£ CARPATHIAN JOURNAL OF FOOD SCIENCE AND TECHNOLOGY

journal homepage: http://chimie-biologie.ubm.ro/carpathian_journal/index.html

KINETICS OF CHANGES IN THE GRANULOMETRIC COMPOSITION OF

THERMODENATURED WHEY PROTEINS

Alexander G. Kruchinin®, Ekaterina I. Bolshakoval, Alana V. Bigaeva!

All-Russian Dairy Research Institute,

Lyusinovskaya Str. 35 Bldg. 7, Moscow 115093, Russian Federation

&3 _Kkruchinin@vnimi.org

https://doi.org/10.34302/crpjfst/2022.14.3.10

Article history:
Received:

16 April 2022
Accepted:

1 August 2022
Published

September 2022

Keywords:

Acid whey,

Sweet whey,

Protein,
Thermodenaturation,
Particle size.

ABSTRACT

The study objective was to determine the optimal modes of temperature-induced
denaturation of whey proteins under conditions of complete refolding to
enhance the efficiency of subsequent enzymatic release of biologically active
peptides. Whey samples obtained after acid, acid and rennet, and rennet
coagulation were identified on the basis of physico-chemical parameters and
thermal stability using multidirectional methods. The kinetics of denaturation
and aggregation of particles, changes in their mean diameter depending on the
physico-chemical whey composition, as well as heat treatment modes were
studied. The temperature 95 °C with the exposure time of 120 minutes should
be considered as the most optimal mode in terms of maximum protein
denaturation and minimum mean particle diameter. At the same time, the rate
of protein denaturation and the size of aggregated particles varied depending on
the deviation of pH away from pl. For sweet whey, a slightly different
mechanism of temperature-induced aggregation of whey protein was noted,

characterized by the predominance of hydrophobic interactions.

1. Introduction

Whey is the main secondary raw material
resource of the dairy industry resulting from the
use of various casein deposition technologies
(Bardone et al., 2018). It is internationally
accepted to classify whey into two types: sweet
whey (pH>5.6) obtained as a result of
chymosin/pepsin-induced  precipitation  of
casein in hard cheeses production, and acid
whey (pH<5.2) formed as a result of casein
isoelectric coagulation in the production of curd,
fresh cheese or technical casein. The physico-
chemical composition of acid whey differs from
the composition of sweet one in a lower content
of protein and lactose, as well as a higher level
of calcium, phosphorus and lactic acid
(Papademas et al., 2019; Zandona et al., 2021).

Today, the volume of the global whey
market is about 180-190 million tons showing a
constant upward trend. On average, no more
than half of the produced whey is subject to
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industrial processing, of which 50% is processed
in liquid form, 30% is dried, and the remaining
share is wused for protein fractionation,
production of lactose and its derivatives (Paladii
et al., 2021; Séenz-Hidalgo et al., 2021).
Unprocessed whey is often disposed with
industrial wastewater at municipal wastewater
treatment plants or in aeration fields. The
environmental standards for the management of
food waste and by-products consider whey to be
harmful to the environment due to high
biological oxygen demand (BOD 35-60 g/l) and
chemical oxygen demand (COD 60-80 g/l), all
of this combined with low pH (Das et al., 2016;
Bosco et al., 2018; Mehri et al., 2021).
Therefore, tightening of  environmental
standards and assignment of producer personal
responsibility for by-products disposal should
contribute to the transition to a closed
production cycle in the long run (Fermoso et al.,
2018). This could also be facilitated by
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accessibility and intensification of technologies
for deep whey processing, including those that
were introduced with the advent of a new
generation of dairy products with added value.

Recently, biologically active peptides
obtained from secondary dairy raw materials are
of considerable interest. This interest is justified
by the high potential of whey proteins biological
activity, especially in the manifestation of ACE-
, DPP4- and renin-inhibitory effects. In the
profile of potential biological activity, such
functions as inhibition of alpha-glucosidase in
all whey proteins and opioid-agonistic in -
lactoglobulin are also noted (Minkiewicz et al.,
2019; Sultan et al., 2017). A wide range of
positive potential effects of bioactive whey
peptides encouraged the international scientific
community to pay close attention to this topic
(Patil et al., 2022).

Bioactive peptides initiate various biological
reactions in the human body along the receptor
pathway and have an effect comparable to that
of medicinal or hormonal drugs (Sultan et al.,
2017). At the same time, bioactive peptides
derived from natural raw materials are known to
have a number of advantages over synthetic
agents in terms of therapeutic action (Kaur et al.,
2020). In most cases, they do not show toxic
effects and do not cause other adverse effects
(Zambrowicz et al., 2012). Bioinformatic tools
existing at the stage of planning the release of
bioactive peptides allow assess the possible
adverse effects, including their toxicity, and
finished bioactive hydrolysis products, which, if
necessary, allows changing the cleavage
conditions (Kruchinin & Bolshakova, 2022). It
is worth noting that biologically active peptides
isolated from secondary dairy raw materials are
capable of absorption with minimal degradation
and entering directly into the bloodstream. This
is also one of the advantages in their prospective
use (Sultan et al., 2017).

Commercialization of the bioactive peptides
production process and the prevalence of their
use in various industries, in particular in
pharmaceutical and food industry, is impeded by
number of reasons: insufficient clinical studies,
lack of evidence base of bioactivity of isolated
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peptides, lack of proper systematization of their
mechanisms of action and optimal methods of
scaling their production (Chakrabarti et al.,
2018).

One of the problems when it comes to
bioactive peptides extraction from secondary
dairy raw materials may be the complex
conformational structure of whey proteins,
which, being in a globular form, are not able to
undergo complete hydrolysis under the action of
enzymes (Abadia-Garcia et al., 2021). It is
possible to increase the availability of protein to
hydrolytic ~ enzymatic  cleavage through
temperature-induced protein refolding. It is
noted that the complete refolding of [—
lactoglobulin is achieved by heat treatment of
dairy raw materials at a temperature of 95-97 °C
with an exposure of more than one hour without
observation of subsequent protein renaturation
(Gunkova P.1. et al., 2015). In studies (Halder
et al., 2012; Vetri & Militello, 2005) the
temperature optimum of such a targeted effect is
provided, which is at the level of 80 °C with an
exposure time of up to 120 minutes. o-
lactalbumin, being a metalloprotein, has a higher
thermal stability compared to B-lactoglobulin
and the ability to renature. At the same time, the
irreversibility of the denaturation of a-
lactoalbumin during thermal denaturation is
possible under the condition of protein
decalcification and destruction of all disulfide
bonds (Bernal & Jelen, 1984; Salamanca &
Chang, 2005).

This study objective was to determine the
optimal thermal denaturation modes under
conditions of complete refolding of the main
protein fractions of whey, in which the protein
yield from secondary dairy raw materials
reaches the maximum value with the minimum
possible protein aggregation, which in turn can
reduce the effectiveness of controlled hydrolysis
by proteolytic enzymes and hinder the release of
biologically active peptides.

2. Materials and methods

2.1 Materials and Preparation of Whey
Samples of sweet whey were obtained in the

industrial conditions of the company "ltalian
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Traditions" (Russia) from the black-and-white
cow milk produced at the "Lenin State Farm”
(Russia). The whey was collected at the end of
the technological process of Montasio (rennet
coagulation) and Mozzarella cheese production
(acid-rennet coagulation).

Samples of acid whey were obtained in the
production and experimental workshop of the
"All-Russian  Dairy  Research Institute”
("VNIMI", Russia) from the black-and-white
cow milk produced at the "Lenin State Farm"
(Russia). The whey was collected as a result of
curd production by acid coagulation of milk to a
pH of 4.5-4.6 A starter culture with pure cultures
of Lactococcus lactis strains 79 s, 79 10, 79 13
(VNIMI, Russia) was used for this purpose. The
acid whey was also obtained as a result of curd
production by acid-rennet coagulation of milk to
the final pH level of 5.0-5.2. The product was
fermented using Lactococcus lactis strains 79 s,
79 10, 79 13 (VNIMI, Russia) and the enzyme
preparation Clerici 96/04 (Caglificio Clerici,
Italy).

The samples obtained were delivered to the
laboratory within 10 minutes, immediately
heated in an incubator to a temperature of 40 +
5 °C and separated from milk fat and casein dust
on a MilkyDay FJ 90 PP separator (Austria).
Purified whey samples were cooled to a
temperature of 4+2°C and stored.

2.2. Experimental Design
The experiment was carried out according to
the plan presented in Figure 1.

Curd (Acid)

Curd (Acidic-rennet) Mozzarella Montasio

Heat treatment of whey Particle size determination

Figure 1. The experimental design
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2.3. Physicochemical Analysis

The evaluation of the physicochemical
parameters of sweet and acid whey types was
carried out by well-known methods: humidity
was determined by the thermogravimetric
method according to GOST ISO 6731/IDF 21-
2012; the mass fraction of fat was determined by
the Gerber method GOST R ISO 2446-2011; the
mass fraction of protein was determined by the
total nitrogen by the Kjeldahl method in
accordance with ISO 1871:2009; the mass
fraction of casein and whey fractions proteins
were determined according to ISO 17997-
1:2004; the mass fraction of lactose was
determined in accordance with 1SO 26462:2010;
calcium content was determined by titrimetric
method according to 1SO 12081:2010; active
acidity (pH) was measured by the potentiometric
method using an InoLab pH Level 1 high-
precision pH meter equipped with a Sen Tix 61
pH. The fractional composition of proteins was
determined by electrophoresis in
polyacrylamide gel with sodium dodecy! sulfate
(SDS-PAGE), followed by densitometry of the
intensity of staining of the tracks in accordance
with the technique (Bavaro et al., 2019).

2.4. Thermal Stability

The protein  system  resistance to
denaturation during heat treatment was
determined using multidirectional methods: an
alcoholic sample, a chlorocalcium sample, a
thermoacid sample and a thermal sample
described earlier in the work (Vafin etal., 2021).

2.5. Whey Heat Treatment

Whey samples were subjected to thermal
denaturation in the temperature range of 75 to
135 °C with interval of 10 °C in jacket
bioreactors (Alkhitekh, Russia) connected in
series with a circulating glycerin bath
(Alkhitekh, Russia). Heating and aging were
carried out without stirring, in order to neutralize
of the flocculation effect to the denaturation and
aggregation of whey proteins. Protein
denaturation was evaluated over a span of 120
minutes with 20 minutes interval. At the end of
protein thermodenaturation the whey was
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cooled to 25 °C by feeding cold water into the
jacket (Figure 2).

- f -; 8 .
Figure 2. Bioreactor for thermally induced
denaturation of whey protein

2.6. Determination of
denaturation

The mass fraction of denatured whey
proteins was determined by the method
described in (Pan et al., 2022). The mass fraction
of the protein not denatured was determined by
the Kjeldahl method in the filtrate after whey
sample centrifugation at 3500xg for 10 min. The
mass fraction of denatured proteins was
determined as the difference between the mass
fraction of protein in the initial whey and the
mass fraction of protein in the fugate after
centrifugation.

whey proteins

2.7. Particle Size Determination

The size distribution of aggregated particles
was analyzed using an LS 13 320 XR laser
diffraction analyzer (Beckman Coulter, USA)
equipped with a universal liquid module.
Distilled degassed water at room temperature
was used as a dispersion medium in the module
chamber. The selected averaged whey sample
was introduced into the module chamber with an
automatic single-channel pipette (5-10 ml) with
an increased diameter of the tip inlet (5 mm).
The sample was introduced until the reading
signal levels of 50% were reached on the PIDS
photodetectors  (differential  intensity  of
polarized light scattering). At the end of the
analysis, the area of the obtained graph in the
range from 0.01 to 3000 microns was evaluated.
The results were calculated with refractive
indices of 1.33 for water and 1.54 for the
samples of different types of treated whey
studied.
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2.8. Statistical Analysis

Statistical data analysis was performed using
the Statistica 2010 software package. All
measurements were carried out in 3 independent
repetitions, the results are presented as the mean
(%) standard deviation (SD). Statistical analysis
was performed using single-factor analysis of
variance (ANOVA) at a significance value of P
<0.05.

3. Results and Discussions
3.1. Physicochemical characteristics of Milk
Whey

The average physicochemical composition
of milk whey samples as a result of curd and
cheese production is presented in Table 1. The
whey samples studied were characterized by
significant differences in level of active acidity
(pH) and content of dry substances, including
total protein, lactose, minerals. This was directly
related to the mechanism of coagulation of milk
proteins and the technology of processing curd.
Data provided in Table 1 demonstrate that the
acidity of whey AW(A) (pH 4.50) obtained
during acid coagulation of milk is below the
isoelectric point of casein. 0.55% of proteins
consisting of 0.47% whey proteins and 0.08%
casein fractions are transferred to AW(A) whey.
This particular content of protein in whey is
associated on the one hand with the inclusion of
some denatured whey proteins in the curd matrix
due to complexation with k-casein, and on the
other hand, the formation of casein dust due to
the processing of a curd with a low density and
small size of aggregated particles formed under
the action of lactic acid (Dalgleish & Corredig,
2012). As a result of acid coagulation, calcium
phosphate and structure-forming calcium also
cleave from the casein micelle, accompanied by
its transition to a soluble state, followed by
partial migration to whey (93.40 mg/100 g).

The physicochemical composition of
AW(A/R) whey obtained as a result of mixed
milk coagulation differs from AW(A) by higher
values of active acidity (pH 5.09) and lactose
(3.94%). This is associated with isoelectric
coagulation of milk at pH 5.20 as a result of the
hydrolytic effect of pepsin on k-casein, and,
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accordingly, with a lower intensity of lactose
fermentation by lactic acid microorganisms.
Acid-rennet  isoelectric  coagulation s
accompanied by the transition to a soluble form
of only part of the calcium-containing salts

migrating into the whey (76.80 mg/100 g). The
whey produced by acid-rennet isoelectric
coagulation is characterized by a low content of
total protein (0.39%) and, in particular, k-casein
(0.02%).

Table 1. Physicochemical analysis of milk whey characteristics

Curd whey Cheese whey
Name of parameter Acid Acidic-rennet | Acidic-rennet Rennet
AW(A) AW(A/R) SW(A/R) SW(R)
Total solids, % 5.89+0.15 6.07+0.19 6.22+0.15 6.54+0.12
Fat, % 0.05+0.01 0.05+0.01 0.05+0.01 0.05+0.01
Protein, % 0.55+0.11 0.39+0.07 0.72+0.04 0.89+0.10
Whey protein, % 0.47+0.04 0.37+0.07 0.69+0.04 0.82+0.08
B-lactoglobulin 0.28+0.03 0.22+0.04 0.47+0.03 0.57+0.05
a-lactoalbumin 0.14+0.01 0.12+0.02 0.17+0.01 0.19+0.03
BSA 0.046+0.003 0.047+0.003 0.043+0.002 0.05+0.004
Lactoferrin 0.005+0.001 0.006+0.001 0.005+0.001 0.008+0.001
Casein, % 0.08+0.02 0.02+0.01 0.03+0.01 0.07+0.02
as1-casein 0.03+0.01 0 0 0
0:s2-casein 0 0 0 0
B-casein 0.03+0.01 0 0 0
K-casein 0.02+0.01 0.02+0.01 0.03+0.01 0.07+0.02
Lactose, % 3.55+0.14 3.94+0.11 4.46+0.09 4.62+0.13
pH 4.50+0.10 5.09+0.08 5.84+0.05 6.43+0.09
Ash,% 0.72+0.08 0.59+0.06 0.54+0.05 0.46+0.03
Calcium, mg/100 g 93.40+3.10 76.80+2.70 68.89+1.50 61.30+£2.20

SW(A/R) whey with a pH of 5.84 obtained
during acidification of the mixture with lactic
acid formed as a result of lactic acid
fermentation (residual lactose level of 4.46%)
followed by rennet coagulation, is characterized
by a high protein content (0.72%, including
0.03% k-casein) and low calcium content (68.89
mg/100 g).

SW(R) whey obtained during rennet
coagulation of milk has a slightly acidic pH of
6.43, a high content of lactose (4.62%) and total
protein (0.89%) with a minimum calcium
content (61.30 mg/100 g), which is fully
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consistent with the theory of rennet protein
coagulation  (Lucey, 2017). With this
mechanism of coagulation, whey proteins and
lactose almost completely transfer into the whey
together with an insignificant amount of the
fraction of k-casein and soluble calcium.

3.2. Milk Whey thermal stability

Table 2 demonstrates assessing results of the
thermal stability of whey types obtained during
acidic, acidic-rennet and rennet coagulation of
milk using multidirectional methods.
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Table 2. Milk whey thermal stability

Name of test AW(A) AW(A/R) SW(A/R) SW(R)
Alcohol test < 68% < 68% 68% 85%
Calcium chloride test + — — +
Phosphate test — + + +
Acid-boiling test 1.2 mL* 0.8 mL* 0.8 mL* 0.5 mL*

— negative result; = conditionally positive result; + positive result

*amount of 0.1N HCI withstood by whey, mL

Analysis of data obtained as a result of the
study of thermal stability by alcohol test method
showed high resistance to denaturation under the
action of an 85% solution of SW(R) whey
alcohol, while the SW(A/R) sample withstood
the test with only 68% alcohol concentration.
The samples of AW(A) and AW(A/R) whey
types failed the alcohol test.

Thus, the concentration of the alcohol
solution causing the denaturation of whey
proteins correlates with a decrease in pH in the
samples of milk whey types. The strong
denaturing effect of alcohol solutions at low pH
values is accounted for by electrostatic and
hydrophobic interactions due to decrease in the
negative charge of the protein (as a result of
decrease in the pH of the medium) and increase
in the hydrophobicity of its surface due to the
contact of the solvent with nonpolar amino acid
residues (Nikolaidis & Moschakis, 2018;
Wagner et al., 2021). The data obtained fully
correlated with the results of the thermal
stability of whey types determined by the
phosphate test method.

The assessment of thermal stability by
calcium chloride test method showed that
protein precipitate in the samples of AW(A) and
SW(R) whey types was poorly visualized, while
in the samples of AW(A/R) and SW(A/R) there
was clearly pronounced denaturation and
aggregation of protein, accompanied by the
separation of transparent whey. This effect is
assumed to be associated with a change in the
solubility of proteins as a result of increase in the
concentration of calcium ions at pH 5.0 and is
generally consistent with the results of studies
(Dissanayake et al., 2013). The results of the
acid-boiling test showed that the protein
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denaturation in the SW(R) whey required
minimum amount of 0.1N HCI (0.5 mL), while
for the AW(A) whey - maximum amount (1.2
mL). Whey samples AW(A) and AW(A/R) were
denatured with the addition of 0.8 mL of 0.1N
HCI. Inversely proportional dependence of the
amount of 0.IN HCI required for protein
denaturation on the initial acidity of the whey
and the proximity of pH to pl of the main whey
proteins was noted.

3.3. Thermodenaturation of Milk Whey

Differences in the physicochemical
composition (Table 1) and thermal stability of
milk whey samples suggest different intensity
and degree of protein thermodenaturation.
Figure 3 shows the kinetics of changes in the
degree of denaturation of whey proteins under
different heat treatment modes.

In the process of heat treatment of milk whey
types  with  different  physicochemical
composition at temperature of 75 °C low
percentage of protein denaturation was
observed. After 120 minutes of incubation, only
15.7% of the protein from their initial whey
content was denatured in the SW(R) sweet whey
sample. With decrease in the pH of the studied
samples, the percentage of denatured protein
increased and reached 22.2% and 26.4% for
SW(A/R) and AW(A/R) whey samples,
respectively. The maximum percentage of
denatured protein of 36.5% was observed in the
AW(A) sample. Thus, the denaturation of
proteins under this regime is local in nature,
mainly dependent on the level of acidity of the
sample.

Data analysis in the temperature range of 85-
135 °C with an exposure of 120 minutes showed
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a slightly different dependence of the degree of
protein denaturation on pH and temperature. The
sensitivity of proteins to thermal denaturation,
regardless of the coefficient of thermal
exposure, decreased in the following sequence
AW(A)>SW(R)>AW(A/R)>SW(A/R). The
maximum rate of thermally induced
denaturation/aggregation of whey proteins was
observed at pH equal to or close to pl (AW(A))
due to electrostatic and covalent interactions.
An increase in pH (5.09 and 5.84) and its
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led to a significant slowdown in this process.
However, at pH 6.43, the rate of denaturation
/aggregation of sweet whey proteins, which
occurs mainly due to the formation of disulfide
bonds with more reactive sites (Gulzar et al.,
2011), was insignificantly lower than in samples
with a pH close to pl. Similar results on model
whey protein systems were also obtained in the
works (Nicolai et al.,, 2011; Nishanthi et al.,
2017).
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Figure 3. Changes in whey protein content at different modes of thermodenaturation process
(a- AW(A); b - AW(A/R); ¢ - SW(A/R); d - SW(R))

The degree of denaturation of whey proteins
also directly depends on the temperature and
duration of heat treatment. So, at a temperature
of 85 °C and after 120 minutes of denaturation,
43-58% of the protein from the initial content in
the whey was subjected to denaturation.
Temperature rise to 95 °C and 105 °C led to an
increase in the degree of denaturation to 73.6-
75.0% and 76.4-80.0%, respectively. While the
transition to temperatures critical for dairy raw
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materials led to a maximum degree of
denaturation of 115 °C (79.2-82.7%), 125 °C
(81.9-86.5%) and 135 °C (84.7-90.4%) with a
maximum average speed of 0.072 g/min
(AW(A)), 0.070 g/min (SW(R)) and 0.068
g/min (AW(A/R) and SW(A/R)). At the same
time, due to exposure to high temperatures, the
Maillard reaction mechanism was activated and
accelerated. =~ Aggregated  proteins  were
characterized by a coarser structure due to the
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probable formation of intermolecular isopeptide
and lysinoalanine  cross-links at  high
temperatures, which according to (Zhang et al.,
2021) it may limit the availability of enzymes to
cleavage sites both during digestion and during
directed  hydrolysis.  Therefore,  these
temperature regimes were not considered in
further studies.

3.4. Particle size determination of
thermodenatured whey protein

The physicochemical composition,
temperature, and duration of thermally induced
protein denaturation can have a direct effect on
the size and structure of the resulting aggregates
(Nicolai et al., 2011). Therefore, the next
researches were aimed at establishing the
cumulative effect of these factors on the size of
the protein aggregates formed under different
temperature and time regimes of whey
processing (Tables 3-4).

Data analysis (Tables 3 and 4) showed that
at temperature of 75 °C the volume-weighted
average diameter (D[4;3]) of denatured proteins
and their median values (D 50) did not change
significantly within120 minutes. This indicates
the absence of conditions for mass aggregation
of protein and fully correlates with the data
presented in Figure 3. The average size of whey
protein aggregates and their distribution
enhanced significantly with increase in
temperature and duration of thermal exposure,
which is explained by a decrease in electrostatic
interactions due to the predominance of
hydrophobic interactions (Nicolai et al., 2011).
The influence of the acidity factor on the size of
the denatured protein aggregates formed was
observed. Whey with a pH of 4.50 (AW(A)) was
characterized by the highest values of D[4;3]
and D 50 aggregated proteins for all
temperature-time treatment modes, as well as a
high aggregation rate.

Table 3. Size distribution of aggregated protein particles (microns) in the process
thermally induced denaturation of acid whey types

Parameter of heat treatment AW(A) AW(A/R)
Temperature, °C til;lne(:tﬂ?n Dia:3) Dso Dia:3) Dso

0 0 1.07+0.02 0.70+0.01 0.98+0.03 0.61+0.01
75 20 1.89+0.03 1.43+£0.02 1.36+0.01 0.76+0.03
75 40 3.91+0.04 2.83+0.03 1.73+0.04 0.91+0.02
75 60 4.26+0.01 3.23+0.01 1.98+0.02 1.29+0.04
75 80 5.43+0.03 4.08+0.02 3.14+0.05 2.70£0.06
75 100 6.62+0.02 4.85+0.05 4.21+0.03 3.37£0.05
75 120 7.38+0.09 5.62+0.08 5.10+0.05 4.11+0.03
85 20 3.79+0.05 2.16+0.08 2.65+0.02 2.23+0.04
85 40 4.44+0.03 3.15+0.06 3.87+0.07 2.26+0.03
85 60 14.9740.11 9.75+0.09 9.63+0.10 7.0240.05
85 80 23.1240.19 11.75+0.08 16.12+0.12 9.64+0.08
85 100 29.19+0.22 15.94+0.15 23.58+0.18 11.87+0.09
85 120 42.42+0.31 26.83+0.20 34.93+0.10 21.63+0.19
95 20 6.67+0.04 4.86+0.08 4.48+0.06 3.59+0.03
95 40 10.56+0.12 7.74+0.09 7.04+0.06 5.11+0.07
95 60 30.09+0.21 23.1140.15 23.6740.11 11.95+0.10
95 80 53.65+0.27 27.09+0.15 39.95+0.19 24.36+0.13
95 100 87.97+0.43 32.9240.21 57.24+0.25 26.91+0.16
95 120 94.32+0.51 40.03+0.28 66.83+0.28 32.06+0.17
105 20 9.60+0.05 7.99+0.08 8.11+0.04 7.034£0.03
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105 40 19.34+0.15 13.45+0.12 15.23+0.09 11.42+0.05
105 60 35.92+0.19 20.28+0.10 29.66+0.13 18.46+0.16
105 80 60.57+0.23 33.17+0.18 48.87+0.32 32.64+0.21
105 100 91.23+0.47 45.93+0.25 63.03+0.27 37.19+0.30
105 120 112.87+0.62 65.01+0.27 74.21+0.31 42.74+0.24

The average diameter of aggregated protein
particles and their median values in sera
AW(A/R) and SW(A/R) decreased significantly
with pH (5.09 and 5.84) moving away from pl
protein. This dependence is generally consistent
with the results (Buggy et al., 2018). It is worth
noting that in the whey SW(R) (pH 6.43) at
processing temperature of 75-95 °C values of
D[4;3] and D50 were slightly higher than in the

SW(A/R) sample. As far as the processing
temperature increased up to 105 °C the growth
of aggregates in the SW(R) whey, unlike in other
types of whey, has noticeably accelerated. This
is most likely related to more intensive
formation of disulfide bonds alongside with the
resulting flotation effect due to intense
vaporization in the whey.

Table 4. Size distribution of aggregated protein particles (microns) in the process
thermally induced denaturation of sweet whey types

Parameter of heat treatment SW(A/R) SW(R)
Temperature, °C t;'ne:tlr?l?n D431 Dso D431 Dso

0 0 0.76+0.03 0.18+0.01 0.88+0.02 0.50£0.02
75 20 1.00+0.05 0.48+0.02 1.25+0.03 0.73+0.01
75 40 1.35+0.04 0.78+0.03 3.62+0.02 3.05+0.02
75 60 1.62+0.03 1.19+0.02 4.01+0.04 3.48+0.03
75 80 2.07+0.03 1.08+0.02 4.36+0.05 3.49+0.04
75 100 3.25+0.02 2.75+0.01 5.74+0.03 4.88+0.03
75 120 4.23+0.05 3.82+0.03 6.72+0.07 5.74+0.02
85 20 2.19+0.01 1.91+0.01 3.43+£0.04 2.94+0.02
85 40 3.68+0.03 3.12+0.02 4.10+0.04 3.01+0.07
85 60 7.27+0.06 5.51+0.05 10.86+0.08 8.13+0.04
85 80 12.82+0.12 9.07+0.08 14.91+0.14 9.90£0.12
85 100 17.39+0.15 9.91+0.06 19.03+0.17 11.18+0.05
85 120 21.05+0.12 10.68+0.7 25.06+0.14 12.92+0.09
95 20 3.56+0.04 2.88+0.02 5.64+0.04 3.58+0.05
95 40 6.67+0.02 4.35+0.03 7.91+0.06 4.99+0.02
95 60 12.48+0.10 8.93+£0.07 17.23+0.12 9.85+0.06
95 80 19.74+0.16 11.66+0.11 24.96+0.18 12.32+0.10
95 100 25.65+0.19 13.57+0.12 31.51+0.19 18.46+0.16
95 120 32.78+0.23 19.80+0.15 38.94+0.26 24.22+0.13
105 20 7.35+0.06 6.17+0.04 8.67+0.04 7.62+0.02
105 40 10.61+0.09 8.48+0.05 13.86+0.12 9.94+0.07
105 60 16.75+0.17 11.34+0.09 25.36£0.19 17.51+0.14
105 80 23.04+0.22 15.42+0.14 42.15+0.25 29.67+0.16
105 100 31.10£0.25 19.19+0.11 54.81+0.23 34.1340.19
105 120 40.86+0.26 28.54+0.17 68.974£0.31 39.0040.21
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4. Conclusions

The high capacity of whey as a natural raw
material for the production of biologically active
peptides draws attention to the concern of
increasing the efficiency of whey proteins
hydrolysis. Deployment of globular structures
along with reduced degree of protein
aggregation will increase the accessibility of
sites to enzymatic hydrolysis. This research
shows that different combinations of
temperature-time modes of heat treatment of
whey types with different physicochemical
composition formed protein structures with
different average diameter and particle
distribution, as well as the degree of
denaturation. According to the results of the
research, temperature of 95 °C and exposure
time of 120 minutes should be considered as the
optimal mode in terms of maximum protein
denaturation and minimum average particle
diameter. It was found that the rate of protein
denaturation and the size of aggregated particles
varied depending on the removal of pH from pl,
in all samples except SW(R), where the
mechanism  of  hydrophobic interactions
prevailed. However, further studies in this
domain are required taking into account the
factors of lactose content and salt composition,
as well as additional methods of whey
processing: neutralization and acidification.

5. References

Abadia-Garcia, L., Castafio-Tostado, E.,
Cardador-Martinez, A., Martin-Del-campo,
S. T., Amaya-Llano, S. L. (2021).
Production of ACE Inhibitory Peptides from
Whey Proteins Modified by High Intensity
Ultrasound Using Bromelain. Foods, 10(9),
2099.

Bosco, F., Carletto, R. A., Marmo, L. (2018). An
Integrated Cheese Whey Valorization
Process. Chemical Engineering
Transactions, 64, 379-384.

Bavaro, S.L., De Angelis E., Barni S., Pilolli R,
Mori F., Novembre E.M., Monaci L. (2019).
Modulation of Milk Allergenicity by Baking
Milk in Foods: A Proteomic
Investigation. Nutrients, 11(7), 1536.

125

Bernal, V., Jelen, P. (1984). Effect of Calcium
Binding on Thermal Denaturation of Bovine
a-Lactalbumin. Journal of Dairy Science,
67(10), 2452-2454.

Buggy, A. K., McManus, J. J., Brodkorb, A.,
Hogan, S. A., Fenelon, M. A. (2018). Pilot-
scale formation of whey protein aggregates
determine the stability of heat-treated whey
protein solutions—Effect of pH and protein
concentration. Journal of Dairy Science,
101(12), 10819-10830.

Chakrabarti, S., Guha, S., & Majumder, K.
(2018). Food-Derived Bioactive Peptides in
Human Health: Challenges and
Opportunities. Nutrients, 10(11), 1738.

Dalgleish, D. G., Corredig, M. (2012). The
structure of the casein micelle of milk and its
changes during processing. Annual Review
of Food Science and Technology, 3(1), 449—
467.

Das, M., Raychaudhuri, A., Ghosh, S. K. (2016).
Supply Chain of Bioethanol Production
from Whey: A Review. Procedia
Environmental Sciences, 35, 833-846.

Dissanayake, M., Ramchandran, L., Donkor, O.
N., Vasiljevic, T. (2013). Denaturation of
whey proteins as a function of heat, pH and
protein concentration. International Dairy
Journal, 31(2), 93-99.

Fermoso, F. G., Serrano, A., Alonso-Farifias, B.,
Fernandez-Bolafios, J., Borja, R,
Rodriguez-Gutiérrez, G. (2018). Valuable
Compound Extraction, Anaerobic
Digestion, and Composting: A Leading
Biorefinery Approach for Agricultural
Wastes. Journal of Agricultural and Food
Chemistry, 66(32), 8451-8468.

Gulzar, M., Bouhallab, S., Jeantet, R., Schuck,
P., Croguennec, T. (2011). Influence of pH
on the dry heat-induced
denaturation/aggregation of whey proteins.
Food Chemistry, 129(1), 110-116.

Gunkova, P. I., Gorbatova, K. K. (2015).
Biotechnological  properties of  milk
proteins. GIORD, 216 p.

Halder, U. C., Chakraborty, J., Das, N., Bose, S.
(2012). Tryptophan dynamics in the
exploration of  micro-conformational


https://www.mdpi.com/2304-8158/10/9/2099
https://www.aidic.it/cet/18/64/064.pdf
https://www.aidic.it/cet/18/64/064.pdf
https://pdfs.semanticscholar.org/77ec/a7a67086be5810a707c464ed915f8560d15b.pdf?_ga=2.78879316.1793122642.1651054577-1850323714.1647877250
https://reader.elsevier.com/reader/sd/pii/S0022030284815957?token=0E0D512BF49428FA22CB3AF6C9C8D0C7AC2050AF7DF400703B9CF368850664EEAF1951E1E5AE5D54653F8B32CB943185&originRegion=eu-west-1&originCreation=20220427155733
https://reader.elsevier.com/reader/sd/pii/S0022030218308579?token=C1D42F5B41DFE383A0FCFAB0B66B508DE6DC5701C52BCA1139CCFB18370CE641C06EF2AC6A22E241445DBEFE4F565CF2&originRegion=eu-west-1&originCreation=20220427160004
https://www.mdpi.com/2072-6643/10/11/1738/htm
https://pubmed.ncbi.nlm.nih.gov/22385169/
https://pubmed.ncbi.nlm.nih.gov/22385169/
https://reader.elsevier.com/reader/sd/pii/S187802961630189X?token=88029267292370DAF6F1A1763DBABD67A3FD5A7DFD97EF4F3B760C01472F811373ED5214FB92D2B3A07C7831D38CB39D&originRegion=eu-west-1&originCreation=20220427160633
https://reader.elsevier.com/reader/sd/pii/S187802961630189X?token=88029267292370DAF6F1A1763DBABD67A3FD5A7DFD97EF4F3B760C01472F811373ED5214FB92D2B3A07C7831D38CB39D&originRegion=eu-west-1&originCreation=20220427160633
https://reader.elsevier.com/reader/sd/pii/S0958694613000381?token=5E1C8C0408933CB1CEB44BDCEB40FF3E148FB7A7966473C0CF4E841B892BB8D895776DAAFD11DDBC3AEDF30D6F1A7932&originRegion=eu-west-1&originCreation=20220427160813
https://reader.elsevier.com/reader/sd/pii/S0958694613000381?token=5E1C8C0408933CB1CEB44BDCEB40FF3E148FB7A7966473C0CF4E841B892BB8D895776DAAFD11DDBC3AEDF30D6F1A7932&originRegion=eu-west-1&originCreation=20220427160813
https://pubmed.ncbi.nlm.nih.gov/30010339/
https://pubmed.ncbi.nlm.nih.gov/30010339/
https://www.sciencedirect.com/science/article/pii/S0308814611005863?via%3Dihub
https://produkt.by/sites/produkt.by/files/filesjournal/prodby_116_gunkova_biotehnologicheskije_svoistva_belkov_moloka_1.pdf

Kruchinin et al./ Carpathian Journal of Food Science and Technology, 2022, 14(3), 116-127

changes of refolded [-lactoglobulin after
thermal exposure: a steady state and time-
resolved fluorescence approach. Journal of
Photochemistry and Photobiology B:
Biology, 109, 50-57.

Kaur, H., Afsar, M., Devgon, I., Khan, A.,
Jangra, S., Kaur, L., Kumar, A. (2020).
Bioactive Peptides: Emerging Tool To Fight
Diseases. European Journal of Molecular &
Clinical Medicine, 7(07), 4277-4293.

Kruchinin, A., Bolshakova, E. (2022). Hybrid
Strategy of Bioinformatics Modeling (in
silico): Biologically Active Peptides of Milk
Protein. Food Processing: Techniques and
Technology, 52(1), 46-57.

Lucey, J. A. (2017). Formation, Structural
Properties, and Rheology of Acid-
Coagulated Milk Gels. Cheese: Chemistry,
Physics and Microbiology: Fourth Edition,
1,179-197.

Mehri, D., Perendeci, N. A., Goksungur, Y.
(2021). Utilization of Whey for Red
Pigment Production by Monascus purpureus
in Submerged Fermentation. Fermentation,
7(2), 75.

Minkiewicz, P., lwaniak, A., Darewicz, M.
(2019). BIOPEP-UWM Database of
Bioactive Peptides: Current Opportunities.
International  Journal of  Molecular
Sciences, 20(23), 5978.

Nicolai, T., Britten, M., Schmitt, C. (2011). B-
Lactoglobulin  and WPl  aggregates:
Formation, structure and applications. Food
Hydrocolloids, 25(8), 1945-1962.

Nikolaidis, A., Moschakis, T. (2018). On the
reversibility of ethanol-induced whey
protein denaturation. Food Hydrocolloids,
84, 389-395.

Nishanthi, M., Vasiljevic, T., Chandrapala, J.
(2017). Properties of whey proteins obtained
from different whey streams. International
Dairy Journal, 66, 76-83.

Paladii, I. v., Vrabie, E. G., Sprinchan, K. G.,
Bologa, M. K. (2021). Part 1: Classification,
Composition, Properties, Derivatives, and
Application. Surface Engineering and
Applied Electrochemistry, 57(5), 579-594.

126

Pan, Z., Ye, A., Dave, A, Fraser, K., Singh, H.
(2022). Kinetics  of  heat-induced
interactions among whey proteins and
casein micelles in sheep skim milk and
aggregation of the casein micelles. Journal
of Dairy Science, 105(5), 3871-3882.

Papademas, P., Kotsaki, P., (2019).
Technological Utilization of Whey towards
Sustainable Exploitation. Advances in Dairy
Research, 7(4), 231.

Patil, P. J., Usman, M., Zhang, C., Mehmood,
A., Zhou, M., Teng, C., Li, X. (2022). An
updated review on food-derived bioactive
peptides: Focus on the regulatory
requirements, safety, and bioavailability.
Comprehensive Reviews in Food Science
and Food Safety, 21(2), 1732-1776.

Séenz-Hidalgo, H. K., Guevara-Aguilar, A.,
Buenrostro-Figueroa, J. J., Baeza-Jiménez,
R., Flores-Gallegos, A. C., Alvarado-
Gonzéalez, M. (2021). Biotechnological
Valorization of Whey: A By-Product from
the Dairy Industry. Bioprocessing of Agri-
Food Residues for Production of
Bioproducts, 159-200.

Salamanca, S., Chang, J. Y. (2005). Unfolding
and refolding pathways of a major Kinetic
trap in the oxidative folding of a-
lactalbumin. Biochemistry, 44(2), 744-750.

Sultan, S., Huma, N., Butt, M. S., Aleem, M.,
Abbas, M. (2017). Therapeutic potential of
dairy bioactive peptides: A contemporary
perspective. Critical reviews in food science
and nutrition, 58(1), 105-115.

Vafin, R. R., Radaeva, I. A., Kruchinin, A. G.,
Illarionova, E. E., Bigaeva, A. V.,
Turovskaya, S. N., Belozerov, G. A,
Gilmanov, K. K., Yurova, E. A. (2021). k-
casein polymorphism effect on
technological properties of dried milk.
Foods and Raw Materials, 9(1), 95-105.

Vetri, V., Militello, V. (2005). Thermal induced
conformational changes involved in the
aggregation pathways of beta-lactoglobulin.
Biophysical Chemistry, 113(1), 83-91.

Wagner, J., Andreadis, M., Nikolaidis, A.,
Biliaderis, C. G., Moschakis, T. (2021).
Effect of ethanol on the microstructure and


https://www.sciencedirect.com/science/article/pii/S1011134412000164?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1011134412000164?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1011134412000164?via%3Dihub
https://ejmcm.com/pdf_5313_cce1cf8202f7ffe99abacf02735f150b.html
https://ejmcm.com/pdf_5313_cce1cf8202f7ffe99abacf02735f150b.html
https://fptt.ru/upload/journals/fptt/64/%D0%9A%D1%80%D1%83%D1%87%D0%B8%D0%BD%D0%B8%D0%BD.pdf
https://fptt.ru/upload/journals/fptt/64/%D0%9A%D1%80%D1%83%D1%87%D0%B8%D0%BD%D0%B8%D0%BD.pdf
https://www.sciencedirect.com/science/article/pii/B9780124170124000077?via%3Dihub
https://www.sciencedirect.com/science/article/pii/B9780124170124000077?via%3Dihub
https://www.mdpi.com/2311-5637/7/2/75
https://pdfs.semanticscholar.org/9675/bc21ef1fb7fe85faa773a0bfeaf0bf8cedba.pdf?_ga=2.14914934.1793122642.1651054577-1850323714.1647877250
https://pdfs.semanticscholar.org/9675/bc21ef1fb7fe85faa773a0bfeaf0bf8cedba.pdf?_ga=2.14914934.1793122642.1651054577-1850323714.1647877250
https://www.sciencedirect.com/science/article/pii/S0268005X11000415?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0268005X11000415?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0268005X18302418?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0958694616303466?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0958694616303466?via%3Dihub
https://link.springer.com/article/10.3103/S1068375521050112
https://link.springer.com/article/10.3103/S1068375521050112
https://www.sciencedirect.com/science/article/pii/S0022030222001527?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0022030222001527?via%3Dihub
https://www.researchgate.net/publication/339630470_Technological_Utilization_of_Whey_towards_Sustainable_Exploitation
https://www.researchgate.net/publication/339630470_Technological_Utilization_of_Whey_towards_Sustainable_Exploitation
https://ift.onlinelibrary.wiley.com/doi/10.1111/1541-4337.12911
https://ift.onlinelibrary.wiley.com/doi/10.1111/1541-4337.12911
https://www.semanticscholar.org/paper/Biotechnological-Valorization-of-Whey%3A-A-By-Product-S%C3%A1enz-Hidalgo-Guevara-Aguilar/0a31069e5bd2715f3281a576be1ff5d01946df35
https://www.semanticscholar.org/paper/Biotechnological-Valorization-of-Whey%3A-A-By-Product-S%C3%A1enz-Hidalgo-Guevara-Aguilar/0a31069e5bd2715f3281a576be1ff5d01946df35
https://www.semanticscholar.org/paper/Biotechnological-Valorization-of-Whey%3A-A-By-Product-S%C3%A1enz-Hidalgo-Guevara-Aguilar/0a31069e5bd2715f3281a576be1ff5d01946df35
https://pubs.acs.org/doi/10.1021/bi048182n
https://pubmed.ncbi.nlm.nih.gov/26852912/
https://pubmed.ncbi.nlm.nih.gov/26852912/
https://jfrm.ru/en/issues/1803/1815/
https://pubmed.ncbi.nlm.nih.gov/15617813/

Kruchinin et al./ Carpathian Journal of Food Science and Technology, 2022, 14(3), 116-127

rheological properties of whey proteins:
Acid-induced cold gelation. LWT, 139,
110518.

Zambrowicz, A., Timmer, M., Polanowski, A.,
Lubec, G., Trziszka, T. (2012).
Manufacturing of peptides exhibiting
biological activity. Amino Acids, 44(2),
315-320.

Zandona, E., Blazi¢, M., Rezek Jambrak, A.
(2021). Whey Utilization: Sustainable Uses
and Environmental Approach. Food
Technology and Biotechnology, 59(2), 147—
161.

Zhang, L., Zhou, R., Zhang, J., Zhou, P. (2021).
Heat-induced denaturation and bioactivity
changes of whey proteins. International
Dairy Journal, 123, 105175.

Acknowledgment

The study was supported by the Russian
Science Foundation grant No. 21-76-00044,
https://rscf.ru/en/project/21-76-00044.

127


https://www.sciencedirect.com/science/article/pii/S0023643820315061?via%3Dihub
https://link.springer.com/article/10.1007/s00726-012-1379-7
https://hrcak.srce.hr/clanak/379855
https://hrcak.srce.hr/clanak/379855
https://www.sciencedirect.com/science/article/pii/S095869462100203X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S095869462100203X?via%3Dihub

