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Flaxseed protein: extraction, functionalities and applications
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Abstract

Flaxseed (Linum usitatissimum L.), one kind of common oilseeds, has many biologically active compounds including a-linolenic
acid (ALA), lignan and dietary fiber. At present, the research of flaxseed is focused on biological and clinical studies of its
compounds. However, the studies of flaxseed protein obtained generally from flaxseed cake, are relatively limited. As many
other kinds of plant proteins, flaxseed protein presents many excellent functionalities which can be used for food applications.
Many evidence have showed that flaxseed protein hydrolysates can provide health benefits to our body, such as anti-bacterial
activity, antioxidant capacity and angiotensin-converting enzyme inhibition ability. Therefore, in order to make better use of
flaxseed protein in foods, the extraction, functionalities and applications of flaxseed protein were reviewed in this paper. In
addition, the preparation of flaxseed protein hydrolysates was discussed.
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Practical Application: This review provides the extraction, functionalities of flaxseed protein, discussing the preparation of
flaxseed protein hydrolysates, with the aim to improve the applications of flaxseed protein in food industry.

1 Introduction

Flaxseed, one kind of oilseeds, is worldwide grown in more
than 50 countries. The global production output of flaxseed in
2018 is reached to 3.183 million tons (Food and Agriculture
Organization, 2020). Canada and China are the major producers
of flaxseed, which account for around 33% of the total world
output (Bekhit et al., 2018; Tang et al., 2021). Due to the high
contents of ALA in flaxseed oil, lignans, dietary fibers and flaxseed
proteins, the scientists have been showing the great enthusiasm
for flaxseed studies (Marambe & Wanasundara, 2017; Wu et al,,
2019; Yang, et al., 2021; Zou et al.,, 2017). At present, many
flaxseed-based products, such as whole flaxseeds, ground/milled
flaxseeds, flaxseed oil, and lignan extracts, have been available
(Shim et al., 2015). Particularly, the applications of flaxseed oil
in many food systems, have been carried out (Lim et al., 2010;
Tang & Bian, 2018a, b, ¢, d, e; Tang, 2019a, b; Tang et al., 2020,
2021). As for flaxseed protein, the studies are relatively limited
due to anti-nutritional substances in flaxseed meal (Safdar et al.,
2020). Moreover, because the potential health values of flaxseed
proteins are not investigated sufficiently, flaxseed protein is
generally used as a feed additive, not as one kind of food protein
sources (Kuang et al., 2020; Logarusi¢ et al., 2020).

Amino acids are necessary to support our growth. Although
most of amino acids can be synthesized in our body, only nine
kinds of essential amino acids (EAA) must be supplied through
the diet. Flaxseed protein has the similar EAA profiles with
soybean protein, but is inferior to egg protein (Bekhit et al.,

2018; Marambe & Wanasundara, 2017; Udenigwe & Aluko,
2011). Marambe et al. (2011) reported that flaxseed protein
had around 34.3% EAA, providing a great potential for taking
flaxseed as one kind of protein sources. Flaxseed protein (or
meal) is abundant of branched-chain amino acids (valine and
leucine) and aromatic amino acids (tyrosine and phenylalanine)
(Oomah, 2001; Zardo et al., 2009). Thus, flaxseed protein can be
utilized to develop flaxseed-based functional foods. Recently, the
effect of the processing treatments on functional characteristics
of flaxseed protein and the development of flaxseed protein in
foods have been studied (Lan et al., 2020; Nwachukwu & Aluko,
2018b; Tirgar et al., 2017; Wanasundara & Shahidi, 2003). An
increasing number of evidence have demonstrated that flaxseed
protein and its hydrolysates exhibit many health promoting
benefits (Franck et al., 2019; Marie et al., 2019; Nwachukwu &
Aluko, 2018a; Shi et al., 2021; Wei et al., 2018). Therefore, to
increase the added value of flaxseed protein, we showed a review
of the latest development of extraction, functionalities and
applications of flaxseed protein in this paper. The preparation
of flaxseed protein hydrolysates was also presented.

2 Nutritional properties of flaxseed and its protein

The concentration of the compositions in flaxseed varies
widely, which is dependent on many factors, such as cultivars,
growing environments. Generally, the contents of flaxseed oil,
dietary fibre, protein, and lignan, are 38-45%, 18-28%, 20-28%,
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Table 1. Nutritional composition of whole flaxseed.

Nutritional composition

The contents/ 100 g of flaxseed

Proximate composition (g)

Moisture

Protein (N x 6.25)
Fat

Total dietary fiber
Carbohydrates

Calcium
Phosphorous
Iron

Zinc
Magnesium
Potassium
Sodium

Copper

Vitamin A
Vitamin E
Thiamine (B))
Riboflavin (B,)
Niacin
Vitamin C
Vitamin D

Vitamin B,

Minerals (mg)

Vitamins (mg)

6.96
18.3
42.40
27.3
28.9

255
642
5.73
4.34
392
813
30
1.22

233
1.64
0.161
3.08
0.60

0.473

Table 2. Amino acid composition of flaxseed protein.

and 0.8-1.3%, respectively (Rabetafika et al., 2011; Tang et al.,
2020, 2021). The composition of whole flaxseed was showed in
Table 1. The level of flaxseed protein in whole flaxseed changes
widely from 10 to 31%, which depends on many factors, for
example cultivars, environmental conditions and processing
methods (Chung et al., 2005). Flaxseed protein mainly consists
of 11-12S globulin and 1.6-2S albumin. 11-12S globulin, a
salt-soluble protein, has high molecular weight (252-298 kDa),
whereas 1.6-2S albumin, a water-soluble protein, exhibits low
molecular weight (16-17 kDa) (Arntfield, 2018; Sammour et al.,
1994; Sammour, 1999). 11-12S globulin named as linin, accounts
for 64-85% of total flaxseed protein (Arntfield, 2018; Lei et al.,
2003; Marambe & Wanasundara, 2017). 11S globulin has four
subunits (36, 46, 50, and 55 kDa), which are linked by disulfide
bonds (Krause et al., 2010). 1.6-2S albumin of flaxseed protein
termed as colinin, has a single polypeptide chain with 168 or
169 amino acids, and is occupied for about 40-42% of flaxseed
protein (Bekhit et al., 2018; Marambe & Wanasundara, 2017;
Sammour, 1999). Compared to 11-12S globulin, 1.6-2S albumin
possesses a much more ordered structure and more disulfide
linkages (Bakowska-Barczak et al., 2020).

Many factors, for instance flaxseed cultivars, environmental
conditions, and processing conditions, can affect amino acid
profiles of flaxseed protein (Dash et al., 2021). The amino acid
compositions of flaxseed protein were showed in Table 2. Flaxseed
protein is enriched in arginine, aspartic acid, and glutamic acid,
whereas it is poor in sulphur-containing amino acids, for example
methionine, cysteine (Hall et al., 2006; Juodeikiene, et al., 2020;
Marambe & Wanasundara, 2017; Oomah & Mazza, 1993). Lysine

Requirement pattern

mg/g protein ®

Amino acids (mg/g protein) * (Norlin cultivar) mg/g protein © Amino acid score (%) ¢
Essential Amino acid
Histidine 15 22 31.7 2111
Isoleucine 30 40 34.2 114+ 1
Leucine 59 58 65.2 110+ 1
Lysine 45 40 419 93+1
Methionine - - 261.1 -
Methionine + Cysteine 22 26 - -
Cysteine - - 14.4 -
Threonine 23 36 40.2 175+ 1
Phenylalanine - - 44.0 -
Phenylalanine + Tyrosine 25 69 - -
Valine 39 46 41.2 106 + 1
Nonessential Amino acid
Alanine 44 51.8
Arginine 92 114.2
Aspartic acid 93 119.1
Glutamic acid 196 195.6
Glycine 58 42.6
Proline 35 47.9
Serine 45 52.8

“Expert consultation reports for the adults; "Marambe et al. (2011); ‘Bakowska-Barczak et al. (2020); ‘Amino acid score: (mg of amino acid in 1 g of test protein/mg of amino acid in
requirement pattern) x 100. Amino acid score was calculated based on the data from Marambe et al. (2011).
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is generally considered as the limiting amino acid (Table 2;
Chung et al., 2005). Therefore, before starting the development
of flaxseed protein-based foods, we should know that flaxseed
protein can only satisfy the amino acid nutritional requirements
for the adults. It is not a good protein source for baby due to the
limited amino acid levels of lysine (Marambe & Wanasundara,
2017; Udenigwe & Aluko, 2011). In order to make up for the
deficiency of lysine in flaxseed protein, the complementary
proteins enriched with lysine should be added. Germination can
significantly change the contents of amino acids in flaxseed (Lv
& Huang, 2015). Wanasundara et al. (1999) found that the total
amino acids concentration in flaxseed increased by around 15
times after an 8-day of germination. The contents of glutamine
and leucine were significantly improved.

3 Extraction of flaxseed protein

At present, most studies regarding extraction processes for
flaxseed protein are at a laboratory scale. The major obstacle
to extract flaxseed protein is the mucilage distributed in the
outer layer of flaxseed (Marambe & Wanasundara, 2017). The
mucilage can improve the extract viscosity, and thus decreases the
extraction efficiency. Therefore, some attempts, such as enzymatic
or physicochemical ways, have been adopted to remove or reduce
the mucilage level before flaxseed protein extraction is carried out
(Liu et al., 2018; Marambe & Wanasundara, 2017). The physical
dehulling for flaxseed is one of the pretreatment processes to
extract flaxseed protein. Wet and dry extraction methods have
been developed to remove flaxseed mucilage (Karaca et al,,
2011; Kaushik et al., 2016; Lan et al., 2020; Mridula et al., 2014).
The dehulling efficiency is highly influenced by various factors,
for example the speed, dehulling time, and the moisture in
flaxseed (Zheng et al., 2003). Due to multiple steps involved in
wet extraction process, wet process is not economical to extract
flaxseed protein. Currently, the main dehulling method is a dry
extraction process (Li & Hao, 2013). The method that using
polysaccharide-degrading enzymes to degrade the mucilage in
flaxseed, has been investigated by some researchers. Through the
combination of NaHCO, soaking and Viscozyme (Novozyme, 100
Fungal  glucanase/g) to treat whole flaxseed, protein extraction
efficiency could be improved significantly compared to only
NaHCO, soaking to treat whole flaxseed (Slominski et al., 2006;
Wanasundara & Shahidi, 1997). Song et al. (2017) also showed
that the de-mucilaged rate could be reached to 94.7% under the
optimized pectinase hydrolysis conditions.

Table 3. The extraction for flaxseed protein.

Protein concentration in defated flaxseed meal (DFM), the
by-product of flaxseed pressing, usually changes from 35 to
40%, that indicates that DFM is an excellent source to obtain
flaxseed protein (Lan et al., 2020; Marambe & Wanasundara,
2017; Nwachukwu & Aluko, 2018b; Sa et al., 2021; Tang et al.,
2021; Tirgar et al., 2017). Some processing factors, such as
solvent composition, pH, heating treatment, solvent/meal ratio,
and salt concentration, can significantly affect the solubility of
flaxseed protein (Tirgar et al.,, 2017). Many methods, such as
alkali-aided solubilization/isoelectric precipitation, buffered salt
or polyphosphate extraction, micellization, have been developed
to extract flaxseed protein (Kaushik et al., 2016; Nwachukwu
& Aluko, 2018b; Pham et al., 2019b; Teh et al., 2014). Some of
these methods used to obtain flaxseed protein were given in
Table 3. Of all employed methods, alkali extraction is one of
the most popular methods. As most of oilseed proteins, flaxseed
protein is soluble at alkaline conditions. Flaxseed protein can be
extracted from DFM at pH values from 8.5 to 11.0 or under the
existence of NaCl. However, the extraction at extreme alkaline
conditions may cause undesirable modification of proteins, and
even unpredicatable reactions. Therefore, the extraction pH for
flaxseed protein is preferred from 7.0 to 9.0 (Pham et al., 2019b).
After flaxseed protein is extracted in alkali solutions, pH needs
to be adjusted to close to isoelectronic point (between 3.5 and
4.4) (Karacaetal.,, 2011; Lan et al., 2020; Nasrabadi et al., 2019).
Alkaline-aided extraction/isoelectric precipitation method
is not suitable to extract flaxseed protein as the mucilage in
flaxseed hull may disturb the protein precipitation. In the study
of Kaushik et al. (2016), the de-mucilaged DFM was soaked
in pH 8.6 tris buffer for 24 h, and then flaxseed protein was
precipitated after pH was adjusted to pH 4.2.

Nwachukwu & Aluko (2018b) obtained flaxseed albumin
and globulin after DFM was extracted with NaCl for 1 h at
room temperature. Perreault et al. (2017) also extracted flaxseed
protein isolate from DFM. In their study, pH of flaxseed extracts
was adjusted to 5.0, afterwards cellulase was added in order to
hydrolyze the fibers. Flaxseed protein content could reach up to
82%. Ribeiro et al. (2013) used the enzyme-assisted method to
extract flaxseed protein. The yield of flaxseed protein (15.2%)
was obtained when DFM was agitated at the speed of 200 rpm,
and treated by the mixture of ultrazyme, viscozyme and alcalase
under 50 °C for 1.5 h. Tirgar et al. (2017) found that the higher
flaxseed protein content (86.8%) could be obtained by employing
the combination of an alkaline-aided/isoelectric precipitation

Raw materials for . "
Extraction Conditions

Protein Content (%) References

extracting
DFM pH 9.5, precipitation at pH 4.2 93.7% Mohamed et al. (2020)
DEM pH 8.0, with Na,PO, containing 0.80 M NaCl (solvent:meal ratio of 10) 87.39% Karaca et al. (2011)
DEM pH 8.6, with tris buffer (solvent:meal ratio of 16) 93.69 Ph L (2019
pH 8.5, meal to solvent ratio of 1:10, precipitation at pH 3.8 6% am et al. (2019b)
Whole flaxseed Fiber hydrolysis by cellulase at pH 5.0, precipitation at pH 4.2 80.2% Marambe et al. (2008)
DFM pH 9.5, precipitation at PH 4.0 S 82% Perreault et al. (2017)
DEM pH 8.6, seed to meal ratio of 1:16, precipitation at pH 4.2 51.05% Tirgar et al. (2017)
Whole flaxseed 90.6% Kaushik et al. (2016)
DFM pH 8.5, precipitation at 4.2 61.38% Lan et al. (2020)
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plus the treatment of cellulase extraction/ethanol precipitation for
the extracts, compared to alkaline-aided/isoelectric precipitation
or cellulase treatment alone.

4 Functional properties of flaxseed protein

As other oilseed proteins, flaxseed protein exhibits many
functional characteristics, for example water/oil adsorption
ability, solubility, emulsion capacity, and foaming capacity
(Mohamed et al., 2020; Sharma & Saini, 2021; Shi et al., 2021;
Wang et al., 2010). These characteristics are significantly affected
by various factors including temperature, ionic strength, pH,
the methods used for protein extraction, purity and particle
size of the proteins (Krause et al., 2010; Martinez-Flores et al.,
2006; Tirgar et al., 2017). The mucilage in flaxseed protein
samples may affect functional properties of flaxseed protein
(Rabetafika et al., 2011). It can improve water adsorption, the
foaming and emulsifying properties of flaxseed protein, but, it
decreases oil adsorption capacity of flaxseed protein (Lipilina
& Ganyji, 2009; Rabetafika et al., 2011).

4.1 Thermal denaturation

The functional properties of plant proteins are highly related
to their structures. As other oilseed proteins, the heating can
alter the structure of flaxseed protein, and results in the change
of functional characteristics of flaxseed protein. Kaushik et al.
(2016) showed that flaxseed protein underwent two structural
transitions during the heating. One was observed at a temperature
around 53.72 °C, the other was around 105.05 °C. Safdar et al.
(2020) observed two endothermic peaks temperatures of defatted
flaxseed flour at 88.49 °C, 223.84 °C. Generally, the peaks around
100 °C are related to the loss of water and initial denaturation of
flaxseed protein. Similarly, Sharma & Saini (2021) reported the
denaturation temperature of flaxseed protein isolates obtained by
alkali-aided solubilization/isoelectric precipitation, was 82.52 °C.
Lan et al. (2020) showed that flaxseed protein concentrates
showed better heating stability, and had higher denaturation
temperature, compared to flaxseed protein isolates.

4.2 Water/oil absorbing capacity

Water and oil adsorbing capacities of flaxseed protein
isolate could be comparable to those of other oilseed proteins
(Kaushik et al., 2016). Kaushik et al. (2016) reported water/oil
absorbing ability of flaxseed protein isolate was higher than that
of most of the investigated proteins including soy protein, gelatin.
The higher oil absorbing capacity of flaxseed protein isolate was
attributed to their greater lipophilic property. Mohamed et al.
(2020) reported water holding ability of flaxseed protein isolate
was 11.4 g/g, while oil holding ability of flaxseed protein isolate
was 1.47 g/g. In the study of Sharma & Saini (2021), water and
oil holding abilities of flaxseed protein isolate were reported to
be 2.85 g/g and 3.86 g/g, respectively. Oil adsorption capacity
of food proteins is an important index for flavor retention and
mouth-feel (Marambe & Wanasundara, 2017). Flaxseed protein
can be incorporated into emulsion-type meat products due to its
good oil adsorption capacity. During cooking, flaxseed protein
also can reduce fat losses, and thus decreases the weight loss of the

products. Oil adsorption capacity of flaxseed protein concentrate
was poorer compared to that of soybean protein concentrate,
while it was higher than that of amaranth protein concentrate
(Marambe & Wanasundara, 2017; Martinez-Flores et al., 2006).

4.3 Emulsifying capacity

Flaxseed protein showed better emulsifying capacity
compared to whey protein isolate and canola protein isolate,
and a comparable creaming stability with canola and whey
proteins (Karaca et al., 2011). Excessive heating treatment can
destroy the structure of flaxseed protein, reduces the solubility,
and thus significantly decreases emulsion capacity of flaxseed
protein. Martinez-Flores et al. (2006) found that solvent, pH and
temperature significantly affected emulsion capacity of flaxseed
protein. Several studies indicated that alkali-solubilized flaxseed
protein had high emulsifying capacity (Mueller et al., 2010;
Sharma & Saini, 2021; Yoshie-Stark et al., 2011). Tirgar et al.
(2017) found that alkali-solubilized flaxseed protein concentrate
exhibited the highest emulsion capacity (87.91%) among the
investigated proteins. The higher emulsion capacity of flaxseed
protein concentrate was due to the high content of carbohydrate,
compared to other protein concentrates which led to stabilize the
emulsion efficiently. In addition, alkali-solubilized flaxseed protein
concentrate showed the highest emulsion activity (87.1 m?/g).
Kaushik et al. (2016) obtained flaxseed protein (around 90%)
after flaxseed was de-mucilaged at 60 °C. The emulsion activity
(375.5 m*/g) of flaxseed protein was higher compared to that of
investigated proteins including whey protein, soy protein and
gelatine. Besides, the emulsions stabilized by flaxseed protein
isolate showed higher stability at low pHs than those stabilized
by the studied other proteins. Nwachukwu & Aluko (2018b)
suggested that flaxseed globulin had better emulsifying property
at alkaline conditions, whereas flaxseed albumin exhibited better
emulsifying property at acid conditions. Therefore, due to the
suitable emulsifying property and good thermal stability of
flaxseed protein, it has been used as a promising wall material
to encapsulate bioactives (Pham et al., 2020).

Emulsifying capacity of flaxseed protein can be improved by
structure modification, and the change of protein conformation
(Juodeikiene et al., 2020; Nie et al., 2021; Pham et al., 2019a, b;
Wang et al., 2010). Wanasundara & Shahidi (1997) modified
flaxseed protein by attaching acyl (acetyl or succinyl) groups,
and showed that emulsion capacity of flaxseed protein with
low degree of acetylation was higher compared to that of
the unmodified. Nasrabadi et al. (2019) found that flaxseed
protein-mulcilage complex nanoassemblies adsorbed onto the
surface of emulsion could form a protecting coating to inhibit
flocculation and coalescence, and thus improved the emulsion
stability. Yu et al. (2020) also reported that emulsifying capacity
of flaxseed protein was significantly improved following short
time (5~15 s) treatment by atmospheric pressure plasma jet,
which was among with the changes of spatial conformation of
flaxseed protein.

4.4 Foaming property

As other oilseed proteins, foams are easily to be generated
when flaxseed protein is whipped or stirred. Temperature and

Food Sci. Technol, Campinas, v42, €22021, 2022
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solvent pH significantly affect the foaming capacity and stability
of flaxseed protein (Lan et al., 2020). In general, the foaming
properties of plant proteins are higher in the acid environment,
and the weakest foaming properties are observed in around
isoelectronic point of proteins (Lan et al., 2020; Shevkani et al.,
2015). Madhusudhan & Singh (1985a, b) found that foaming
formation capacity of flaxseed protein was kept as an stable state
at pH 2.0-6.0. The foaming formation capacity of flaxseed protein
was significantly improved after pH was adjusted above 8.0.
Foaming stability of flaxseed protein could remain unchanged
until 45 °C. After mild heating treatment for flaxseed protein
(45-80 °C), the forming stability was highly improved due to the
exposition of the hydrophobic groups of flaxseed protein. If the
temperature increased more than 80 °C, the foaming stability
would decrease significantly because the solubility of flaxseed
protein decreased (Bekhit et al., 2018).

High foaming capacity of flaxseed protein at pH 10 was
observed by Martinez-Flores et al. (2006). However, flaxseed
protein at pH 6 exhibited the foaming capacity with low volume,
but a high stability. In the study of Mueller et al. (2010), acid-
soluble flaxseed protein with poor foaming capacity was also
indicated. Lan et al. (2020) reported that flaxseed protein isolates
showed significantly higher foaming capacity compared to
flaxseed protein concentrates at investigated pHs.

5 Preparation of flaxseed protein hydrolysates for
health benefits

More evidence have showed that flaxseed protein can provide
us health benefits (Akbarbaglu et al., 2019; Marie et al., 2019;
Nwachukwu & Aluko, 2018a; Udenigwe et al., 2009; Wei et al.,
2018; Yu et al,, 2020). Health benefits of flaxseed protein, such
as anti-cholesterol, antioxidant, anti-tumour properties, anti-
hyperglycemia, are attributed to the amino acid composition,
the interaction with other compounds such as ALA, mucilage
or phenolic compounds (Langyan et al., 2021; Rabetafika et al.,
2011). Mohamed et al. (2020) found that flaxseed protein isolates
had high antioxidant activity when flaxseed protein isolates was
solubilized in lemon juice (pH = 2-3). The lemon juice containing
flaxseed protein isolates showed hepatorenal protective activity
against lead on liver and kidney in rats. The health activities of
flaxseed protein can be increased further through enzymatic
hydrolysis (Silva et al., 2017; Teh et al., 2016). These hydrolysates
have been attracted increasing attention, which provide beneficial
activities to our health. Many health benefits of flaxseed protein
hydrolysates, such as anti-hypertension ability, antibacterial activity,
antioxidant capacity, anti-diabetic ability, and the inhibition
ability of calmodulin-dependent neuronal nitric oxide synthase,
have been reported (Franck et al., 2019; Logarusi¢ et al., 2020;
Nwachukwu & Aluko, 2018a, b; Perreault et al., 2017; Silva et al.,
2017; Udenigwe & Aluko, 2010, 2012; Wu et al., 2019).

5.1 Pre-treatment of flaxseed protein

Many food-grade hydrolytic enzymes, including trypsin,
Flavourzyme®, alcalase, thermolysin, pronase, pepsin, ficin,
papain, pancreatin, Thermoase®, and protease from Bacillus
altitudinis, have been employed to produce flaxseed protein

Food Sci. Technol, Campinas, v42, €22021, 2022

hydrolysates using controlled or limited hydrolysis technology
(Hwang et al., 2016; Karamac¢ et al., 2016; Marambe et al., 2008,
2011; Nwachukwu & Aluko, 2018a, b; Perreault et al., 2017;
Sarabandi & Jafari, 2020a, b; Udenigwe et al., 2012; Udenigwe
& Aluko, 2010; Wu et al., 2019). The digestibility of flaxseed
protein is very important factor to affect the preparation of the
hydrolysates. Many factors, for instance flaxseed ingredients
(especially the mucilage and flaxseed oil), the pre-treatment
methods, can significantly affect the digestibility of flaxseed
protein. Thus, the pretreatment of raw material is assumed to be
an important step for producing the hydrolysates (Franck et al.,
2019; Marie et al., 2019; Perreault et al., 2017). The mucilage
and oils in flaxseed can prevent the digestive enzymes from
hydrolyzing flaxseed protein, and thus lead to the decrease
of flaxseed protein digestibility. Therefore, the digestibility of
flaxseed protein can be improved after the mucilage and oil
in flaxseed are removed. Marambe et al. (2013) reported the
protein digestibility in flaxseed meal could reach 66.8% after
the mucilage and oil were removed, compared to 12.6% for
ground flaxseed with the mucilage and full-fat. Perreault et al.
(2017) improved the digestibility of flaxseed protein by high
hydrostatic pressure technology, and also found antioxidant
activity of protein hydrolysates was enhanced. Heating treatment
such as home-style baking, boiling and extrusion process,
also can improve the digestibility of flaxseed protein, which is
due to the structural changes of flaxseed protein (Khan et al.,
2015; Wang et al., 2008). Khan et al. (2015) found that flaxseed
protein solubility decreased from 56.5 to 25.9% after flaxseed
protein was treated by moist heating processing, and led to the
increase of the protein digestibility. Through the pre-treatment
investigations for flaxseed protein, flaxseed protein hydrolysates
showed better functional and nutraceutical values compared to
untreated flaxseed protein.

5.2 Anti-hypertensive capacity

The most extensive studies may be the anti-hypertensive
activity among all the activities of flaxseed protein hydrolysates.
Many flaxseed protein hydrolysates are prepared using single
enzyme, complex enzyme preparation or enzyme combination,
which can inhibit the angiotensin I-converting enzyme or
renin activity (Marambe et al., 2008; Nwachukwu et al., 2014).
Wau etal. (2009) obtained the hydrolysates from DFM by the use
of alcalase, thermolysin or the combination of both enzymes.
The half-maximal inhibitory concentration (IC, ) value of the
hydrolysates generated by a combination of alcalase and thermolysin
was 34.2 ug/mL, while IC, value of the hydrolysates through
alcalase, thermolysin, were 64.3, 37.1 pug/mL, respectively. The
authors indicated the hydrolysates obtained by a combination
of alcalase and thermolysin showed better anti-hypertensive
ability than those obtained by single enzyme.

Arginine-rich hydrolysates obtained from flaxseed protein
showed a potential anti-hypertensive ability (Wu et al., 2019).
Udenigwe et al. (2009) employed several proteases, such as pepsin,
alcalase, trypsin, ficin, thermolysin, or pancreatin hydrolysis, to
prepare flaxseed protein hydrolysates. The authors indicated IC,
values of the hydrolysates changed from 1.22 to 2.81 mg/mL.
The obtained cationic peptide fraction of alcalase-hydrolysates
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exhibited the highest activity. The same group (Udenigwe
& Aluko, 2010) produced flaxseed protein hydrolysates by
thermolysin and pronase, and evaluated the activity of flaxseed
protein hydrolysates in spontaneously hypertensive rates. The
results manifested that the cationic fraction of the hydrolysates
possessed lower systolic blood pressure ability than flaxseed
protein isolates. Flaxseed protein isolates could decrease blood
pressure effectively within 4 h after feeding flaxseed protein
hydrolysates, however the cationic hydrolysates only needed
2 h to reach the similar levels.

Marambe et al. (2011) obtained the hydrolysates using the
combination of pepsin-pancreatin under the simulated gastrointestinal
digestion. The results indicated that anti-hypertensive activity
of the hydrolysates obtained by pepsin-pancreatin was higher
than that of pepsin-produced hydrolysates. In addition, the
hydrolysis degree (43.95%) obtained in dynamic digestion was
higher than that from pepsin hydrolysis (7.96%). Pancreatin is
a mixture of enzymes including apancreatic amylase protease,
pancreatic lipase, which has no specificity for the sequence of
amino acids (Marambe et al., 2011; Wu et al., 2019). So, the
higher hydrolysis degree and smaller hydrolysates were easy
to be obtained after flaxseed protein was treated by pancreatin
(Karamac et al., 2016). Additionally, Udenigwe et al. (2012)
employed the combination of pronase and trypsin to prepare
the hydrolysates with anti-hypertensive activity. The obtained
arginine-rich hydrolysates presented moderate anti-hypertensive
and renin-inhibitory effects. Trypsin could specifically hydrolyze
peptide bonds between carboxylic acid group of lysine or argnine,
and thus the hydrolyasates with arginine residues were generally
generated (Udenigwe et al., 2012; Wu et al., 2019).

In order to improve enzymatic hydrolysis efficiency and the
recovery of flaxseed protein hydrolysates, Marie et al. (2019) used
the combination of high hydrostatic pressure and electrodialysis
with ultrafiltration membranes to produce flaxseed protein
hydrolysates. The results indicated that the hydrolysates in KCI
fraction were rich in arginine, and could decrease blood pressure
in rats with spontaneously hypertension.

5.3 Antioxidant capacity

The antioxidant ability of flaxseed protein hydrolysates
highly depends on many factors, such as molecular weight of the
hydrolysates, amino acid composition, the types of enzyme, pre-
treatment methods for flaxseed protein (Marambe & Wanasundara,
2017; Nwachukwu & Aluko, 2018a, b; Udenigwe et al., 2009).
Logarusic et al. (2020) investigated in vitro antioxidant abilities
of flaxseed protein hydrolysates prepared by Alcalase, Neutrase
and Protamex, respectively. The authors indicated that the
obtained flaxseed protein hydrolysates from alcalase showed the
strongest antioxidant ability, whereas those obtained by Neutrase
and Protamex exhibited lower or no antioxidant ability at all.
Udenigwe et al. (2009) employed various proteases to produce
flaxseed protein hydrolysates, and found that the hydrolysates
generated by alcalase exhibited the highest DPPH- scavenging
ability compared to other proteases hydrolysates. The reason for
the difference was related to the specificity of proteases. In the same
group, Udenigwe & Aluko (2010) reported that the hydrolysates
with a high-Fischer-ratio showed lower -OH scavenging activity

compared to those with low molecular weight hydrolysates. It
might be attributed to the low phenylalanine content in the
hydrolysates. However, the hydrolysates with high-Fischer-
ratio showed higher O2-~ scavenging ability compared to the
hydrolysates with low molecular weight. Similarly, Hwang et al.
(2016) reported that the hydrolysates with low molecular weight
exhibited higher ABTS free radical-scavenging activity than
high molecular weight hydrolysates, whereas the hydrolysates
with high molecular weight presented the better reducing power
ability compared to those of Vitamin E, Vitamin C, and BHA.
Recently, Sarabandi & Jafari (2020a) also found the hydrolysis
by Alcalase could significantly increase the release of antioxidant
amino acids from DFM. The hydrolysates with low molecular
weights (< 10 kDa) exhibited the highest scavenging capacities
for DPPH" and ABTS* free radicals.

Luna-Vital et al. (2015) reported that the excellent antioxidant
ability of the hydrolysates was due to hydrophobic amino acids,
such as glycine, phenylalanine, tryptophane, cysteine or alanine,
in the N-terminus of the hydrolysates. Besides, in the study of
Silva et al. (2017), flaxseed protein hydrolysates were obtained
by the hydrolysis of alcalase, and showed notable antioxidant
activity. The authors speculated that hydrophobic amino acids
in the hydrolysates contributed to good antioxidant activity of
the hydrolysates. Additionally, after flaxseed protein was treated
by high hydrostatic pressure (HHP) before the hydrolysis, the
antioxidant activity of the hydrolysates could be improved
further. The reason was that the structure of flaxseed protein
was destroyed by HHP treatment, and led to the more release
of the antioxidant hydrolysates. Perreault et al. (2017) reported
that the hydrolysates from HHP-treated flaxseed protein after
enzymatic hydrolysis showed a higher antioxidant capacity than
non-pretreated hydrolysates. Franck et al. (2019) carried out
the hydrolysis of flaxseed protein by typsin under HHP, and
indicated that the hydrolysis of flaxseed protein by typsin at
300 MPa for 5 and 10 min could improve the antioxidant activity
of the hydrolysates by 39 and 55%, respectively, compared to
untreated samples.

5.4 Other beneficial activities

Besides anti-hypertensive and antioxidant activities, many
other beneficial activities of flaxseed protein hydrolysates including
anti-inflammation activity, antibacterial activity, and anti-diabetic
ability, have been investigated (Wu et al., 2019). The hydrolysates
with low molecular weight generated by using proteases such
as pepsin, ficin, and papain, could inhibit the production of
lipopolysaccharide-induced NO in RAW 264.7 macrophages. It
was indicated that the hydrolysates showed anti-inflammatory
activity (Udenigwe et al., 2009). Doyen et al. (2014) obtained
specific cationic hydrolysates from flaxseed protein, and found
it had an anti-diabetic ability after being evaluated in L6 cells.

Hwang et al. (2016) found that flaxseed protein hydrolysates
with low molecular weight (< 1 kDa) obtained by protease,
showed better antibacterial ability against E. coli BCRC11634
and P, aeruginosa BCRC10944 compared to other hydrolysates
with different molecular weights. Xu et al. (2008a, b) reported
that flaxseed protein had antifungal activities against Candida
albicans, Alternaria solani, and Aspergillus flavus.
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Flaxseed protein hydrolysates can inhibit nNOS activity, and
exhibit calmodulin (CaM)-binding activity (Udenigwe & Aluko,
2012). Omoni & Aluko (2006a, b) obtained flaxseed protein
hydrolysates by the use of alcalase. The results showed that < 1 kDa
peptide hydrolysates exhibited CaM-binding activity. Udenigwe
& Aluko (2012) obtained cationic flaxseed protein hydrolysates
with the inhibition of CaM dependent phosphodiesterase activity.
It was indicated that cationic hydrolysates could potentially
enhance its use in treating cardiovascular disease with many
symptoms.

6 Potential applications of flaxseed protein in foods

At present, the potential applications of flaxseed protein
in foods are relatively limited. Flaxseed protein concentrates
(LINOPROT 55) and its applications in real food systems such
as dairy products, pastries, and meat, have been studied by the
Finnish company of Flaxseed protein Ltd (Rabetafika etal., 2011).
Glanbia Nutritionals is one of major manufacturers for flaxseed
protein products ranging from the concentrates to protein blends
(Marambe & Wanasundara, 2017). Some applications of flaxseed
protein in foods are presented in Table 4 and 5 and Figure 1.

Flaxseed proteins used as additives in many foods such as
ice creams, meat emulsions, bakery products, sauces, have been
studied (Table 4). Waszkowiak & Rudzinska (2014) determined

Table 4. Potential applications of flaxseed protein in foods.

effect of DEM on lipid oxidation in pork meatballs. The results
showed that DFM could stabilize fatty acid composition in
stored pork meatballs. Wang et al. (2010) showed that flaxseed
protein was a good ingredient to be used in meat and ice-cream
products. It was attributed to good functionalities showed
by flaxseed protein. Wei et al. (2018, 2019) investigated the
enzymolysis process for producing flaxseed protein hydrolysates
with different flavor characteristics. The results showed that
flaxseed protein hydrolysates with molecular weight of 128-1000
Da contributed to meat-like flavor. It was indicated that flaxseed
protein hydrolysates showed a potential application in food
industry as flavor enhancers.

A partial replacement of wheat flour with flaxseed protein
powder can improve the nutritional value of flour-based foods
(Giacomino et al., 2013). The mucilage in flaxseed meal or flaxseed
protein samples can significantly affect the characteristics of the
foods (Gambus et al., 2009; Marambe & Wanasundara, 2017;
Rabetafika et al., 2011). Shearer & Davies (2005) found that
wheat flour substituted about 10-20% by flaxseed meal did not
influence the texture and swelling of the foods during cooking
process. In the study of Manthey et al. (2008), the firmness of
fresh pasta and macaroni incorporated 15% flaxseed meal was
reduced due to the mucilage in flaxseed meal, but, the addition
of flaxseed meal could prolong the shelf-life of the foods due

Protein sources Addition amount (%) Food systems References
Defatted flaxseed protein products 2-3.6% Meat emulsion Dev & Quensel (1989)
Defatted flaxseed protein products 1and 3% Canned fish sauce Dev & Quensel (1989)
Defatted flaxseed meal 3.0% Pork meatballs Waszkowiak & Rudzinska (2014)
Defatted flaxseed protein products 0.5 and 1.0% Ice cream Dev & Quensel (1989)
Flaxseed meal 5-20% White bread Koca & Anil (2007)
Flaxseed meal 5-15% Bagel Alpaslan & Hayta (2006)
Defatted flaxseed meal 21% Cookie Rodrigues et al. (2012)
Flaxseed meal 15% Bread Conforti & Davis (2006)
Flaxseed meal 0-5.0% Muffins Shearer & Davies (2005)
Defatted flaxseed meal 7.5-20% Snack Ganorkar et al. (2016)
Defatted flaxseed meal 27% Cereal-based bars Giacomino et al. (2013)
Defatted flaxseed meal 10-40% Noodles Bhise et al. (2015)
Flaxseed protein hydrolysates / Meat flavor enhancers Wei et al. (2018)

Table 5. Commercially available flaxseed protein powder.

Producing company

Product name

Protein content

Applications

Glanbia Nutritionals Harvest P 35% Beverages, bars, bakery foods
Lin " 140 38-40% Bars, cereals, beverages

Natunola Health Natunola w-3 flax flour 20% Bread, cookies, cereal, snacks,
pasta

Xfi’an Jinheng Chemical Co. Ltd, China Jinheng 85% Bread, cereals, beverages, bars

Sanyuan Longsheng Biotechnology Co. Ltd, China Longsheng 70% Bread, cereals, beverages, bars

Xi'an Sinuote Biotechnology Co. Ltd, China Sinuote 50% Meat

Xi’an Shuangrui Biotechnology Co. Ltd, China SXSR 30, 50% Bars, bakery foods, beverages

Jiangxi Muentang Bioetchnology Co. Ltd, China Muentang 40% flaxseed protein, 10%  Beverages

whey protein
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Smooth & (reamy

VANILL!
LIGHTLY SWEETERED

FLAXMILK
OMEGA-3 + PROTEIN

Figure 1. Flaxseed protein powders and flaxseed protein beverages. A: 70% content of protein; B: 85% content of protein; C: flaxseed protein

instant powder; D: flax milk; E: flaxseed protein beverage.

to the antifungal ability of flaxseed protein. Wu et al. (2009)
also showed that the incorporation of flaxseed meal could
improve the viscoelasticity of extruded pastes because of the
interaction of starch, the mucilage, and protein. Bhise et al.
(2015) developed the noodles using texturized defatted meal
from flaxseed, sunflower, and soybean. The results of acceptability
tests showed that the noodles with 10% texturized defatted meal
of flaxseed and sunflower exhibited the highest overall scores.
Drozlowska et al. (2020) investigated the effect of flaxseed meal
extract on physiochemical properties of low fat mayonnaises.
The oil phase was partially replaced by 5%, 10%, 15% of flaxseed
meal extract. The results showed that the replacement could
improve the stability of mayonnaise, indicating that flaxseed
meal extract could be used as a fat replacer to manufacture
mayonnaises with low fat content and healthy flaxseed protein.

Flaxseed meal is rich in flaxseed protein, which has also
been investigated for the applications in the baking field (Table 4;
Ganorkar et al., 2016; Rodrigues et al., 2012). Lipilina & Ganji
(2009) studied the applications of flaxseed meal in breads and
muffins. The results showed that incorporation 30% and 50% of
flaxseed meal into breads and muffins, respectively, could form
the crust with a dark colour due to Maillard reaction between the
mucilage and protein. According to Pohjanheimo et al. (2006),
the breads made using flaxseed meal flour had lower firmness
and higher moisture holding ability compared to flaxseed-free
breads. The breads with high concentration of flaxseed meal had a

lower crispness. The mucilage in flaxseed meal may be attributed
to these characteristics (Lipilina & Ganji, 2009; Rabetafika et al.,
2011). The consumer acceptability is one of important key factors
to flaxseed protein-based products. Some sensory evaluation
indicated that the maximum of 25 and 10% incorporation in
cookies and breads, respectively, was suggested (Alpaslan & Hayta,
2006; Hussain et al., 2006). Rodrigues et al. (2012) performed a
sensory evaluation of irradiated flaxseed cookies. The sensory
results showed that there was not significantly different between
irradiated flaxseed cookies and control cookies.

Many flaxseed-based products have been also developed
in our group, some of which are commercialized (Tang et al.,
2016a, b, ¢, d, 2017; Tang & Bian, 2018a, b, ¢, d; Tang, 2019a, b).
Recently, we developed liquid flaxseed drinks based dehulled
flaxseed meal enriched with flaxseed protein and flaxseed oil
(Tang & Bian, 2018c, d). As many other plant protein drinks,
dehulled flaxeed is treated by milling and homogenizing in
order to obtain stable flaxseed protein-enriched beverage. It
has been marketed since 2018. The shelf life of the obtained
flaxseed protein-enriched beverage can reach more than 10
months. We also have developed flaxseed yogurt using dehulled
flaxseed as raw material. Dehulled milled flaxseed and milk are
co-fermented by Streptococcus thermophilus and Lactobacillus
bulgaricus. This type of flaxseed yogurt is very beneficial for
menopause women (Tang, 2019a, b).
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7 Conclusion

As other oilseed proteins, flaxseed protein possesses many
functional characteristics, for example water/oil adsorption
ability, emulsifying ability, foaming ability and stability. Regarding
flaxseed protein hydrolysates, it also can provide several health
promoting benefits, particularly anti-hypertensive and antioxidant
activities. Therefore, it shows a potential utilization value as
a functional additive in food industry. Some applications of
flaxseed protein in food systems such as the emulsification,
meat analogs, wheat flour substitute, muffins, breads, and ice
cream, have been investigated. However, the development of
flaxseed protein is still facing many challenges. At present, the
development of large-scale production for flaxseed protein is
highly desired. More extensive research on flaxseed protein
and its hydrolysates, such as the studies regarding the structure
modification technologies, the mechanisms for their health
benefits, should be carried out. As the pursuing for healthy
foods, we sure that more flaxseed protein-based products will
be available in the future.
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