Food and Bioprocess Technology (2021) 14:232-247
https://doi.org/10.1007/s11947-020-02535-5

REVIEW

®

Check for
updates

Current Knowledge of Content and Composition of Oat Oil—Future

Perspectives of Oat as Oil Source

Karol Banas' - Joanna Harasym '

Received: 20 May 2020 / Accepted: 29 September 2020 / Published online: 8 October 2020

© The Author(s) 2020

Abstract

The oat oil composition is unique among cereals; however, the industrial exploitation of oat oil still needs more attention. The
health claims authorized by the FDA and the EFSA have led to a significant increase in the industry’s interest in oats as an
industrial crop. The current focus is put on the extraction of fibre/beta-glucan or oat proteins. In contrast, the fat present in oats
and especially its functional components do not attract sufficient industrial attention. The paper presents a concise analysis of the
current state of knowledge about the content and composition of oat oil (perceived as oil as product, not fat content) regarding oil
extraction methods and analysis. The profound study suggests that oil separation should be obviously taken into account during
oat fractionation for industrial products. Such an approach will be in agreement with sustainable management of natural resources
and should be taken into account when planning full utilization of each plant crop.
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Introduction

The world oat harvest in 2018 amounted to 23,412 tons per
hectare while the area of oat cultivation in the whole globe in
the years 2014-2018 ranged from 9.5 million ha to 10.1 mil-
lion ha. Meanwhile, in Europe, a rising trend of area of oat
harvested in the years 2015-2018 is observed (FAOSTAT,
10.08.2020). Such an opposite trend noted by FAOSTAT data
suggests the intensive interest put in oat crop production in
Europe (Fig. 1).

The amount of horses fed oats is constantly decreasing;
therefore, the rise of cultivation area of oats can only be driven
by recent findings regarding the oat ingredients.

In the past, oats were mainly treated as a phytosanitary
plant or planted for horse feeding purposes (Gorash et al.
2017). Currently, oat grain is increasingly used in the food
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industry due to its rising use in exclusion diets, e.g. for coeliac
patients (Gilissen et al. 2016; Harasym 2011) as well as in
health benefits (Martinez-Villaluenga and Pefias 2017). In
food production, oats are seen as a source of not only protein
with the highest biological value but also minerals, vitamins,
and dietary fibre (Piatkowska et al. 2010; Sang and Chu
2017), including soluble fibre fraction, especially (3-glucans
(Blaszczyk et al. 2015; Suchecka et al. 2015, 2016, 2017) and
essential fatty acids (Halima et al. 2015; Piatkowska et al.
2010; Sahasrabudhe 1979; Zhou et al. 1999).

Oats in their unique and rich composition contain antioxi-
dants and biomolecules (Halima et al. 2015) essential for
health, compared with other basic cereals such as barley,
wheat, and rice. Polyphenolic compounds, avenanthramides,
tocochromanols, phytic acid, and EFAs including «-linolenic
acid, melatonin, inositol phosphates, phytosterols and the
water-soluble (3-glucans mentioned above offer a wide range
of pharmacological application especially against civilization
diseases, e.g. against cardiovascular diseases (Kawka and
Achremowicz 2014; Zielinski et al. 2012).

Currently, oat varieties with different chemical composi-
tion are used in oat cultivation (Gorash et al. 2017).
Research is also being conducted on the improvement of qual-
ity and increase in yield of varieties containing bioactive com-
pounds (Kawka and Achremowicz 2014). Varieties rich in [3-
glucans and containing specific lipids and antioxidants are
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Fig. 1 Crop efficiency and crop area of oat cultivation from 2015 to 2018

useful for food and pharmaceutical industry, while feed pro-
ducers prefer varieties containing higher amounts of protein
and lipids (Kawka and Achremowicz 2014). The introduction
of new, naked, and husked oat varieties into the cultivation
creates much greater opportunities for their use in the food and
pharmaceutical industries (Gorash et al. 2017).

Recent years have seen an increase in consumer knowledge
and awareness of the nutrient content of oats (Martinez-
Villaluenga and Pefias 2017; Sang and Chu 2017), which
has led to a greater demand for products based on this cereal
(Rasane et al. 2013). Although the production of oats world-
wide has declined over the last decades, innovation in the use
of this plant is increasing, creating opportunities to increase
the value of yields. New methods and techniques of oat grain
fractionation make it possible to exploit its potential as a raw
material in many industrial sectors. Oat grains as well as their
preparations can be used to produce a new generation of prod-
ucts in the pharmaceutical industry (Wang et al. 2011), chem-
ical industry (Kusch et al. 2011), cosmetic industry (Harasym
2016), food (Ballabio et al. 2011; Flander et al. 2007; Gupta
et al. 2010) and for medicinal and dietary purposes (Ballabio
et al. 2011) (Fig. 2).

The perception of being natural is the main advantage that
attracts consumers and encourages them to buy oat products
that contain many functional ingredients.

Oat grains consist mainly of starch (39-55%), proteins (9—
16%), lipids (2-18%) and dietary fibre (20-39%) (Frey and
Holland 1999; Zhou et al. 1999). It has also been found that
the oil contained in oats can have nutritional and technological
potential (Price and Parsons 1975; Sahasrabudhe 1979). Oats
were not used as a source of edible oil, because its amount in
seeds is quite low compared with oilseeds, but it contains
much higher levels of lipids than any other cereal grain, mak-
ing it an excellent source of energy and unsaturated fatty acids
(Wilde et al. 2019; Zhou et al. 1999).

Compared with other cereals, oat grains contain oil from 2
to 18% (Frey and Holland 1999; Halima et al. 2015). In 1979,
Sahasrabudhe (1979) described the typical oat lipid composi-
tion in which they found the following: 51% of triacylglycer-
ols, 7% of free fatty acids, 3% of sterols, 3% of sterile esters,
8% of glycolipids and 20% of phospholipids. Oat lipids can be
divided into polar and non-polar fractions. Polar lipids are
mainly glycolipids and phospholipids (Sahasrabudhe 1979).
Non-polar lipids constitute about 80% of all lipids in oats and
contain valuable fatty acids. The majority of them are palmitic
acid (20%), oleic acid (35%) and linoleic acid (40%) and fat-
soluble antioxidants. Youngs et al. (1977) suggested that the
content of free fatty acids depends on the preparation of sam-
ples for analysis. In a grain that is ground, the lipase activity
increases, thus increasing the content of free fatty acids
(Kawka and Achremowicz 2014; Peterson and Wood 1997).
Important factors influencing the content of lipids and fatty
acids in the grain are soil-climatic conditions and hereditary
characteristics during the vegetation of the plant (Frey and
Hammond 1975; Karunajeewa et al. 1989; Pisulewska et al.
2011).

At present, oat oil on a larger scale is obtained during the
bio-refining of oat grains to obtain more functional compo-
nents such as 3-glucans, while it is treated as a by-product of
the target production (Liu 2014; Sibakov et al. 2011).
Biorefining as a process of sustainable synergistic processing
of biomass into a range of marketable food and feed ingredi-
ents, products (chemicals, materials) and energy (fuels, elec-
tricity, heat) may in the future become a key method for the
production of oat oil, which can be used in many industrial
areas (Harasym 2015). At present, the number of product
biorefineries is limited due to the fact that some of the key
technologies that are part of biorefining technology are insuf-
ficiently developed to implement in the commercial market;
additionally, there is still no sustainable use of biomass in both
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food and non-food applications (Gotebiewski 2019; Harasym
2015). Currently, agriculture is one of the largest sources of
biomass, which can be used both for industrial, energy and
food purposes. An example of full use of agricultural products
may be oats, whose underutilized by-product stream (oat
lipids) generated during grain bio-refining may be more wide-
ly used in the future and thus contribute to the development of
a bioeconomy meeting the highest standards of sustainable
development (17 sustainability goals) accepted by the
United Nations (UN) countries in 2015 (Gotebiewski 2019;
UN 2015). Therefore, the fact of examining all characteristics
of the raw material, i.e. biomass in the form of oats, in order to
fully and rationally use the rich composition of this cereal
remains an important issue.

Composition of Oat Oil
Non-polar Lipids

Inert lipids consist mainly of free fatty acids, triacylglycerols,
parts of glycerides, sterile esters and free sterols. Oat fats in
50-60% are made up of that part of the lipids where triacyl-
glycerols are the most numerous (Halima et al. 2015). In 1989,
studies confirmed significant differences in the content of both
free and bound lipids, as well as in the free fatty acid fraction
depending on the oat variety (Karunajeewa et al. 1989).
Palmitic, oleic and linoleic acids are the main components of
all oat fat fractions (Liukkonen et al. 1992; Zhou et al. 1998).

Phospholipids

Phospholipids (PL), which are the important structural lipids
in food and cell membranes (Jacobsen 2018), are also known
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as phosphatides. The structure of these compounds is mainly
based on phosphatidic acids, which are 1,2-diacylated 3-
glicerophosphoric acid esters associated with organic bases
or other groups. Price and Parsons (1975) using column chro-
matography and thin layer chromatography (TLC) found that
L-x-phosphatidylcholine (PC), L-a-phosphatidyl ethanol-
amine (PE) and L-&-lysophosphatidylcholine (Lyso-PC) are
the most numerous phospholipids in the oat grains analysed).
Sahasrabudhe, using the same method in the study of six dif-
ferent oat varieties, determined the profile of oat phosphatides:
L-o-lysophosphatidyl ethanolamine (Lyso-PE) (20.4%), L-oc-
phosphatidyl ethanolamine (PE) (14.8%), L-x-phosphatidyl
glycerol (PG) (9.5%), L-x-phosphatidylinositol (PI) (3.9%)
and L-o-phosphatidylserine (PS) (3.2%), stating that the L-oc-
phosphatidylcholine (PC) content (29.9%) is the highest, thus
confirming that the phospholipid content of different oat vari-
eties is similar (Montealegre et al. 2012; Sahasrabudhe 1979).

The amount of phospholipids in oats shows a high variabil-
ity from 6 to 26% of all lipids (Zhou et al. 1999). The main
building block of this part of the lipids is phosphatidylcholine
(45-51% of all phospholipids) (Youngs et al. 1977). The
others are mainly phosphatidyl ethanolamine and phosphati-
dyl glycerol (Holmback et al. 2001). Studies have also con-
firmed that the phospholipid content of different oat varieties
is similar (Sahasrabudhe 1979). Some studies have shown that
oat-based emulsifiers have a high economic potential in the
food industry due to their better sensory and physical proper-
ties than soya-based products. Phospholipids obtained from
oats improve the bread volume, grain size, texture and delay
the ageing process of bread (Erazo-Castrejon et al. 2001). To
date, there has been little research on the content of phospho-
lipids in oat lipids despite the fact that the role of phospho-
lipids in the human body is significant because they partici-
pate in the growth of all body cells and are part of cell
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membranes (Gangopadhyay et al. 2015; Montealegre et al.
2012). Recent research shows that phosphatides, i.e. phospha-
tidylcholine and N-acylphosphatidyl ethanolamine, can be
used to create natural oat-based lecithin (Younes et al. 2020).

Glycolipids

Polar fractions of lipids from cereals show high glycolipid con-
tent. Compounds that can be distinguished especially in this
group of fats are as follows: monogalactosyldiacylglycerols
(MGDG), digalactosyldiacylglycerols (DGDG) and
sulpholipids (SQDG). Digalactosyldiacylglycerols build mem-
branes of chloroplasts of higher plants and other organelles in
the cell. They are found in all tissues involved in photosynthe-
sis, including higher plants, algae and some bacteria. The gly-
colipid content of oat oil ranges from 7 to 12%. Oat oil ob-
tained by extraction of oat flour with hexane or ethanol
contains a very high level of DGDG and is the most com-
mon glycolipid found in oat seeds (Andersson et al. 1997;
Dochlert et al. 2010; Moreau et al. 2008). Welch reports
that oat glycolipids have viscosity-reducing properties and
are therefore used as emulsifiers in chocolate products
(Welch 1977). Digalactosyldiacylglycerols are amphiphil-
ic and may form lamellar crystalline phases. Recent stud-
ies have shown that the polar oat lipid fraction containing
monogalactosyldiacylglycerols (MGDG) and
digalactosyldiacylglycerols (DGDG) can be a promising
emulsifier and form a water-oil emulsion due to their
achievable anti-coalescence stability and good creaming
prognosis. They can therefore be used to form lipid ag-
gregates, such as water-oil or liposome emulsions. The
latter are interesting for nutritional and cosmetic purposes
and can be used in pharmaceutical applications (Moreau
et al. 2008). Similar to phospholipids, glycolipids can be
used to produce natural oat lecithin (Younes et al. 2020)
due to their polar properties.

Oat Lecithin

Emulsion-based foods and beverages are thermodynamically
unstable systems that tend to split into unmixable phases. To
stop this process, manufacturers add emulsifiers, usually of
synthetic origin, to such food products. However, it is the
‘natural’ products that do not contain synthetic food additives
that are of greatest interest to consumers today (McClements
and Gumus 2016; Ralla et al. 2018). In current dietary trends,
the composition of food products is becoming a key issue for
the consumer, which also translates into the choice of the right
emulsifier to affect the stability and then the quality of the
product. The increase in diversity on the food market forces
the search for new solutions in the field of food preservation;
therefore, there is a constant demand for emulsifiers with new
properties. The answer to this may be new emulsifiers

obtained by extraction of polar lipids from previously
overlooked sources, such as oats (McClements 2015;
Younes et al. 2020). The European Food Safety Authority
on Food and Flavour Additives (FAF) in its scientific opinion
proposed the use of oat lecithin as a safe food additive in the
proposed category ‘Cocoa and chocolate products’. Oat leci-
thin as an additive is an oil extracted by means of ethanol from
oat grains. This oil is then fractionated to obtain lipids with
greater polarity. The lecithin thus obtained is yellow-brown in
colour and has a taste of oat flakes. Oat lecithin consists main-
ly of non-polar lipids (58% w/w) and polar lipids (35% w/w).
The non-polar fraction consists mainly of triglycerides while
the polar lipids consist of 20-25% glycolipids
(monogalactosyldiacylglycerols (MGDG) and
digalactosyldiacylglycerols (DGDG)) and 15-20% phospho-
lipids including phosphatidylcholine and N-acylphosphatidyl
ethanolamine. This lecithin also contains saturated (mainly
palmitic and steric), monounsaturated (oleic) and polyunsatu-
rated (linoleic and alpha-linolenic) fatty acids. When used as a
food additive, oat lecithin is expected to undergo the same
hydrolysis and biotransformation in the gastrointestinal tract
to metabolites, as is the case for the digestion of other edible
oils and esterified fatty acids and lecithin (E322). In addition,
Younes and others report that this additive does not show
genotoxic concentrations that could cause cellular mutagenic
growth and, due to the nature of the formulation (bio-refine-
ment), no allergic risk is expected, as is the case with soya-
based emulsifiers and chicken eggs (Younes et al. 2020). Oat
lecithin, which is also an oat oil, and which is mainly com-
posed of non-polar lipids, may also provide a medium for the
compounds with antioxidant potential dissolved in them
(Guan et al. 2018; Peterson 2001). Recent studies show that
preparations based on oat oil can have a potential protective
effect against certain pathological conditions due to their an-
tioxidant properties (Halima et al. 2014; Tong et al. 2014).

Oat Oil Antioxidant Activity

Oat oil is a source of natural antioxidants such as tocopherols,
alk(en)iloresorcinols, phenolic acids and their derivatives and
avenanthramides, which are unique to oats and do not occur in
any other cereals (Brindzova et al. 2008). Phenolic com-
pounds have a health-promoting potential due to their anti-
inflammatory and antioxidant effects. The already mentioned
-glucans, which also have an antioxidant effect, are
contained in soluble fractions of dietary fibre and take part
in glucoregulation and cause a decrease in cholesterol levels
in humans (Harasym 2011). Fat-soluble tocopherols,
tocotrienols and vitamin E are compounds that are biological-
ly active due to their ability to give phenolic hydrogen atoms
to free radicals, which allows to interrupt destructive chain
reactions and thus inhibits the growth of cancer cells
(Halima et al. 2015). The most characteristic group of
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antioxidants contained in oats are avenanthramides. These
compounds are phenolic derivatives consisting of amides of
hydroxycinnamic acid and hydroxyanthranilic acid. At least
20 different types of combinations of phenolic compounds
with anthranilic acid derivatives present in oats are known,
but their chemical structure has not been fully identified.
Avenanthramides show anti-inflammatory, anti-
atherosclerotic effects, prevent itching of the skin and inhibit
the production of proinflammatory cytokines (Liu 2014). Oat
oil also contains such antioxidants as: organic acids including
coffee acid, ferulic acid, p-hydroxybenzoic acid, vanilla acid
and sterols and flavonoids. The use of modern food process-
ing techniques, i.e. pressure, ultrasonic, liquid or enzymatic
extraction, can ensure the isolation of bioactive compounds
from the oat matrix. According to epidemiological and bio-
logical studies, the consumption of oats has a beneficial effect
on health by reducing oxidative stress and chronic age-related
diseases and has anti-cancerogenic properties (Gangopadhyay
etal. 2015). Antioxidants contained in oats can also contribute
to the stability and taste of food products (Peterson 2001).
Further research and development is needed to identify cost-
effective ways of fractionating the rich nutrients contained in
oats that can be used in various industries and, through their
enormous potential and empirical value, attract consumers.

Oat Oil Recovery and Analytics

Different methods are used for the analysis of oat lipids, which
may concern the determination of the total fraction as well as
individual groups of lipids. The complexity of these methods
is determined by the type of lipid fraction to be determined
(total, free, bound), additionally, depending on the method of
measurement, which can be carried out directly on the whole
grain intact or after the initial extraction of grains, groats or oat
flour. The choice of method for the determination of a given
lipid fraction depends on the purpose of the analysis. The total
amount of oat lipids equivalent to oil or fat is determined by
extraction, spectroscopy or analysis of the fatty acid profile by
chromatography (Zhou et al. 1999). The following Table 1
shows sample results which show significant differences in

the total content as well as in individual components of oat
oil depending on the solvent systems used.

Solvent Extraction Methods

Solvent extraction is the most common method used to deter-
mine lipid content (Frey and Hammond 1975; Peterson and
Wood 1997; Price and Parsons 1975; Sahasrabudhe 1979;
Youngs et al. 1977). Extraction methods with gravimetric
measurement using the Soxhlet apparatus or Goldfish systems
are classical techniques for the isolation of fats from solid
samples, e.g. ground oat groats (Zhou et al. 1999). The solvent
systems used by the extractors are very diverse, ranging from
single-phase non-polar solvents to multiphase polar mixtures
e.g. WSB (water-saturated n-butanol), which ensure the selec-
tive separation of the fat fraction. Nevertheless, there are few
solvent systems that extract fats effectively. Non-polar sol-
vents such as hexane or ether are effective for the isolation
of so-called inert fats from cereal grains, while they are weak
solvents for polar lipids, in particular phospholipids bound to
cell membranes, which are effectively extracted by polar sol-
vents (Zhou et al. 1999). Sahasrabudhe examined seven sol-
vent extraction systems and showed significant differences in
total lipid content and for different lipid groups. Table 2 below
shows the results of the total oat oil content tests depending on
the purpose of the test and the type of oat samples for polar
solvent extraction.

Extraction Methods with Supercritical Carbon Dioxide

Recent discoveries prove that extraction with supercritical car-
bon dioxide (SC-CO,) (Pisulewska et al. 2011) may be an
effective method to extract non-polar oat lipids in the future.
Andersson et al. using this type of extraction developed the
process of obtaining digalactosyldiacylglycerols (DGDG)
from oats, thus confirming that this method can be used to
extract selected components of oat oil (Andersson et al.
1997). By optimizing the fractionation process on the nozzle,
to which two streams, a solution of oat oil and supercritical
carbon dioxide is fed coaxially. During the extraction process,
a spray jet is produced, which facilitates contact with the

Table 1 Total lipid content and lipid composition extracted by various solvent systems in groat of Hinoat variety
Ethanol ~ Methanol (85%) WSB  Chloroform/methanol (2:1)  n-hexane/diethyl ether (8:2)  Isopropanol  n-hexane

Total lipid content ~ 8.84 8.03 6.93 6.31 6.29 5.96 5.57
Sterol esters 2.04 tcs 2.09 0.13 0.64 nd 0.88
Triacylglycerols 3.58 3.19 313 3.39 3.61 321 3.61
Partial glycerides 1.09 1.5 0.67  0.68 1.3 1.18 0.68
Glycolipids 0.38 0.68 0.10  0.60 0.34 0.49 0.08
Phospholipids 1.69 2.64 0.92 1.55 0.38 1.06 0.31

nd not detected, tcs traces, WSB water saturated butanol (Sahasrabudhe 1979)

@ Springer



237

Food Bioprocess Technol (2021) 14:232-247

-palny
SO8EE
(O1dH) ‘€6LEE
Kyder3oyeworyo ‘961-S
pmbry . ‘pavjeu ¢
#102) T UIWeNA o UONRUIULIDIOP (OD) ‘punoid SonaLIBA
Te 30 euI)g sproe Aj1e] « L'01-0'% 2aneuenb/uoneoynuop]  AyderSojewonyo sew) « UOTOBIXD JO[YX0S - d1om sojdureg UBIAJRT L
owdnN
‘1esar))
1SO1OLIBA
payeu
oyle T {10puo)
oFe10)s Surmp eydnsoryy Do 06 & pajerodesd sem wmnajonad :KyoLIeA
soSueyd Jo [onuod jouoneni] « JUGAJOS oY) ‘IR wnojonad yum punoid paqny
IOqUINU dPIX0IO ] « Ayenb uoneuruop (OD) s [ ] SuLnp poxu sem o[dures [ :SONOLIBA
(LL6T) UM SpIOR ANBy » — oaneuenb/uoneognuapy  Aydei3ojewoyo ser) « A[reuorseaoo sem ojdueg IoU)0 wna[ondd apJo3 g ysnug ¢
S1112}S
'Y ‘ayps
v omnfy
:sor0ads
projdexay ¢
DADqIDq Y
‘punoid :sa10ads
wy D, 0T projdendy |
Je J10AIp wnn {121591M 'Y
-OBA B UI POLIP ‘vSO3LYS Y
arom Ayd  ‘wsopid 'y ‘v
-e1301eWOIYD -uvid1opn]
ssaoo1d oy 10§ sojdwes v
JO SSOUQANIJJR-)S00 (OD) Spa[nyep S1424q "y
JO suwQ) Ul 10 Je0 Aydei3ojewroyo ser) « aprxoyjow oM :sa10ads
(sLem JO 0enXo JO JUSWSSISSe (JAN) popawr wnipos AL [ {pism usty (JIAN) Sunsoy prodip ¢
puowtey UONRUIILIONP Surdewn doueuosar  ‘oueydoy yum paxmw djdwes ordoosonoads JO sonoLeA
pue Ka1j sproe A1 . 0'11-0'C 2Anemuenb/uonesynuapy onouSew Jes[ony « punoid ‘uonoenXa JIYX0S oueydoy 10§ sojdwreg  ueoLOWY Gt
U200
Jo aaars
Y 96 10} 10y10 e ySnoxyy
(OD) TAWIOIp UT POA[OSSIP pue poyls pue
AydeiSojeworyo sen) «  AIp 0} pojerodeAd sjoeNXd Apn, T
(sLem spidijoydsoy « (O1D (A/A/A 670 1:1) Torem QuOJAd dy) I 4210,
suosIeJ spidijook[D) « UONRUIILIONP Kyder3oyeworyo ‘[ouByIOW {WLIOJOIOYD (A/MA 60 T:T) punoid arom Kjourea
pue 9oL sproe A11e] . 9'9 oAnemuenb/uoneSyHUIP] IoAe[ UIy], » M poxiw ojdwes punoin)  1oyem/[OUBYIOW/ULIOJOIOYD) soduwres 10 UBOLIDWY
uonoely
(%) spoyjowt uoneredord pue Kjorrea
Joy  spunodwod oy U0 10 2A103[qO UONRUILIN SuonIpuo)) JUOAJOS ojdweg  /sorvads 10

UOIOBIX JUIAJOS Aq [10 18O JO JUIUOD [B}0 ]

zZ3IqeL

pringer

A's



Food Bioprocess Technol (2021) 14:232-247

238

JUSUWIUOIIAUD UOAY
pue (uoneoo| AJe)0I 9} UO JUAJOS udy) pue [ ‘uems
6861) spidi] 991 » [eorydei3093) uoneso| Jo uonerodeas ‘4 97 10y A1oye1oqe] 9SOM
e spidi] pojeIoossy « Jo joedwr uoneUIULIDIOP 10410 [Ay3a1p yim drduwes jo WIOJOIONYO ‘gSM 'd B Wl punoid :SONOLIBA
emaoleuniey] SpIoe Aje « — oAnEUERNnb/UOIEOYHUAP] — 8 ("¢ JOo uonoenxa P[YX0S 'Yy oy [Agerp v arom sojdwies  uerensny [
JojerodeAd Arejor oy uo
AIp 03 pajerodens sem 12Ae]
ULI0JOIO[YO ) PUe (8°0:1:7)
QIMXIW JOJeM,/[OUBTJOU
-/wI0joIo[yo dseyd-om) €
Ul POAJOSSIP UL} AIOM S)oeI)
-X9 9y [, "Jojerodead A1ejox
oy} uo A1p pojerodesd arom
S10BI)XQ 9, "JO[00O Uiy
-31 31} Japun (A/S3[eIS G:T)
[oyoore [Adoxdost 10 (0Z:08)
Ioyem/[04odTe [AYI0 ‘1Y
Je Sutuns A[Sno1oSIA g | 10§ ‘Weor  TevhID 1POT
(/531808 G:1) SM “YIM "ON unei) L3¢ETD
AJoyeredos pajoenxo o1om JIopuLi3 99JJ09 ‘e ‘widIg
(8 (g) sojdwes punoin ‘g € Ul punoid ‘eI,
(AN 10D (A/s91RIS sem syeoid wopuey
Ayder3oreworyo [OUBYISW/ULIOJOIO[YD G:1) [oyoare [Adoxdost J03 001 ‘TUTaD)
uwmjoy « (%S8) :(0Z:08) 191eM/]0YOO[E Do 0T~ ‘6-06T-VO
0D [oueyiawr (A/A O0Z:08) AU ‘(4591808 G:T) SM 'd e palols ‘JeOuI
synsax Aydei3oyewonyo seo) « I0U)R [A)oIp/ouexay (AA T1:7) J1oM S1R0I3 ‘Kireny
spidijoydsoyd « uo poyjour pasn Jo (O1L) ‘ouexay 1ypm Ajoreredas [OUBRYIOW/ULIOJOIO[YD pue pa[nyap ‘19JOXH
(6L61) spidijook[D) « 109139 9} UOHBUTULIDIOP Aydei3oyewroryo [ 9] JOJ PIIOBIIXD AIOM {(A/A 0T:08) TO0 A[oyerpaurut :SONOLIBA
Jypnqeiseyes sproe Aj1e « L'11-C%  2anemuenb/uonesynuapy 10Ke[ uryl « (8 05-0f) sojdwes punoin 'y [AYIQIp/ouUEXAY OUBXIY Y orom sojdwies  uerpeue)) 7|
ULIOJOIO[YD Ul PIAJOSSIP
SeM QINJXIW © UIY) pue
‘pajesodens-a1 pue [ ()
10} gSA\ UMM PRIOBIXO
Sem ONPISAI 9y} ‘WINNOBA
‘(OD) Iopun ), (G e pajerodead
Aydei3ojewroyo ser) « SeM JOBIXd d) ‘U punoi3 pue
spidioydsotd « (O1D ‘Y L 10§ J0)ORNXS YSYPJOD pal[yap-puey 1310 Ted
(LL6T) spidijoo4[D) « UOTJBUTULIONP Aydei3oyewroryo AU} I IOYIQ [AYIRIP PIM 10130 [Aporp 1M :SOTOLIBA
‘Te 30 suno ;. sproe Aj3e] « — oAnemuenb/uonesyHUIP] JoAe[ UIY] « POJOBNXO Sem d[dwes punoir) qasm sojdwes 1) uUBOLIWY ¢
“elR(] 1S
ey
‘ewre ]
‘BAI'T 1S
uonoely
(%) spoyowt uoneredord pue Ajorrea
Jod  spunodwod oy U0 10 9A19[QO UONBUIULIAR suonIpuo)) AVETN(UN odureg  /saroads 1eQ

(ponunuoo) g 3[qe],

pringer

A's



239

Food Bioprocess Technol (2021) 14:232-247

(6861) uonesoy Jo (AN (a/a Do SO
e 1oedun ‘uoneuIULIBOP Surdewr souruOSaI [:7) [OUBYIOU/ULIOJOIOYD (a/A 1) 18 paLIp :SonaLIBA
UQUIOWE)SEES sproe A1 « 6'L-1'9 oAneuenb/uoneoynuIp] onouSew Jea[ony « M UONJBNXH [ouBYIOUI/UWLI0JOIO[YD) J1oM sureln) ystuur 9
10110 [Aya1p
M POIOBIXS PUB PILIP
(9t Hd) Jorem pay[usIp
M POSULI Sem dNPISAL
AU} PUE ‘P11 SeM dINIXIW
oy 'y [ J0J 103em Surjioq ut ‘punois pue
[ODH N €JO W Og ut oy} palIp “payeos
Jo 3 ¢ Suneay Aq suop sem d10M sureld EINAN
s)nsa1 uo A3ojopoypow SISAJOIPAY 1oy "SISAJOIPAY Y} ‘pasATeue ‘Fueysnjy
(S661) UONRUIULIAP JO PIOE 19)JE UONORNXI JI[YX0S g (uonippe oM ‘ddeyp
e ['01—8'8 "d 199jJ° 9} uoHeUIULIS)op ((019)) oo [Ayorp [DH) 100 [AYiIp 'g  ureIs poj[nyop SanaLeA
S1oqueljoN spoe Alej «  9°8—9°/ 'V oAaneuenbjuoneoynuep]  AydeiSoyewoyo seo) « UM UOTIRNXD JO[UYXO0S Y 10430 [ARIp Y pue po[ny  ueISoMION ¢
(a/A 1:001) o1
-XIUI [OUBY)OW/ULIOJOIO[O
Ul POAJOSSIP 9JOM
syoenxd “1ojerodead A1e)
-01 9y} U0 AIp 0} pajeiodead
pUE PAUIQUIOD DIIM S)OBIX
Ay 'y g Ioj payeadar sem
QD) uonoeIXH "SPI[OS AOWAI Surpuud
AydeiSojewonyo sen) « 0} UIW ()] 10 POSNJLIUID Aq sureisd jeo
(z661) spidijoydsotq « O1D SIXIA Y § 10) (4/A 1:7) pa[[nysp pue
R spidijoo£]D) « UONRUTULIDIOP Ayder3oyeworyo [ouB)OU/WIOJOIOYD (/AN T1:7) po[ny wox Kjourea
uduoNp NI sproe K11 » — oApeuEnb/UONEOYNUSP] IoAe] UIY], » ul uonoenXg [OUBYIOW/WIOJOIO[YD)  OpeWw Sem o[ ysmuur,j
JYS1oM JUB)SUOD € 0)
Do 00T J& 19AIp & ur SWIAIp
pue Jojerodead Arejor oy ur
A1p 0y uonjerodeas uonoely
WLIOJOIOYD A [, "ULIOJOIO[YO
M SOWT) I} dNPISAI oY)
Sumysem pue 1oded anssy uo
uoyen[y ‘uonIppe FOSeN
SNOIpAyUE pue WLI0JOIO[YD ALTUIN
Ul uonn[ossIp AnpIsal 20qudSY
ot ‘uonerodend Arejox ‘Ueqe[oo)
uo uoneiodead joueing ‘Y ¢ TH
10J gSA i opdues jo ‘yeureg
8 ('€ JO uonorNX3 1J[YX0S g eqoo)
Do 001 78 P3LIp Ussq IAJIS 60 ‘ueqng
Sey anpIsal Ay [ 10jerodeas ySnoxy payIs Q100N
uonoely
(%) spoyowt uoneredord pue Ajorrea
Jod  spunodwod oy U0 10 9A19[QO UONBUIULIAR suonIpuo)) AVETN(UN odureg  /saroads 1eQ

(ponunuoo) g 3[qe],

pringer

A's



Food Bioprocess Technol (2021) 14:232-247

240

0002:60sS OST ¥ LSO D 0002:605S OSI ¥ LSOD oY} pasn) TIupL
010Z-805S OSI ¥ LSOD 0T0T-80SS OSI LSOD  'PA139[9s alom ‘YOuIYy
¥9-LS801 LSOD ¥9-LS801 S1e0 PYBUJO  “SOU99L ‘LOUIT
:Suimorjoy L1SOD :3urmoyjoy SOIOLIBA MOU :SONOLIBA
6102) UONBUIULIANOP Aydeidoy AU} YIM SOUBPIOIOR AU} YIM SOUBPIOIOL pue pajeAnnd 180 payeu
‘e 19 BAO[RIRY sproe K11 » 6'L—6'S anemuenb/uoneoynuop]  -ewodyd pmbif-sen) « Ul pasn Uadq dABY SPOYIdN Ul POsn dIoMm SJUIA[OS Jo sojdweg ueIsSsSny /
SI9)[1J QUEIQUISW UOJAU
wm 6§ YSnoyy paIdyy
() HOSN Ut proe onaoe
%S0 pue (V) 197em ul proe
J1OJB 9,G°() JO QIMIXIW [:]
T 00S uI POAJOSSIP d1oMm
syoenxa you joudydAjod o
pue seS uoFonIu Jo weans e
Jopun paAoOWAI sem OO
(U x € OV OId) dreeoe
TAy2 s pauonned pue
(0'7 Hd) 107eM [UI § UM
PIAJOSSIp ‘saqn) ded maros
[W-G] OJUI PALIQJSUR) SBM
Ino[J panejop Jo 8 ¢ "sjou
-oyd4jod jo uonoenxs oy Inojj ye0
910J9q JYSIUIDAO JI] Sem uresgojoym
anpisar oy, ‘uoneroderd A1 se [[om
-8101 92U U0 pazuodea arom JoInjoenuew Sse uelq jeo
SUONJRI} QUBXAY ‘POIAI[1] ay [[ews pue
s)nsa1 uo A3ojopoypowt (DdL) U0 udy) pue y [ IOJ poxIu £q U9AIS U2dq wnrpaut
SOPIWEIYJUBUIAY o UONBUTULIONP orjouaydAjod [ej0], « Sem uorsuadsns oy, "ouexay Ssey [eL)eW ‘aury
sproe Jo 130 oy (D1dH) Jo [w (ot 01 Pappe pue Me121) :SIOUTRIUOD
(8102) orjouayd 9a1,] « UOTJRUTULIONP Aydei3oyewroryo paySom uoaq aaey (3 001) JO uonnqLusIp [e10IoWIIOD
Te 19 SIeA sjouayd [e10] « 0°S—€'7 eAnemuenb/uoneoyHUIP] pmbry . syonpoud jeo jo sojduweg JuexoH opnred oy, uerpeue)) g¢
Jopuu3d
' Ur punoid
(N pue Io[[nyap 200N
S11-26 Adoosonoads pareuy « g 91 £q [fews ‘uerre X
(8661) €678'L uoneurualep (0)9)) wIsAs uONOLIXd YSYPIOD i pafnysp -SafaLEeA
‘Te 30 noyyz sproe A1 » €01-7'8 oanemuenb/uonesynuep] AydeiSojewioIyd sen) « dY) UL IOYIA [I0 YIIM UONIRNXH 09/0% 1PYI0 WINS[0NdJ dm sojdweg  uelensSny ¢
] Wey03y
‘opny
‘ereluy
‘uauron|of
JUSWIUOIIAUD pue ‘(OD) QU d
(uoneoo] [earyder3oad) Aydei3orewonyo seo) « TN
uonoely
(%) spoyowt uoneredord pue Ajorrea
Jod  spunodwod oy U0 10 9A19[QO UONBUIULIAR suonIpuo)) AVETN(UN odureg  /saroads 1eQ

(ponunuoo) g 3[qe],

pringer

A's



241

Food Bioprocess Technol (2021) 14:232-247

0€€T-A
SAV-dOI « JTopew uSI0)  ‘SIOYD-0YD
(OD) (Auewan) ‘uassyg [[e dA0Wwx ‘L-ANA9
AydeiSojewonyo sen) « ‘[ [8-g WAISAS UondRIXY 0} Joysem ‘9- AINA9g
(9002) SIUSJUOO [BISUIIAN « (O1dH) Aud [es1oatun) ong) (Do 0S) e ue ut Sjeo
e sp1oe A1 » UONBUIULIdJOP -e13ojewonyd pinbry 1 BIOUIRD B JO[UX0S oY) PAuUBI[d UAdq JO sonoLreA
uedz() BSNJA [010ydodo] « 8 v-1°C dAneuenb/uoneoynuIp| doueuioj1od-ySIH « UL ISR [AYIAIP UM UOORHXT 1oyi0 [ApRI sey ureid oy, yspung, ¢
i ‘osn JoypIny
10} Do 0T —
Je paIo)s
uoy) pue
payis sojdweg
(OD) ‘s1opmod
SpIoE Aje « Aydei3oyewonyo seo) « ojur punoi3d
(DdL) Wuuoo Areo pue sowAzZud
Jjoudyd [e10], » -mawojoydonoads JjeAnorUl ueiq jeo
[019ydooo], « s)nsa1 uo AJojopoypowr POUIULIAN( » weans <N Ay Jopun 0} Ut g JO sanoLeA
S[019)S0)AY{ « UOTJRUTULIDIOP JO 109JJ0 (O1dH) Ayd ‘urwa (g 10§ widx g 1 10} Do 0ST asaury)
(8102) oudenbg « o) JO UONBUIULIANOP -e13ojewonyo pinbry  PaJeIOI SeM JIMXIW Y} ‘Y T e paLIp A1om pue
‘Te 10 uenp [OURZAIQ) o {'G  aAnemuenb/uoneIyHUIP] douewioj10d-ySIH « 10J D, S I8 UOTORIXd QUBXOH ouexoH soydwes ueiqjeQ uBI0SUOIA
Bz~
JYSrom
SPa93s 0001
pue JySom
ownjoA oZIYLE
ure13 oy ‘SOULSS
Jo s1jowered ‘21U8
uonoely
(%) spoyowt uoneredord pue Ajorrea
Jod  spunodwod oy U0 10 9A19[QO UONBUIULIAR suonIpuo)) AVETN(UN odureg  /saroads 1eQ

(ponunuoo) g 3[qe],

pringer

A's



242

Food Bioprocess Technol (2021) 14:232-247

extractor. In this case, the triacylglycerols (TG) are dissolved
in CO,, while the target product, digalactosyldiacylglycerols
(DGDG), remains in the system (Andersson et al. 1997).
Furthermore, by controlling the extraction process by adding
a co-solvent, e.g. ethanol or isopropanol, it is possible to iso-
late the polar fraction of lipids (Forssel et al. 1992). Aro et al.
(2007) developed a method to produce the polar oat lipid
fraction by adding polar ethanol, which increased the amount
of extracted polar components from grains and oat flakes.
Table 3 below shows the results of the total content of oat
oil depending on the purpose of the study and the type of
oat samples for extraction with supercritical carbon dioxide
(SC-CO,).

Chromatographic Methods for Analysis

Chromatography as an analytical technique for separating and
determining the components of oat oil was used in the 1970s
and early 1980s. These methods belong to planar chromatog-
raphy and allow convenient fractionation of total fat content in
triacylglycerols, phospholipids, glycolipids, free fatty acids
and sterols. Sahasrabudhe has determined the lipid composi-
tion in oat oil by column chromatography and thin layer chro-
matography (TLC) (Sahasrabudhe 1979). However, in most
cases, the use of these methods to characterize the lipids in
oats was excluded due to the different nature of the compo-
nents and the limitations of the analytical technique, such as
the repeatability of results, changes in the composition of the
mobile phase during the analysis or band scattering on the
chromatogram caused by a decrease in the speed of the mobile
phase with distance travelled (Price and Parsons 1975). In
order to determine more accurately the composition of oat
oil, chromatographic methods are currently used which, de-
pending on the type of eluent, are divided into liquid chroma-
tography (HPLC) and gas chromatography (GC).

Gas chromatography (GC) is used to detect and identify the
components of a compound mixture. This technique is very
similar to fractional distillation, separating the components of
a mixture based on the differences in the boiling points of the
substance, which are carried out in a gaseous form and then,
using a carrier gas (mobile phase), transferred to the column
where the separation of the mixture follows. GC is a reliable
separation method because it provides a very accurate quanti-
tative analysis of the fatty acids contained in oat oil.
Methanolysis can produce methyl esters of fatty acids which
have a relatively high volatility, making their analysis by GC
fast (Zhou et al. 1998). Welch using acid methanolysis in the
preparation of samples for chromatographic tests estimated
the exact content of fatty acids in oat oil. Compared with
previous chromatographic measurements, this method has
proven to be more convenient, faster and can be used on small
quantities of oil samples for routine composition tests
(Moltenberg et al. 1995; Sterna et al. 2014; Welch 1977).

@ Springer

Oat oil components with polar properties, such as glyco-
lipids and phospholipids, are determined using more selective
and precise high-performance liquid chromatography (HPLC)
(Sterna et al. 2014). In this method, the mobile phase (eluent)
is made up of single solvents or mixtures of solvents. The
eluent, which is introduced into the column, also includes
the components of the separated mixture. The choice of the
mobile phase must take into account the composition of the
separated mixture, the type of detector and the filling of the
column. This method has been successfully used by Moreau
et al. to determine the polar fraction of lipids in oat oil
(Moreau et al. 2008). Liquid chromatography (HPLC) as well
as gas chromatography (GC) are fast, reproducible and precise
in the separation of compounds thanks to automation, but
expensive due to the apparatus (detectors, columns) and the
large quantities of harmful solvents and expensive standard
substances used in the analysis.

Spectroscopic Methods for Analysis

Spectroscopic studies of lipid content offer the advantages of
direct and rapid measurement for samples, e.g. grain, flour and
chopped grain without prior preparation with the possibility of
simultaneous analysis of composition (Saastamoinen et al.
1989). Brown and Craddock used nuclear magnetic resonance
(NMR) to determine the oil content of 4533 samples of cut
grain. The lipid content measured by this method was compa-
rable with the data obtained during the determination of fats
by non-polar solvent extraction (Brown and Craddock 1972).
This method can also be successfully used for direct lipid
analysis of the lipid composition of oat oil samples previously
obtained by extraction. Manolache et al. determined the lipid
composition of six oat oil samples using |H-NMR by direct
measurement without prior processing into fat derivatives.
This method made it possible to determine the content of fatty
acids (trinitrate, dinitrate, monounsaturated and saturated)
contained in oat oil, thus making it possible to distinguish
the oil samples and to assess them qualitatively quickly. The
results obtained in the future may be used for authenticity tests
for different types of cereals, as well as for pseudo-grains
(Manolache et al. 2013).

Other spectroscopic methods for determining the composi-
tion of cereals include techniques based on the measurement
of'near, medium and far infrared oscillatory spectra. Law et al.
using far infrared (NIR) determined the protein moisture and
fat content of grain. Over the next decades, this method has
become one of the most used methods for continuous moni-
toring and control of product quality in the food industry. The
infrared spectroscopic examination enables rapid analysis of
samples without prior preparation for measurement and is also
non-invasive. The advantages are also low costs and no use of
harmful organic solvents in the determination. In addition to
these advantages, this method has one major disadvantage due
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to the difficulty to interpret raw spectra, which often requires
knowledge of advanced techniques (Roggo et al. 2007). Most
near-infrared (NIR) oil determinations are based on the exam-
ination of the bands at 1722, 2306, and 2346 nm, which cor-
respond to the combination vibrations for the first supernatant
(CH2)n >4 and similar type (Zhou et al. 1999). So far, few
studies using NIR method for the measurement of oat compo-
nents and its application in routine analyses have been pub-
lished. This technique can be successfully used for the deter-
mination of fat and protein content in oats (Lemons et al.
2008).

Measurement in the mid-infrared (MIR) range, which
covers the range from 400 to 4000/cm, as well as Raman
scattering are good tools for testing and identifying lipids.
These methods allow to easily analyse the composition of
mixtures by assigning reference bands for the tested com-
pound. In addition to determining the nature of a given sub-
stance, quantitative analyses can also be performed. These
techniques allow the examination of important parameters
concerning lipid mixtures such as the degree of lipid
unsaturation, the presence of trans C=C isomers and the type
of fats present in the sample. Manolache et al. examined six
oat oil samples in the medium infrared range. The area be-
tween 3050 and 4000/cm was eliminated as it had no signif-
icant effect on the test result (water and noise band). Six bands
were obtained from the spectral range of 2800 and 3050/cm,
while between 600 and 1800/cm, the next twenty-five most
important bands were derived from specific bond vibrations
and CHn groups entering the structures of the tested lipids. In
total, each of the measured spectra was represented by thirty-
one characteristic bands (Manolache et al. 2013).

Conclusion

Oat grain lipids on an industrial scale are isolated to obtain
valuable oil due to its high-quality components (Pisulewska
etal. 2011; Sahasrabudhe 1979). Oats as a phytosanitary plant
have been used as feed in the past due to their high protein and
fat content. Although the cultivation of oats has declined dra-
matically over the last 70 years, especially on mechanized
farms, this cereal still remains important for the economies
of developed and developing countries for special uses. So
far, research on this crop has focused on the determination
of nutrients such as fats, proteins and starch. Further research
is needed to determine new functional compounds in oats as
well as to find innovative solutions for the already known oat
ingredients (Rasane et al. 2013). The oil contained in oats has
not been used much so far, but thanks to the development of
new methods and techniques for the fractionation of lipids, it
allows to use its potential in the food industry (Erazo-
Castrejon et al. 2001), cosmetics (Harasym 2016) and phar-
maceuticals (Moreau et al. 2008).
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