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TOPICALITY OF THE RESEARCH

Oats, recognised for their exceptional nutritional value and amino acid
composition (Mohamed, Biresaw, Xu, Hojilla-Evangelista, & Rayas-Duarte,
2009), show promise as an alternative source for plant protein concentrates and
isolates. They contain higher protein levels in their groats compared to other
cereals (Klose & Arendt, 2012) and are well-suited for cultivation in the local
region where this research was conducted (Sterna, Zute, & Brunava, 2016).

Despite the extensive study of oat protein characteristics (Spaen & Silva,
2021), the current methods for extracting oat protein frequently employ harsh
alkaline extraction followed by precipitation, or rely on air separation, which is
inherent to the milling process (Sibakov, 2014).

Another way to concentrate oat protein is through enzyme-assisted aqueous
extraction. This method can produce a versatile protein concentrate that can be
used in various applications. It allows for the adjustment of protein concentration
levels and control of suspended solids. Additionally, the resulting oat protein
concentrate can be used as a valuable raw material for developing unique
products, such as oat protein extrudates.

The aim of the doctoral thesis was to develop enzyme-assisted aqueous
extraction methods to obtain oat protein concentrates, evaluate the functional
properties of the obtained protein concentrates, and determine their suitability for
further processing, including but not limited to wet extrusion.

The hypothesis: oat protein concentrate obtained through enzyme-assisted
aqueous extraction followed by defatting can be utilised in wet extrusion
systems.

Theses confirming the hypothesis:

e oat protein can be extracted and concentrated through enzyme-assisted
aqueous extraction;

e the degradation of non-starch polysaccharides during wet enzymatic
hydrolysis does not affect the amino acid composition of the oat protein;

e jonic strength influences oat protein aggregation subsequently affecting its
functional properties and the yield of protein recovery;

o defatting methods affect oat protein functional properties;

o defatting the oat protein concentrate improves the wet extrusion process.

Research objects: whole grain oat flakes, fine oat flour, oat protein, oat
protein extrudates.

Tasks of the present research are as follows:

e to identify methods suitable for oat protein enzyme-assisted aqueous
extraction from commercial whole oat flakes and fine oat flour;

o to identify suitable defatting methods for oat protein concentrates obtained
from commercial oats and oat flour;

e to evaluate the redistribution of amino acids in obtained oat protein
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concentrates and side products, in particular, fibre;

e to evaluate the characteristics of obtained protein concentrates and
investigate the functional properties of obtained oat protein concentrates;

e to determine the extrusion parameters for oat protein concentrate;

e to investigate the physical characteristics of the obtained oat protein
extrudate, including its structure, texture, and colour.

Novelty of the present research:

e methods for obtaining oat protein concentrate up to 75% (dry matter)
through enzyme-assisted aqueous extraction have been developed;

e physiochemical characteristics, amino acid profile and functional properties
of oat protein concentrates obtained through enzyme-assisted aqueous
extraction have been evaluated,

o technological parameters for the wet extrusion of oat protein concentrate
have been determined,;

o physical properties of oat protein extrudate obtained through wet extrusion
have been studied.

Economic significance:

o developed methods have shown the possibility of obtaining oat protein
concentrates which are considered as innovative raw materials, potential
ingredients for a wide range of food applications, including categories of
products with the “clean label”;

o functional properties of obtained oat protein concentrates enable producers to
determine the applicability of oat protein concentrates in their products;

o defined parameters of the extrusion process and the characteristics of the
extrudates derived from oat concentrates support producers in innovating and
introducing novel products, specifically extrudates, containing a new
ingredient: oat protein concentrate.

APPROBATION OF THE RESEARCH

The research results are summarised and published in 4 peer-reviewed
scientific editions in English, which are indexed in the international databases
SCOPUS and/or Web of Science. 2 patents have been granted.

Publications:

1. Sargautis D., Kince T., Gramatina |. (2023) Characterisation of the
Enzymatically Extracted Oat Protein Concentrate after Defatting and Its
Applicability for Wet Extrusion. Foods, 12:2333.
https://doi.org/10.3390/foods12122333.

2. Sargautis D., Kince T. (2023) Effect of Enzymatic Pre-Treatment on Oat
Flakes  Protein  Recovery and  Properties. Foods,  5:965.
https://doi.org/10.3390/foods12050965.



https://doi.org/10.3390/foods12122333
https://doi.org/10.3390/foods12050965

3. Sargautiene V., Sargautis D., Podjava A., Jakobsone I., Nikolajeva V. (2023)
Feasibility of Integrating Spray Dried and Freeze Dried Oat B-Glucans in a
Synbiotic Formulation with Akkermansia muciniphila. Fermentation, 9(10):
895. https://doi.org/10.3390/fermentation9100895.

4. Sargautis D., Kince T., Sargautiene V. (2021) Review: Current Trends in
Oat Protein Recovery and Utilization in Aqueous Food Systems. Proceedings
of the annual 27" International scientific conference Research for Rural
Development 2021. 36:77-83. https://doi.org/10.22616/rrd.27.2021.011.

Granted patents:

1. Sargautis D. (2024) A method of producing a drink from an oat material.
Latvijas Republikas patentu valde LV 15707, filed 2021, issued on 20
February 2024, https://databases.Irpv.gov.lv/patents/L\VP2021000048.

2. Sargautis D. (2023) A process of producing a plant-based protein. Latvijas
Republikas patentu valde LV 15735, filed 2021, issued on 20 August 2023,
https://databases.lrpv.gov.lv/patents/L \VVP2021000081.

The research results have been presented at international scientific
conferences in Latvia, Lithuania and France.

1. 15™ Baltic Conference on Food Science and Technology, FOODBALT-2022
“Food Research and Development in the Baltic States and Beyond”, Kaunas,
Lithuania. Oral presentation. Sargautis D., Kince T., Gramatina I. Effect of
defatting method on enzymatically extracted oat protein solubility (26-27
October 2022).

2. 4" Edition of Euro Global Online Conference on Food Science and
Technology, France. Oral presentation. Sargautis D., Kince T., Gramatina I.
Evaluation of functional properties of enzymatically extracted oat protein
(12-13 September 2022).

3. Workshop within Riga Food 2022 “Innovative and sustainable solutions in
food and packaging”, Riga, Latvia. Oral presentation. Sargautis D., Kince
T., Gramatina I. Qat protein nutritional value reallocation in wet processing
(9 September 2022).

4, 27" Annual International Scientific Conference “Research for rural
development 20217, Jelgava, Latvia. Oral presentation. Sargautis D., Kince
T., Sargautiene V. Review: Current Trends in Oat Protein Recovery and
Utilization in Aqueous Food Systems (12—13 May 2021).

5. 3 International Conference “Nutrition and Health”, Riga, Latvia. Poster
presentation. Sargautiene V., Ligere R., Sargautis D. Metabolic activity of
the gut microbiota. Oral presentation. Sargautis D., Kince T., Sargautiene V.
Investigation of structure formation of oat protein during wet
extrusion (9-11 December 2020).
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Additional publications released within the duration of the research.

. Revina O., Avsejenko J., Revins V., Sargautis D., Cirule D., Valdovska A.
(2020) Effect of dietary supplementation with PB-glucan on growth
performance and skin-mucus microbiota of sea trout (Salmo trutta). Fisheries
& Aquatic Life. 28:155-165. https://doi.org/10.2478/aopf-2020-0019.

The study was partly financed by
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doctoral funding model at Latvia University of Life Sciences and
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MATERIALS AND METHODS

Time and place of research

The present research was performed between 2019 and 2024 in the
laboratories of Latvia University of Life Sciences and Technologies (LBTU),
Faculty of Agriculture and Food Technology, Food Institute, as well as at the
Institute of Agricultural Resources and Economics (AREI), LBTU DPP Institute
of Horticulture, Latvian State Forest Research Institute “Silava” and
JP Biotechnology, Ltd.

Structure of the research
The research comprises three general stages described in Table 1 below.

Table 1/ 1. tabula
Description of the research stages / Pétijuma posmu apraksts

Stage / Posms  Description / Apraksts

Stage 1/ Enzymatic protein extraction from oat flakes and oat flour /

| posms Enzimatiska proteinu ekstrakcija no auzu parslam un auzu miltiem
Influence of 0.1 M NaCl solution on protein yield /
0.1 M NaCl skiduma ietekme uz proteinu iznakumu
The study of oat protein defatting / Auzu proteinu attaukosanas

izpéte
Stage I/ Research of the characteristics and functional properties of oat
Il posms protein concentrates /

Auzu proteina koncentratu parametru un funkcionalo ipasibu izpete
Stage I11/ 111 Extrusion of oat protein concentrate and evaluation of the extrudate
posms functional properties /

Auzu proteina koncentrdta ekstrizija un ekstrudata funkcionalo
ipasibu novértésana

Description of materials

Object of the research: whole grain oat flakes, fine oat flour with reduced
fibre content (oat flour), commercial enzymes (a-amylase (from Bacillus
Licheniformis), complex enzymes (from Trichoderma reesei) with main
xylanase and side g-glucanase activities), extrudate of the oat protein concentrate
(Tables 2 and 3).



Table 2/ 2. tabula
Description of oat flakes and oat flour used in the study as an initial raw
material / Petijuma ka sakotnéjas izejvielas izmantoto auzu parslu un auzu

miltu raksturojums

Raw material / Chemical composition, g 100 g* in DM / Producer /
Izejviela Kimiskais sastavs, g 100 g sausna Razotdjs
Whole oat Crude protein / Kopproteins 17.6 g, Dobeles
flakes / Fats / Koptauki 5.7 g, dzirnavnieks,
Pilngraudu Fibre / Kopéjas Skiedrvielas 2.13 g, SIA (Latvia /
auzu parslas Carbohydrates / Og/hidrati 54.1 g, Latvija)
B-glucans / f-glikani 4.4 g,
Salt/ Sals 0.01 g.
Fine oat flour / Crude protein / Kopproteins 10.4 g Helsinki
Smalka maluma  Carbohydrates / Oglhidrati 78.1, of which sugar /  mills (Vaasa,
auzu milti no kuriem cukuri 0.4 g, Finland/
Fat / Koptauki 6.1 g, of which saturated fatty acids  Vasa,
/ no kuriem piesatinatas taukskabes 1.1 g, Somija)

Dietary fibre / Skiedrvielas 2.7 g, of which
B-glucan / no kuram B-glikani 1.56 g

Table 3/ 3. tabula
Specification of commercial enzymes used in the study / Petijuma izmantoto

komercialo enzimu raksturojums

Enzyme trade mark / Enzimu precu zime

Parameters/ Raditaji -
HSAL Grainzyme FL
Main activities / Galvenas ~ a-amylase / a-amildze Xylanase |  ksilandze —
aktivitates — 40000 umL? 12 000 u mL%;
B-glucanase [/ p-glikandze—
5000 u mL?;
Cellulase /| celulaze —
1000 u mL?
Optimal working 94-98 °C 58-66 °C
temperature / Optimala
darba temperatiira
Optimal working pH / 5.8-7.0 5.5-6.5

Optimals darba pH

Strain / Celms

Producer / Razotajs

Bacillus Licheniformis

Suntaq International,

China

Trichoderma reesei
Suntaq International, China




Methods used in the research

In Stage I, the oat protein concentrates were obtained from oat flakes and fine
oat flour, enzymatically hydrolysing starch and non-starch polysaccharides by
subsequent protein concentration through centrifugation. In addition, the
research aimed to explore the effects of changes in ionic conditions on both
protein yield and characteristics. Protein obtained from oat flour subsequently
passed defatting, independently employing ethanol and SC-CO,. The original
protein purification methods were developed by the author; other methods and
analyses used in the research are summarised in Table 4.

Table 4 / 4. tabula

Standards and methods used for analysis /
Pétijuma izmantotie standarti un metodes

Stage /
Posms

Parameters / Parametri

Standards and methods /
Standarti un metodes

Crude protein /
Kopproteins
Moisture content /
Mitruma saturs
Fibre / Kopéjas
Skiedrvielas

Fats / Koptauki
Amino acids /
Aminoskabes
Molecular weight /
Molekulmasa

Protein solubility /
Proteina skidiba

Water and oil holding
capacity / Udens un ellas
noturibas spéja

Foaming capacity /
Putosanas spéja

LVS EN ISO 20483:2014
I1SO 6496:1999
1SO 5498:1981

I1SO 6492:1999
LVS EN ISO 13910-2005

Sodium dodecyl sulphate-
polyacrylamide gel electrophoresis,
Agilent Protein 230 kit / Natrija
dodecilsulfata-poliakrilamida géla
elektroforéze, Agilent Protein 230 kit

Morr et al. (1985), Sewada et al. (2014)
with minor modification / Morr et al.
(1985), Sewada et al. (2014) ar nelielam
izmainam

Mirmoghtadaie et al. (2009) with minor
modification / Mirmoghtadaie et al.
(2009) ar nelielam izmainam

Adapted from Mirmoghtadaie et al.
(2009) / adaptets no Mirmoghtadaie et
al. (2009)
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Continuation of Table 4. / 4 tabulas turpindjums

. Standards and methods / Standarti un
Stage/Posms  Parameters / Parametri

metodes
1] Colour analysis / Krasu CIELAB colour space according to
parametri Kirse-Ozolina, Muizniece-Brasava, &

Veipa (2019) and J. Zhang et al. (2020) /
CIELAB krasu telpa péc Kirse-Ozolina,
Muizniece-Brasava, & Veipa (2019) and
J. Zhang et al. (2020)

1] Fracturability, hardness Texture analysis method by Stable
and toughness / Stingriba,  Microsystems, Ltd. (Godalming, UK) /
liistamiba un cietiba Stable Microsystems, Ltd. (Godalminga,

Apvienota Karaliste) tekstiru analizes
metode

Il Microstructure analysis/ ~ Scanning  electron  microscopy /
Mikrostruktiiras analize Skenéjosa elektronmikroskopija

Stage Il examined the characteristics and functional properties associated
with the acquired protein concentrates. This stage covered an analysis of the
obtained materials, including their molecular mass and amino acid profile.
Furthermore, it implies an investigation into the functional properties of the
materials, particularly their protein solubility, foaming capacity, and water or oil
holding capacity, which are summarised in Table 4.

Stage |11 of the study encompassed a study of the extrusion process applied
to the protein concentrates that were characterised in the preceding stages. This
stage focused on revealing the key characteristics and parameters of the extrusion
system necessary for the production of wet extrudate. Alongside the analysis of
the extrusion system, the research also presents comprehensive data on the
physical properties of the obtained extrudate, including its textural attributes and
colour. Furthermore, the oat protein extrudate was subjected to analysis under a
Scanning Electron Microscope (SEM), revealing the longitudinal and cross-
sectional images for analysis. The methods and analyses used in stage 111 of the
research are summarised in Table 4.

Mathematical data processing

The Friedman rank sum test was applied, analysing the median differences
among polar and one-way ANOVA for non-polar amino acid groups with the
prior Shapiro-Wilk normality test. The T-test was applied for textural analysis.
Data in tables and graphs is expressed as mean + standard deviation for at least
three replications, if it is not mentioned separately. ANOVA tests followed by
Tuckey’s HSD and compact letter display were applied for the remaining
analyses unless stated otherwise. Statistical analysis was conducted in R (R Core
Team, 2022). Figures and data were processed using R packages (Graves,
Piepho, & Dorai-Raj, 2023; Kassambara, 2023; Patil, 2021; Wickham et al.,
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2019). RStudio (RStudio Team, 2022) was used for the Integrated Development
Environment for R.

RESULTS AND DISCUSSION

1. Oat protein isolation
Protein isolation from whole oat flakes by enzymatic hydrolysis

The present study comprises the data related to protein recovery from whole
oat flakes through enzymatic extraction. Two approaches were studied: treating
oat flakes with a-amylase for starch hydrolysis (protein sample coded as A1) and
applying two kinds of enzymes simultaneously, a-amylase and complex enzyme
which initiate the hydrolysis of starch and non-starch polysaccharides (protein
sample coded as AX1), respectively. Subsequently, protein separation was
accomplished using centrifugal force. The obtained results provide information
on the protein concentration, fat content, crude fibre content, and protein yield of
the samples, as detailed in Table 5.

Table 5/5. tabula
Chemical characterisation of initial oat flakes and oat protein
concentrates / Sakotnéjo auzu parsiu un auzu proteina koncentratu kimiska
sastava raksturojums

Crude protein, in . Crude fibre / o
Sample / DM / Fats, in DM / Protein Yield* /

Kopejas Proteinu
Paraugs Kopproteins, Skiedrvielas imndkums® %
sausnd, g 100 g° sausnd, 9 100 g* '

Koptauki,
. sausna,g 100 g

FL1 17.56+0.03 d 5.7+0.11 ¢ 2.1+0.10 b -

Al 84.64+1.64 a 3.0+0.14d 1.4+0.08 ¢ 35.9+0.70 b
AX1 85.86+1.80 a 5.7£0.08 ¢ 1.1£0.05 ¢ 28.1+0.56 ¢
AF1 30.30+0.62 ¢ 7.6£0.16 b 5.5£0.37 a 35.9+0.73 b
AXF1 39.36+0.76 b 9.0+0.40 a 5.240.34 a 47.6+1.02 a

* % of protein content in initial material. Data expressed as means + standard deviations
within the column not sharing any letter are significantly different by the ANOVA test at
a 5% level of significance; FL1 — whole oat flakes; Al — oat protein concentrate treated
with a-amylase; AX1 — oat protein concentrate treated with a-amylase and complex
enzymes; AF1l — oat fibre, treated with a-amylase; AXF1 — oat fibre, treated with
a-amylase and complex enzymes / * % no proteina satura sakotnéja materiala. Dati, kas
izteikti ka videéjie + standartnovirzes kolonna, un kuriem nav kopigi burti, bitiski atskiras
péc ANOVA testa 5% nozimiguma limeni. FL1 — pilngraudu auzu parslas; A1 — auzu
proteina koncentrats, apstradats ar o-amilazi; AX1 — auzu proteina koncentrats,
apstradats ar o-amilazi un kompleksiem enzimiem; AF1 — auzu Skiedrvielas, apstradata
ar a-amilazi; AXF1 — auzu Skiedrvielas, apstradata ar o-amilazi un kompleksiem
enzimiem

The dried samples were subsequently analysed to determine their protein
12



concentrations, which ranged from 84.6% to 85.9% in dry matter (DM) by
weight, for protein samples A1 and AX1, respectively.

The study focused on investigating the effects of ionic concentration changes
in the solution on protein aggregation and its subsequent recovery from clarified
hydrolysate. The aforementioned hydrolysates, derived from oat flakes,
underwent treatment using a sole a-amylase enzyme individually (sample coded
as AR1), as well as in combination with complex enzymes (sample coded as
AXR1), followed by an additional process involving ionic shift.

The efficiency of recovery by separation is subjected to various factors,
encompassing particle properties and forces participating in particle-particle
separation.

It is generally believed that the aggregation of particles, particularly when
similar particles aggregate and result in larger aggregate sizes, leads to significant
differences in forces, thereby exerting a positive influence on the separation
process (van Hee, Hoeben, van der Lans, & van der Wielen, 2006).

The content of Table 6 represents the outcomes pertaining to the
concentration of protein and oil in samples that have undergone treatment with
NaCl salt. The protein concentration in samples ranged from 84.2% to 86.5%,
for ARL and AXR1, respectively. The introduction of 0.1 M NaCl solution
resulted in a protein yield increase of approximately 24.8% and 17.8% in samples
where whole oat flakes were subjected to treatment with a-amylase alone and in
combination with complex enzymes, respectively.

Table 6 / 6. tabula

Chemical characterisation of oat protein concentrates after treatment with

0.1 M NaCl salt/ Auzu proteina koncentratu kimiska sastava raksturojums péc
apstrades ar 0.1 M NaCl

Sample / Crude protein, in Fats, in DM / Protein Yield* /
Paraugs DM/ Koptauki, Proteinu iznakums*,
Kopproteins, sausna, sausnd, ¢ 100 g1 %
g 100g?
AR1 84.20+1.89 a 5.20+0.06 b 44.80+0.83 a
AXR1 86.46+2.23 a 6.30+0.20 a 33.10+£0.51 b

* % of protein content in initial material. Different letters within a column indicate
significant differences for each parameter (p < 0.05). AR1 — protein concentrate treated
with a-amylase and NaCl; AXR1 — protein concentrate treated with a-amylase, complex
enzymes and NaCl / *% no proteina satura izejvields. Dazadi burti kolonna norada uz
bitiskam atskiritbam katram parametram (p < 0.05). ARl — proteina koncentrats
apstradats ar a-amilazi un NaCl; AXR1 — proteina koncentrats apstradats ar o-amilazi,
kompleksiem enzimiem un NaCl

Protein isolation from fine oat flour

As an alternative approach to protein recovery, one can consider utilising raw
materials with reduced fibre content, achieved through the commercial milling
13



process involving dry fibre separation by sieving. The protein extraction process
wherein complex enzymes in combination with o-amylase were used was
conducted (protein sample was coded as OC1). The dried sample counted protein
at 63.05£1.30%, in the dry matter. The overall protein yield amounted to
77.0+3.0%, in comparison to the initial protein content present in the oat flour.

Exclusion of complex enzymes during the hydrolysis process resulted in a
more viscous hydrolysate solution. This yielded a lower protein concentration in
the dried sample (sample coded as OC1B) which averaged 59.90+2.0%,
accompanied by a crude oil content of 14.61%, and an expected increase in fibre
content by 1.8%. Findings that characterise the analysed samples are provided in
Table 7.

It might be assumed that the relatively high protein concentration led to the
formation of insoluble protein aggregates, which could be attributed to its
increased tendency for intermolecular bonding with surrounding proteins in their
vicinity (G. Liu et al., 2009). In addition, the protein’s surface hydrophobicity
can be recognised as a supplementary factor promoting protein recovery, given
its inverse correlation with protein solubility in aqueous solutions (Jing, Yang,
& Zhang, 2016).

Table 7 /7. tabula
Chemical characterisation of oat flour and oat protein concentrates
obtained from oat flour, g 100 g* in DM / Auzu miltu un no auzu miltiem
iegiito auzu proteina koncentratu kimiska sastava raksturojums,
g 100 g sausna

Sample / C;(ude prot_eln / Lipids / Flbr_g_/

Paraugs opprotens, Koptauki Kopéjas
(N x 6.25) Skiedrvielas

Oat Flour / Auzu milti (OF1) 10.44+0.32¢ 6.21+0.28¢c 0.59+0.21c

Protein concentrate / Proteina

koncentrats (OC1)

Protein concentrate / Proteina

koncentrats (OC1B)

OC1 - oat protein concentrate treated with a-amylase and complex enzymes; OC1B — oat
concentrate treated with o amylase. Data expressed as means =+ standard deviations within
the column not sharing any letter are significantly different by the ANOVA test at a
5% level of significance / OC1 — auzu proteina koncentrats, kas apstradats ar a-amilazi
un kompleksajiem enzimiem; OCIB — auzu proteina koncentrats, kas apstradats ar
a-amilazi. Dati, kas izteikti ka videjie + standartnovirzes kolonna, kuriem nav kopigi burti,
batiski atskiras ar ANOVA testu 5% nozimiguma liment

63.05+1.30a 20.55+0.40a  1.34+0.07b

59.90+1.48b 14.61+0.82b  1.80+0.13a

It is worth noting the fact that oat protein was extracted from oat flour, which
underwent a pre-processing step where a significant portion of non-endosperm
crop tissues were removed. This reduction minimises the loss of yield since a
significant portion of water-soluble albumins are located in the embryonic axis
and scutellum (Peterson, 2011), regions that are typically subjected to separation.
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Furthermore, the aleurone layer, which is a major location of enzymes (Hu, Wei,
Ren, & Zhao, 2009; Miller & Fulcher, 2011) was also removed to some extent
from the oat flour during processing. As a result, the protein fraction subjected
to subsequent analysis can be considered as predominantly composed solely of
the water-insoluble globulin fraction.

Initially, oat flour comprised 6.21+0.28% wt. of lipids in the raw material,
although the concentration of oil in the oat protein concentrate increased up to
20.55+£0.40% wt. and 14.61+0.82% wt., depending on the enzymes utilised for
hydrolysis. Considering the protein recovery process, which led to a significant
accumulation of il in the protein fraction, the resulting oat protein concentrates
contained up to 42.60% of the total lipid content when a combination of
a-amylase and complex enzymes were employed. The elevated concentration of
lipids in the samples of the oat protein concentrates can be attributed to the
substantial presence of non-polar oat lipids, which typically range from 65% to
90% of the total lipid content (Doehlert, Moreau, Welti, Roth, & McMullen,
2010). In contrast to oat protein concentrates derived from whole oat flakes, the
protein concentrate obtained from oat flour displayed a comparatively higher
lipid content, assuming the subsequent removal of lipids. Two distinct
approaches were employed for lipid extraction from dried samples: precipitation
utilising ethanol (obtained sample coded as ODE1) and extraction utilising
supercritical fluid CO; (obtained sample coded as ODC1).

The experiment was carried out by treating oat protein concentrate OC1 with
ethanol. The oil content in the sample was reduced from 20.60% wt. to about
4.90% wt. Two-step extraction was performed. First, the main step, wherein
protein concentrate was subjected to 4 hours of treatment at 60 °C (period of time
was determined experimentally) to remove the major part of the lipids. The
second washing step wherein partially defatted protein concentrate was
repeatedly washed with ethanol, also resulted in a visible change in the colour of
the decant, indicating the presence of remaining lipids after the initial ethanol
treatment. Removing spoiling lipids from the protein concentrate increased the
protein concentration in the sample, which reached up to 78.18+1.93% by
weight. An even greater effect on lipid extraction was achieved when lipids were
extracted by means of supercritical fluid CO,. The concentration of lipids in the
dried sample was reduced up to 3.48%. It could be speculated that the remaining
oil in the protein concentrate contained a higher ratio of non-polar lipids than the
initial material. Table 8 summarises the results of lipid extraction by
ethanol and CO..
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Table 8/ 8. tabula
Chemical characterisation of oat protein samples after defatting by ethanol
and supercritical fluid COz2, g 100 g* in DM / Auzu proteina paraugu kimiska

sastava raksturojums pec attaukosanas ar etanolu un superkritisko Skidrumu
COy, sausna %

Sample / Crude protein / Kopproteins, Crude Oil /
Paraugs (N x 6.25) Koptauki
Defatted by ethanol / Attaukots ar spirtu
(ODE1) 78.18+1.93a 4.88+£0.01a
Defatted by SC-COz2 / Attaukots ar 773941.58a 3.4840.11b

SC-C0O2 (ODC1)

Data expressed as means + standard deviations within the column not sharing any letter
are significantly different by t-test at a 5% level of significance / Dati, kas izteikti ka
vidéjie + standartnovirzes kolonna, kuriem nav kopigi burti batiski atSkiras t-testa 5%
nozimiguma liment

2. Oat protein characterisation and its functional properties
Oat protein derived from whole oat flakes

Amino acids

It is believed that the observation of changes in the amino acid composition
of treated products can provide insights into the degree of modification they have
undergone (Z. Wang, Zhang, Zhang, Ju, & He, 2018). In the present study, the
amino acid profiles among the samples demonstrated a relatively similar pattern.
Comparing AR1 to A1, a minor decrease of approximately 10% in cysteine and
around 8% in methionine was observed. Conversely, slight increases of
approximately 7% in histidine and approximately 8% in isoleucine were detected
in AR1 compared to Al. The manipulation of ionic strength did not significantly
affect the amino acid content in samples treated with complex enzymes. The
amino acid levels in these samples were relatively consistent, with variations
within a range of 3% for certain amino acids such as histidine and isoleucine.
Other changes in amino acid content between AX1 and AXR1 were to an even
lower extent. Figure 1 illustrates the graph representing the averaged content of
essential amino acids in the oat fractions. The averaged samples exhibited
significantly higher levels of essential amino acids, with the exception of lysine,
compared to the recommended values for an ideal protein as outlined in the FAO
guidelines (2007). Moreover, the composition of essential amino acids exceeded
the recommended values in all the averaged samples. The averaged samples
include Al, AR1, AX1, ARL1 as protein fractions, and AF1 and AXF1 as fibre
fractions. The summarised content of essential amino acids in the averaged
samples overcame the recommended 36% ratio for essential/total amino acid
content (Jing et al., 2016). Oat protein concentrate demonstrated the highest
content of summarised essential amino acids.
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Fig. 1. Amount of essential amino acids in initial oat flakes, averaged
fibre and protein fractions, and FAO (2007) recommended values,
g 100 g* protein / 1.att. Neaizstajamo aminoskabju saturs auzu parslas,
Skiedrvielu un proteinu frakcijas un FAO (2007) ieteiktas vértibas, g 100 g
proteina

Column indicating the FAO requirement reprinted with Ref. permission (FAO et al.,
2007) / Kolonna, kas norada FAO prasibas, parpublicéta ar atlauju (FAO et al., 2007)

Molecular weight

The molecular weight of the protein was determined in two samples,
indicated as Al and AR1. The SDS-page analysis presented in Figure 2 provides
the data in reduced samples.

The protein size in both samples displayed variations that fell into two main
groups, approximately 28 kDa and 46 kDa. Sample Al revealed major bands
with 27.8, 45.2 and 51.0 kDa, which accounted for 43.3, 28.7 and 24.40% of total
protein, respectively. The size of protein in sample AR1 was determined at the
level of 27.7, 45.3 and 51.0 kDa, which represented 42.5, 28.2 and 24.2% of total
protein. The variations among the samples were relatively insignificant; both
demonstrated relatively close similarity in terms of size and accounted protein.
This confirms that the solution’s shifted ionic strength did not impact the quality
of the agglomerated protein. The aggregated protein displayed uniform protein
fractions, while proteins with different sizes, potentially belonging to other
protein fractions such as albumins, were not detected.
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Fig. 2. SDS-PAGE image of protein profiles of A1 and AR1 samples,

kDa/ 2. att. A1 un ARI proteina profilu SDS-PAGE attéls, kDa
Lower markers and system peaks indicated by arrows did not derive from the analysed
samples. A1 — oat protein concentrate treated with a-amylase; AR1 — protein concentrate
treated with a-amylase changing ionic strength / Apakséjie markieri un sistemas piki, kas
noraditi ar bultinam, nav iegiti no analizétajiem paraugiem. Al — auzu proteina
koncentrats, apstradats ar o-amilazi; ARI — proteina koncentrats, apstradats ar a-amilazi
un iegiit mainot jonu stiprumu

In a study by Klose et al. (2009), a prominent band representing oat albumin
was reported with a specific molecular weight range of around
35-44 kDa. Similarly, other studies have reported a major peak of albumins at
15 kDa (Mirmoghtadaie et al., 2009). However, in the present study, none of
these albumin bands were observed. It is possible that the salt-induced protein
aggregation led to the aggregation of proteins from the same source. The patterns
of determined bands are very close to the earlier published oat globulin
size (Klose et al., 2009).

Solubility

The results of the solubility test conducted on samples Al, AR1, and AX1
are illustrated in Figure 3. The solubility of sample Al was relatively constant
across the entire pH range, with average values of 4.8%, 4.3%, and 4.7% at pH
levels 3, 6, and 9, respectively. Similarly, the solubility of sample AR1 fell within
a similar range, averaging 2.4%, 3.9%, and 5.5% at the investigated pH levels.
The protein solubility of sample AX1 was similarly low at the investigated pH
levels. It averaged 4.7%, 4.4% and 6.3% at pH 3, 6 and 9, respectively. It is
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important to highlight that altering the pH towards either acidic or alkaline
conditions only had a minimal impact on the protein solubility. This is
noteworthy, considering the fact that proteins are typically prone to hydrolysis
under harsh pH conditions (Averina, Konnerth, D’Amico, & van Herwijnen,
2021), leading to a reduction in molecular size and subsequently increased
solubility. Despite this, the changes observed in protein solubility were not
substantial. This observation contrasts to some extent with published studies.
Earlier reported solubility of the oat protein, obtained through alkaline
solubilisation followed by protein precipitation, ranged from 20% (Walters,
Udenigwe, & Tsopmo, 2018) to 70% (Zhong et al., 2019). Air-separated native
oat proteins were reported as being soluble by more than 20% at pH 7 (Briickner-
Gilihmann, Heiden-Hecht, S6zer, & Drusch, 2018).
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Fig. 3. Protein solubility among the oat protein samples Al, AR1, and AX1
atpH 3,6, and 9, % / 3.att. Auzu proteina paraugu proteinu Skidiba A1, AR1
un AX1pH3,6un9, %

Different letters indicate significant differences within the samples (p < 0.05).
Al — oat protein concentrate treated with a-amylase; AR1 — protein concentrate treated
with a-amylase changing ionic strength; AX1 — oat protein concentrate treated with
a-amylase and complex enzymes / Dazadi burti norada uz biitiskam atskiribam (p < 0.05).
Al — auzu proteina koncentrats, apstradats ar a-amilazi; ARI — proteina koncentrats,
apstradats ar o-amilazi, mainot jonu stiprumu; AXI — auzu proteina koncentrats,

apstradats ar a-amilazi un kompleksiem enzimiem

The solubility of oat proteins which passed enzymatic extraction was reported
in the range of 10% to 50% at pH 9 and pH 5, respectively (Prosekov et al.,
2018). Protein solubility can be influenced by various factors, ranging from salt
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concentration (Loponen, Laine, Sontag-Strohm, & Salovaara, 2007) to the
specific oat variety used in the experiments (Yue et al., 2021). It has been
reported that purified oat globulins exhibit limited solubility (Loponen et al.,
2007). The major bands observed in the current research, falling within the range
of 28 to 46 kDa, are likely oat globulins, which could explain the observed
limited solubility. The behaviour of oat globulins is significantly affected by salt
concentration, particularly in conjunction with extreme pH values.

Recent findings indicate that the introduction of NaCl salts can significantly
increase solubility, up to 90%, when the NaCl concentration reaches 1 mol L.
Surprisingly, a low ionic strength solution (around 0.1 M) was found to reduce
oat protein solubility due to a substantial increase in protein size (R. Li & Xiong,
2021). It is worth mentioning that the methodologies for protein solubilisation
differ, and some limitations have been reported (K. Liu & Hsieh, 2008). The
proposed standardised procedure for protein determination in food includes 0.1
M NaCl solution (Morr et al., 1985; Sawada et al., 2014), which may potentially
reduce protein solubility values, including those observed in the current study.

Foamability

Foaming properties involve two main aspects: foam capacity and foam
stability. Foam capacity refers to the overall volume of foam produced under
specific conditions, while foam stability is influenced by the rate at which the
liquid in the foam precipitates over time (B. Zhang, Kang, Cheng, Cui, & Abd
El-Aty, 2022).

The foaming capacity of protein concentrate samples was evaluated and
expressed as a change in foam volume and stability within a 2-hour period. The
results are presented in Figure 4.

The protein concentration in the mixture was kept low (1 g of protein per
33 mL of water) to minimise any potential viscosity effects on colloidal stability
(Nivala, Mékinen, Kruus, Nordlund, & Ercili-Cura, 2017). Samples AXR1 and
Al showed the highest foaming capacity, averaging 7.6% and 7.1% at the initial
point, respectively. However, foam stability was poor across all the samples, with
a sharp decline observed over time. AR1 exhibited the lowest foaming capacity
and stability, with minimal foam observed at the start of the measurement,
averaging 1.50%, and subsequently disappearing completely in 10 minutes.
Interestingly, the variation in ionic strength resulted in diverse foaming
characteristics, where AXR1 showed the highest foaming capacity (7.6% at
0 minutes, 4.5% at 120 minutes), while AR1 (1.5% at 0 minutes, 0.0% at
10 minutes) displayed the lowest foaming performance. The foaming capacity
observed in our study was notably lower in comparison to the results reported by
Kaukonen et al. (2011). In their study, the foaming capacity for oat protein
(protein content in the water extract used for the test was 0.33%, and prior
extraction of lipids was performed using SC-CO,) reached as high as 137% by
volume. However, the water-extracted protein primarily exhibited molecular
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weights corresponding to the bands of 10-15, 20-30, and 35-45 kDa. These
molecular weights were relatively smaller than the molecular weight of oat
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Fig. 4. Foaming capacity of oat protein concentrates, % /
4. att. Auzu proteina koncentratu putosanas spéja, %

Different letters indicate significant differences in each measurement (p < 0.05). A1 —oat
protein concentrate treated with a-amylase; AR1 — protein concentrate treated with
a-amylase changing ionic strength; AX1 — oat protein concentrate treated with a-amylase
and complex enzymes; AXR1 — protein concentrate treated with o-amylase, complex
enzymes and NaCl / Dazadi burti norada wuz butiskam atSkirtbam katra
mérijumd (p < 0.05). Al — auzu proteina koncentrats, apstradats ar o-amilazi;
ARI1 — proteina koncentrats, apstradats ar a-amilazi, mainot jonu stiprumu; AXI-auzu
proteina  koncentrdats, apstradats ar a-amilazi un kompleksiem  enzimiem;
AXRI — proteina koncentrats, apstradats ar a-amilazi, kompleksiem enzimiem un NaCl

The extraction method used (water extraction) indicates that the reported
protein is likely related to the soluble fraction, which may consist of water-
soluble albumins. The findings indicate that the foaming capacity of soluble oat
proteins is greater than proteins with limited solubility. This aligns with previous
reports suggesting that albumins may play a significant role in contributing to
foaming (Runyon, Nilsson, Alftrén, & Bergenstahl, 2013).

Water/oil holding capacity

The findings regarding the oil and water holding capacities of oat protein
concentrates are presented in Figure 5. The ratio of oil holding capacities of the
samples averaged approximately 2.19 to 1.0. Minimal variation was observed
among the samples, with AX1 displaying the highest value and AR1 the lowest,
with averaged ratios of 2.21 and 2.16, respectively.
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Fig. 5. Water and oil holding capacity ratios, g g/
5. att. Udens un ellas noturéSanas koeficienti, g g*

Different letters indicate significant differences within the samples (p < 0.05). A1 — oat
protein concentrate treated with a-amylase; AR1 — protein concentrate treated with o-
amylase changing ionic strength; AX1 — oat protein concentrate treated with a-amylase
and complex enzymes; AXR1 — protein concentrate treated with a amylase, complex
enzymes and NaCl / DazZadi burti norada wuz bitiskam atskirtbam katra
meérijuma (p < 0.05). A1 — auzu proteina koncentrdats, apstradats ar o-amilazi;
AR1 — proteina koncentrats, apstradats ar a -amilazi, mainot jonu stiprumu, AXI1 — auzu
proteina  koncentrats, apstradats ar o -amilazi un kompleksiem enzimiem;
AXRI — proteina koncentrats, apstradats ar a-amilazi, kompleksiem enzimiem un NaCl

The extraction methods showed little impact on the oil holding capacity.
Generally, all samples exhibited similar moisture retention when using water.
The highest water holding capacity was found in sample Al, with a water-to-
protein average ratio of 3.0 to 1.0. On the other hand, the lowest results were
observed in samples AR1 and AX1, with ratios averaging 2.84 and 2.83 to
1.0, respectively. There were no significant differences among the protein
samples treated with salts or complex enzymes, with the observed variation being
around 5%, which was too low to determine the influence of the presence of salt
on the water holding capacity. The oil and water holding capacities observed in
this study were higher compared to the results reported by Mirmoghtadaie et al.
(2009) In their study, the water holding capacity was determined to be at a ratio
of 1.27 g g, while the oil holding capacity was found to be at a ratio of
1.73 g g for oat protein obtained through isoelectric precipitation after alkaline
extraction.

In a similar study, the oat concentrate obtained through alkaline extraction
exhibited a water holding capacity ranging from 2.00 to 2.70 mL g* and an oil
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holding capacity ranging from 2.25 to 2.80 mL g (Ma, 1983). Furthermore, the
same study also identified that the observed differences in water and oil holding
capacities were influenced by the specific oat varieties used in the investigation.

Oat protein derived from oat flour

Amino acids

Table 9 provides the amino acid composition of the analysed protein in the
initial raw material, the extracted protein concentrate, and the defatted samples
treated with ethanol and supercritical fluid.

Table 9/ 9. tabula

Amino acid composition of analysed samples, g 100 g of total protein /
Analizéeto paraugu aminoskabju sastavs, g 100 g™t kopéja proteina

: . Oat flour Experimental samples /
Amino Acid / - . . .
Aminoskabe pr_oteln / Auzu Eksperimentalie paraugi

miltu proteini OCl1 ODE1 ODC1

Ala 3.80+0.17a 3.70+0.05a 4.01+0.17a 3.85+0.06a
Arg 6.62+0.29b 7.50+0.25a 7.66+0.32a 7.66+0.08a
Asp 7.59+0.24a 7.89+0.16a 8.06+0.18a 7.88+0.30a
Cys 1.95+0.05b 2.27+0.07a 2.35+0.05a 2.31+0.07a
Phe 5.42+0.27a 5.76+0.23a 5.86+0.17a 5.74+0.16a
Gly 4.45+0.10a 4.49+0.19a 4.60+0.12a 4.47+0.18a
Glu 20.28+0.54b 21.35+1.0lab  22.17+0.54a  21.64+0.38ab
His 2.39+0.05bc 2.30+0.08¢ 2.61+0.05a 2.49+0.06ab
lle 3.90+0.06b 4.2940.19ab 4.49+0.15a 4.13+0.19ab
Leu 8.57+0.11a 7.81+0.10b 8.24+0.29ab 7.95+0.18b
Lys 3.69+0.12a 3.34+0.11b 3.42+0.12ab 3.30+0.09b
Met 1.52+0.08b 1.71+0.02a 1.78+0.04a 1.75+0.08a
Pro 5.31+0.23a 5.59+0.18a 5.73+0.17a 5.45+0.06a
Ser 4.34+0.18a 4.37+0.10a 4.52+0.15a 4.46+0.16a
Tyr 3.25+0.17b 4.47+0.14a 4.75+0.19a 4.61+0.06a
Thr 3.47+0.11a 3.26+0.16a 3.31+0.1a 3.30+0.15a
Val 4.88+0.09¢ 5.26+0.21bc 5.76+0.14a 5.53+0.14ab

Data expressed as means + standard deviations within the row not sharing any letter are
significantly different by the ANOVA test at a 5% level of significance. OC1 — protein
concentrate before defatting; ODC1 — protein concentrate defatted by SC-COg;
ODE]1 — protein concentrate defatted by ethanol / Dati, kas izteikti ka vidéjie +
standartnovirzes rindda, kuriem nav kopigi burti, bitiski atSkiras ar ANOVA testu 5%
nozimiguma limeni. OCI — proteinu koncentrats pirms attaukosanas; ODC1 — proteinu
koncentrats, kas attaukots ar SC-CO2; ODEI — proteinu koncentrats, kas attaukots ar
etanolu

The enzymatic hydrolysis of starch resulted in a significant elevation of
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certain amino acids in protein sample OC1, namely tyrosine, cysteine, arginine,
methionine, and isoleucine, each exceeding a 10% increment. Additionally, a
slight increase, less than 10%, was observed for amino acids valine, proline,
glutamic acid and aspartic acid. Conversely, a decrease in concentration was
determined for lysine, leucine and threonine, accounting for 9%, 9% and 6%,
respectively. The decrease in concentration of amino acids such as lysine and
alanine might indicate their association with albumins, which could have passed
into the liquid phase during hydrolysis and separation, given the fact that the
concentration of these amino acids in albumins is reported to be higher compared
to globulins. The significant elevation in tyrosine concentration may suggest the
potential presence of glutelin, as tyrosine is known to be relatively abundant in
the oat glutelin fraction (Peterson, 2011).

The use of supercritical CO> fluid for lipid removal resulted in a minor
decline in the concentration of isoleucine and proline, while the levels of other
amino acids showed an increase. Ethanol extraction led to a substantial increase
in the concentration of histidine, valine and alanine, which were determined to
be higher by 14%, 9%, and 8%, respectively.

Molecular weight

The molecular weight of oat proteins was investigated to assess whether the
enzymatic extraction followed by defatting leads to significant differences in oat
protein analysed by SDS-PAGE in reduced samples and is provided in Figure 6.

In sample ODC1, the bands with molecular weights of 25.4, 26.8, 42.5, and
48.3 kDa accounted for 16.8, 25.2, 20.4, and 27.7% of the total protein content,
respectively. Similarly, in sample ODE1, the bands with molecular weights of
26.3, 27.6, 43.8, and 49.8 kDa represented 23.3, 28.7, 20.8, and 26.0% of the
total protein content, respectively. The size dispersion among the samples was
evident, with two prominent areas observed at 46 kDa and 28 kDa, labelled as A
and B areas in Figure 6, respectively. The patterns of both samples displayed
similarities, with bands falling within comparable ranges and no significant
differences observed.

These findings provide evidence that the size of oat proteins was not affected
by the method of lipid extraction. However, some reports have suggested that the
electrophoretic profile of oat proteins could be influenced by the defatting
treatment itself (Yue et al., 2021). In addition, studies have reported that
endosperm proteins associated with oil bodies are most prominently observed at
the 28 kDa band (Heneen et al., 2008).
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Fig. 6. SDS-PAGE image of protein profiles of ODC1 and ODE1
samples /
6.att. ODC1 un ODEL1 paraugu proteinu profilu SDS-PAGE attéls
Lower markers and system peaks indicated by arrows did not derive from the analysed
samples; ODC1 — protein concentrate defatted by SC-COz; ODEl - protein
concentrate defatted by ethanol / Zemakie markieri un sistémas piki, kas noraditi ar
bultinam, nav iegiiti no analizétajiem paraugiem; ODCI — proteinu koncentrats, kas
attaukots ar SC-COz; ODEI — proteinu koncentrdts, kas attaukots ar etanolu

Solubility

The solubility of oat protein concentrates samples, namely ODC1 and ODE1,
was investigated at various pH levels, and the findings are presented in Figure 7.

The results showed that the highest solubility was achieved at pH 9, with the
ODC1 sample reaching approximately 8.00%. As the pH was lowered to 7 and
5, the solubility decreased to an average value of 6.40% for both measurements.
Further lowering the pH to 3 resulted in a slight increase in solubility, reaching
around 7.00%. Similar trends were observed for the ODE1 samples, with
solubility ranging from 6.40% to 9.00% across the pH range from 3 to 9. The
differences in solubility among the samples at different pH levels were not
significant. In general, the oat protein demonstrated low solubility across the
entire pH range tested, and the impact of the lipid extraction method on protein
solubility was found to be insignificant. The chosen pH range was predetermined
with consideration of its potential use in food-related applications.
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Fig 7. Oat protein solubility in samples ODC1 and ODEL1, % /
7.att. Auzu proteina skidiba paraugos ODC1 un ODE1, %
Means sharing a common letter do not differ significantly at a 5% level of significance.
ODCI - protein concentrate defatted by SC-CO2; ODE1 — protein concentrate defatted
by ethanol / Vienadi burti parada nebiitiskas atSkirtbas 5% nozimiguma liment.
ODCI1 - proteinu koncentrats, kas attaukots ar SC-CO2; ODEIl — proteinu
koncentrats, kas attaukots ar etanolu

The solubility of oat protein obtained from flour and oat flakes, discussed
above, exhibited similar characteristics, with both samples showing relatively
low solubility. The pH of the medium had a minimal impact on protein solubility,
and extreme pH values used in the study did not significantly alter the solubility.
For instance, Li & Xiong (2021) reported oat protein solubility reaching up to
about 80% at pH 8. However, it is important to note that the reported results were
obtained from a specific fraction of oat protein, isolated using NaOH treatment
at pH 10, followed by centrifugation, pH readjustment, and drying. Such severe
pH treatments might have induced structural changes in the protein, making it
more soluble at the same pH levels it was isolated in.

Foamability

The foaming properties of the samples are depicted in Figure 8. In general,
the oat protein concentrate defatted using supercritical fluid CO, exhibited higher
foamability compared to the sample treated with ethanol. The foaming capacity
for sample ODC1 was initially at 27.3%, remaining stable for 10 minutes, and
then gradually decreasing to an average of 21.2% throughout the measurement
period. On the other hand, sample ODEL1 displayed a lower foaming capacity,
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starting at 15.2%, sharply declining to 9.1% in 10 minutes, and eventually
reaching a final value of 4.5%.
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Fig. 8. Foaming capacity in samples ODC1 and ODE1, % vol /
8.att. ODCI un ODEI paraugu putoSanas spéja ODCI un ODEI, tilp. %
Means with no letter in common are significantly different (p < 0.05).
ODCI - protein concentrate defatted by SC-CO2; ODE1 — protein concentrate defatted
by ethanol / ODC1 —proteinu koncentrats, kas attaukots ar SC-CO2; ODE1 —proteinu

koncentrats, kas attaukots ar etanolu

The foaming capacity of the oat protein concentrates in this study was found
to be higher than that observed for oat protein extracted from oat flakes; however,
it was lower compared to the findings reported in the literature. One potential
reason for this limited foaming capacity could be the presence of remaining
lipids, which may have influenced the observed foaming behaviour. For instance,
studies have reported higher foamability in defatted oats treated with hexane,
followed by alkaline treatment and isoelectric precipitation. The foaming
capacity of the obtained protein in all samples exceeded 100% and outperformed
the foaming capacity of non-defatted oat protein concentrate (Yue et al., 2021).

The presence of remaining lipids in the oat protein concentrate might act as a
constraining element for its foaming capacity, potentially leading to weaker
interactions between proteins adsorbed to lipids or the formation of bridges
between protein surfaces (Yang, Berton-Carabin, Nikiforidis, van der Linden,
& Sagis, 2022). Furthermore, the relatively low solubility of oat protein could be
another contributing factor to the limited foaming capacity, as previous studies
have highlighted the critical role of protein solubility in determining foaming
capacity (Lan, Ohm, Chen, & Rao, 2020; B. Zhang et al., 2022). The high
insolubility of the protein concentrate observed in the current study further
supports this statement.
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3. Extrusion of oat protein concentrate

Extrusion

To conduct the extrusion process, a sample of oat protein concentrate defatted
using ethanol (ODE1) was employed, alongside a commercial soy protein
concentrate as a reference material. Among the various tested samples, ODE1
exhibited the most promising potential for extrusion, primarily due to its fibre
content meeting industry standards and the practicality and cost-effectiveness of
the ethanol defatting method, as previously discussed.

The extrudate, as observed empirically, can be described as a firm,
well-formed solid with a dark pale brown colour and rare visible cracks. During
the extrusion process, vapour was noticeable, likely due to the absence of cooling
at the die, causing the extruded material to be released in a free form at the
temperature resulting from decompression. The extrudate did not exhibit a
tendency to expand, maintaining dimensions close to those of the slit, and
breaking into non-regular length pieces. Cooled to room temperature, the
extrudate became difficult to slice. Figure 9 illustrates the cross-sectional and
longitudinal views of the oat protein extrudate samples.

Fig. 9. Samples of oat protein extrudate, cross and longitudinal section /
9. att. Auzu proteina ekstrudata paraugi, skersgriezums un garengriezums

It has been mentioned that achieving a protein content within a range of
50% to 70% is essential to facilitate the formation of fibrous structures during
extrusion (Immonen, Chandrakusuma, Sibakov, Poikelispdd, & Sontag-Strohm,
2021). However, several other key factors may exert an influence on the
formation of fibrous structures in oat proteinaceous materials, including pressure,
cooking time, temperature, and the inclusion rate of water or other crop
compounds such as starch (Osen, Toelstede, Wild, Eisner, & Schweiggert-
Weisz, 2014; Sargautis, 2020).

The process of extrudate formation was observed to initiate within the A-B
sections indicated by the arrows in Figure 10. Protein melting was observed
during the last 2—3 pitches of the screw, with the previous pitches functioning
solely as transportation and precooking systems. The material inside the barrel
before the A-B area appeared uniform, bright, and without noticeable signs of
melting formation.
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Fig. 10. Extrudate formation sections /
10. att. Ekstrudata veidosanas sekcijas
Arrows A and B point to the region where the initiation of extrudate formation was
observed / Bultinas A un B norada uz regionu, kura tika novérota ekstrudata
veidoSanas saksandas

Texture and colour of extrudates

For validation purposes, a soy protein concentrate was selected as a reference
material for extrusion, aiming to compare and assess the chosen extrusion
procedures. This selection was based on the similarity in material composition
and structure between soy protein and oat protein. Furthermore, soy protein
concentrates have commonly been favoured as suitable choices in extrusion
systems that utilise a single source of protein (Thadavathi, Wassén, & Kadar,
2019).

The texture profiles of the extrudates are illustrated in Figure 11. Notably, the
hardness of oat protein extrudate, with a mean value of 176.9 N, exceeded that
of the soy protein concentrate, which exhibited an average hardness of 143.4 N.
While the hardness measurements for oat protein were not uniform within the oat
sample, the spread of measurements for the referenced soy protein extrudate
displayed a similar level of variability, leading to the determination that the
disparity between the two samples was statistically insignificant. The observed
differences in hardness measurements could potentially be attributed to
variations in the composition of the samples, thereby exerting an impact on the
overall texture of the extrudates (Lobato, Anibal, Lazaretti, & Grossmann, 2011).
It is essential to acknowledge that the hardness of extrudates is influenced by
their protein content, with higher protein levels generally leading to reduced
hardness (Sun, Sun, Jia, Sun, & Cao, 2011). Similarly, the oil content also plays
a role in determining the hardness of the extrudates; the elevated oil content
contributed to lower hardness in certain measurements (H. Wang et al., 2023).
The findings suggest that the oat extrudates achieved a peak hardness of 205.0 N
in some measurements. Nevertheless, it is essential to consider customer
preferences, particularly for certain product categories such as snacks, where the
acceptable hardness level is believed not to surpass 200 N.

Fracturability, which reflects the brittleness or crunchiness of products, is
commonly assessed through peak force measurements (Linly et al., 2021). In this
study, the fracturability of oat protein extrudate exhibited a wide range, spanning
from 87.0 to 205.0 N, with a calculated mean of 148.0 N. In contrast, the
fracturability of soy protein extrudate showed a narrower range, ranging from
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88.7 to 122.4 N, and a mean value of 103.7 N. The noticeable variance in
fracturability observed in the oat protein extrudate appears to be linked to its
lower homogeneity. Despite its seemingly relatively uniform plain surface,
fractures were evident at cross sections, contributing to the observed variability.
In comparison, the surface of soy protein extrudate displayed visible roughness
in contrast to oat protein extrudate. Despite the noticeable difference in the
fracturability mean values between the two analysed samples, the notably high
variability in measurements prevented the conclusive establishment of
statistically significant differences.

Toughness, representing the total positive area under the curve and
quantifying the total work exerted during the test, exhibited higher values in oat
protein extrudates, with an average of 348.6 N x s. In comparison, soy extrudate
displayed an average toughness value of 292.0 N x s. However, despite the
observed difference in average toughness values between the samples, statistical
analysis indicated that the means of toughness were not significantly different.
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Fig. 11. Texture profile of oat and soy protein extrudates, displaying
toughness, fracturability and hardness in samples /
11. att. Auzu un sojas proteina ekstrudatu tekstiras profils, kas parada
stingribu, listamibu un cietibu paraugos
Means represented with “ns” are not significantly different by t-test at a 5% level of
significance / Vidéjie, kas atteloti ar “ns”, bitiski neatskiras ar t-testu 5% nozimiguma
liment

The colour attributes of oat and soy extrudates were documented in
Table 10. Evaluated as tri-stimulus attributes, the colour of the oat extrudate
appeared darker, with an average value of 21.78, compared to soy extrudates
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whose mean was 48.68, despite the initial colour similarity of the raw
materials. A darker colour is generally associated with higher protein content,
as the L value exhibits a negative correlation with protein content (Agrahar-
Murugkar, Gulati, Kotwaliwale, & Gupta, 2015). Recent research has
indicated the influence of oil content on lightness during the extrusion of soy
protein isolate, whereby an increase in oil concentration from 0 to 8% resulted
in a shift of L values from 41.70 to 53.8 (H. Wang et al., 2023).

Table 10/ 10. tabula
CIE lab colour parameters of oat and soy raw materials and extrudates /
Auzu un sojas izejvielu un ekstrudatu CIE krasu parametri

Sample / Paraugs a* b* L*
Oat raw material / Auzu izejviela 2.60+141a 11.57£5.36a 83.6£2.47b
Oat extrudate / Auzu ekstrudats 0.61+£1.56ab 11.34+5.68a 21.78+5.27d
Soy raw material / Sojas izejviela —0.67+£2.38b  14.19£5.61a 90.68+2.49 a
Soy extrudate / Sojas ekstrudats —0.54+1.55b 15.48+t4.73a 48.68+3.44 c

Means + standard deviations within the column not sharing any letter are significant
different by ANOVA test at a 5% level of significance / Videéjie + standartnovirzes kolonna,
kuriem nav vienadi burti, bitiski atskiras ar ANOVA testu 5% nozimiguma liment

However, in the present study, no significant colour shift was observed in the
a* direction, indicating that the colour of the extruded samples did not
significantly differ from that of the raw materials. Previous literature has
suggested that the development of redness in extruded products might be
associated with Maillard reactions inducing browning (Kristiawan et al., 2018).
Nevertheless, in the present study, the changes towards both the red and blue
directions were relatively small and insignificant. The colour change between the
raw material and processed material expressed as AE averaged 42.57 (+5.63) and
62.14 (+4.56) for soy and oat protein extrudates, respectively. Such perceivable
colour alterations were relatively high and could be analytically described as
substantial (Andrés, Villanueva, & Tenorio, 2016).

Microstructure of extrudate

In this research, a scanning electron microscope was utilised to investigate
the structure of oat protein concentrate. The purpose was to focus solely on the
extrusion of the inherent components of the protein concentrate and avoid any
potential interference from major grain components, such as starch or other
admixed substances, which are considered to have an impact on the extrusion
process and attributes characterising extrudates. The images displaying protein
microstructure at different magnifications, with scale bars representing 20 pm
and 200 pm, are presented in Figure 11. The magnification levels and power of
15 kV were chosen empirically as best representing the structure of extruded oat
protein. At closer magnification, the images reveal the protein surface at a
cellular level, while the higher magnification provides an overview of the overall
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structure, demonstrating its homogeneity and orientation.

Fig. 12. Microstructure of oat protein extrudate at different stages of
extrudate formation and different magnification/
12. att. Auzu proteina ekstrudata mikrostruktira dazados ekstrudata
veidoSands posmos un dazados palielinajumos
(a) beginning of the extrusion, longitudinal view, scale bar — 200 um; (b) cross-section
scale, bar — 20 um, (e) cross-section, scale bar — 200 um; (d) intermediate, scale
bar — 200 um; (c) longitudinal view, scale bar — 20 pm, and (f) longitudinal view, scale
bar — 200 um. Images that are not labelled as “beginning” or “intermediate” stages
refer to the extruded oat protein concentrate. / (a) ekstriizijas sakums, garenskats,
meroga josla — 200 um; b) skersgriezums, méroga josla — 20 um, e) skérsgriezums,
meroga josla — 200 um, d) starpposms, méroga josla— 200 um, (c) garenskats, méroga
josla — 20 um un (f) garenskats, méroga josla — 200 um. Attéli, kas nav apzimeti ka
“sakuma’ vai “starpposma’ posmi, attiecas uz ekstrudétu auzu proteina koncentratu

In contrast, tangential sections of the extruded product in Figures 12(c) and
12(f) revealed a solid extrudate that was relatively hard to cut and had changed
in colour to pale brown. Further examination through the longitudinal slice
showed that the material’s texture exhibited a relative orientation towards the
direction of extrusion. The surface exhibited smoothness and molten
characteristics, but no evidence of forming a fibrillar structure was observed. The
internal breaks within the structure were potentially formed due to water
evaporation, possibly caused by insufficient cooling during the extrusion
process. The release of air during extrusion may serve as a precondition for the
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development of the ruptured structure. The presence of noticeable aggregates and
clusters, as seen in Figure 11(c), could be attributed to the collapse of air cells.
Previous studies have indicated that the collapse of air bubbles during extrusion
can lead to a crater-like structure formation, particularly when the protein content
in the extrudate is high (Beck et al., 2018). The oat protein concentrate under
investigation contained a portion of unextracted fibre, which became
concentrated alongside the protein during processing. The increased fibre content
led to a corresponding increase in cell density, where air bubbles were formed.
Since brans are mainly composed of insoluble fibre and undergo limited changes
in solubility during extrusion (Robin, Dubois, Pineau, Schuchmann, & Palzer,
2011), they act as nucleation agents for bubble formation due to their inability to
be wetted. Additionally, the increase in bran content reduced cross-sectional
volumetric expansion, although this effect was found to be insignificant in the
investigated sample. Previous research has indicated an increase in longitudinal
expansion with increased bran content (Robin et al., 2011), although this specific
parameter was not measured in the current study. The cross-section of the
extrudate, as depicted in Figure 11(b, e), provided a similar view, with the
structure orientation of the extrudate described as anisotropic.
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CONCLUSIONS

. The wet enzymatic extraction method proves to be effective in recovering oat
protein, yielding concentrations of up to 85% for protein isolated from whole
oat flakes with suspended fibre solids removed and 78% for protein extracted
from oat flour with reduced initial fibre content.

. The addition of ionisable salts, specifically NaCl at a concentration of
0.1 M, leads to a significant enhancement in oat protein recovery, increasing
it by up to 24.8%.

. The introduction of complex enzymes or alterations to the ionic strength of
the solution during the procedure of oat protein isolation from whole oat
flakes has a limited influence on the amino acid profile of the resulting
protein.

. Ethanol treatment and supercritical CO- treatment significantly reduce lipid
content in oat protein concentrates ODE1 and ODC1 from 20.6 % to
4.9% and 3.5% respectively, while demonstrating minimal effects on the
protein’s nutritional value, as proven by negligible changes in its amino acid
composition.

. The amount of essential amino acids in the extracted oat protein exceeded the
recommendations for adults outlined by FAO, except for lysine.

. Oat protein concentrates passed through enzymatic extraction comprise
predominantly oat globulin fraction, as evidenced by SDS-page patterns
showing dominated protein bands at approximately 28 and 46 kDa.

. The obtained oat protein exhibited relatively low performance in terms of
solubility and foaming capacity, irrespective of the extraction method and
initial raw material used. The liquid retention for oil fell within the range of
2.05t0 2.21 g g%, while for water, it ranged from 2.61t03.0g g™

. Utilising a single screw extruder for the extrusion of pure oat protein
concentrate yields a dense, dark pale brown product with a firm texture that
surpasses soy protein extrudate in terms of hardness, fracturability, and
toughness.

. The thesis revealed that the use of pure oat protein concentrate in wet
extrusion processes is feasible; however, optimising its textural properties
may require the incorporation of additional ingredients tailored to the specific
application objectives.
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PETIJUMA AKTUALITATE

Augzas, pazistamas ar savu paaugstinatu uzturvertibu un aminoskabju sastavu
(Mohamed et al., 2009), un ir daudzsolo$s alternativs avots augu izcelsmes
olbaltumvielu koncentratu un izolatu ieguvei. Salidzinajuma ar citiem
graudaugiem to putraimos ir vairak olbaltumvielu (Klose & Arendt, 2012), un tie
ir labi pieméroti audzéSanai regiona, kur tika veikts $is p&tijums (Sterna et al.,
2016).

Neraugoties uz plaso auzu proteina ipasibu izpéti (Spaen & Silva, 2021),
pasreizgjas auzu proteina ekstrakcijas metodes biezi izmanto rupju sarmainu
ekstrakciju ar sekojosu nogulsn&sanu vai arf gaisa atdaliSanu (Sibakov, 2014).

Vel viens auzu proteina koncentréSanas veids ir fermentativa tdens
ekstrakcija. Izmantojot So metodi, var ieglit universalu proteina koncentratu,
izmantojamu dazados veidos. Tas lauj regulét proteina koncentracijas Iimeni un
kontrolet suspendéto vielu daudzumu. Turklat ieglito auzu proteina koncentratu
var izmantot ka vertigu izejvielu unikalu produktu, pieméram, auzu proteina
ekstrudatu izstradei.

Promocijas darba meérkis — izstradat fermentativas tdens ekstrakcijas
metodes auzu proteina koncentrata iegfiSanai, novertet iegiito auzu proteina
koncentratu funkcionalas Tpasibas un noteikt to piemé&rotibu turpmakai
parstradei, tostarp, mitrai ekstriizijai.

Hipotéze: ar fermentativas tidens ekstrakcijas, kam seko attaukoSana,
palidzibu ieglitu auzu proteina koncentratu var izmantot mitras ekstriizijas
sisteémas.

Tezes, kas apstiprina hipotézi:

e auzu proteinu var ekstrahét un koncentrét ar fermentativas tidens
ekstrakcijas palidzibu;

e necietes polisaharidu noardiSanas mitras fermentativas hidrolizes laika
neietekm@ auzu proteina aminoskabju sastavu;

e jonu stiprums ietekm& auzu proteina agregaciju, kas velak ietekme ta

funkcionalas ipasibas un proteina atgtiSanas iznakumu;
attaukoSanas metodes ietekmé auzu proteina funkcionalas ipasibas;
auzu proteina koncentrata attaukoSana uzlabo mitras ekstriizijas procesu.

Pétijuma objekti: pilngraudu auzu parslas, smalka maluma auzu milti, auzu

proteins, auzu proteina ekstrudati.

Sim pétfjumam ir $adi uzdevumi:

e identificét metodes, kas ir piemérotas auzu proteina fermentativai idens
ekstrakcijai no riipnieciskam pilngraudu auzu parslam un smalka maluma
auzu miltiem;

e identificét piemérotas attaukoSanas metodes no ripnieciskam auzam un
auzu miltiem iegiitiem auzu proteina koncentratiem;

e novertét aminoskabju pardalijumu iegiitajos auzu proteina koncentratos un
blakusproduktos, jo 1pasi Skiedrvielas;
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e novertet iegiito proteina koncentratu raksturipasibas un izpétit iegiito auzu
proteina koncentratu funkcionalas Tpasibas;

e noteikt auzu proteina koncentrata ekstriizijas parametrus;

e  izp@titieglita auzu proteina ekstrudata fizikalas Ipasibas, tostarp ta struktiiru,
tekstliru un krasu.

P&tfjuma novitate:

e ir izstradatas metodes auzu proteina koncentrata ieguvei lidz pat 75%
(sausna) ar fermentativas tidens ekstrakcijas palidzibu;

e ir novertetas ar fermentativas tdens ekstrakcijas palidzibu iegiito auzu
proteina koncentratu fizikalkimiskas 1pasibas, aminoskabju profils un
funkcionalas 1pasibas;

e ir noteikti auzu proteina koncentrata mitras ekstriizijas tehnologiskie
parametri;

e ir izpétitas ar mitras ekstriizijas metodi ieglita auzu proteina ekstrudata
fizikalas Tpasibas.

Ekonomiska nozime:

e izstradatas metodes ir pieradijusas iesp&ju iegiit auzu proteina koncentratus,
ko uzskata par inovativam izejvielam, potencialam sastavdalam plasam
partikas lietojumu klastam, tostarp "tiras etiketes" produktu kategorijam;

e iegiito auzu proteina koncentratu funkcionalas ipaSibas lauj razotajiem
noteikt auzu proteina koncentratu pielietojamibu savos produktos;

e noteiktie ekstriizijas procesa parametri un no auzu koncentratiem iegtto
ekstrudatu raksturojums palidz razotajiem ieviest jaunindjumus un jaunus
produktus, jo Tpasi ekstrudatus, kas satur jaunu sastavdalu — auzu proteina
koncentratu.

PETIJUMA APROBACIJA

Petfjumu rezultati ir apkopoti un public€ti piecos recenzétos zinatniskajos
izdevumos anglu valoda, indeks&tajas starptautiskajas datubazeés SCOPUS un/vai
Web of science. Ir pieskirti divi patenti (publikaciju un prezentaciju sarakstus
skatit 5.—7. Ipp.).

MATERIALI UN METODES

Pétijjuma laiks un vieta

Sis pétijums tika veikts no 2019. lidz 2024. gadam Latvijas Biozinatgu un
tehnologiju universitates (LBTU) Lauksaimniecibas un partikas tehnologijas
fakultates Partikas institiita laboratorijas, ka arT Agroresursu un ekonomikas
institiita (AREI), LBTU APP Darzkopibas instittita, Latvijas Valsts mezzinatnes
institfta "Silava" un SIA "JP Biotechnology".
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Pétijjuma struktiira
Pétijums ietver tris visparigos posmus, kas ir aprakstiti 1. tabula.

Materialu apraksts

Petijuma objekts: pilngraudu auzu parslas (auzu parslas), smalka maluma
auzu milti ar samazinatu Skiedrvielu saturu (auzu milti), riipnieciskie fermenti
(a-amilaze (no Bacillus Licheniformis), kompleksie fermenti (no Trichoderma
reesei) ar galveno ksilanazes un blakus f-glikanazes aktivitati), auzu proteina
koncentrata ekstrudats. Iepriek$ min&to materialu apraksts ir sniegts 2.—3. tabula.

Pétljuma izmantotas metodes

I posma auzu proteina koncentratus ieguva no auzu parslam un smalka
maluma auzu miltiem, fermentativi hidroliz&jot cieti un cieti nesaturosus
polisaharidus ar sekojosu proteinu koncentréSanu centrifugésanas cela. Turklat
petijuma merkis bija izpetit jonu apstaklu izmainu ietekmi gan uz proteina
iznakumu, gan IpaSibam. No auzu miltiem iegiitais proteins p&c tam tika
attaukots, izmantojot neatkarigi etanolu un superkritisko CO;. Originalas
olbaltumvielu attiriSanas metodes izstradaja autors, citas p&tijuma izmantotas
metodes un analizes ir apkopotas 4. tabula.

II posma tika parbauditi iegiito proteina koncentratu raksturlielumi un
funkcionalas Tpasibas. Saja posma tika veikta iegiito materialu, tostarp to
molmasas un aminoskabju profila analize. Turklat tas ietvéra materialu
funkcionalo Tpasibu izpéti, jo Tpasi to proteinu $kidibu, putosanas un tidens vai
ellas noturésanas spgjas, kas apkopotas 4. tabula.

Pettjuma III posma tika pétits ekstriizijas process, ko pieme&roja ieprieksgjos
posmos raksturotajiem proteina koncentratiem. Saja posma galvena uzmaniba
tika pievérsta to ekstrizijas galveno ipasibu un parametru noteikSanai, kas
nepiecieSami mitra ekstrudata ieguvei. Lidztekus ekstriizijas sistémas analizei
petjuma sniegti ar1 visaptverosi dati par iegiita ekstrudata fizikalajam Ipasibam,
tostarp ta tekstiiras Ipatnibam un krasu. Turklat auzu proteina ekstrudatu
analiz€ja skeng€josa elektronu mikroskopa (SEM), analizém izmantojot
garenvirziena un §kérsgriezuma att€lus. P&tijjuma III posma izmantotie standarti
un analizu metodes ir apkopotas 4. tabula.

Datu matematiska apstrade

Fridmana rangu summas tests tika izmantots, analiz€jot medianas atskiribas
starp polarajam un vienfaktoru dispepsijas analize nepolaro aminoskabju
grupam, pirms tam veicot Sapiro-Vilka testu. Tekstiiras datu analizei tika
izmantots T-tests. Dati tabulas un grafikos ir izteikti ka vid&jie aritmétiskie
lielumi + standartnovirze vismaz trim atkartojumiem, ja nav noradits citadi.
Pargjam analizeém, ja vien nav noradits citadi, tika izmantoti ANOVA testi, kam
sekoja Tjukija un kompakta burtu att€lojuma (Compact Letter Display) testi.
Statistiska analize tika veikta programmatiira R (R Core Team, 2022). Atteli un
dati tika apstradati, izmantojot R programmatiiras paketes (Graves et al., 2023;
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Kassambara, 2023; Patil, 2021; Wickham et al., 2019). RStudio (RStudio Team,
2022) tika izmantota R integrétajai izstrades videi.

REZULTATI UN DISKUSIJA

1. Auzu proteina izoléSana
Proteina izolesana no pilngraudu auzu parslam ar fermentativo hidrolizi

Saja pétijuma ir apkopoti dati par proteina atgiisanu no pilngraudu auzu
parslam, izmantojot fermentativo ekstrakciju. Tika petitas divas pieejas: auzu
parslu apstrade ar a-amilazi cietes hidrolizei (proteina paraugs A1) un vienlaiciga
divu veidu fermentu — a-amilazes un komplekso enzimu izmanto$ana cietes un
cieti nesaturo$o polisaharidu hidrolizes veicinaSanai (proteina paraugs AX1). P&c
tam proteina atdaliSana tika veikta, izmantojot centrbédzes spéku. legitie
rezultati sniedz atzinas par proteina Koncentraciju, tauku saturu, kopgjo
Skiedrvielu saturu un proteina iznakumu paraugos, ka paradits 5. tabula.

Kalt&tos paraugus analizgja, lai noteiktu proteina koncentraciju, kas proteinu
paraugiem Al un AX1 bija attiecigi no 84,6% Iidz 85,9% sausna.

P&tljuma galvena uzmaniba tika pievérsta jonu koncentracijas izmainu
ietekmes izp€tei uz proteina agregaciju un ta turpmako atgiSanu no dzidrinata
hidrolizata. Iepriek§ min&tie hidrolizati, kas iegliti no auzu parslam, tika
apstradati, izmantojot tikai a-amilazes fermentu (paraugs ARI1), ka arl
savienojuma ar kompleksiem enzimiem (paraugs AXR1), kam sekoja papildu
procediira ar jonu nobidi. AtglSanas efektivitate ir atkariga no dazadiem
faktoriem, tostarp dalinu 1pasibam un spekiem, kas piedalas dalinu atdaliSana.
Parasti uzskata, ka dalinu agregacija, jo pasi, ja apvienojas lidzigas dalinas un
rezultata veidojas lielaki agregati, rada ievérojamas spéku atskiribas, tadgjadi
pozitivi ietekmégjot atdaliSanas procesu (van Hee et al., 2006).

6. tabula ir sniegti rezultati par proteina un ellas koncentraciju paraugos,
apstradatos ar NaCl. Proteina koncentracija paraugos bija no 84,2% lidz
86,5% attiecigi AR1 un AXR1 paraugiem. Pievienojot 0,1 M NaCl skidumu,
proteina iznakums palielinajas par aptuveni 24,8% un 17,8% paraugos, kuros
pilngraudu auzu parslas tika apstradatas attiecigi ar a-amilazi un kombinacija ar
kompleksajiem enzimiem.

Proteina izolé§ana no smalka maluma auzu miltiem

Alternativi proteTnu atgisanai var izmantot izejvielas ar samazinatu
Skiedrvielu saturu, ko iegist riipnieciska malSanas procesa. Tika veikta proteTna
ekstrakcija, izmantojot kompleksos fermentus kombinacija ar a-amilazi
(proteina paraugs tika kodets ka OC1). Kalteta parauga proteina saturs sausna
bija 63,05 + 1,30%. Kopgjais proteina iznakums bija 77,0 + 3,0%, salidzinot ar
sakotngjo proteina saturu auzu miltos.
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Ja hidrolizes laika tika izslégti kompleksie fermenti, iegitais hidrolizata
Skidums bija viskozaks. Ta deva zemaku proteina koncentraciju kaltétaja
parauga (paraugs OC1B) — vidgji 59,90 + 2,0%, kam klat naca neapstradatas ellas
saturs 14,61% un paredzamais Skiedrvielu satura piecaugums par 1,8%.
Analizgtos paraugus raksturojosie rezultati ir sniegti 7. tabula.

Var pienemt, ka relativi augsta olbaltumvielu koncentracija izraisija
neskistoSu proteinu agregatu veidosanos, kas izskaidrojams ar to paaugstinatu
tendenci veidot starpmolekularas saites ar tuvuma eso$ajiem proteiniem
(G. Liu et al., 2009). Turklat proteina virsmas hidrofobitati var uzskatit par
papildu faktoru, kas veicina proteina atgiiSanu, nemot vera tas apgriezto
korelaciju ar proteina §kidibu aident (Jing et al., 2016).

Ir jaatzimé fakts, ka auzu proteins tika ekstrah&ts no auzu miltiem, paklautiem
pirmapstradei, kura tika nonemta ievérojama dala no neendosperma audiem. Tas
samazina iznakuma zudumus, jo ievérojama dala Tideni $kistoSo albuminu
atrodas grauda dalas, kas parasti tiek atdalitas (Peterson, 2011). Turklat no auzu
miltiem parstrades laika zinama mera tika nonemts arT aleirona slanis, kas ir
galvena fermentu atraSanas vieta (Hu et al., 2009; Miller & Fulcher, 2011).
Rezultata var uzskatit, ka turpmak analiz€jamo proteina frakciju parsvara veido
tikai idenT neskistosa globulina frakcija.

Sakotngji auzu miltos bija 6,21 + 0,28 masas % tauku, lai gan tauku
koncentracija auzu proteina koncentrata sastava palielinajas lidz
20,55 + 0,40 masas % un 14,61 + 0,82 masas % (skat. 3.3. tabulu), atkariba no
hidrolizé izmantotajiem fermentiem. Nemot v&ra proteina atgliSanas procesu,
kura rezultata proteina frakcija uzkrajas ievérojams tauku daudzums, iegtie
auzu proteina koncentrati saturgja lidz 42,60% no kopéja tauku daudzuma, ja tika
izmantota a-amilazes un komplekso fermentu kombinacija. Paaugstinato tauku
saturu auzu proteina koncentratu paraugos var izskaidrot ar to, ka tajos ir daudz
nepolaro auzu tauku, kas parasti veido no 65% lidz 90% no kopgja tauku
daudzuma (Doehlert et al., 2010).

At8kiriba no auzu proteinu koncentratiem, iegiitiem no pilngraudu auzu
parslam, proteinu koncentrats, ieglits no auzu miltiem, uzradija salidzinosi
augstaku tauku saturu, paredzot, ka p&c tam taukus atdala. Tauku ekstrakcijai no
kaltétiem paraugiem tika izmantotas divas atSkirigas pieejas: igulsnéSana,
izmantojot etanolu (iegtita parauga kods ODEl), un ekstrakcija, izmantojot
superkritisko CO, skidrumu (iegtita parauga kods ODC1).

Eksperiments tika veikts, apstradajot auzu proteina koncentratu OC1 ar
etanolu. Rezultata tauku saturs parauga tika samazinats no 20,60 masas % lidz
aptuveni 4,90 masas %. Tika veikta divpakapju ekstrakcija. Vispirms tika veikts
galvenais posms, kura proteina koncentratu apstradaja 60 °C temperatira lidz
4 stundam (ilgumu noteica eksperimentali), lai atdalitu lielako dalu tauku. Otraja
mazgasanas posma dalgji attaukoto proteina koncentratu atkartoti mazgaja ar
etanolu, ka rezultata notika redzamas dekantata krasas izmainas, kas norada uz
atlikuSajiem taukiem pec sakotngjas apstrades ar etanolu. Atbrivojot proteina
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koncentratu no taukiem, parauga palielinajas proteina koncentracija, sasniedzot
78,18 + 1,93 masas %.

Vel augstaks tauku ekstrakcijas efekts tika panakts, ekstrahgjot taukus ar
superkritisko CO. $kidrumu. Tauku koncentracija kaltéta parauga samazinajas
lidz 3,48%. lesp&jams, ka proteina koncentrata atlikusaja tauku dala bija lielaka
nepolaro lipidu proporcija neka izejmateriala.

8. tabula ir apkopoti tauku ekstrakcijas rezultati ar etanolu un COz.

2. Auzu proteina raksturojums un funkcionalas ipasibas
Auzu proteins, iegiits no pilngraudu auzu parslam

Aminoskabes

Tiek uzskatits, ka apstradato produktu aminoskabju sastava izmainu
noveéro$ana var sniegt ieskatu par to, cik liela méra tie ir modificéti (Wang et al.,
2018). Saja pétijuma aminoskabju profiliem dazadiem paraugiem bija relativi
lidzigs raksturs. Salidzinot AR1 ar Al, tika novérots neliels cistelna satura, par
aptuveni 10%, un, par aptuveni 8%, metionina satura samazinajums. Turpreti
AR1 tika konstatéts neliels histidina satura pieaugums par aptuveni 7% un
izoleicina satura pieaugums par aptuveni 8%, salidzinot ar Al. Jonu stipruma
izmainas bitiski neietekm@ja aminoskabju saturu paraugos, apstradatos ar
kompleksajiem fermentiem. Aminoskabju saturs $ajos paraugos bija lidzigs,
dazam aminoskabém, piem&ram, histidinam un izoleicinam, svarstibas bija 3%
robezas. Citu aminoskabju satura atSkiribas starp AX1 un AXRI1 bija vél
mazakas. 1. attela ir redzams grafiks, kura ir paradits vid€jais neaizvietojamo
aminoskabju saturs auzu frakcijas.

P&tamos paraugos bija ievérojami augstaks neaizvietojamo aminoskabju
saturs, iznemot lizinu, salidzinot ar Partikas un lauksaimniecibas organizacijas
(FAO) wvadlinijas noteiktajam ieteicamajam vé&rtibam (2007). Turklat
neaizvietojamo aminoskabju saturs visos vid&jos paraugos parsniedza ieteicamas
vertibas. Vidgjie paraugi ietver Al, AR1, AX1, ARI ka proteinu frakcijas un
AF1 un AXF1 ka skiedrvielu frakcijas. Apkopotais neaizvietojamo aminoskabju
saturs vidgjos paraugos parsniedza ieteicamo 36% neaizvietojamo un kopé&jo
aminoskabju attiecibu (Jing et al., 2016). Auzu proteina koncentrats uzradija
visaugstako apkopoto neaizvietojamo aminoskabju saturu.

Molekulmasa

Protetna molekulmasa tika noteikta diviem paraugiem, kas apziméti ka
Al un ARL. SDS-PAGE analize, kas paradita 2. attéla, sniedz datus par proteinu
profilu.

Proteina molekulmasa abos paraugos atskiras, iedaloties divas galvenajas
grupas — aptuveni 28 kDa un 46 kDa. A1 parauga tika konstat&tas galvenas joslas
ar 27,8, 45,2 un 51,0 kDa, kas veidoja attiecigi 43,3, 28,7 un 24,4% no kopgja
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protetna. AR1 parauga proteina molekulmasa tika noteikta 27,7, 45,3 un
51,0 kDa Itment, kas veidoja 42,5, 28,2 un 24,2% no kopgja proteina. Atskiribas
starp paraugiem bija salidzino$i nenozimigas, abi paraugi bija relativi lidzigi gan
proteina lieluma, gan daudzuma zina. Tas apstiprina, ka skiduma jonu stipribas
izmainas neietekmégja aglomeréta proteina kvalitati. Proteina paraugs uzradija
viendabigas proteTna frakcijas, bet dazada lieluma proteini, kas, iesp&jams,
piedertu citam proteina frakcijam, pieméram, albuminiem, netika konstatétas.

Klose et al. p&tijuma (2009) tika konstat&ta izteikta auzu albuminu parstavosa
josla ar 1patn&jo molekulmasu aptuveni 35—44 kDa. Lidzigi arT citos p&tjjumos ir
zinots par galveno albuminu maksimumu 15 kDa Iimeni (Mirmoghtadaie et al.,
2009). Tomer $aja p&tijuma neviena no $im albumina joslam netika noverota.
Iesp&jams, ka sals inducéta olbaltumvielu agregacija izraisija olbaltumvielu
agregaciju no viena avota. Noteikto joslu raksturs ir loti Iidzigs auzu globulina
izméram (Klose et al., 2009).

Skidiba

Al, AR1 un AX1 paraugiem veikta Skidibas testa rezultati ir paraditi 3. attela.
Al parauga $kidiba bija relativi nemainiga visa pH diapazona, un vidgjas vertibas
bija attiecigi 4,8%, 4,3% un 4,7% pie pH 3, 6 un 9. ArT AR1 parauga $kidiba bija
lidziga diapazona, vidgji 2,4%, 3,9% un 5,5% pie pétitajiem pH Itmeniem.
AXI1 parauga proteina $kidiba bija lidzigi zema pétitajos pH limenos,— Vidgji
4,7%, 4,4% un 6,3% attiecigi pie pH 3, 6 un 9. Ir svarigi uzsvert, ka pH maina
uz skabo vai sarmaino pusi minimali ietekm@ja proteina skidibu. To ir verts
atzimét, nemot vera, ka proteiniem parasti ir nosliece uz hidrolizi nepatikamos
pH apstaklos (Averina et al., 2021), ka rezultata samazinas molekulu izm&rs un
attiecigi palielinas $kidiba. Neraugoties uz to, noverotas proteina Skidibas
izmainas nebija biitiskas. Sis novérojums ir zingma méra pretruna ar
publicétajiem pétijumiem. Agrak zinots, ka Skidiba auzu proteTnam, kas iegiits,
izmantojot sarmainu $kidinasanu ar sekojosu proteina nogulsné$anu, svarstijas
no 20% (Walters et al., 2018) lidz 70% (Zhong et al., 2019). Tika zinots, ka ar
aeroseparacijas cela iegiita auzu proteinu Skidiba parsniedz 20% pie
pH 7 (Briickner-Giihmann et al., 2018). Savukart to auzu protetnu $kidiba, kas
tika paklauti fermentativai ekstrakcijai, ir no 10% Iidz 50% attiecigi pie pH 9 un
pH 5 (Prosekov et al., 2018). Proteinu $kidibu var ietekmét dazadi faktori, sakot
no sals koncentracijas (Loponen et al., 2007) un beidzot ar konkr&to
eksperimentos izmantoto auzu $kirni (Yue et al., 2021). Ir zinots, ka attirTto auzu
globulinu $kidiba ir ierobezota (Loponen et al., 2007). Galvenas $aja petijuma
noverotas joslas, diapazona no 28 11dz 46 kDa, visticamak, ir auzu globulini, kas
varetu izskaidrot novéroto ierobezoto §kidibu. Auzu globulinu uzvedibu batiski
ietekme sals koncentracija, jo 1pasi apvienojuma ar ekstrémam pH vertibam.

Jaunakie atklajumi liecina, ka NaCl salu pievienoSana var ieveérojami
palielinat §kidibu — Iidz pat 90%, ja NaCl koncentracija sasniedz 1 mol L.
Parsteidzosi tika konstatéts, ka zema jonu stipruma $kidums (apméram 0,1 M)
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samazina auzu proteina $kidibu, jo ievérojami palielinas proteina izmérs (Li &
Xiong, 2021). Ir jaatzimg, ka proteinu $kidinasanas metodikas atSkiras, un ir
zinots par daziem ierobezojumiem (K. Liu & Hsieh, 2008). Piedavata
standartizeéta procediira proteinu noteikSanai partika ietver 0,1 M NaCl skidumu
(Morr et al.,, 1985; Sawada et al., 2014), kas potenciali var samazinat
olbaltumvielu skidibas veértibas, tostarp $aja p&tijuma noverotas.

PutoSanas spéja

Putosanas Tpasibas ietver divus galvenos aspektus: putu veidoSanas sp&ju un
putu stabilitati. Putu veidoSanas spgja attiecas uz kopgjo putu tilpumu, kas
veidojas konkrétos apstaklos, savukart putu stabilitati ietekmé atrums, ar kadu
Skidrums putas ar laiku nogulsngjas (B. Zhang et al., 2022).

Proteina koncentrata paraugu puto$anas sp&ja tika novértéta un izteikta ka
putu tilpuma un stabilitates izmainas divu stundu laika. Rezultati ir paraditi
4. att€la. Proteina koncentracija maisijuma tika uzturéta zema (1 g proteina uz
33 mL tdens), lai samazinatu jebkadu iesp&jamo viskozitates ietekmi uz
koloidalo stabilitati (Nivalaetal., 2017). AXR1 un A1l paraugi uzradija vislielako
putosanas spéju, attiecigi vid€ji 7,6% un 7,1% sakotngja punkta. Tacu putu
stabilitate visos paraugos bija zema, un laika gaita noverots strauj$ kritums. AR1
uzradija viszemako putoSanas sp&u un stabilitati, meérjumu sakuma bija
novérojama minimala putu veidoSanas — vid&ji 1,50%, kas 10 mintsu laika
pilniba izzuda. Interesanti, ka jonu stipruma izmainas ietekmgja ar1 putoSanas
ipasibas, un AXR1 uzradija vislielako putosanas sp&ju (7,6% 0 miniites, 4,5%
péc 120 minttém), bet AR1 (1,5% 0 mindtes, 0,0% péc 10 minGtém) uzradija
viszemako putodanas sp&ju. Saja pétijumd novérotd putoSanas sp&ja bija
ievérojami zemaka salidzingjuma ar Kaukonen et al. (2011) =zinotajiem
rezultatiem. Vinu petjuma auzu proteina putoSanas spgja (proteina saturs
eksperimenta izmantotaja tidens ekstrakta bija 0,33%, un pirms tam tika veikta
tauku ekstrakcija, izmantojot superkritisko CO) sashiedza 137 tilpuma %.
Tomér ar tdeni ekstrah&tajam proteinam galvenokart bija molekulmasas, kas
atbilst 10-15, 20-30 un 35-45kDa joslam. Sis molekulmasas bija relativi
mazakas neka auzu proteina molekulmasa. Izmantota ekstrakcijas metode (tidens
ekstrakcija) norada, ka proteins, visticamak, attiecas uz skistoso frakciju, kas var
sastavet no GdenT $kistoSiem albuminiem. legiitie rezultati liecina, ka $kistoSo
auzu proteinu putoSanas sp&ja ir lielaka neka proteiniem ar ierobezotu skidibu.
Tas saskan ar iepriek$§&jiem zinojumiem, kas liecina, ka albuminiem var bt
nozimiga loma putu veidosana (Runyon et al., 2013).

Udens un ellas noturésanas spéja

Rezultati par auzu proteina koncentratu ellas un @idens noturSanas spgju ir
paraditi 5. att€la. Paraugu ellas notur€Sanas sp€ju attieciba vidgji bija aptuveni
2,19 pret 1,0. Starp paraugiem tika nov€rotas minimalas atSkirtbas — AX1
paraugam bija visaugstaka ellas noturéSanas sp€ja, bet AR1 paraugam -
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viszemaka, ar vidgjiem koeficientiem attiecigi 2,21 un 2,16. Ekstrakcijas
metodes maz ietekmégja ellas notur€Sanas spg&ju. Kopuma, izmantojot tdeni,
visiem paraugiem bija Iidziga Gidens noturSanas spg€ja. Visaugstaka tdens
noturésanas sp&ja bija Al paraugam, kur tidens un proteina vidgja attieciba bija
3,0 pret 1,0. No otras puses, viszemakie rezultati tika novéroti AR1 un AXI1
paraugiem, kuriem vidgjais koeficients bija attiecigi 2,84 un 2,83. Starp proteinu
paraugiem, apstradatiem ar saliem vai kompleksiem enzimiem nebija butisku
atSkirtbu, un noverotas variacijas bija aptuveni 5%, kas ir parak zemas, lai
noteiktu sals ietekmi uz fidens noturéianas spéju. Saja pétijuma novérotas ellas
un Gdens noturg$anas spéjas bija liclakas salidzinajuma ar Mirmoghtadaie et al.
(2009) zinotajiem rezultatiem. Vinu pétijuma zinota ddens noturé$anas sp&ja bija
1,27 g g%, savukart ellas noturé$anas sp&ja — 1,73 g g auzu proteinam, iegiitam,
izoelektriski nogulsngjot péc sarmainas ekstrakcijas. Lidziga pétijjuma auzu
proteina koncentratam, kas ieglits, izmantojot sarmainu ekstrakciju, tidens
noturéanas sp&ja bija no 2,00 1idz 2,70 mL g un ellas noturé$anas sp&ja no
2,25 1idz 2,80 mL g* (Ma, 1983). Turklat taja pa$a pétijuma tika konstatéts, ka
noverotas atskiribas Gidens un ellas noturésanas spgjas ietekmégja konkrétas auzu
Skirnes, kas izmantotas eksperimentos.

Auzu proteins, iegiits no auzu miltiem

Aminoskabes

Pé&c cietes fermentativas hidrolizes dazu aminoskabju, proti, tirozina, cisteina,
arginina, metionina, izoleicina un izoleictna, daudzums proteina parauga OCI1
ievérojami palielinajas; katrai no tam pieaugums parsniedza 10%. Turklat neliels
pieaugums, mazaks par 10%, tika noverots aminoskab&m valinam, prolinam,
glutaminskabei un asparaginskabei. Turpreti lizinam, leicinam un treontnam tika
konstatets koncentracijas samazinajums attiecigi par 9%, 9% un 6%. Tadu
aminoskabju ka lizins un alanins koncentracijas samazinasanas varétu liecinat
par to saistibu ar albuminiem, kas hidrolizes un atdali$anas laika var&tu pariet
Skidraja fazg, nemot veéra, ka So aminoskabju zinota koncentracija albuminos ir
augstaka salidzinajuma ar globuliniem. levérojamais tirozina koncentracijas
pieaugums var liecinat par iesp&jamo glutelina klatbiitni, jo ir zinams, ka auzu
glutelina frakcija tirozina ir salidzino$i daudz (Peterson, 2011).

Lietojot superkritisko CO; skidrumu tauku atdalisanai, izoleicina un prolina
koncentracija nedaudz samazinajas, bet citu aminoskabju saturs palielinajas.
Etanola ekstrakcijas rezultata ievérojami palielingjas histidina, valina un alanina
koncentracijas, kas bija attiecigi par 14%, 9% un 8% augstakas.

O.tabula ir sniegts analiz€to protetTnu aminoskabju sastavs sakotngja
izejviela, ekstrahétaja protena koncentrata un attaukotajos paraugos, kas
apstradati ar etanolu un superkritisko CO> skidrumu.
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Molekulmasa

Tika pétita auzu proteina molmasa, lai novertétu, vai fermentativa ekstrakcija
ar sekojosu attaukosSanu rada biitiskas atskiribas auzu proteinos, kas analizeti ar
SDS-PAGE metodi. ODC1 parauga joslas ar molmasu 25,4, 26,8, 42,5 un
48,3 kDa veidoja attiecigi 16,8, 25,2, 20,4 un 27,7% no kop€ja proteina satura.
Lidzigi ari parauga ODE]1 joslas ar molmasu 26,3, 27,6, 43,8 un 49,8 kDa veidoja
attiecigi 23,3, 28,7, 20,8 un 26,0% no kopgja proteina satura. Starp paraugiem
bija vérojama izméru variacija, ar divam izteiktam zonam 46 kDa un 28 kDa, kas
6. attela ir attiecigi apzimetas ka A un B zonas. Abiem paraugiem bija lidzigs
raksturs, joslas atradas salidzinamos diapazonos, un bitiskas atSkiribas netika
noverotas.

legiitie rezultati liecina, ka lipidu ekstrakcijas metode neietekmé&ja auzu
proteina molekulmasu. Tom&r daZi zinojumi norada uz to, ka auzu proteina
elektroforétisko profilu varétu ietekm@t pati attaukosana (Yue et al., 2021).
Turklat pétijumos ir zinots, ka endosperma proteini, kas saistiti ar ellas
kermenisiem, visvairak ir novéroti 28 kDa josla (Heneen et al., 2008).

Skidiba

Auzu proteina koncentratu paraugu, proti, ODC1 un ODEI, $kidiba tika
pétita dazados pH limenos, un rezultati ir paraditi 7. att€la. Rezultati liecina, ka
8,0%. Kad pH tika pazeminats lidz 7 un 5, $kidiba samazingjas lidz vidgjai
vertibai 6,4% abos gadijumos. Turpinot pazeminat pH lidz 3, skidiba nedaudz
palielingjas, sasniedzot aptuveni 7,0%. Lidzigas tendences tika novérotas ari
ODE]1 paraugiem, kur $kidiba svarstijas no 6,4% lidz 9,0% visa pH diapazona
no 3 lidz 9. Skidibas atikiribas starp paraugiem dazados pH nebija nozimigas.
Kopuma auzu proteins uzradija zemu $kidibu visa parbauditaja pH diapazona, un
tika konstatéts, ka tauku ekstrakcijas metodes ietekme uz proteina $kidibu ir
nenozimiga. Izveletais pH diapazons tika noteikts ieprieks, nemot véra ta
iespgjamo izmantoSanu ar partiku saistitos lietojumos.

Ieprieks aplukota no miltiem un auzu parslam iegiita auzu proteina skidiba
bija lidziga — abiem paraugiem ta bija salidzino$i zema. Vides pH minimali
ietekmgja proteina skidibu, un pétijuma izmantotas galgjas pH vértibas skidibu
batiski nemainija. Piem&ram, Li & Xiong (2021) zinoja, ka auzu proteina $kidiba
sasniedz aptuveni 80% pie pH 8. Tacu ir svarigi atzZimet, ka minétie rezultati tika
iegiiti no konkr€tas auzu proteina frakcijas, kas izol€ta, apstradajot ar NaOH pie
pH 10 ar sekojosu centrifuggsanu, atkartotu pH regulé$anu un kalte$anu. Sada
speciga pH apstrade, iespgjams, izraisija strukturalas izmainas proteina, padarot
to Skistosaku taja pasa pH, kura tas tika izolé&ts.
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PutoSanas spéja

Paraugu putosanas Ipasibas ir paraditas 8. att€la. Kopuma auzu proteina
koncentrats, attaukots, izmantojot superkritisko CO> skidrumu, uzradija lielakas
putosanas spé&jas salidzinajuma ar paraugu, kas apstradats ar etanolu. ODCI
parauga putosanas sp&ja sakotngji bija 27,3%, saglabajas stabila 10 miniites un
pec tam pakapeniski samazinajas l1dz vidgji 21,2% visa merfjumu laika. No otras
puses, ODEI paraugam bija zemaka putoSanas spé&ja, kas sakas ar 15,2%, strauji
samazinajas 1idz 9,1% 10 minates un gala sasniedza 4,5%.

Saja petijuma tika konstatéts, ka auzu proteina koncentratu putosanas spgja ir
augstaka neka auzu proteinam, kas ekstrah&ts no auzu parslam, tacu ta bija
zemaka, salidzinot ar literatiira atspogulotiem rezultatiem. Viens no iespg&jamiem
iemesliem ierobeZotajai putosanas sp&jai varetu biit atlikuso lipidu klatbiitne, kas
var€tu biit ietekmé&jusi novérotas putu veidoSanas ipasibas. Pieméram, p&tijumos
ir zinots, ka attaukotam auzam, kas apstradatas ar heksanu, péc tam ar sarmu un
tad izoelektriski izgulsnétas, ir augstaka putoSanas sp&ja. legiita proteina
putoSanas sp&ja visos paraugos parsniedza 100% un parsp&ja neattaukota auzu
proteina koncentrata puto$anas sp&ju (Yue et al., 2021).

Atlikuso tauku klatbiitne auzu proteina koncentrata sastava varGtu bt
ierobezojo$s elements ta putoSanas spgjai, kas, iesp&jams, izraisa vajaku
mijiedarbibu starp proteiniem, kas adsorbéti uz lipidiem, vai tiltinu veidoS$anos
starp olbaltumvielu virsmam (Yang et al., 2022). Turklat auzu proteina relativi
zema $kidiba varetu biit vl viens ierobezoto putosanas sp&ju noteicosais faktors,
jo ieprieks€jos petljumos ir uzsverta proteina Skidibas izSkiro§a nozime
putoSanas sp&jas noteiksana (Lan et al., 2020; B. Zhang et al., 2022). So
apgalvojumu apstiprina arT promocijas darba novérota proteina koncentrata zema
skidiba.

3. Auzu proteina koncentrata ekstrizija

Ekstrazija

Ekstriizijai tika izmantots auzu proteina koncentrata paraugs, attaukots,
izmantojot etanolu (ODE1), ka arT rpniecisks sojas proteina koncentrats ka
kontrole. No testétajiem paraugiem lielaks ekstriizijas potencials bija ODEI,
galvenokart tapéc, ka taja esosais Skiedrvielu saturs atbilst nozares standartiem,
ka arT tapec, ka etanola attaukoSanas metode ir praktiska un rentabla, ka miné&ts
ieprieks.

Empiriski noveroto ekstrudatu var raksturot ka stingru, labi veidotu cietvielu
tums$a krasa ar retam redzamam plaisam. Ekstriizijas laika bija manami tvaiki,
kas, iespgjams, bija saistits ar to, ka presforma nebija dzes€Sanas, tapec
ekstrudetais materials izdalijjas briva forma pie temperatiiras, kas radas
dekompresijas rezultata. Ekstrudatam nebija manama tendence izplesties un tas
saglabaja izmérus, tuvus spraugas izmeériem, un sadalijas neregulara garuma
gabalos. Atdzeséts l1dz istabas temperatiirai, ekstrudats kluva griiti sagriezams.
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9. attela ir paraditi auzu proteina ekstrudata paraugu Sk&rsgriezuma un
garenvirziena skati.

Ir minéts, ka olbaltumvielu satura sasnieg$ana 50—70% robezas ir butiska, lai
atvieglotu $kiedrainu struktiiru veidoSanos ekstriizijas laika (Immonen et al.,
2021). Tacu S$kiedrainu struktiru veidoSanos auzu proteina materiala var
ietekm@t arT vairaki citi butiski faktori, tostarp spiediens, pagatavosanas laiks,
temperatiira un fidens vai kadu savienojumu, pieméram, cietes, pievienoSanas
atrums (Osen et al., 2014; Sargautis, 2020).

Tika noverots, ka ekstrudata veidoSanas process sakas A-B sekcijas, kas
10. att€la ir noraditas ar bultinam. Proteina kusSana tika nov@rota p&dgjos
2-3 vitnes solos, savukart ieprieksgjie soli darbojas tikai ka transporteésanas un
iepriek$¢jas gatavosanas sist€émas. Izejmaterials cilindra iek$pusé pirms A-B
zonas Skidra veida izskatijas neizturigs, spilgts un bez pamanamam kuSanas
pazimem.

Ekstrudatu tekstiura un krasa

Validacijas noltikos par ekstriizijas standartmaterialu tika izveléts sojas
proteina koncentrats (kontrole), lai salidzinatu un novértétu izveletas ekstriizijas
procediiras. Sis izvéles pamata bija sojas proteina un auzu proteina materiala
sastava un struktiiras Iidziba. Turklat sojas proteina koncentrati parasti tiek
uzskatiti par piemerotu izveli ekstriizijas sisteémas, kuras izmanto vienu proteina
avotu (Thadavathi et al., 2019).

Ekstrudatu tekstiiras profili ir paraditi 11. attéla. Ir jaatzimé, ka auzu proteina
ekstrudata cietiba ar vidgjo vertibu 176,9 N parsniedza sojas proteina koncentrata
cietibu, kuras vidgja vértiba bija 143,4 N. Lai gan auzu proteina cietibas mérijumi
auzu parauga nebija vienméerigi, sojas proteina ekstrudata mérijumu sadalijums
uzradija Iidzigu dispersiju, ka rezultata tika noteikts, ka atskiriba starp abiem
paraugiem bija statistiski nenozimiga. Noverotas cietibas mérfjumu atskiribas,
iespgjams, varetu biit saistitas ar paraugu sastava atskiribam, tadejadi ietekmgjot
ekstrudatu kopgjo tekstaru (Lobato et al., 2011). Bitiski ir atzit, ka ekstrudatu
cietibu ietekm@ proteinu saturs tajos, jo lielaks proteina saturs parasti samazina
produkta cietibu (Sun et al., 2011). Tapat arT tauku saturam ir nozime ekstrudatu
cietibas veido$ana, paaugstinats tauku saturs dazos mérijumos veicinaja zemaku
cietibu (H. Wang et al., 2023). Iegitie rezultati liecina, ka dazos m&rfjumos auzu
ekstrudati sasniedza 205,0 N maksimalo cietibu. Tomér ir biitiski nemt véra
razotaju vélmes, jo Tpasi attieciba uz noteiktam produktu kategorijam, piem&ram,
uzkodam, kur pienemamais cietibas Itmenis nedrikst parsniegt 200 N.

Trauslumu, kas atspogulo izstradajumu sairSanas, parasti noverté, izmantojot
maksimala speka mérfjumus (Linly et al., 2021). Saja pétijuma auzu proteina
ekstrudata trauslums bija plasa diapazona no 87,0 Iidz 205,0 N ar aprékinato
vidgjo vertibu 148,0 N. Turprett sojas proteina ekstrudata trauslums bija Sauraka
diapazona no 88,7 I1dz 122,4 N un vidgja vertiba bija 103,7 N. lespgjams, auzu
proteina ekstrudata noverotas ievérojamas trausluma atskiribas ir saistitas ar ta
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zemaku homogenitati. Neraugoties uz Skietami salidzino$i viendabigu Iidzenu
virsmu, $kérsgriezumos bija redzami liizumi, kas veicinaja novéroto mainigumu.
Salidzinajumam, sojas proteina ekstrudata virsmai bija redzams nelidzenums,
atskiriba no auzu proteina ekstrudata. Neraugoties uz ievérojamo atskiribu starp
vidgjam trausluma vertibam starp abiem analiz€tajiem paraugiem, bitiska
meérjumu mainiba nelava parliecinosi noteikt statistiski nozimigas atskiribas.

Stingriba, kas ir kopgjais pozitivais laukums zem liknes un raksturo kopgjo
testa laika veikto darbu, auzu olbaltumvielu ekstrudatos uzradija augstakas
vertibas — vidgji 348,6 N-s. Salidzinajumam, sojas ekstrudata vid&ja stingribas
vertiba bija 292,0 N-s. Tomer, neraugoties uz noveroto vidgjo stingribas vertibu
atSkiribu starp paraugiem, statistiskd analize paradija, ka stingribas vidgjas
vertibas butiski neatskiras.

Auzu un sojas ekstrudatu krasas ipasibas ir atspogulotas 10. tabula. Auzu
ekstrudata krasa izradijas tumsaka, vidgja L* vertiba bija 21,78, salidzinot ar
sojas ekstrudatu, kura vidgja L* vértiba bija 48,68, neskatoties uz izejvielu
sakotngjo krasas lidzibu. Tumsaka krasa parasti ir saistita ar augstaku proteina
saturu, jo L* vertibai ir negativa korelacija ar proteina saturu (Agrahar-Murugkar
et al., 2015). Jaunakie pétijumi liecina par ellas satura ietekmi uz gaiSumu sojas
proteina izolata ekstrizijas laika, kur tauku koncentracijas palielinasanas no 0
lidz 8% izraisija L* vértibu nobidi no 41,70 uz 53,8 (H. Wang et al., 2023).

Tomér Saja pétijuma a* krasas intensitates batiska izmainas netika
konstatetas, kas norada, ka ekstrudeto paraugu krasa butiski neatSkiras no
izejvielu krasas. Iepriek$ literatira ir izteikts pienémums, ka sarkanas krasas
veidoSanas ekstrudetos produktos vargtu biit saisttta ar Maijara reakcijam, kas
izraisa bringSanu (Kristiawan et al., 2018). Tom&r $aja pétijjuma izmainas gan
sarkanas, gan zilas krasas intensitates bija salidzinosi nelielas un nenozimigas.
Kopégjas krasas izmainas starp izejvielu un apstradato materialu, kas izteiktas ka
AE, sojas un auzu proteina ekstrudatiem vidgji bija attiecigi 42,57 (+5,63) un
62,14 (+4,56). Sadas pamanamas krasu izmainas bija salidzinoi lielas un
analitiski tas var raksturot ka biitiskas (Andrés et al., 2016).

Ekstrudata mikrostruktira

Saja pétljuma auzu proteina koncentrata mikrostruktiiras izpétei tika
izmantots sken&josais elektronu mikroskops. Merkis bija veltit uzmanibu tikai
proteina koncentrata raksturigo sastavdalu ekstriizijai un izvairities no jebkadiem
iesp&jamiem traucgjumiem no galvenajam graudu sastavdalam, piem&ram, cietes
vai citam vielam, kuras, ka uzskata, ietekmé ekstriizijas procesu un ekstrudatu
raksturojosas TpasSibas. 11.att€la ir paraditi atteli, kuros redzama proteina
mikrostrukttra dazados palielingjumos, ar méroga joslam, kas att€lo 20 um un
200 um. Palielingjuma Iimeni un 15 kV jauda tika izvéléti empiriski, jo tie
vislabak atspogulo ekstrudéta auzu proteina mikrostruktiru. Tuvaka
palielinajuma att€los ir redzama proteina virsma S§tinu Itmeni, savukart lielaks
palielinajums sniedz parskatu par kopgjo struktiiru, paradot tas viendabigumu un

47



orientaciju.

Konkrétak, 11.a attela ir redzama proteina ekstrudata sakotngja veidoSanas
10. attéla attelotaja punkta A. ST struktira $kita irdena, parrauta, bez kusanas
pazimém. Talak, 11.d attéla ir redzams proteina koncentrata kuSanas sakums
pirms izvadiSanas no ekstridera (10. attela — punkts B). Lai gan paraugs dalgji
izkusa, nebija redzama cieta struktiira. Tika novéroti parravumi un agregacija
anizotropos veidojumos, un starpposma struktirai bija tendence viegli sadalities
mazakos veidojumos.

Turprett 11.c un 11.f att€la redzamajos ekstrudéta produkta griezumos ir
redzams ciets ekstrudats, ko bija salidzinosi griiti sagriezt un kas bija mainijis
krasu uz tumsaku. Turpmaka gareniska griezuma pétisana paradija, ka materiala
tekstlira ir relativi orient€ta ekstriizijas virziena. Virsma bija gluda un izkususi,
bet netika novérotas Skiedrainds struktiiras veidoSanas pazimes. leksgjie
parravumi struktiira, iesp&jams, veidojas tidens iztvaikoSanas d&l, ko, iespgjams,
izraisijja nepietickama dzes€Sana ekstrlizijas procesa. Gaisa izdaliSanas
ekstriizijas laika var kalpot par prieks$noteikumu plisuma struktiiras attistibai. Ka
redzams 11.c attéla, ievérojamu agregatu un kopu klatbiitni varétu skaidrot ar
gaisa Stnu sabrukumu. Iepriek$€jos petijumos ir noradits, ka gaisa burbulu
pliSana ekstriizijas laika var izraistt kraterveida struktiiras veidoSanos, jo 1pasi, ja
proteina saturs ekstrudata ir augsts (Beck et al., 2018). Izmekl&jamais auzu
proteina koncentrats saturgja dalu neekstrahétas Skiedrvielas, kas apstrades laika
koncentrgjas kopa ar proteinu. Palielinoties Skiedrvielu saturam, attiecigi
palielinajas $tnu blivums, un veidojas gaisa burbuli. Ta ka klijas galvenokart
sastav no neskistosam Skiedrvielam un to skidiba ekstriizijas laika mainas
ierobezoti (Robin et al., 2011), tas darbojas ka burbulu veidoSanas ierosinataji.
Turklat, palielinot kliju saturu, samazinajas Sk&rsgriezuma tilpuma izplesanas,
lai gan pétitaja parauga §1 ietekme bija nenozimiga. Iepriek$€jos pétijumos ir
noradits, ka, palielinoties kliju saturam, palielinas gareniska izple$anas (Robin et
al., 2011), lai gan $aja p&tijuma §is konkrétais parametrs netika merits. Ekstrudata
Skeérsgriezuma, kas attélots 11.b, 11.e att€la ir Iidzigs izskats, un ekstrudata
struktiira ir aprakstita ka anizotropa.
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SECINAJUMI

Mitras fermentativas ekstrakcijas metode ir efektiva auzu proteina atgiiSana,
sasniedzot koncentracijas 11dz 85% proteTnam, kas izol&ts no pilngraudu auzu
parslam, no kuram atdalitas suspendétas cietas Skiedrvielas, un 78%
protetnam, kas ekstrah@s no auzu miltiem ar samazinatu sakotng&jo
Skiedrvielu saturu.

Pievienojot joniz&jamus salus, konkreti NaCl 0,1 M koncentracija, ievérojami
uzlabojas auzu proteina atglistamiba, palielinoties 11dz pat 24,8%.
Komplekso fermentu izmantoSanai vai skiduma jonu stipruma izmainam
auzu proteina izoléSanas procesa no pilngraudu auzu parslam ir ierobezota
ietekme uz iegiita proteina aminoskabju profilu.

Apstrade ar etanolu un apstrade ar superkritisko CO2 nozimigi samazina
tauku saturu auzu proteina koncentratos ODE1 un ODCI1 no 20,6% lidz
attiecigi 4,9% un 3,5%, vienlaikus minimali ietekm&jot proteina uzturveértibu,
par ko liecina nenozimigas izmainas ta aminoskabju sastava.

. Neaizvietojamo aminoskabju saturs ekstrah&taja auzu proteina parsniedza
FAO ieteikumos noradtto limeni pieaugus$ajiem, iznemot lizinu.

Auzu proteina koncentrati, kas ekstrah&ti ar fermentativo ekstrakciju,
parsvara sastav no auzu globulina frakcijas, par ko liecina SDS-PAGE
analizes rezultati, kuros doming proteina joslas aptuveni 28 un 46 kDa.
legiitais proteins uzradija salidzino$i zemu $kidibu un putosanas spgju,
neatkarigi no ekstrakcijas metodes un izmantotas sakotngjas izejvielas. Ellas
noturésanas sp&ja bija robezas no 2,05 1idz 2,21 g g%, bet fidens notur&sanas
sp&ja—no 2,61 1idz 3,00 g g*.

Izmantojot vienskriives ekstriideri tira auzu proteina koncentrata
ekstrud@sanai, iegiist blivu produktu tumsa smilskrasa ar stingru konsistenci,
kas p&c cietibas, trausluma un stigribas parsp&j sojas proteina ekstrudatu.
Promocijas darba tika noskaidrots, ka tira auzu proteina koncentrata
izmantoSana mitras ekstriizijas procesos ir iesp&jama, toméer, lai optimizetu
ta tekstiiras Ipasibas, var but nepiecieSams ieklaut papildu sastavdalas, kas
pielagotas konkrétiem izmantoSanas merkiem.
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