindan daha kisa oldudu belirlenmistir. Gustaw ve
Mleko (2007) serum protein izolatlarindan jel eldesini
mikrodalga 1sitma ile saglamistir. Bu stre¢ boyunca degisimler
de calisma kapsaminda incelenmistir.

3.5 Vurgulu Elektrik Alan Uygulamasi

Vurgulu elektrik alani da cesitli termal olmayan prosesler
arasinda yer almaktadir. Cok kisa sdreli uygulanan harici bir
elektrik alani, yerel yapisal degisikliklere ve hiicre zarinin hizl
bir sekilde bozulmasina neden olur. Bu islem elektroporasyon
olarak adlandirlir. 20. ylzyilhn sonlari itibariyla vurgulu elektrik
alan (PEF) uygulamalari farkh alanlarda artmistir. Bitki ve
mikrobiyal genetik alaninda PEF'ler; DNA gibi yabanci
maddelerin hiicre igine girmesine izin vermek amaciyla, hiicre
zarlarinda bir elektroporasyon olusturmak igin uygulanmaktadir.
Mikroorganizmalarin sayisinin etkin ve hizli bir sekilde
azaltiimasi icin PEF uygulamasi gida alaninda da literatlrde
uygulama bulmaktadir (Amiali ve dig., 2007). PEF; sivi gidalar
icin ¢ok etkin olmasa da genel olarak engelleme teknikleri
kapsaminda bir koruma teknigi olarak kullanilabilecegi gibi;
kurutma, ekstraksiyon veya presleme oOncesinde kutle
aktarimini iyilestirmeye yonelik bir 6n islem adimi olarak 6giitme
veya enzimatik islem gibi geleneksel hicre pargcalama
yontemlerinin yerine de kullanilabilir (Toepfl ve dig., 2014).
Vurgulu elektrik alan uygulamasinin serum proteinlerinin
denatlirasyonu Uzerindeki etkisi konusunda c¢ok kisitl
galismalar yer almaktadir.

Salagevicius ve dig. 2021, galismasinda ¢ig siitte mikrobiyal
degisimi ve serum proteinlerinin degisimini incelemistir. 0,5-2,4
kV/cm elektrik alan siddeti, farkli vurgu sayilari ile test edilmistir.
Calismada serum proteinlerine ait denatlirasyonun etkisinin
zayif oldugu, ancak bunun sicaklik, uygulama siresi vb.
durumlara ve 6lgim metotlarindaki belirsizlige de bagl olarak
degisebilecegdi bildirilmistir. Sui ve dig., 2011, calismasinda 30—
35 kV cm-1, 19.2-211 ps, 30 °C kosullarinda vurgulu elektrik
alan uygulamalari uygulanan serum protein izolatindaki
denaturasyonu da incelemistir. Isil islem kosullarindaki gibi bir
denatirasyon olmadid, ilgili derece ve uygulamalar i1siginda
denaturasyonun etkin gdzlenemedigi, farkli 6zellikler agisindan
serum proteini izolatinin incelendigi belirtilmistir. Bunun diginda
olan serum proteinlerindeki denatliirasyondan da bahseden
vurgulu elektrik alan ¢alismalarinin etkinliginin kisith oldugu ve

hedef olarak serum protein denatiirasyonu alinmadigi literattir
verilerinden yorumlanmaktadir (Xiang ve dig., 2011).

3.6 Soguk Plazma Yoéntemi

Sit ve sit Uriinlerinde geleneksel isil islemlere alternatif isleme
yontemlerinden biri soguk plazmadir. Soguk plazma (Cold
Plasma-CP) teknolojisi, gida ve sit endustrisinde 1sil iglem
uygulanmadan mikrobiyal dekontaminasyon saglayan ve
gidalarin besin kalitesini koruyan yenilikci, 1sil olmayan (non-
thermal) bir teknolojidir. Gazlarin kismen veya tamamen iyonize
edilmesiyle olusan reaktif oksijen ve nitrojen tlrleri (ROS/RNS)
sayesinde hem patojen mikroorganizmalar etkisiz hale
getiriimekte hem de gidaya 6zgu cesitli 6zelliklerin korunmasi
ve farkl fonksiyonellikler saglanabilmektedir. Siit endustrisinde
de sut bilegenleri ile biyoaktif proteinlerin yapisal 6zellikleri
modifiye edilebilmektedir. Bu ydontemin kullaniimasiyla kisitli da
olsa serum proteinlerinin  denatlrasyon c¢alismalari da
bulunmaktadir. Soguk plazma sistemlerinde Uretilen serbest
radikaller ve reaktif tirler, protein zincirlerindeki kovalent
olmayan baglar ve silfidril gruplarini etkileyerek yapinin
kismen agiimasina (unfolding) ve ardindan kontrollii ¢apraz
baglanmalara (cross-linking) neden olur. Geleneksel isi
kaynakli denatiirasyondan farkli olarak, bu silire¢ proteinin
fonksiyonel kalitesini (6rnegin kdpurme ve emiilsifikasyon
kapasitesini) iyilestirmek amaciyla avantajli bir modifikasyon
araci olarak kullaniimaktadir (Li ve dig., 2024; Pasagadi ve dig.,
2024). Horta ve dig., (2026), serum proteini izolati tizerindeki
degisikliklerin soguk plazma etkisiyle ne derece saglandigini
inceledikleri calismada: soguk plazma parametrelerini (frekans,
voltaj, slre) degistirmis ve plazma kaynakh reaktif tirlerin
proteinin ikincil yapisini (a-heliks ve B-tabaka) degistirdigini,
yuzey hidrofobikligini artirdigini ve kismi denatiirasyon ile
agregasyona (kiimelenme) yol acarak ¢ozuntrlik ozelliklerini
modifiye ettigini gostermistir. Bayati ve dig. 2026 tarafindan (3-
laktoglobulin ve sigir serum albumini Uzerine 1-10 dakika
uygulanan soguk plazmanin etkileri arastiriimigtir. 10 dakikalik
uygulama sonucunda o-heliks iceriginde %40'a varan azalma
ve [-tabakalarda artis (yapisal agiima/denatiirasyon)
saptanmig, protein oksidasyonuna ragmen in vitro
sindirilebilirlikte orta diizeyde artis oldugu goésterilmistir.

Yenilik¢i serum protein denatiirasyonu yéntemlerinin avantaj ve
dezavantajlarini iceren veriler Tablo 4’te dederlendirilmisgtir.

Tablo 4. Yenilik¢i ydntemlerin serum proteinleri denatiirasyonu
acisindan etkinliklerinin kiyaslanmasi.

Table 4. Comparison of Innovative Methods for Whey Protein
Denaturation.

Serum proteini Avantajlan Dezavantajlar
denatlrasyonunda
kullanilan yenilikgi
yéntem
Yiksek basing Disik Yatirim
uygulamasi sicaklkta, kisa maliyetinin
sureli yuksek olmasi,
uygulamalar ile her Griin igin
etkin sistemin
denatlrasyon tamamen ayni
saglanmasi etkinlikte
calisamayacak
olmasi
Ultrases Dusuk enerji ve Son Urin tat
distk profili lzerinde
sicakliklarda olumsuz etkileri
denatiirasyon mevcuttur

saglanabilmesi
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Tablo 4 Yenilik¢i ydntemlerin serum proteinleri denatiirasyonu
acisindan etkinliklerinin kiyaslanmasi (devami).

Table 4. Comparison of Innovative Methods for Whey Protein
Denaturation (continued).

Serum proteini Avantajlan Dezavantajlar
denatlirasyonunda
kullanilan yenilikgi
ydntem
Ohmik 1sitma Kisa sure, Denaturasyon
dislk eneriji, etkinliginin
dusuk sicaklik  saglanmasi igin
uygulamasi yiksek sicaklik
velveya uzun
sureli
uygulamalarin
gerekebilmesi
Mikrodalga Kisa slrede Nispeten yiksek
denatlrasyon sicakliklarda,
saglanmasi toplam enerji ve
yatirm
maliyetleri
dogrultusunda
uygun
enduistriyel
tasarim eksikligi
Vurgulu elektrik Kisa sire, Yeterli
alan disuk eneriji, denatirasyon
dusuk sicaklik icin yuksek
uygulamasi sicaklik ve/veya
uzun sureli
uygulamalarin
gerekebilmesi
Soguk plazma Dusuk Kisitl sayida
sicaklikta calisma ve
uygulama, kisa enddstriyel
sirede uygulamalara
denatirasyonun iligkin yatirnm ve
saglanabilmesi isletme
maliyetlerinin
heniiz
netlesmemis
olmasi

Serum proteinlerinin denatirasyonu da galismada incelenmis
olup, mikrodalganin geleneksel isitmaya benzer bir serum
protein denatirasyonu ve jel yapisi sagladigi belirtimistir.
Mikrodalga, her ne kadar hayatimizda genis bir kullanim alani
bulsa da, serum proteinlerinin denatlrasyonu icin kullanimina
dair cok calisma olmadigi, bu alana dair galismalarin artiriimasi
gerektigi de géralmustar.

Serum proteinlerinin denatirasyonuyla ilgili yakin zamanda
yapilan detayh derleme galismalari da bulunmaktadir. Finnegan
ve dig., (2024) ¢alismasinda, serum protein denatirasyonunda
kullanilan analitik yontemler degerlendirilmistir. Bu yontemlerin
spektroskopik yontemler, kromatografik analizler, elektroforez,
parcacik boyutu analizleri, mikroskobik teknikler ve termal analiz
yontemleri (DSC-Differential Scanning Calorimetry) oldugu
belirtiimektedir. Derlemede, in-line (proses sirasinda) analiz
Uzerine incelemelere dair arastirmalardan da bahsedilmistir.
Tek bir analitik yontemin kullaniimasiyla serum proteinlerinin
denaturasyon derecesinin kesin olarak belirlenemeyecegi
belirtiimistir. Freire ve dig., 2022 ise hizli analiz metotlar ile
serum proteinlerinin denatiirasyonunun tayini izerine derleme
galismasi yapmistir.

Farkli yenilikgi yontemlere dair serum protein denatlirasyon
etkilerini de inceleyen sinirlh sayida calisma da ek olarak
mevcuttur (Rodrigues ve dig., 2015; Pereira ve dig., 2011).
Ancak, bu ¢alismalarda serum proteinlerinin denatiirasyonunun
saglanmasi ve yontem uygulamalarinin geleneksel isil islemle
kiyaslamalarina dair veriler kisithdir veya belirtiimemigtir.

4.Sonug

Siat teknolojisinin Griin  uygulamalarinda proteinlerin  dnemi
buyuktir. Serum proteinleri sit proteinlerinin %20’lik kismini
olusturmaktadir. Bununla birlikte, serum proteinleri dnemli
biyoaktif ve biyokimyasal Ozelliklerinin yani sira besleyici
degerleriyle 6ne ¢ikmaktadir. Serum proteinleri iceren Urinler
de oldukga genis kullanim alani bulmaktadir. Serum
proteinlerinin denatlirasyonu Uzerine ise ¢ok sayida galisma
bulunmaktadir. Serum proteinlerinin  denatirasyonu, sut
teknolojisi agisindan farkli yénlerden 6nem arz etmektedir.
Gerek fermente 0rUnlerin teksturi ve Kkalitesi, gerekse
sindirilebilirik ve biyoaktif etki gibi acilardan cesitli st
Urdnlerinin Uretiminde ve Urlnlerin fonksiyonel 6zelliklerinden
yararlaniimasi acgisindan serum proteinlerinin denattrasyonu
saglanmaktadir. Serum proteinlerinin denatiirasyonu, isil igslem
uygulamasiyla belirli  bir sire sonunda tamamen
gerceklesmektedir. Serum proteinlerinin sadece 1s1 yoluyla
denaturasyonu, uzun iglem sireleri ve yuksek sicakliklar
nedeniyle enerji tuketimini ve maliyeti artiran bir iglem
olmaktadir.

Bu sebeple, serum proteinlerinin denatiirasyonuna yoénelik
alternatif ve yenilikgi yontemlerin arastirimasi da 6nemlidir. Bu
derleme kapsaminda da farkh yenilikgi gida isleme
yontemlerinin serum proteinlerinin denatliirasyonundaki sicaklik
ve slre gereksinimleriyle son (riin Ozellikleri Gzerindeki
etkilerinden bahsedilmistir.  Yenilikgi yontemlerin  serum
proteinlerinin denatlirasyonundaki etkinligini degerlendiren gok
sayida laboratuvar Olcekli calismadan bahsedilmistir. Bu
calismalarda serum proteinlerinin denatirasyonu igin gegerli
sicaklik ve slre kosullarindan daha dusuk sicaklik ve stre
kosullarinda iglem etkinligi ve enerji tasarrufundan da kismen
bahsedilmistir. Ancak c¢alismalarda pilot veya endustriyel
Olgekte kisith uygulama oldugu goértimustir. Yapilan yenilikgi
uygulamalara ait etkilerin ilerleyen calismalarla desteklenmesi
gerektigi vurgulanmigtir.
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Bu derleme makale calismasi Pinar Sut Ar-Ge Merkezi
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