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Abstract

Camelina and flixweed (sophia) seed protein isolates were prepared using both the conventional extraction and
ultrasonic-assisted extraction methods at 40 kHz for 20 min, and their functional properties investigated. SDS-PAGE
showed that both ultrasound-assisted and conventional extractions resulted in a similar protein profile of the
extract. The application of ultrasound significantly improved protein extraction/content and functional properties
(water holding capacity, oil absorption capacity, emulsifying foaming properties, and protein solubility) of camelina
protein isolate and sophia protein isolate. The water-holding and oil absorption capacities of sophia protein isolate
were markedly higher than those of camelina protein isolate. These results suggest that camelina protein isolate
and sophia protein isolate may serve as natural functional ingredients in the food industry.
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Introduction

Proteins play a crucial role in both biological systems
and human nutrition. Compared with animal-based pro-
teins, plant-derived proteins are currently receiving
much interest as they are sustainable and readily avail-
able with much economic attraction (Deng et al. 2019;
Du et al. 2018). Hence, diversified sources of plant pro-
teins increasingly address the worldwide requirement as
an ingredient in the food industry.

Over the last few years, attraction to proteins from
food processing by-products has intensified. Protein iso-
lates play an integral part in the development of food
with desirable functional properties (Yagoub et al. 2017).
Many efforts have been made to develop efficient
methods to produce a high-quality protein with good
utilization value. Camelina (Camelina sativa (L.) Crantz)
and flixweed, also known as sophia (Descurainis sophia
L.) belong to the family Brassicaceae and may serve as
novel sources of plant protein. In addition, camelina is a
new potential oilseed source in North America, particu-
larly for use in aquaculture feed. Camelina meal is the
by-product of the oil extraction process from Camelina
seeds. Defatted camelina meal contains approximately
45 % protein, residual crude fat 4.9 %, up to 15 % insol-
uble fiber, up to 10 % carbohydrates, 3 % minerals, and
approximately 4 % phytochemicals, dominated by pheno-
lics and other compounds such as vitamins (Das et al.
2014; Rahman, Costa de Camargo, & Shahidi, 2018).
Furthermore, the nutritional quality of camelina protein
is similar to that of canola protein and competes with

soy protein for some applications targeting the use of
plant proteins (Li et al. 2015). However, there are very
few studies on extracted proteins and hydrolysates from
camelina (Boyle et al. 2018; Li et al. 2014).

Sophia seeds have been used as a traditional medicine
to relieve cough and chest discomfort, prevent asthma,
and treat cancer. It can be found throughout Canada as
well as in Iran and China (HadiNezhad et al. 2015). The
seed contains 28 % protein, 33% oil, and 4% ash
(Rahman et al. 2018). Their amino acids include aspartic
acid, threonine, serine, glutamic acid, proline, glycine,
alanine, valine, isoleucine, leucine, tyrosine, phenylalan-
ine, histidine, lysine, and arginine (Mohamed and
Mahrous 2009). Some studies have investigated the fatty
acid profile and phenolic compounds of sophia seeds
(Rahman, Ambigaipalan, et al. 2018; Rahman, Costa de
Camargo, et al. 2018). However, no research has been
carried out to determine proteins in sophia seeds, and to
evaluate their functional properties.

For isolating and recovering proteins, alkaline extrac-
tion has become the most popular technique for the
preparation of proteins because of its simplicity and
cost-effectiveness (Pastuszewska et al. 2000; Phongthai
et al. 2016). However, this technique has some potential
problems, such as the presence of complex protein con-
stituents with diverse isoelectric points and a wide range
of molecular weight distribution (Berot et al. 2005). As a
result, an efficient extraction technique plays an essential
role in extracting proteins. Numerous studies have
shown that ultrasonic-assisted extraction (UAE) is one
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of the most successful extraction methods because it
provides some potential benefits such as short extraction
time, high extraction yield, low level of solvent use, and
the improvement in solubility (Yagoub et al. 2017; Zou
et al. 2017). Recent studies have also reported the effects
of ultrasound on structural and functional properties of
sunflower protein isolates (Malik and Saini 2018; Malik
et al. 2017), walnuts (Zhu et al. 2018), faba beans (Marti-
nez-Velasco et al. 2018), and canola protein isolates
(Flores-Jimenez et al. 2019). Additionally, the sonicated
protein extraction increased gelation capacity while de-
creasing foaming capacity (Ly et al. 2018). This could
lead to improved functional and nutritional properties of
food proteins developed by using ultrasonic-assisted
technology. However, there are no studies on the effects
of ultrasound treatment on the quality of camelina pro-
tein isolate (CPI) and sophia protein isolate (SPI). There-
fore, more research is needed to fill the existing gap
about the functional properties of camelina and sophia
protein isolates in order to expand their potential use by
the food industry. In this study, CPI and SPI were pro-
duced by an ultrasonic-assisted extraction method and
the results are compared with the commonly used alka-
line extraction procedure for comparative purposes.

Materials and methods

Materials

Camelina and flixweed, sophia, seeds were used in this
study. Camelina seeds were obtained via Professor Par-
rish, Memorial University from Linnaeus plant sciences
INC, Saskatoon, SK, Canada. Sophia seeds were from
Daghdagh Abad, near Hamedan city in Iran, and were
purchased from the Tavazo store in Toronto, ON,
Canada. All chemicals used were obtained from Fisher
Scientific Ltd. (Ottawa, ON, Canada) or Sigma-Aldrich
Canada Ltd (Oakville, ON, Canada).

Defatting

Camelina/ sophia seed samples were defatted with hex-
ane at a 1:5 (w/v) ratio for 5 min in a Waring blender at
room temperature. The above procedure was repeated
three times, and samples were then air-dried and stored
at -20°C before protein isolation.

Preparation of protein isolate

Protein extraction from defatted samples by pH
solubilization

Protein isolates were extracted from defatted meals
according to Chavan, McKenzie, and Shahidi (2001) with
some modification. The defatted samples were sus-
pended in distilled water (DW) (3.0 %, w/v). The mixture
was stirred with a magnetic stirrer for 30 min and the
pH was then adjusted tol2 by the addition of a known
amount of 2 M NaOH and stirring for another 60 min
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at room temperature. Under similar conditions, the resi-
dues were re-extracted two more times with distilled
water (DW). The supernatants were combined, and the
pH was adjusted to 4.5 with the addition of 2 M HCl
and then centrifuged at 10,000 x g for 30 min at 4°C to
precipitate the protein. The pellets were collected and
then washed twice with DW. The precipitated protein
was redispersed in DW and the pH was adjusted to 7.0
with 1 M NaOH. The extracted proteins were freeze-
dried and stored at -20 °C for subsequent analyses.

Ultrasonic-assisted extraction of protein from defatted
samples

For the ultrasound treatment, the defatted samples were
mixed in DW, and the pH of the solution was adjusted
to 12 using 2 M NaOH. In the next steps, the suspended
sample was placed in an ultrasound bath (180 W,
40 kHz, 20 min) to extract the proteins. After extraction,
the procedure followed was the same as the one under
Sec. 2.3.1. The protein content in the supernatant was
determined according to the Bradford (1976) method.

Gel electrophoresis

The protein profile of CPI/SPI was determined by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), according to the method of Laemmli
(1970) with 5% stacking gel and 12 % separating gel.
Samples of CPI and SPI were each mixed with buffer
(Tris-HCI, pH 8.8). Twenty microliters of the prepared
solutions were added to 1 ml buffer (distilled water,
0.5 M Tri—HCI pH 6.8, glycerol, 10 % SDS, 1% bromo-
phenol blue, and beta-mercaptoethanol) and incubated
in boiling water for 5 min and then centrifuged at
12,000 x g for 30 s. Ten microliters of samples were ap-
plied to the sample wells. The standard protein marker
contained (250, 130, 100, 70, 55, 35, 25, 15, and 10 kDa)
and was used as a molecular weight standard. Electro-
phoretic migration was monitored at a constant current
(100-200 V) for 1.5-2 h. The gel was stained with
Coomassie Brilliant Blue R-250 for 60 min. The stained
gel was destained by frequently changing the fixing
solution until the excess stain disappeared.

Surface hydrophobicity

Surface hydrophobicity was determined according to the
bromophenol blue (BPB) binding method reported by
Tontul et al. (2018). BPB has been shown to bind to the
same hydrophobic sites on proteins as polarity-sensitive
fluorescence probes. Freeze-dried CPI/SPI (5 mg/ml, w/
v) was dispersed in 20 mM pH 7 phosphate buffer. To
the protein solution (1 ml) was added 200 pl BPB
solution (1 mg/mL BPB in distilled water). The control
consisted of a 200 pl BPB solution and 1ml phosphate
buffer. Test and control samples were agitated for 10 min
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and then centrifuged at 2,000 x g for 15 min. The absorb-
ance of the supernatants was read at 595 nm using a spec-
trophotometer. Surface hydrophobicity was determined
from the bound BPB using the following formula.

Surface hydrophobicity(ug) = 200 ug x (Acontrol
- Asample)/AcontmI

Where Acontrols Asample are the absorbance of control
and sample, respectively.

Functional properties

Protein solubility

Protein solubility was measured according to the method
described by Ambigaipalan and Shahidi (2015) with
some modifications. Freeze-dried CPI/SPI (1 mg/ml, w/
v) was dispersed in distilled water, and its pH was
adjusted to 2, 3, 4, 5, 6,7, 9, and 12 by the addition of
(1 M or 6 M) HCI or NaOH. The mixture was stirred
for 60 min and then centrifuged at 7,500 x g for 15 min.
The protein contents of supernatants were determined
using the Bradford (1976) method with bovine serum al-
bumin as a standard, and the total protein content in the
sample was determined by solubilizing the sample in
0.5 M NaOH. The solubility of CPI/SPI was expressed as
the percentage ratio of the protein content of super-
natant to the total protein content using the following
equation:

Solubility (%) =

Water holding capacity (WHC)

The determination of water holding capacity was carried
out according to the method of Deng et al. (2019) with
slight modifications. The CPI/SPI (0.2 g) was mixed with
5 ml of distilled water in a pre-weighed centrifuge tube.
The mixture was vortexed for 2 min and then allowed to
stand for 60 min at room temperature. The supernatant
was carefully discarded after the dispersion was centri-
fuged at 8,000 x g for 20 min. The total weight of the
precipitate and the centrifuge tube was measured.
The WHC was calculated according to the following
equation:

WHC (g/g) = (W2 —W;)/Wy

Where:

Wy = The weight of protein isolate,

W, = The weight of centrifuge tube and protein isolate
sample, and

W, = The weight of the centrifuge tube and precipi-
tated protein isolate after absorbing water.
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Oil absorption capacity (OAC)

For the determination of the oil absorption capacity
of CPI/SPI, the method of Deng et al. (2019) was
followed. CPI/SPI (0.2 g) was added to 5 ml commer-
cial corn oil in a pre-weighted centrifuge tube and
then mixed for 2 min and allowed to stand for
60 min at room temperature. The mixture was centri-
fuged at 8,000 x g for 20 min, and the supernatant
was discarded. The OAC was calculated according to
the following equation:

OAC (g/g) = (W2 —W;)/W,

Where:

W, = The weight of protein isolate,

W, = The weight of centrifuge tube and protein isolate
sample, and

W, = The weight of the centrifuge tube and precipi-
tated protein isolate after absorbing oil.

Foaming properties

The method described by Shahidi et al. (1995) and
Elsohaimy et al. (2015) was used with some modifica-
tion. CPI/SPI (1 g) was dispersed in distilled water, and
the mixture was then adjusted to different pH values (2,
4, 6, 8, 10). The dispersion was homogenized at
16,000 rpm for 2 min. The volume of the foam was re-
corded at 0 and 10 min, respectively. Foam capacity (FC)
was expressed as the percentage volume increase after
homogenization, and foam stability (FS) was determined

(protein content in supernatant) crlowenltBpceskarne—of Zoaym >0y Hiokalafreotdi® arinteuidsceample)

periods according to the following equation:
FC = (Vo —V) x100/V
ES = ((V;—V) x100)/ (Vo —V)

Where: V(ml), Vo (ml), V;(ml) are the volume of foam
at initial, 0 min, and 10 min, respectively.

Emulsifying properties

The emulsifying activity index (EAI) was determined
according to Hang et al. (2014) and Tontul et al.
(2018) with slight modification. Briefly, CPI/SPI was
dispersed in distilled water (0.5% w/v) and then
adjusted to pH 7 using NaOH or HCI (0.1 or 1 M).
Fifteen milliliters of the dispersion were then added
to 5 ml of corn oil and the mixture was blended
using a high-speed homogenizer at 16,000 rpm for
2 min. After homogenization, 25 pl of the emulsion
were taken immediately and transferred to a tube,
and diluted with 5 ml SDS (0.1 %). The absorbance of
the diluted emulsion was read at 500 nm using a
spectrophotometer. The emulsion stability index (ESI)
at 10 min was measured using the same procedure
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described. EAI and ESI were calculated using the fol-
lowing equation:

EAI (m%/g) = (2 x 2,303 x Ay x DF)/(C
X ¢ x 10000)

ESI (mll’l) = AOX10/(A0 — A]g)

where Ay, A are the absorbance of the emulsion 0 min,
10 min, respectively after emulsification, DF was the
dilution factor, C was the concentration of the sample
(g/ml), ¢ was the volume fraction of the oil in the
emulsion.

Statistical analysis

All experiments were conducted in triplicates and data
were reported as mean + standard deviation. One-way
ANOVA was performed, and means were compared by
using Tukey’s HSD test (p <0.05), SPSS 16.0 for Win-
dows (SPSS Inc., Chicago, IL, USA).

Results and discussion

SDS-PAGE profile of protein extract

Two types of seed storage proteins are abundant in
Brassicaceae oilseeds: legumin-type globulins (12 S or
cruciferin) and napin-type albumins (2 S or napin). They
account for 60 and 20 % of the total proteins in mature
seeds, respectively (Wanasundara 2011). Figure 1 indi-
cates the electrophoretic protein profiles obtained from
the meal of camelina and sophia meal. In camelina and

(2021) 3:31

Page 5 of 10

sophia protein isolates (AE & UAE), there were two
major bands: 15-25 kDa and 25-35 kDa. These bands
refer to napin and cruciferin, respectively (Tan et al.
2011; Wanasundara 2011). The profile of camelina pro-
tein isolates is similar to those observed by Boyle et al.
Boyle et al. (2018).

The protein band patterns for alkaline extraction (AE)
and ultrasonic-assisted extraction (UAE) proteins were
similar. Therefore, these gels showed that the primary
structure of the protein in CPI and SPI has not been al-
tered by ultrasonic-assisted extraction. similar results
were recently observed in the ultrasonic-assisted extrac-
tion of proteins from chickpea, kidney bean, and soy-
bean (Byanju et al. 2020).

Surface hydrophobicity

Surface hydrophobicity (SH) is an important characteris-
tic that influences protein functionality. Higher surface
hydrophobicity means that protein isolates have stronger
surfactant properties (Mune and Sogi 2015; Tontul et al.
2018). It was found that the extract methods had differ-
ent effects on the hydrophobicity surface of protein iso-
lates from camelina and sophia seed meal. The SH of
both camelina and sophia protein isolates prepared by
UAE was significantly higher than that prepared by AE
(p<0.05). The highest SH for sophia protein isolates
prepared by UAE was observed (98.16 pg BPB), and the
lowest for soy protein isolates as a reference (84.38 pg
BPB) (Table 1). Significant differences in SH existed
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Fig. 1 SDS-PAGE profile of protein extract of camelina and sophia prepared using both the alkaline extraction (AE) and ultrasonic-assisted extraction (UAE)
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Table 1 Surface hydrophobicity (ug bound BPB) of camelina
protein isolates (CPI) and sophia protein isolate (SPI)

(2021) 3:31

BPB bound (pg)

CPI (AE) 90.39 + 0.40c
CPI (UAE) 93.71£0.10b
SPI (AE) 93.15+040b
SPI (UAE) 98.16 £ 045a
Soy Pl 84.38 £ 0.65d

In the same column, means not connected by the same letter are significantly
different at p < 0.05
Values are presented as the mean + SD of each treatment in triplicate
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among extracted protein from different sources as re-
ported (Mune and Sogi 2015; Tontul et al. 2018). There-
fore, the variations in surface hydrophobicity of extracted
protein could be due to changes in protein structure
caused by ultrasound. It was reported the molecular struc-
ture of the protein is unfolded under ultrasound, thereby
revealing the hydrophobic groups (Wang et al. 2020).

Functional properties

Protein solubility

Solubility is one of the most critical characteristics of
protein isolates in food formulations as it relates to other
functional properties, especially in foams, emulsions, and
gels. It also influences the color, texture, and sensory
quality of products (Deng et al. 2019; Tontul et al.
2018). According to Fig. 2, the protein solubility of CPI
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soy protein isolate (Soy Pl) as affected by pH

Effect of pH on solubility of CPl and soy PI (a)

Fig. 2 (a &b): Protein solubility (PS) of camelina and sophia obtained by alkali extraction (AE) and ultrasound-assisted alkali extraction (UAE) and
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Table 2 Water holding capacity (WHC) and oil absorption
capacity (OAQ) of camelina protein isolate (CPI), sophia protein
isolate (SPI) prepared by alkaline extraction (AE), and ultrasound-
assisted alkali extraction (UAE) and Soy protein isolate (Soy PI)

Functional properties

WHC (g/g) OAC (9/9)
CPI (AE) 562+0.16¢ 8.06+0.19d
CPI (UAE) 6.76 +0.25a 1044 +0.05b
SPI (AE) 632+0.17ab 991 +023c
SPI (UAE) 6.04 +0.12bc 11.59+027a
Soy Pl 439+0.16d 528+0.12¢

(2021) 3:31

Values are presented as the mean + SD of each treatment in triplicate
In the same column, means not connected by the same letter are significantly
different at P < 0.05

and SPI shows a typical U-shaped curve within the con-
trolled pH range of 2—12. The PS of the samples were
significantly affected by pH and indicated a minimum
solubility near pH 3-5, the isoelectric point region for
these products. The low PS near the isoelectric point is
due to the balance of positive and negative charges
which reduces the electrostatic repulsion among the
protein molecules and leads to aggregation and precipi-
tation. In addition, the PS of samples increased gradually
with the increase in pH (5-12), and CPI was most sol-
uble at pH 12. These results also correspond to previous
studies on different sample types such as rapeseed
protein (Dong et al. 2011), quinoa protein isolate
(Elsohaimy et al. 2015), mung bean protein (Du et al.
2018), chickpea protein isolate (Tontul et al. 2018), and
Chinese quince seed protein isolate (Deng et al. 2019).
Figure 2 (a&b) also shows that the PS of soy PI was
higher than both CPI (AE) and SPI (AE), however, it was
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lower than that of UAE. Thus, the solubility of UAE
protein isolates improved significantly compared with
AE at the pH range of 6-12. Many factors, including the
molecular size and composition of protein, influence
protein solubility. The decreased particle size caused by
ultrasound is likely to increase protein solubility due to
better interaction between protein and water (Wang
et al. 2020; Yu et al. 2019; Zhang et al. 2018).

Water holding capacity and oil absorption capacity

Water holding capacity is a measure of the ability of
proteins to associate gravity with water and it is closely
associated with food products’ texture, mouthfeel, and
viscosity (Deng et al. 2019). The WHC of CPI and SPI is
significantly higher than that of soy PI (Table 2) (p<
0.05). Besides, the WHC of CPI (UAE) increased by
20.3 % compared with that of CPI (AE) while the WHC
of SPI prepared UAE was significantly unchanged. This
can be explained by the decrease of the particle size and
the improvement of protein solubility for samples ex-
tracted by UAE (Wang et al. 2020). Therefore, CPI and
SPI could be used to possibly replace soy protein isolates
in certain foods.

In general, the oil absorption capacity of proteins rep-
resents their ability to bind to oil. It is closely correlated
with flavor retention, shelf life, and emulsifying proper-
ties. This characteristic may be influenced by factors
such as amino acid composition, the type of oil
employed, and hydrophobicity, as well as the method
used to extract the protein (Deng et al. 2019; Dong et al.
2011). The results in Table 2 show that the oil adsorp-
tion ability of CPI and SPI was better than that of soy
PI. Compared with AE, the OAC of CPI (UAE) and SPI
(UAE) were more enhanced by 29.52% and 16.95 %,
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Fig. 3 Effect of pH on foaming capacity (FC) of camelina protein isolate (CPl) and sophia protein isolate (SPI) prepared by alkaline extraction (AE)
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Fig. 4 Effect of pH on foam stability (FS) of camelina protein isolate (CPI) and sophia protein isolate (SPI) prepared by alkaline extraction (AE) and
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respectively. The improved OAC could be due to the
exposure of hydrophobic groups after using UAE. The
surface hydrophobicity of CPI and SPI using UAE
increased in this analysis, which may make up for the
increased OAC of protein isolates.

Foaming properties

Foaming properties are correlated with the ability to de-
crease surface tension at the water-air interface and are
strongly linked to the protein structure. Also, the foam
capacity and foam stability are strongly correlated with
protein solubility. The higher protein solubility improves

water-protein interactions and helps to unfold the pro-
tein structure, therefore enhancing air encapsulation
(Mundi and Aluko 2012; Zhang et al. 2018). As shown
in Figs. 3 and 4, the lowest FC and ES in all samples was
at pH 4 which is the point of least protein solubility. It
may be because the ability of proteins to diffuse to form
bubbles in the water/air interface is limited. However, it
tends to decrease from pH 2 to pH 3 and increase in the
pH 5-10 range. The results correspond with the re-
ported protein solubility within the pH 2-10 range.
With UAE, the FC and FS of SPI were significantly
higher than that of AE while they were relatively
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Fig. 5 Effect of pH on emulsifying ability index (EAI) of camelina protein isolate (CPI) and sophia protein isolate (SPI) prepared by alkaline

extraction (AE) and ultrasound-assisted alkali extraction (UAE)
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Fig. 6 Effect of pH on emulsifying stability index (ESI) camelina protein isolate (CPI) and sophia protein isolate (SPI) prepared by alkaline

extraction (AE) and ultrasound-assisted alkali extraction
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unchanged in CPI Ultrasound-assisted alkali extraction
could increase foam formation causing changes in pro-
tein structure and increase surface hydrophobicity
(Wang et al. 2020).

Emulsifying properties

The emulsifying ability index (EAI) and emulsion stabil-
ity index (ESI) of CPI at various pH were observed as
shown in Figs. 5 and 6, using soybean protein isolate
(soy PI) as a reference. The EAI of all samples showed U
shape curves within the pH 2-10 range related to the re-
lationship between protein solubility and pH. Figure 5
shows that the lowest EAI was at pH 4, close to the iso-
electric point. Besides, the EAI of all samples decreased
rapidly when the pH increased from 2 to 4, while there
was a sequential increase of EAI within the pH 6-10
range and reached the highest value at pH 10. The re-
sults were similar to those reported for canola/rapeseed
(Dong et al. 2011; Tan et al. 2011). The EAI of CPI
(UAE) was significantly higher than that of CPI (AE),
while the trend of EAI in both SPI (UAE) and SPI(AE)
was similar and remained unchanged. The ultrasound-
assisted extraction method affects the structure of
protein isolates by enhancing molecular flexibility and
surface hydrophobicity (Wang et al. 2020). Figure 6
shows the lowest of ESI at pH 4, near the isoelectric
point, while the highest was at pH 6. The low ESI could
be due to the poor solubility, unsatisfactory hydration,
and weak electrostatic repulsion among the protein mol-
ecules that were insufficiently strong to prevent oil drop-
let aggregation. Moreover, the EAI of all samples was
higher than that of soy PI at most tested pH values, ex-
cept CPI (AE) for pH 6-10. This suggests the CPI and
SPI prepared by UAE emulsifying ability, making it a

good candidate emulsifying agent for use in the food
industry.

Conclusions

The ultrasonic-assisted extraction method was more ef-
fective than the traditional method for the extraction of
proteins from camelina and sophia seed meals. There
were no differences in protein subunit bands for all the
samples prepared by ultrasonic-assisted extraction. The
surface hydrophobicity of CPI and SPI was higher than
that of soybean protein isolates. Ultrasonic-assisted ex-
traction significantly improved water holding capacity
and oil absorption capacity, emulsifying capacity, and
foaming capacity of the CPI and SPI which indicate the
potential use of CPI and SPI as a replacement for soy-
bean protein in food formulations. Further studies on
the protein value and digestibility of CPI and SPI are ne-
cessary for their application as food ingredients.
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