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A B S T R A C T

In a systematic attempt to improve the cost-effectiveness and knowledge of the topic of plant protein extraction 
using natural deep eutectic solvents (NDESs), 18 extraction treatments, half of which paired with sonication, 
were performed to extract canola protein isolates using two groups of NDESs: choline chloride-glucose-water 
(CG) and choline chloride-water (C), with water contents ranging from 30 to 90 %. The highest protein 
extraction efficiencies were observed at water contents of 60 % for CG group (50.28 %) and 90 % for C group 
(45.48 %), while sonication improved these efficiencies to 60.68 % and 58.11 %, respectively. Increased solvent 
hydration and sonication also effectively reduced phenolic compounds and phytic acid contents, especially in the 
CG group. Despite increasing the solvents’ viscosity and density, the combination of glucose and water as 
hydrogen bond donors proved more effective for protein extraction than water alone, especially for larger 
fractions such as cruciferins and aggregates. Furthermore, while protein secondary structure remained mostly 
intact, variations in solvents’ water content, and sonication, affected the tertiary structure and particle size 
distribution, with the strength and flexibility of the NDESs’ nanostructure possibly affecting the protein 
conformation and aggregation. Regarding functionality, sonicated isolates showed an average of 8.31 % lower 
aqueous solubility across the pH range of 3–7, along with more than double the emulsion stability and a lower 
foam stability at pH 3, compared to non-sonicated isolates. Overall, pushing NDESs to their upper hydration 
limit, proper selection of hydrogen bond donors, and the application of ultrasound can improve the cost- 
effectiveness and quality of extracted canola protein isolates.

1. Introduction

Global food production is responsible for ~35 % of all greenhouse 
gas emissions, with ~60 % of these emissions generated from animal 
husbandry and animal feed production [1]. Curbing these emissions is 
essential for preventing catastrophic and irreversible changes in the 
planet’s climate. Therefore, the urgency of partially replacing animal 
proteins with alternative proteins in the human diet is now felt more 
than ever. Among these alternative sources, canola/rapeseed (Brassica 
napus) offers a highly nutritious protein with a reported average 
PDCAAS of 0.95, which is close to soy protein (0.98) and higher than pea 

(0.84) and lentil (0.73) proteins [2]. This protein can be obtained from 
the by-product of canola oil extraction, canola meal (containing 30–50 
% protein), which makes it even more valuable in terms of sustainability 
[3]. However, extraction of canola protein from the meal has long been 
considered challenging due to issues such as the heat-induced denatur
ation during oil extraction process, and the presence of high contents of 
anti-nutritional components in the meal, such as glucosinolates, phytic 
acid and phenolic compounds [4]. Therefore, to be able to use canola 
meal as a reliable source of protein, a shift toward less invasive oil 
extraction techniques, as well as the development of green and efficient 
extraction methods is essential.
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One of the least explored and recently trending techniques for pro
tein extraction is the use of deep eutectic solvents (DESs), which are 
composed of a specific ratio of hydrogen bond acceptor (HBA) and 
hydrogen bond donor (HBD) molecules. DESs are prepared in a few 
simple steps, which often include mixing the HBAs and HBDs at high 
temperatures to obtain a uniform liquid with a melting point below the 
melting points of the solvents’ individual components [5]. Depending on 
their formulation, DESs may be able to facilitate the extraction of pro
teins through the formation of various types of non-covalent interactions 
with the protein structure [6]. Furthermore, these solvents could be 
tuned to potentially maximize the extraction of proteins from complex 
food matrices, while minimizing the extraction of other, interfering 
components [7]. If the components of DESs are selected from naturally 
occurring molecules, they can be sub-categorized as natural deep 
eutectic solvents (NDESs). These solvents could offer a more environ
mentally friendly and safer option for protein extraction compared to 
most traditional methods, such organic solvents, or acid and alkali 
treatments [8,9]. All of the mentioned advantages have resulted in a 
surge in research regarding the use of DESs for protein extraction, with 
recent examples focusing on protein from microalgae [10], fava bean 
[11], tiger nut meal [12], sesame meal [13], oat [14] and canola [15]. 
However, despite their promising potential, the components used for 
preparation of DESs are still generally more expensive than the con
ventional solvents. This, along with the insufficient research on the ef
fects of DESs on protein extraction, structure and functionality, are the 
two key challenges in the way of the large-scale, industrial adaptation of 
DESs for protein extraction.

There are two strategies for making protein extraction using DESs 
more cost-effective: reducing the cost of the solvent or improving the 
protein extraction yield. The first strategy could be achieved by using 
less-expensive HBAs and HBDs, with two prominent examples being 
choline chloride and sugars (such as glucose), respectively [16]. While 
both of these components are inexpensive, widely available and GRAS, 
the potential of choline chloride-sugar DESs for extraction of proteins 
has rarely been studied before. Nevertheless, the one molecule that is the 
most affordable component for development of DESs is water. Water can 
act as both HBD and HBA, and is often added to DES formulations to 
fine-tune properties such as viscosity and polarity [11]. However, the 
majority of studies have been somewhat conservative when it came to 
incorporating high contents of water in the DES formulation, possibly 
because it is often stated that increasing the content of water could 
disrupt the structure of DESs [6,17]. While this notion is true, the effects 
of these disruptions on the extraction of proteins may not necessarily be 
negative. Furthermore, recent studies have shown that in combination 
with certain contents of choline chloride, water can act as the sole HBD 
to develop NDESs [18,19,20]. However, to the best of the authors’ 
knowledge, the potential of choline chloride-water mediums for protein 
extraction has never been studied before. Overall, since water has a 
tremendous potential to make protein extraction using DESs more sus
tainable and affordable (in terms of both solvent preparation and 
downstream recovery), the effects of its incorporation into DES struc
tures should be further explored.

The second strategy (improving the protein extraction yield to in
crease the cost-effectiveness of DESs) can be achieved through the use of 
novel assisting technologies in combination with DES extraction, among 
which ultrasound treatment has proven effective in improving the 
extraction efficiency, functional properties and digestibility of plant 
proteins [21,22,23]. The combination of DESs and ultrasound treatment 
for protein extraction has been studied in a few plant sources, including 
brewing waste [24], lime peels [25], pumpkin [26] and pomegranate 
[27]; however, no studies on canola protein have been published to this 
day.

Based on the identified gaps and opportunities, this study was 
designed to explore three main objectives: to evaluate the effects of 
NDES water content, the use of glucose and water versus water alone as 
HBD, and the application of ultrasound treatment on the extraction and 

properties of canola protein. To evaluate these objectives, two groups of 
solvents with varying water contents of 30–90 % were developed: one 
containing choline chloride and glucose at the ratio of 1:1, and the other 
containing choline chloride only (total of eight solvents). After the 
evaluation of their physical properties, these eight solvents, along with 
pure water, were then used to extract 18 different protein isolates, half 
of which were obtained using ultrasound treatment. The isolates were 
then subjected to comprehensive analyses of their protein content, 
extraction efficiency, anti-nutritional components and color, as well as 
their molecular and structural properties, with a focus on the individual 
and combined effects of the mentioned objectives on protein charac
teristics. Finally, the functional properties of selected isolates at three 
pH levels of 3, 5 and 7 were also evaluated.

2. Materials and methods

2.1. Materials

Canola meal (cold-pressed, with oil extraction temperatures main
tained below 40 ◦C) was purchased from Highwood Crossing Foods Ltd. 
(AB, Canada). After grinding and defatting, the protein content of the 
meal was measured at 37.73 ± 0.48 %, while the contents of anti- 
nutritional components were measured as follows: 10.71 ± 0.18 mg/g 
of sinapic acid equivalent (SAE) for total phenolic content (TPC), 41.18 
± 0.33 mg/g for phytic acid, and 8.12 ± 0.57 mmol/kg for glucosino
lates. A Milli-Q Advantage A10 purification system (EMD Millipore 
Corporation, MA, USA) was used to produce ultrapure water. Choline 
chloride, D-glucose and all the other chemicals were purchased from 
Sigma Aldrich (ON, Canada) and used without further purification.

2.2. Solvent abbreviation system and preparation

A total of nine solvents were employed for the extraction of canola 
protein, eight containing solid NDES components and water, and one 
consisting of pure water. The first eight solvents were divided into two 
groups. The first group, CG, was prepared using choline chloride and 
glucose at a mass ratio of 1:1 and varying water contents of 30 %, 45 
%,60 %, 75 % and 90 %. The second group, C, contained only choline 
chloride, with water contents of 30 %, 60 % and 90 %. Protein extraction 
using the nine solvents was performed both without (CG and C) and with 
(UCG and UC) the application of ultrasound (extraction details 
explained in section 2.4). Therefore, the following 18 protein extraction 
treatments were performed: CG30, CG45, CG60, CG75, CG90; UCG30, 
UCG45, UCG60, UCG75, UCG90; C30, C60, C90; UC30, UC60, UC90; 
water and water + ultrasound.

For the preparation of solvents, the components of each solvent were 
weighed on an analytical scale and transferred into Erlenmeyer flasks. 
The flasks were then placed on a Super-Nuova™ Multi-Position Digital 
Stirrer equipped with a Type K thermocouple probe (Thermo Fisher 
Scientific, MA, USA) and mixed at 80 ◦C and 400 RPM for approximately 
10 min, until uniform, clear liquids were obtained. The solvents were 
then left to cool on the bench to room temperature before being sub
jected to further analyses.

2.3. Solvent characterization

The dielectric constant of CG and C solvents was measured using a 
ZVA67 vector network analyzer (10 MHz to 67 GHz, Rohde & Schwarz, 
MD, USA) equipped with a coaxial probe and calibrated with water and 
acetone, at the frequency of 800 MHz. pH measurements were carried 
out using an F20 pH meter (Mettler Toledo, OH, USA). Solvent con
ductivity was measured using an Oakton PC 700 benchtop meter (Cole- 
Parmer, IL, USA). Viscosity measurements were performed via a Dis
covery HR-3 rheometer (TA Instruments, DE, USA) equipped with a 
Peltier Concentric Cylinder at shear rates of 0.01 to 90 s− 1 over 3 min. 
The slopes of the shear stress versus shear rate graphs were then 
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calculated to acquire the viscosity of the solvents. Density measurements 
were performed by weighing 1 ml of each solvent on an analytical scale. 
All analyses were conducted at room temperature.

2.4. Extraction of canola protein isolates

Canola meal was added to each solvent at a meal:solvent mass ratio 
of 1:10. The mixtures were then placed on a Super-Nuova™ Multi- 
Position Digital Stirrer equipped with a Type K thermocouple probe 
(Thermo Fisher Scientific, MA, USA) to maintain the temperature of the 
mixtures at around 40 ◦C during extraction. Protein extraction was 
carried out for 2 h at the stirring rate of 800 rpm. While CG and C 
treatments were left on the stirrer for the full duration of extraction, 
UCG and UC treatments were temporarily removed for ultrasound 
application using an ultrasound homogenizer model JY92-IIN (Ningbo 
Scientz Biotechnology, ZJ, China) equipped with an 8 mm probe. Son
ication parameters were based on preliminary optimizations, as pre
sented in supplementary material 1, and performed for 20 min (pulse 
mode, 2 s on and 2 s off, actual sonication duration of 10 min) at a 
frequency of 20 kHz and power density of 3 W/g of solvent. The tem
perature of the mixtures was allowed to rise during sonication treatment 
to around 64–68 ◦C. However, after sonication, the mixtures were 
placed in an ice bath to reduce the temperature to 40 ◦C and then 
returned to the stirrer. After finishing the extraction, the mixtures were 
centrifuged for 10 min at 25 ◦C and 3350 g, and the obtained superna
tants were diluted with water and poured into dialysis bags with mo
lecular cut-off of 3.5 kDa. Dialysis was carried out at 4℃ for 5 days with 
frequent water changes and conductivity measurements to ensure the 
proper execution of the process. Finally, the contents of the dialysis bags 
were freeze-dried, and the obtained protein isolates were kept at − 18 ◦C 
until further analyses.

2.5. Protein content and extraction efficiency

Protein content evaluations were carried out using a Nitrogen 
Analyzer model FP-428 (Leco Corporation, MI, USA), with a protein 
conversion factor of 5.7 [28,29].

Protein extraction efficiency was calculated via the following equa
tion: 

Protein extraction efficiency(%) =
Protein weight of the isolate
Protein weight of the meal

× 100 

2.6. Evaluation of anti-nutritional components

Total phenolic content was measured according to a method 
described by Szydłowska-Czerniak et al. [30]. The method was based on 
the Folin–Ciocalteu assay, involving the reaction of this reagent with 
phenolic compounds in the presence of sodium carbonate, followed by 
absorbance measurement at 725 nm. TPC was calculated based on the 
formula obtained from a sinapic acid calibration curve.

Phytic acid content was measured according to a method described 
by Akbari & Wu [31]. This method was based on the reaction of phytic 
acid with ammonium iron (III) sulfate in an acidic environment, fol
lowed by the addition of 2.2′-bipyridine and absorbance measurement at 
519 nm. Phytic acid content was calculated using the formula obtained 
from a phytic acid calibration curve.

Glucosinolate content was measured according to a method 
described by Jezek et al. [32]. Briefly, glucosinolates were subjected to 
alkaline degradation to produce 1-thioglucose, which was then reacted 
with ferricyanide. The absorbance of the solution was measured at 420 
nm within 15 s. Content of glucosinolates was calculated using the 
formula obtained from a sinigrin calibration curve.

2.7. Isolate color evaluation

Color measurements were performed based on CIELAB color space 
using a CR-410 chroma meter (Konica Minolta Inc., Tokyo, Japan). A 
white plate was used to calibrate the machine first, and the L* (light
ness), a* (green [− ] to red [+]) and b* (blue [− ] to yellow [+]) values of 
protein isolates were recorded at room temperature.

2.8. Protein molecular and structural analyses

2.8.1. Size-exclusion high-performance liquid chromatography (SE-HPLC)
A method described by Defaix et al. [33], with modifications, was 

used to evaluate the apparent molecular weights (Mw) and percentage of 
protein fractions in the isolates. Protein solutions were prepared in a 
mobile phase containing 54.9 % water, 45 % acetonitrile and 0.1 % 
trifluoroacetic acid (TFA) at a concentration of 1 mg/ml. After 2 h of 
shaking at room temperature, the solutions were subjected to a mild 
sonication treatment and then passed through a 0.45 μm syringe filter. 
SE-HPLC was performed using an Agilent series 1100 system (CA, USA) 
equipped with a BioSep-SEC-S2000 300 × 7.8 mm, 5 μm column (Phe
nomenex, CA, USA) over 30 mins at a flow rate of 0.6 ml/min and a 
detection wavelength of 214 nm. The mobile phase (54.9 % water, 45 % 
acetonitrile and 0.1 % TFA) was used at a constant composition (iso
cratic elution) during each run. A protein standard solution, using pro
teins from a gel filtration markers kit from Sigma-Aldrich (12–200 kDa) 
[33], was analyzed under identical conditions and a logarithmic cali
bration curve was plotted using the retention times of each standard 
component for Mw calculations. Furthermore, the percentages of protein 
fractions were calculated by measuring the area under the identified 
protein peaks using OriginLab Origin 2024b software (MA, USA).

2.8.2. Fourier-transform infrared spectrum (FT-IR)
Mixtures of 1 mg of protein and 99 mg of KBr were ground into a fine 

powder and pressed to form transparent disks. The disks were then 
placed inside a Nicolet 6700 spectrophotometer (Thermo Fisher Scien
tific Inc., MA, USA) and the FT-IR spectra were recorded with a number 
of scans of 128 and a resolution of 4 cm− 1. The spectrum of a pure KBr 
disk was also obtained and subtracted from protein spectra as back
ground. Fourier self-deconvolution on the Amide I region (1700–1600 
cm− 1) of the spectra was performed via Omnic 8.1 software, at a 
bandwidth of ~ 25 cm− 1 and an enhancement factor of 2.6. The per
centages of protein secondary structure were calculated via second de
rivative analysis and peak fitting using PeakFit v4.12 (SeaSolve software 
Inc., Framingham, USA).

2.8.3. Intrinsic fluorescence
Protein suspensions were prepared in phosphate buffered saline 

(PBS, pH 7.4) at a concentration of 1 mg/ml and analyzed using a 
SpectraMax M3 spectrophotometer (Molecular Devices, CA, USA). The 
excitation wavelength was set to 280 nm, and emission spectra were 
collected over the range of 290–400 nm with a slit of 2 nm at 25 ◦C.

2.8.4. Particle size distribution
Protein suspensions at a concentration of 10 mg/ml were shaken at 

room temperature for 24 h, and their particle size distribution was 
measured using a Mastersizer 3000 (Malvern Instruments Ltd., Malvern, 
UK). Measurements were performed at room temperature, with the 
refractive indices of protein and dispersant (water) set to 1.45 and 1.33, 
respectively.

2.9. Evaluation of protein functionality at pH levels of 3, 5 and 7

2.9.1. Aqueous solubility
Protein aqueous solubility was evaluated based on a method 

described by Yang et al. [34], with some modifications. 200 ml of pro
tein suspensions at a concentration of 10 mg/ml were adjusted to pH 3, 5 
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and 7 using 0.1 M and 1 M NaOH and HCl solutions. The suspensions 
were then vigorously shaken at room temperature for 2 h and centri
fuged at 3250 g for 30 min at 25 ◦C. The obtained supernatants were 
then freeze-dried, and the nitrogen content of the dried material was 
measured using a Nitrogen Analyzer model FP-428 (Leco Corporation, 
MI, USA). Protein aqueous solubility (%) was measured according to the 
following equation, 

Aqueous solubility(%) =
Nitrogen content of the dried supernatant

Nitorgen content of the protein isolate
× 100 

2.9.2. Emulsifying properties
The emulsifying activity index (EAI) and emulsion stability index 

(ESI) of protein isolates were calculated according to [35] and [36] with 
a few modifications. Mixtures of 6 ml of protein suspension at a con
centration of 10 mg/ml (adjusted to pH 3,5 and 7 using 0.1 M and 1 M, 
NaOH and HCl solutions) and 2 ml of canola oil were homogenized at 
room temperature using a T18 high-speed homogenizer (IKA, NC, USA) 
for two minutes at a speed of 25,000 RPM. Immediately after homoge
nization, 50 µL of the emulsion was removed from the bottom of the 
container and combined with 5 ml of 0.1 % SDS solution under gentle 
shaking, and the absorbance of the mixture was measured at 500 nm to 
obtain A0. The emulsion was then left at room temperature for 10 min, 
after which another 50 µL of sample was taken from the bottom of the 
container, mixed with 5 ml of 0.1 % SDS solution and measured for 
absorbance at 500 nm to obtain A1. EAI was measured according to the 
following equation, 

EAI(
m2

g
) =

2 × 2.303 × A0 × DF
C × θ × 10000 

where A0 was the absorbance immediately after homogenization, C was 
the protein concentration (g/ml), DF was the dilution factor (100), and θ 
was the volume of oil fraction (0.25). Furthermore, ESI was calculated 
according to the following equation, 

ESI(min) = A0
Δt
ΔA 

where A0 was the absorbance immediately after homogenization, Δt was 
the time between the first and the second emulsion sampling (10 min) 
and ΔA was the difference in the absorbance of the two samples.

2.9.3. Foaming properties
The foaming capacity (FC) and foam stability (FS) of protein isolates 

were measured according to [34] and [37], with some modifications. 
Protein suspensions at a concentration of 10 mg/ml (adjusted to pH 3,5 
and 7 using 0.1 M and 1 M, NaOH and HCl solutions) were vigorously 
mixed at room temperature for 2 min at a speed of 15,000 RPM using a 
T18 high-speed homogenizer (IKA, NC, USA). The total volume of each 
sample was measured immediately after mixing, and again after 30 min. 
FC and FS were calculated according to the following equations, 

FC(%) =
V1− V0

V0
× 100 

FS(%) =
V2− V0

V0
× 100 

where V0 was the volume of the suspension before homogenization, V1 
was the total volume immediately after homogenization and V2 was the 
total volume 30 min after homogenization.

2.10. Statistical analyses

The statistical analyses were carried out using OriginLab Origin 
2024b (MA, USA). All the experiments were repeated at least three 

times, and the data were reported as mean ± standard deviation. Mean 
comparisons were carried out using the one-way analysis of variance 
(ANOVA) followed by Tukey’s test at the significance level of 0.05. The 
use of the words “significant” and “significantly” throughout the paper is 
an indication of the statistical significance at the level of 0.05.

3. Results and discussion

3.1. Solvent characterization and categorization

Fig. 1 presents the graphs for viscosity, dielectric constant, conduc
tivity, density and pH of the two groups of employed solvents, choline 
chloride-glucose-water (CG) and choline chloride-water (C). Increasing 
the water content from 30 % to 90 % in both solvent groups resulted in a 
decrease in viscosity and density and an increase in dielectric constant 
values. Water molecules can disrupt the strong network of hydrogen 
bonding between the NDES components, which can reduce both vis
cosity and density of the system. Water is also a more polar molecule 
compared to both choline chloride and glucose, and its addition can 
increase the dielectric constant, and subsequently, the polarity of the 
NDESs system [38]. In terms of conductivity, an increasing trend was 
observed in both solvent groups up to 60 % of solvent water content. 
However, further increase in the water content resulted in a reduction of 
conductivity. These observations are in accordance with previous re
ports [20,39], and could be related to the solvent composition and the 
degree of ionic dissociation. Specifically, increasing the water content to 
60 % may have increased the ionic dissociation of the NDESs compo
nents by reducing their association with the NDESs structure. However, 
above 60 % of water, a reduction in the concentration of ions in the 
NDESs system could have caused the observed drop in conductivity, 
regardless the extent of ionic dissociation [20]. In terms of pH, CG sol
vents demonstrated an increasing trend with increasing water content, 
while C solvents showed a decreasing trend.

It was also observed that substitution of glucose with choline chlo
ride (the key difference between the C and the CG formulations) resulted 
in an increase in the conductivity of C solvents compared to their 
respective CG solvents. This substitution also decreased the viscosity, 
density and polarity of the C solvents. The large and compact structure 
of glucose molecules and their ability to form multiple hydrogen bonds 
could have contributed to the higher viscosity and density of the CG 
solvents. When glucose was removed from the system, the smaller water 
molecules were left to act as the sole HBD and may have created a more 
flexible network of hydrogen bonding with choline chloride, resulting in 
the reduction of viscosity and density of the C solvents [6]. Finally, C30 
and C60 showed higher pH levels compared to CG30 and CG60, while 
the pH of C90 was lower than that of CG90.

The nanostructure of NDESs is composed of clusters of solute mole
cules, formed within a strong, heterogeneous network of NDES-NDES 
hydrogen bonding [40]. When water molecules are introduced into 
this system, they gradually occupy the hydration shell of the solutes, 
break some of the NDES-NDES hydrogen bonds and form their own 
network of NDES-water and water-water hydrogen bonding. The clus
tered structure of NDES and its intermolecular bonding still exists within 
these systems and forms separate regions from water due to solvophobic 
effects. However, when the water content exceeds a certain threshold, 
the hydration shell of the solutes becomes fully saturated with water and 
the system transitions from a hydrated NDES to an aqueous solution of 
the NDES components [41]. The hydration threshold varies depending 
on the NDES components and their ratio. In the case of NDESs used in 
this study, for choline chloride-glucose systems with a ratio of 1:1, 
Zafarani-Moattar et al. [42] reported the elimination of the NDES-NDES 
hydrogen bonding at the water content ~ 75 %. For choline chloride- 
water NDESs, this threshold was reported to be ~ 80 % by Zhang 
et al. [18]. Therefore, based on water content, the employed solvents in 
this study were divided into three zones. The first zone, NDESs, included 
the CG and C solvents with water contents of 30 %, 45 % and 60 %. The 
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second zone was named aqueous solutions and contained the CG and C 
solvents with water contents of 75 % and 90 %, while the third zone was 
the pure water used for protein extraction. While changes in the con
ductivity values appeared to correspond with the defined solvent zones 
(conductivity peaked at 60 % of water and then decreased after the 
transition from NDES to aqueous solution at 75 % of water), the rest of 
the solvents’ physical properties appeared to be independent of these 
zones.

3.2. Protein extraction mechanisms, efficiency and content

3.2.1. CG and UCG treatments
Fig. 2 presents the protein extraction efficiency and protein content 

of extracted isolates. For choline chloride-glucose-water solvents, CG30 
showed an extraction efficiency of 46.40 % (Fig. 2A). The efficiency 
increased to 48.82 % and 50.28 % for CG45 and CG60, respectively. 
However, further increases in solvent water content led to a significant 
drop in extraction efficiency, with values of 47.51 % and 43.05 % for 
CG75 and CG90, respectively. The lowest efficiency was observed for 
water extraction at 29.95 %, which is almost identical to the values 
reported by Fetzer et al. [43]. Compared to the CG treatments, the 
application of ultrasound consistently improved the extraction effi
ciency of UCG treatments by 10.40–11.52 % across different water 
contents. A trend similar to the extraction efficiency of CG solvents was 
also observed in UCG solvents, with the efficiency of 57.74 % for UCG30, 
followed by the peak in efficiency at 60.68 % for UCG60 and a reduction 
to 59.14 % and 54.44 % for UCG75 and UCG90, respectively. Combined 
ultrasound and water extraction yielded an efficiency of only 31.78 %, a 
small increase of 1.83 % compared to water extraction without 
ultrasound.

Previous studies have discussed the effects of viscosity, density and 
polarity of the DESs in the extraction of proteins. While the reduction in 
viscosity and density could improve the DES’s mobility and diffusion 
properties, an appropriate polarity value could maximize the solubili
zation and extraction of target proteins [5,38]. In this study, a positive 
relationship was observed, in both CG and UCG treatments, between the 
protein extraction efficiency and the hydration level of NDESs up 60 % 
of water, which is close to its reported upper hydration limit [42]. It was 
also shown that this increase in hydration resulted in reduced viscosity 
and density and increased polarity, which could partly contribute to the 
improved protein extraction efficiency. However, once the solvent 
transitioned to an aqueous state (75 % of water), even though the vis
cosity and density went further down, the extraction efficiency began to 
decline. While this could be related to the solvent’s polarity moving out 
of the appropriate range to solubilize the maximum amount of canola 
protein, it could also highlight the importance of preserving the nano
structure of NDESs, and its effect on maximizing protein extraction. 
These results also indicate that pushing NDESs to their upper hydration 
limit could not only drastically reduce the solvent’s initial cost and later 
recovery expenses but also may not severely affect protein extraction 
efficiency, and in the case of CG solvents, could even improve it. Another 
study by Hewage et al. [11] reported that increasing the content of water 
in choline chloride-glycerol NDESs from 0-40 % maximized fava bean 
protein extraction efficiency at 65.42 %; however, water contents above 
40 % were not evaluated.

Furthermore, ultrasound treatment demonstrated consistent effec
tiveness in improving the extraction of canola protein when combined 
with CG solvents. The localized, tremendous shear forces and high 
temperatures caused by the ultrasound-induced cavitation can break 
down plant cell walls and improve the diffusion of NDESs into the cells 

Fig. 1. Plots showing the viscosity (A), dielectric constant (B), conductivity (C), density (D) and pH (E) of CG and C solvents. Different letters (a-e for CG group and x- 
z for C group) indicate significant differences (p < 0.05) between the solvents in each group.
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where proteins are stored [21]. These effects may also break down 
protein aggregates, thereby improving their solubility and extraction. 
Cavitation can also produce reactive hydrogen and hydroxyl radicals 
from water. These radicals, in combination with the aforementioned 
physical effects, may impact the proteins (and other components in the 
medium) in various ways, including alterations to their higher structure, 
functionality and digestibility [22,44]. The typical range of ultrasound 
power density for extraction of plant proteins is reported to be 1–10 W/ 
g. Therefore, the applied power density of 3 W/g in this study could be 
considered a mild treatment [21], and was selected to maximize the 
preservation of protein’s native structure and functionality, while 
simultaneously improving its extraction efficiency. While research on 
ultrasound-assisted extraction of canola protein is limited, a study by 
Dong et al.[45], reported an extraction efficiency of 76.83 % using non- 
pressed, solvent-defatted meal under optimized conditions of alkaline 
extraction (pH 11.5), ultrasound power of 450 W (power density not 
reported), and a meal:solvent ratio of 1:24.

Unlike the extraction efficiency, which peaked at 60 % of solvent 
water content, the protein content of CG isolates (Fig. 2B) showed a 
generally increasing trend, from 81.19 % for CG30 to its peak at 88.20 % 
for CG90 and 87.21 % for water extracts. This increase could be related 
to the reduction of CG solvents’ viscosity and density, which may 
improve diffusion and solubilization properties and increase the 
extraction of proteins over non-protein fractions [17]. Furthermore, the 
protein content of UCG isolates also showed a consistent increase from 

79.88 % for UCG30 to 85.58 % for UCG90 and 86.21 % for water +
ultrasound isolates. However, sonication was found to reduce the pro
tein content of UCG isolates by an average of 1.93 % compared to CG 
isolates. This could be related to the breakdown of plant cell wall ma
terials caused by ultrasound-induced cavitation and subsequent release 
of more non-protein fractions (mostly carbohydrates) into the extraction 
medium [21]. Overall, the increase in protein content of CG isolates 
suggested another potential benefit of increasing the hydration level of 
NDESs for protein extraction.

3.2.2. C and UC treatments, and comparison between the two solvent 
groups

For choline chloride-water solvents, C30 showed an extraction effi
ciency of only 33.35 %. The efficiency increased to 43.76 % for C60 and 
peaked at 45.48 % for C90, with no significant difference between the 
latter two. While sonication also improved the extraction efficiency of 
UC treatments, unlike UCG treatments, these improvements were 
inconsistent across different water contents and measured at 1.94 %, 
5.67 % and 12.63 % for UC30, UC60 and UC90, respectively. The lowest 
extraction efficiency among UC treatments was observed at 35.29 % for 
UC30, while the highest was recorded at 58.11 % for UC90.

Therefore, the aqueous solution of choline chloride proved to be a 
more effective medium for extraction of canola protein compared to 
choline chloride-water NDESs, especially when paired with ultrasound 
treatment. This could be related to the improvement of protein solubility 
via the salting-in effect [4]. While this is the first report on the extraction 
of plant proteins using aqueous solutions of choline chloride, Fetzer 
et al. [43] reported a canola protein extraction efficiency of ~ 50 % 
using both 0.5 M and 1 M solutions of NaCl, which was ~ 4.5 % higher 
than the extraction efficiency of C90 at 0.8 M of choline chloride con
centration. However, sonication notably improved the extraction effi
ciency of UC90 by 12.63 %, highlighting the promising potential of this 
technology when combined with salt-extraction.

In terms of protein content, a decreasing trend was observed from 
92.22 % for C30 to 89.94 % for C90. A similar trend was also observed in 
UC isolates, with a significant decline from 89.29 % in UC30 to 85.24 % 
in UC90. Sonication also reduced the protein content of UC isolates by 
an average of 3.53 % compared to C isolates.

As mentioned earlier, a comparison between the physical properties 
of NDESs showed that C30 and C60 had lower viscosity and density 
compared to CG30 and CG60. The difference is especially stark in the 
case of C30, which exhibited half the viscosity, a much lower density 
(1100.7 Kg/m3 versus 1210.15 Kg/m3), and almost the same polarity 
compared to CG30. This, however, did not translate into improved 
protein extraction efficiency, and CG30 still offered 13.05 % higher ef
ficiency compared to C30. These observations highlighted the impor
tance of the choice of HBD in protein extraction, which, under the 
conditions of this study, proved to be more influential than the mere 
physical properties of NDESs. Furthermore, even the application of ul
trasound was not as effective in improving the extraction efficiency of 
UC treatments compared to UCG treatments, especially regarding UC30. 
Judging from the reduction of protein content in UC isolates compared 
to C isolates, it could be said that sonication was still exerting its 
cavitation-induced effects on the cells, and the low extraction effi
ciencies were likely due to the inability of choline chloride-water NDESs 
to adequately solubilize canola protein. Overall, while CG solvents 
proved more effective within the NDES zone, C solvents extracted more 
protein upon transition to the aqueous state.

Compared to a similar NDES from our previous study (choline 
chloride to glucose ratio of 1:2 + 25 % water), CG30 demonstrated 
improvements of 2.23 % and 5.76 % in extraction efficiency and protein 
content of canola protein isolates, respectively [15]. These enhance
ments could be related to the adjustments made in the HBA:HBD ratio, 
as well as the content of water. Another observation was that while the 
NDES developed with glycerol (same formulation as above, except for 
the HBD) showed significantly lower viscosity and density and similar 

Fig. 2. Protein extraction efficiency (A) and protein content (B) of canola 
protein isolates. Different letters (a-e for CG and UCG groups and w-z for C and 
UC groups) indicate significant differences (p < 0.05) between the isolates in 
each group.
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polarity compared to NDESs developed with glucose and sorbitol, all 
three solvents demonstrated similar extraction efficiencies of around 44 
%. This finding correlates with the above-mentioned point about the 
more prominent influence of HBD selection over the physical properties 
of NDESs. Furthermore, with extraction efficiencies of approximately 60 
%, both UCG60 and UC90 treatments came close to the highest extrac
tion efficiency of our previous study (68.34 %), which was achieved 
using alkaline extraction at pH 12.

3.3. Isolate antinutritional components and color analysis

3.3.1. Content of phytic acid and glucosinolates
In terms of phytic acid content (Fig. 3A), CG30 showed the highest 

level at 44.98 mg/g, followed by a significant decrease to 29.04 mg/g in 
CG45 isolates. The lowest level of phytic acid was observed in CG60 at 
26.94 mg/g; however, further increase in solvent water content to 75 %, 
90 % and 100 % resulted in a slightly increasing trend in the contents of 
phytic acid. No significant difference was observed between the phytic 
acid contents of CG isolates extracted with more than 45 % of solvent 
water content. A similar trend was also observed in UCG isolates, with 
the highest phytic acid level of 40.15 mg/g in UCG30 and the lowest 
level of 21.12 mg/g in UCG60. The binding of phytic acid to protein and 
its subsequent presence in the final isolate is strongly dependent (among 
other factors) on the ionic strength of the medium [46]. Herein, An in
verse correlation was observed between the conductivity of CG solvents 
and phytic acid contents of CG and UCG isolates, which is in agreement 
with previous reports [47]. Sonication was also effective in reducing the 
contents of phytic acid in UCG isolates by an average of ~ 13.5 % 
compared to CG isolates, with this reduction being relatively consistent 
across different water contents. This may be related to the effects of 
cavitation, which can both disintegrate the phytic acid [48], and disrupt 
its interactions with protein by inducing change in the protein structure 
[46]. On the other hand, the phytic acid content of C isolates showed a 
consistent increase from 10.82 mg/g in C30 to 26.03 mg/g in C90 iso
lates. UC isolates also showed a similar trend; however, sonication did 
not reduce the phytic acid content of UC isolates to the same extent as in 
UCG treatments, possibly because lower amounts of phytic acid were 
extracted in the medium to begin with. Overall, C solvents extracted less 
phytic acid than CG solvents, which may be related to their higher 
conductivity [47].

Regarding the content of glucosinolates, while the meal contained 
8.12 ± 0.57 mmol/kg, no detectable traces of glucosinolates were found 
in any of the protein isolates. While Canadian canola typically contains 
low contents of glucosinolates to begin with, most of the extracted 
glucosinolates were also possibly removed during the dialysis proced
ure, resulting in their extremely low levels in the final isolates [49].

3.3.2. Total phenolic content
The TPC of CG isolates (Fig. 3B) demonstrated a decreasing trend, 

from 3.83 mg/g in CG30 to 2.99 mg/g in CG90. A similar trend, along 
with very close values, was also observed in the TPC of C isolates. The 
isolate extracted with water, however, showed the highest TPC at 4.68 
mg/g. Previous studies on the extraction of phenolic compounds using 
choline chloride-based NDESs have reported the negative effects of 
water addition on the extraction yield [50]. For instance, Liu et al. [51] 
reported that increasing the water content of NDESs above 20 % resulted 
in reducing the extraction efficiency of sinapine thiocyanate, possibly 
due to the weakening of the NDES’s hydrogen bonding network. 
Furthermore, increasing the water content could also prevent the salts 
from participating in the nanostructure of NDESs, thereby enabling 
them to occupy the hydration shell of the proteins more effectively and 
disrupt the protein–phenolic interactions further. However, once the 
solvent transitioned to pure water, canola meal was subjected to a 
completely different medium, in which the absence of choline chloride 
may have contributed to increased interactions between protein and 
phenolic compounds, resulting in higher phenolic content in the final 

isolate. Overall, since phenolic compounds of canola are known to cause 
dark color and undesirable flavor in the final protein product [4], their 
reduction could be considered as another benefit of increasing the water 
content of NDESs.

While the application of ultrasound did not change the aforemen
tioned trends, it caused an overall decrease in the TPC of UCG, UC and 
water + ultrasound isolates compared to their respective non-sonicated 
counterparts. UC Isolates presented an average reduction of ~ 6.1 %, 
whereas a more noticeable average reduction of ~ 20 % was observed in 
UCG isolates. Ultrasound treatment is often employed as an assisting 

Fig. 3. Phytic acid (A) and total phenolic (B) contents of canola protein iso
lates, along with their color and visual appearance (C). Different letters (a-d for 
CG and UCG groups and x-z for C and UC groups) indicate significant differ
ences (p < 0.05) between the isolates in each group.
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technology to improve the extraction yield of phenolic compounds [52], 
and it has possibly increased the extraction of phenolics during our 
protein extraction procedure as well. However, ultrasound is also known 
to induce changes in the higher structure of proteins, which could ulti
mately affect the protein–phenolic interactions. These interactions are 
responsible for the majority of phenolic retention during the dialysis 
procedure. Therefore, the modified structure of proteins in the 
ultrasound-treated samples possibly had less affinity toward phenolic 
compounds, which facilitated their removal during dialysis. Another 
possibility is the cavitation-induced oxidation of phenolic compounds 
into quinones, followed by the formation of covalent bonds with other 
components in the meal, namely carbohydrates, which may have 
contributed the observed reductions in TPC [53]. This could also justify 
the much higher average reduction of TPC in UCG isolates (extracted via 
glucose-containing NDESs) compared to UC isolates, since the presence 
of glucose could have promoted the glycosylation of phenolic com
pounds and their subsequent removal during dialysis [54].

3.3.3. Color analysis
The color analysis of CG isolates (Table 1) revealed an upward trend 

in both L* and a* values from CG30 to CG90, which, from a visual 
standpoint, indicated that increasing the content of water resulted in the 
extraction of lighter, less greenish isolates (Fig. 3C). The highest L*, a* 
and b* values were observed in water extracts, which produced a 
notably brighter and yellower isolate compared to CG isolates. A similar 
trend was also observed in the color parameters of C isolates; however, 
they demonstrated higher L* values compared to CG isolates. On the 
other hand, application of ultrasound led to a decreasing trend in L* and 
b* values, and a fluctuating trend in a* values in both UCG30-90 and 
UC30-90 treatments. Visually, a progression toward darker, less 
yellowish colors was observed in both UCG and UC treatments. Soni
cation also altered the color parameters of water + ultrasound extract, 
though this isolate remained visually similar to the non-sonicated water 
extract. It was also observed that ultrasound generally increased both a* 
and b* values (except for UC90 treatment), resulting in isolates that 
appeared more yellow and less green. The color of canola protein iso
lates has been associated with the presence of phenolic compounds, 
including phenolic acids and condensed tannins, as well as other pig
ments in the final product [37,55]. A variety of factors, including the 
type and degree of interactions between these components and proteins 
during extraction and purification steps, and their content and ratio in 
the final protein product can determine the isolate’s final color. Overall, 
compared to water extracts, the presence of NDES components at any 

concentration resulted in the production of isolates with darker color. 
Most of the NDES extracted canola protein isolates from our previous 
study also showed closely resembling colors to those reported here, 
except for protein isolates from choline chloride-urea-water NDES, 
which was a noticeably brighter and yellower product. However, all of 
our NDES extracted isolates so far have offered a substantially better 
color compared to the dark-green color of alkaline extracted isolates at 
pH 12 [15].

3.4. Protein molecular and structural characterizations

Fig. 4 presents the SE-HPLC chromatograms, as well as FT-IR and 
intrinsic fluorescence spectra of CG, UCG, C and UC isolates with 30 %, 
60 % and 90 % of water, along with water and water + ultrasound 
isolates. Fig. 5 demonstrates the volume-weighted particle size distri
bution of the mentioned isolates. Particle size distribution parameters, 
percentages of extracted protein fractions and contents of the protein 
secondary structure are also provided in Table 1, Table 2 and Table 3, 
respectively. It is worth noting that the preliminary data from the iso
lates extracted using 45 % and 75 % of solvent water content fell pre
dictably between the results of the adjacent water contents and did not 
alter the overall observed trends. For this reason, these data were 
excluded from this section.

3.4.1. Molecular weights and the percentage of extracted protein fractions
The majority of protein in canola consists of two main storage frac

tions, cruciferin (12S globulin) and napin (1.7-2S albumin). Cruciferins 
possess a hexameric structure with a molecular weight of 300–350 kDa. 
Each cruciferin hexamer is composed of two trimers and stabilized via 
non-covalent bonding, while each cruciferin monomer (~50 kDa) is 
composed of two polypeptides, α (~30 kDa) and β (~20 kDa), connected 
via disulfide bonds [4]. Unlike cruciferin, napin is a monomeric protein 
with a molecular weight of 12–16 kDa, composed of two, long (~9 kDa) 
and short (~4 kDa) polypeptides, which are also connected via disulfide 
bonds [56,57]. Canola protein also contains minor oil-body proteins, 
namely steroleosins (~40 kDa), caleosins (~30 kDa) and the predomi
nant fraction, oleosins (~18 kDa) [29].

Fig. 4A-D presents the SE-HPLC chromatograms of canola protein 
isolates. The highly positive charge of canola protein in the acidic mo
bile phase (pH ~ 2) disrupted the non-covalent interactions and disso
ciated the protein subunits and/or aggregates, resulting in the elution of 
well-separate peaks for all protein fractions [33]. Based on the calcu
lated molecular weights of the observed major peaks, all chromatograms 

Table 1 
Color and particle size distribution parameters of canola protein isolates. Different letters (a-e for CG and UCG groups and w-z for C and UC groups) indicate significant 
differences (p < 0.05) between the isolates in each group.

Protein isolates Color parameters Particle size distribution parameters (μm)

L* (lightness) a* (green → red) b* (blue → yellow) D[4,3] D10 D50 D90

CG30 57.51 ± 0.27d − 0.97 ± 0.01f 21.23 ± 0.29c 63.68 ± 0.52c 4.89 ± 0.06d 46.24 ± 0.19a 143.00 ± 1.41c

CG45 59.31 ± 0.08cd − 0.35 ± 0.01e 19.40 ± 0.005e − − − −

CG60 58.67 ± 0.50d 0.02 ± 0.02d 20.29 ± 0.20d 75.08 ± 0.68b 14.76 ± 0.05b 56.96 ± 0.15b 153.60 ± 1.51c

CG75 60.37 ± 0.22c 0.77 ± 0.01c 21.94 ± 0.28b − − − −

CG90 62.24 ± 1.27b 1.33 ± 0.03b 22.22 ± 0.33b 196.40 ± 5.31a 16.02 ± 0.59a 163.80 ± 4.32d 425.00 ± 12.62b

C30 61.14 ± 0.15z − 0.45 ± 0.02z 22.31 ± 0.12z 50.92 ± 0.95z 4.39 ± 0.02z 34.60 ± 0.48z 115.00 ± 1.41z

C60 61.97 ± 0.45zy 0.08 ± 0.02y 21.84 ± 0.31z 110.60 ± 5.31y 25.00 ± 0.50x 74.82 ± 1.28y 221.2 ± 21.41y

C90 62.33 ± 0.22y 1.56 ± 0.03x 21.88 ± 0.20z 213.60 ± 7.56x 34.22 ± 1.21w 160.2 ± 5.54w 478.6 ± 19.98x

W 68.63 ± 0.34a & x 2.87 ± 0.07a & w 27.56 ± 0.06a & y 202.8 ± 10.20a & x 8.62 ± 0.48c & y 148.2 ± 2.58c & x 479.2 ± 33.11a & x

​ ​ ​ ​ ​ ​ ​ ​
UCG30 65.30 ± 0.99b 0.64 ± 0.04d 29.84 ± 0.31a 83.06 ± 0.54c 15.82 ± 0.04a 69.02 ± 0.13c 163.80 ± 0.83c

UCG45 60.19 ± 0.49c 0.81 ± 0.04c 24.97 ± 0.15c − − − −

UCG60 59.46 ± 0.36cd 0.74 ± 0.02cd 23.38 ± 0.59d 100.28 ± 1.57b 16.22 ± 0.08a 78.50 ± 0.48b 205.80 ± 3.34b

UCG75 58.56 ± 0.32de 0.72 ± 0.01cd 24.14 ± 0.15cd − − − −

UCG90 57.96 ± 0.39e 1.23 ± 0.01b 22.30 ± 0.20e 89.56 ± 1.71c 15.66 ± 0.39a 67.78 ± 0.30c 176.60 ± 6.73c

UC30 66.75 ± 0.57x 1.99 ± 0.08x 28.33 ± 0.12y 79.40 ± 0.99yz 19.94 ± 0.11x 63.74 ± 0.33y 158.60 ± 0.89yz

UC60 63.12 ± 0.49w 0.84 ± 0.01z 23.40 ± 0.22z 87.56 ± 1.15y 19.42 ± 0.10x 70.80 ± 0.33x 176.80 ± 2.77y

UC90 61.27 ± 0.35z 1.29 ± 0.03y 23.25 ± 0.06z 69.24 ± 2.92z 11.68 ± 0.13z 49.76 ± 0.49z 136.20 ± 4.20z

UW 70.29 ± 0.26a & w 2.55 ± 0.06a & w 28.32 ± 0.11b & y 241 ± 11.24 a & x 15.94 ± 0.87a & y 176.6 ± 7.26a & w 566.8 ± 26.78a & x
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were divided into seven zones, corresponding to different protein frac
tions in the isolates. The first zone consisted of either one fronting peak, 
or two overlapping peaks with the molecular weights in the range of 
85–53 kDa. The peaks in this zone were previously observed when 
canola protein was subjected to extreme denaturing and oxidizing 

conditions, and possibly represent protein aggregates covalently bonded 
to other protein or non-protein components, as well as unfolded cruci
ferin subunits that were eluted earlier than intact subunits from the 
column [15,58]. The next three zones, with peaks eluting at approxi
mately 11.20, 11.50 and 12.25 min, corresponded to the molecular 

Fig. 4. SE-HPLC chromatograms (A-D), FT-IR spectra (E-H), and intrinsic fluorescence spectra (I-L) of canola protein isolates. Panels A, E and I represent samples 
from the CG group; panels B, F and J represent samples from the UCG group; panels C, G and K represent samples from the C group; and panels D, H and L represent 
samples from the UC group.
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Fig. 5. Volume-weighted particle size distribution of canola protein isolates. Panels A and B represent samples from the CG and UCG groups, respectively; and panels 
C and D represent samples from the C and UC groups, respectively.

Table 2 
Percentage of extracted protein fractions in each canola protein isolate. Different letters (a-d for CG and UCG groups and x-z for C and UC groups) indicate significant 
differences (p < 0.05) between the isolates in each group.

Protein 
isolates

Protein aggregates and 
denatured cruciferins (%)

Intact cruciferin 
subunits (%)

Cruciferin 
α-polypeptides (%)

Cruciferin 
β-polypeptides (%)

Intact 
napin 
(%)

Napin long 
polypeptides (%)

Napin short 
polypeptides (%)

CG30 14.35 ± 0.40a 31.61 ± 2.20b 5.98 ± 0.18b 6.53 ± 0.006a 33.10 ±
1.36b

6.67 ± 0.25a 1.71 ± 0.008a

CG60 10.35 ± 0.11b 32.08 ± 0.31b 6.22 ± 0.39b 6.58 ± 0.26a 35.80 ±
0.72ab

6.96 ± 0.02a 1.95 ± 0.14a

CG90 7.48 ± 0.19c 34.32 ± 1.11b 6.34 ± 0.12b 5.89 ± 0.16ab 36.80 ±
0.74a

6.95 ± 0.20a 2.18 ± 0.25a

C30 4.99 ± 1.14y 35.21 ± 0.92z 6.79 ± 0.29z 4.98 ± 0.07z 40.00 ±
0.26x

6.73 ± 0.39z 1.27 ± 0.06z

C60 7.74 ± 0.70yz 35.30 ± 0.63z 6.71 ± 0.17z 6.29 ± 0.18y 35.73 ±
0.07y

6.55 ± 0.75z 1.65 ± 0.24yz

C90 8.24 ± 0.24z 32.80 ± 0.89z 6.49 ± 0.21z 6.13 ± 0.01y 36.54 ±
0.80y

7.69 ± 0.16z 2.08 ± 0.12xy

W 5.36 ± 0.19d & z 43.44 ± 0.46a & y 8.11 ± 0.22a & y 5.44 ± 0.13b & z 29.20 ±
0.15c & z

5.89 ± 0.19b & z 2.52 ± 0.26a & x

​
UCG30 21.81 ± 0.40a 28.29 ± 0.17b 5.72 ± 0.02b 6.77 ± 0.25ab 29.81 ±

0.72a
6.09 ± 0.01a 1.44 ± 0.11b

UCG60 18.86 ± 1.05b 27.81 ± 1.90b 5.47 ± 0.34b 7.41 ± 0.20a 32.01 ±
2.91a

6.61 ± 0.22a 1.78 ± 0.37b

UCG90 16.74 ± 0.19b 28.05 ± 0.40b 5.06 ± 0.02b 6.60 ± 0.01b 33.97 ±
0.37a

7.35 ± 0.44a 2.20 ± 0.16ab

UC30 7.56 ± 0.50y 36.51 ± 0.95xy 6.75 ± 0.21y 5.04 ± 0.02z 36.85 ±
0.23z

6.07 ± 0.07z 1.19 ± 0.08z

UC60 12.38 ± 0.13x 31.76 ± 0.49yz 6.13 ± 0.004y 6.37 ± 0.19y 35.03 ±
0.58z

6.73 ± 0.09z 1.56 ± 0.12yz

UC90 17.22 ± 0.03w 28.83 ± 0.30z 5.34 ± 0.10z 7.12 ± 0.04x 32.21 ±
0.20z

7.17 ± 0.03z 2.08 ± 0.24xy

UW 4.36 ± 0.69c & z 41.38 ± 3.15a & x 7.40 ± 0.20a & x 5.34 ± 0.09c & z 31.65 ±
2.95a & z

7.04 ± 0.87a & z 2.77 ± 0.11a & x
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weights of around 49, 34.5 and 23.5 kDa and were assigned to intact 
cruciferin subunits, cruciferin α-polypeptides and cruciferin β-poly
peptides, respectively. The final three zones, with peaks eluting at 
approximately 14.62, 15.5 and 16.45 min, corresponded to the molec
ular weights of around 13, 8 and 5 kDa, and were assigned to intact 
napin, napin long polypeptides and napin short polypeptides, respec
tively. Regarding the oil-body proteins, the tiny shoulder peak eluted at 
around 14 min, corresponding to the molecular weight of ~ 16.5 kDa, 
could be attributed to oleosins, while the concentration of the rest of the 
oil-body proteins were possibly too low to produce visible peaks [29]. 
Since these proteins constitute only a minor fraction of canola protein 
isolates, they were not accounted for in the calculations of the per
centage of protein fractions [43].

Table 2 presents the percentage of different protein fractions in the 
isolates, calculated based on the area under the peaks in each zone. The 
most prominent changes were observed in the zones corresponding to 
covalently bonded aggregates and denatured cruciferins, as well as 
intact cruciferin and napin. Increasing the water content in CG isolates 
resulted in a significant reduction in the percentage of extracted protein 
aggregates and denatured cruciferins, from 14.35 % in CG30 to 7.48 % 
in CG90. Simultaneously, the percentages of intact cruciferin and napin 
increased from 31.61 % to 34.32 % and 33.10 % to 36.80 %, respec
tively. This could be related to the increase in solvent polarity, which 
may reduce its tendency to solubilize larger, possibly more hydrophobic 
aggregates [59]. However, in water extracts, while the content of ag
gregates and denatured cruciferins further decreased to 5.36 %, the 
percentage of intact cruciferin increased to 43.44 % and the percentage 
of intact napin decreased to 29.20 %. This is an interesting observation, 
since napins are small, highly hydrophilic molecules and were expected 
to be present in water extracts in greater percentages compared to salt 
soluble cruciferins. Furthermore, application of ultrasound resulted in a 

noticeable increase in the percentage of aggregates and denatured cru
ciferins, and a reduction in the percentage of intact cruciferin and napin 
in UCG isolates compared to CG isolates. This could be linked to 
cavitation-induced effects, such as denaturation of the higher structure 
of protein due to localized high shear forces and temperatures, as well as 
promotion of covalent bonding between proteins or between proteins 
and non-protein meal components, caused by the production of free 
radicals [21]. Finally, the increase in the percentage of aggregates due to 
sonication was not observed in water + ultrasound extracts, which 
showed slightly lower percentages of aggregates and intact cruciferin, 
and a slightly higher content of intact napin compared to water extracts. 
This could be related to the inability of water to keep the unfolded and 
aggregated protein in a solubilized state, as opposed to NDESs or 
aqueous solutions.

On the other hand, C isolates exhibited an almost opposite trend 
compared to CG isolates, as increasing the water content led to a sig
nificant increase in the percentage of protein aggregates and denatured 
cruciferins, from 4.99 % in C30 to 8.24 % in C90. At the same time, 
while the percentage of intact cruciferins remained unchanged at 
around 28 %, the percentage of intact napin decreased from 40.00 % to 
36.54 %. Furthermore, similar to CG vs UCG observations, sonication 
increased the content of aggregates and decreased the average content 
of intact cruciferin and napin in UC isolates compared to C isolates. 
Overall, it appeared that regardless of ultrasound application, C30 was 
unable to efficiently solubilize larger protein molecules, including ag
gregates and cruciferins, which possibly led to its notably lower 
extraction efficiency compared to CG30. This was improved to some 
extent by increasing the content of water to 60 %; however, C60 still 
offered a lower percentage of aggregates and denatured cruciferins 
compared to CG60. These findings highlighted the importance of the 
choice of HBD for protein extraction using NDESs once again and 
showed that glucose was considerably more effective in solubilizing the 
larger protein fractions compared to water. However, once the solvent 
transitioned into the aqueous solution zone at 90 % of water, the dif
ferences between the percentages of protein fractions in CG90 vs C90 
and UCG90 vs UC90 became less pronounced, possibly due to the 
diminished impact of HBD on protein extraction.

3.4.2. Protein secondary structure
Fig. 4E-H shows the deconvoluted FT-IR spectra of the amide I region 

(1700–1600 cm− 1) of extracted protein isolates. Peaks in this region 
originate from the C=O stretching vibrations of the peptide backbone 
and are very sensitive to changes in the hydrogen bonding. Therefore, 
they can be used to evaluate alterations in the protein’s secondary 
structure [60]. Herein, all spectra exhibited eight peaks corresponding 
to anti-parallel β-sheets at 1693 cm− 1, β-turns at 1679 and 1670 cm− 1, 
α-helix 1660 cm− 1, random coil at 1644 cm− 1, β-sheets at 1629 and 
1617 cm− 1 and amino acid residues at 1608 cm− 1 [61,62]. Visually, 
apart from some minor differences in peak intensities, all spectra 
appeared roughly similar, with no noticeable shift in peak positions. 
This could indicate that the secondary structure of canola protein was 
not affected to a noticeable extent, neither by the difference in the 
employed solvents, nor by the application of ultrasound.

Further assessment via the analysis of second derivative and peak 
fitting revealed the composition of the protein secondary structure 
(Table 3), which was very similar across all protein isolates and 
measured at roughly 30 % β-sheet, 16.5 % random coil, 17.5 % α-helix, 
28.5 % β-turns and 7.5 % anti-parallel β-sheets. The dominance of β 
structures in protein isolates could be related to their higher percentages 
of cruciferins, which have been shown to possess higher contents of 
β-sheets and β-turns, compared to napins and their predominantly 
α-helical structure [62]. Furthermore, since the overall contents of 
cruciferins (60–70 %) and napins (30–40 %) were also found to be close 
among the protein isolates, similarities between the percentages of 
protein secondary structure could be another indication of the limited 
effects of NDESs’ water content, choice of HBD or application of 

Table 3 
Percentages of protein secondary structure components in each canola protein 
isolate. Different letters (a and b for CG and UCG groups and x-z for C and UC 
groups) indicate significant differences (p < 0.05) between the isolates in each 
group.

Protein 
isolates

Protein secondary structure (%)

β-sheet Random 
coil

α-helix β-turn Anti- 
parallel 
β-sheet

CG30 30.25 ±
1.09a

16.71 ±
0.40a

17.38 ±
0.43a

28.07 ±
0.22a

7.57 ±
0.02a

CG60 29.29 ±
0.23a

16.73 ±
0.08a

17.54 ±
0.20a

28.56 ±
0.31a

7.85 ±
0.36a

CG90 29.77 ±
0.66a

16.95 ±
0.19a

17.69 ±
0.15a

28.23 ±
0.20a

7.33 ±
0.10a

C30 30.85 ±
0.58z

15.86 ±
0.56z

16.47 ±
0.94z

28.51 ±
0.02z

8.29 ±
0.93z

C60 29.25 ±
0.18z

16.81 ±
0.02z

17.64 ±
0.05z

28.83 ±
0.05z

7.45 ±
0.20z

C90 29.66 ±
0.01z

16.66 ±
0.01z

17.57 ±
0.06z

28.70 ±
0.08z

7.37 ±
0.01z

W 30.51 ±
0.83a & z

16.73 ±
0.08a & z

17.63 ±
0.11a & z

28.09 ±
0.36a & z

7.02 ±
0.27a & z

​ ​ ​ ​ ​ ​
UCG30 30.23 ±

1.11a
16.62 ±
0.27a

17.36 ±
0.41a

28.15 ±
0.35ab

7.61 ±
0.07a

UCG60 28.52 ±
0.03a

16.78 ±
0.11a

17.63 ±
0.10a

29.04 ±
0.24a

7.99 ±
0.06a

UCG90 29.87 ±
0.07a

17.09 ±
0.10a

17.78 ±
0.02a

28.10 ±
0.04b

7.14 ±
0.10b

UC30 29.34 ±
0.02z

16.79 ±
0.01z

17.56 ±
0.02yz

28.66 ±
0.01y

7.62 ±
0.01y

UC60 29.30 ±
0.08z

16.99 ±
0.05z

17.60 ±
0.02y

28.44 ±
0.01yz

7.49 ±
0.01y

UC90 29.58 ±
0.18z

16.40 ±
0.01z

17.38 ±
0.02z

28.56 ±
0.10y

8.05 ±
0.07x

UW 30.44 ±
0.23a & z

16.65 ±
0.12a & z

17.66 ±
0.09a & y

28.26 ±
0.04ab & z

6.96 ±
0.15b & z
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ultrasound, on the secondary structure of extracted canola protein. Lack 
of significant change in the secondary structure due to sonication was 
also observed in previous studies on soybean [63] and evening primrose 
cake [64] proteins. However, some other studies reported changes in the 
protein secondary structure caused by sonication, which was often 
characterized by reductions in α-helix and random coil contents and 
increases in β-sheet contents [44]. Overall, the effects of sonication on 
protein secondary structure is heavily influenced by the type of protein, 
sonication parameters and the environment in which the protein is 
exposed to sonication [65].

3.4.3. Protein tertiary structure
Fig. 4I-L presents the intrinsic fluorescence spectra of the extracted 

protein isolates. Information obtained from these spectra, such as 
emission peak and intensity, is indicative of the degree of exposure of 
aromatic amino acids (mainly tryptophan) to the hydrophilic environ
ment and could be used to track changes in the tertiary structure of 
canola protein [66]. While the emission peaks of all spectra were close to 
each other and recorded at 330–332 nm, the main difference between 
the protein isolates was seen in their emission intensities. It was found 
that increasing the water content in CG and C solvents from 30 % to 90 
%, and eventually to 100 %, resulted in an increase in the fluorescence 
intensity of canola protein, meaning that more tryptophan residues were 
exposed to the hydrophilic environment [62]. Previous studies by Li 
et al. [67] and Zeng et al. [68] showed that the DES clusters tend to 
surround the protein aggregates and solubilize them through the for
mation of various non-covalent interactions. The strength and flexibility 
of this cage-like structure are determined by the strength of the DES-DES 
network, which could be affected by water. Therefore, in the case of 
CG30 and C30, the rigid and less flexible structure of these solvents 
might have forced the extracted proteins to adopt a more compact state, 
resulting in the entrapment of tryptophan residues within the com
pressed structure. However, increasing the content of water to 60 %, 90 
% and 100 %, and the corresponding reduction in solvent compactness 
(reflected by the reduction of viscosity and density) may have allowed 
the higher structure of protein to adopt a more relaxed state, leading to 
the exposure of more tryptophan residues.

A similar pattern was observed in the emission intensities of UCG, UC 
and water + ultrasound isolates, indicating that the aforementioned 
effects of solvent properties on protein tertiary structures occurred 
regardless of the application of ultrasound. However, the spectra of all 
sonicated isolates showed lower emission intensities compared to their 
non-sonicated counterparts, indicating a reduction of tryptophan 
exposure due to sonication. This could be related to either the degra
dation of tryptophan, or changes in protein aggregation and subsequent 
burial of tryptophan residues within the aggregates, both of which could 
have happened due to cavitation-induced effects [44].

3.4.4. Protein particle size distribution
The volume weighted particle size distribution graphs of all protein 

isolates (Fig. 5) demonstrated multimodal distributions, with one major 
peak in the range of 50–300 μm and several smaller peaks in the 0–10 
μm range, and in some cases, between 300–500  μm. Analysis of the 
distribution parameters (Table 1) showed that increasing the water 
content in both CG and C solvents from 30 to 90 % led to an increase in 
the D[3,4] (volume-weighted particle mean diameter) of extracted 
protein isolates. This trend was also apparent in the 10th, 50th and 90th 
percentile values. Furthermore, the D[3,4] of water-extracted isolates 
was close to the values reported for CG90 and C90, with no significant 
difference between them. Protein particle size distribution is affected by 
various factors, including the protein conformation, the medium in 
which the protein molecules interact with each other, and the presence 
of other components in the medium [46,69]. Herein, a pattern similar to 
that observed in the intrinsic fluorescence spectra, was seen between the 
D[3,4] of CG and C isolates and the NDESs’ water content. The stronger 
and more compact structure of DES at lower water contents during 

protein extraction may have affected the particle size distribution by 
either breaking down existing large aggregates or preventing further 
aggregation, likely through the formation of the cage-like structure 
around the proteins. This could explain the lower D[3,4] values 
observed at lower NDES water contents.

Furthermore, ultrasound treatment was found to substantially affect 
the distribution characteristics of the protein particles, with D[3,4] 
values narrowed down to a range of 83.06–89.46 μm for UCG and 
69.24–87.56 μm for UC, compared to the much broader range of 
63.68–196.40 μm for CG and 50.92–213.60 μm for C isolates. This was 
also apparent from the more uniform shape of UCG and UC distribution 
graphs, compared to the broader distributions observed in CG and C 
isolates. These observations are in accordance with previous reports 
[70]; however, regarding the effects of sonication on particle mean 
diameter, it was found that sonication increased the D[3,4] of UCG30, 
UCG60 and UC30, while reduced the D[3,4] of UC60 and, to a greater 
extent, UCG90 and UC90, compared to their non-sonicated counterparts 
(Table 1). These results could indicate that the impact of sonication on 
particle size may vary depending on the solvent’s water content and the 
type of HBD. They also indicate that the effects of sonication on the 
alteration of particle distribution characteristics were much more pro
nounced when the solvent was in aqueous solution zone compared to 
NDES zone, suggesting that the presence of the nanostructure of NDES 
may dampened the effects of sonication. Finally, compared to non- 
sonicated water extracts, sonicated water extracts showed a higher D 
[3,4], as well as higher D10, D50 and D90 values. Overall, the in
terpretations provided in the last two sections lay the groundwork for 
future investigations, and further in-depth research is required to 
elucidate the effects of ultrasound, as well as the combined effects of 
NDESs and ultrasound, on protein structure and particle size 
distribution.

3.5. Protein functionality

Fig. 6 presents the aqueous solubility, as well as the emulsifying and 
foaming properties of selected isolates with the highest protein extrac
tion efficiencies from each solvent group (CG60, UCG60, C90 and 
UC90). These functionalities were measured at three pH levels of 3, 5 
and 7, since this range is applicable to the majority of food products.

3.5.1. Aqueous solubility
The highest percentages of protein aqueous solubility (Fig. 6A) for 

CG60 and C90 were observed at pH 3, with values of 80.89 % and 76.77 
%, respectively. Increasing the pH to 5 resulted in a reduction of protein 
solubility to 50.83 % for CG60 and 39.85 % for C90, while further 
increasing the pH to 7 resulted in an almost similar solubility for CG60 
and an increased solubility to 47.37 % for C90. Increased solubility of 
canola protein at acidic pH has also been observed in previous studies 
and has been linked to the positive charge of protein at this pH, as well as 
to pH-induced structural dissociation, especially in cruciferins [15,36]. 
Overall, while CG60 demonstrated a significantly higher solubility 
compared to C90 at pH 5, the differences between the two isolates were 
not significant at pH 3 and 7, and the average solubility of both isolates 
across the measured pH range was close (60.45 % for CG60 vs 54.66 % 
for C90). The aqueous solubility of canola protein isolates is mostly 
determined by the isolate’s percentage of protein fractions, degree of 
protein denaturation and the content of phytic acid [36,46]. The ana
lyses provided in the previous sections suggest a close resemblance be
tween CG60 and C90 in all the mentioned factors, which could justify 
their close average aqueous solubility. It is worth mentioning that the 
beneficial effects of the reduced phytic acid content on protein aqueous 
solubility is further revealed when these results are compared to the 
results of our previous study, in which an isolate extracted via a similar 
NDES (choline chloride to glucose ratio of 1:2 + 25 % water) with phytic 
acid content of 58.36 mg/g showed an average solubility of 33.29 % 
across the pH range of 3–7, compared to the average solubility of CG60 
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at 60.45 % with phytic acid content of 26.94 mg/g [15].
On the other hand, ultrasound-treated isolates demonstrated lower 

percentages of aqueous solubility compared to non-sonicated isolates at 
all pH levels. For UCG60, a significant 10–15 % reduction was observed 
across all pH levels. For UC90, a significant reduction of 7.29 % was 
observed only at pH 3, while at pH 5 and 7, the solubility reduction was 
not significant, and the values were very close. Therefore, it appeared 
that the effects of ultrasound on the reduction of protein solubility were 
less pronounced in C isolates compared to CG isolates. Evaluation of 
protein structure in the previous section showed that sonication altered 
the protein tertiary structure and increased the content of covalently 
bonded aggregates and denatured cruciferins, which could explain the 
reduced aqueous solubility of ultrasound-treated isolates [21,23].

3.5.2. Emulsifying properties
The differences between the emulsifying properties of canola protein 

isolates (Fig. 6B) were especially stark at pH 3 compared to other pH 
levels. Specifically, while the EAIs of all protein isolates at pH 3 were in 

the range of 13.42–14.33 m2/g with no significant differences between 
them, a substantial improvement was observed in the ESI of sonicated 
isolates (52.79 and 62.71 min for UCG60 and UC90, respectively) 
compared to non-sonicated isolates (23.55 and 21.54 min for CG60 and 
C90, respectively). These improvements, however, were not maintained 
when the pH of the medium was increased to 5 or 7. While the EAI of all 
isolates at these pH levels were recorded at 12.89–15.65 m2/g, with 
CG60 and C90 showing slightly better EAIs compared to their sonicated 
counterparts, the ESI of all protein isolates fell within a narrow range of 
11.06–12.02 min. Visually, apart from UCG60 and UC90 at pH 3, all the 
other emulsions developed a noticeable and well-separated creaming 
layer within a few minutes of preparation.

The emulsification mechanisms of canola protein isolates containing 
a mixture of cruciferins and napins have been explained in detail in our 
previous study [15]. In short, while napins quickly dominate the O/W 
interface, cruciferins tend to remain in the continuous phase, form non- 
covalent interactions with the napin layer and delay the creaming 
phenomenon by increasing the viscoelasticity of the continuous phase 
[71,72]. However, the stabilizing role of cruciferins is highly dependent 
on the environmental pH, as well as the extent of unfolding of their 
higher structure. Therefore, due to the improvement in solubility (also 
supported by aqueous solubility data) and dissociation of the hexameric 
structure of cruciferins at pH 3, these proteins were possibly more pre
sent and interactive in the continuous phase, which could explain the 
improved ESI of CG60 and C90 at pH 3, compared to other pH levels. 
Regarding UCG60 and UC90 isolates, the substantial structural changes 
due to cavitation-induced effects could have further improved the pro
tein’s molecular flexibility and amphiphilicity at pH 3, which might be 
the reason for their significantly higher ESI compared to their non- 
sonicated counterparts. Similar results were also observed when alka
line extracted canola protein isolate showed a much higher ESI 
compared to NDES extracted isolates at pH 3, but not pH 5 and 7, 
possibly due to higher degree of change in the cruciferin’s secondary and 
tertiary structure due to alkaline denaturation [15]. Overall, while the 
EAI and ESI of CG60 vs C90 showed similar values and trends across 
different pH levels, the differences were much more pronounced when 
sonicated isolates were compared to non-sonicated ones.

3.5.3. Foaming properties
Similar to the emulsifying properties, the FC and FS of protein iso

lates (Fig. 6C) also showed the most noticeable differences at pH 3, 
compared to other pH levels. Specifically, while the FC of all protein 
isolates at this pH ranged from 107 to 115 % with no significant dif
ferences between them, a significant reduction in FS was observed in 
sonicated isolates (75.06 % and 82.22 % for UCG60 and UC90, respec
tively) compared to non-sonicated isolates (101.74 % and 104.13 % for 
CG60 and C90, respectively). At pH 5 and 7, however, the FC of all 
isolates was measured in the range of 125–139 % with no significant 
differences observed. These foams also showed high levels of stability, 
with all reductions in foam volume remaining below 14 % after 30 min.

Shen et al. [73] studied the air/water interfacial behavior and 
foaming properties of mixtures of cruciferin and napin and found that 
while both proteins co-adsorb and interact at the air/water interface, the 
FS and mechanical properties of the interface are mostly determined by 
cruciferins, since these proteins were able to create viscoelastic and stiff 
interfaces, as opposed to the weaker interface produced by napins. 
Furthermore, sonication was shown to alter the higher structure of 
cruciferins, which in turn could affect their interfacial adsorption 
behavior and their interactions with napin at the A/W interface. At pH 7 
and 5, these changes alone were possibly not enough to produce sig
nificant differences between the FS of sonicated vs non-sonicated iso
lates. At pH 3, however, the combined effects of the pH-induced and 
sonication-induced unfolding of the cruciferins may be the reason for 
the reduction in FS observed in UCG60 and UC90 compared to CG60 and 
C90, respectively. Overall, the effects of sonication, as well as the 
combination of sonication and pH on the functional properties of canola 

Fig. 6. Aqueous solubility (A), emulsifying properties (B), and foaming prop
erties (C) of CG60, UCG60, C90 and UC90 isolates. In panel A, different letters 
on each bar indicate significant differences (p < 0.05) the isolates at each pH 
level. In panels B and C, plain bars represent EAI and foaming capacity, and 
striped bars represent ESI and foam stability. Different letters (a-b for EAI and 
foaming capacity, and y-z for ESI and foam stability) on each bar indicate 
significant differences (p < 0.05) between the isolates at each pH level.
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protein isolates need to be explored further through detailed studies, 
similar to those conducted by Ntone et al. [71,72] and Shen et al. [73].

4. Conclusions

This study provided a comprehensive evaluation of the effects of 
NDESs’ water content, choice of HBD and application of ultrasound, on 
various features of extracted canola protein isolates, including extrac
tion efficiency, protein and antinutritional content, color, and protein 
molecular, structural and functional properties. In the case of choline 
chloride-glucose-water solvents, it was observed that increasing the 
content of water to the NDES’s upper hydration limit (60 %) not only 
maximized protein extraction efficiency but also improved protein 
content and reduced the level of extracted phenolic compounds and 
phytic acid. These findings could encourage researchers to employ DESs 
with high contents of water for protein extraction, which could not only 
improve the quality of extracted isolates but also substantially reduce 
the cost of DES production and potentially facilitate the recovery and 
reuse of their solid components. Furthermore, a combination of mild 
ultrasound treatment with choline chloride-glucose-water solvents was 
shown to significantly improve the extraction efficiency of canola pro
tein and reduce the content of phenolic compounds and phytic acid, 
highlighting the benefits of this technology for extraction of high-quality 
canola protein.

Despite having lower viscosities and densities and comparable po
larities, choline chloride-water NDESs (30 % and 60 % of water) 
exhibited considerably lower protein extraction efficiencies than choline 
chloride-glucose-water NDESs, even when ultrasound was applied. 
These observations underscored the importance of the choice of HBD 
and demonstrated that the presence of glucose as HBD, despite its 
perceived negative effects on the physical properties of NDESs, was 
crucial for maximizing the extraction efficiency of canola protein. 
However, an aqueous solution of choline chloride (90 % of water) also 
proved effective for extraction of canola protein isolates with high 
protein content and low levels of anti-nutritional components, especially 
when paired with ultrasound treatments.

A deeper look into the percentage of extracted protein fractions 
showed that while choline chloride-glucose-water solvents extracted 
lower contents of covalently bonded aggregates and denatured cruci
ferins as their water content increased, choline chloride-water solvents 
exhibited an opposite trend. This led to the consideration that the low 
extraction efficiency of choline chloride-water NDESs was possibly 
related to their inability to solubilize large, less soluble protein fractions. 
Furthermore, while no noticeable differences were observed in the 
secondary structure of protein, both the solvent water content and the 
application of ultrasound affected the protein’s tertiary structure and 
particle size distribution. These observations suggested that the strength 
and flexibility of the network of NDES clusters surrounding the protein, 
which could be weakened by increasing the water content, might have 
influenced the protein’s conformation and average particle size. In terms 
of functionality, while sonication reduced the aqueous solubility of 
proteins at all pH levels, it notably increased their emulsion stability and 
decreased their foam stability at pH 3, suggesting that the specific 
application of protein isolates should be considered before employing 
ultrasound treatment.

Overall, incorporation of high contents of water in the formulation of 
NDESs, proper selection of HBDs, and the use of ultrasound to assist 
protein extraction offered clear benefits for improving the extraction 
efficiency and quality of canola protein isolates. Future studies should 
focus on statistical optimizations aimed at identifying the best NDES and 
ultrasound parameters to maximize the protein extraction efficiency and 
functionality, and to minimize the content of anti-nutritional compo
nents. In addition, further elucidation of the effects of the nanostructure 
of NDESs and sonication on protein structure and functionality could be 
of great interest. Moreover, while incorporating higher contents of water 
in NDESs may substantially reduce solvent production costs and 

improve environmental sustainability, the recovery and reuse of the 
solid components of NDESs using novel technologies, such as bipolar 
membrane electrodialysis, should also be further explored.
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F. Del Monte, Brillouin spectroscopy as a suitable technique for the determination 
of the eutectic composition in mixtures of choline chloride and water, J. Phys. 
Chem. B 124 (19) (2020) 4002–4009, https://doi.org/10.1021/acs.jpcb.0c01919.

[19] A.I.M.C. Lobo Ferreira, et al., Extensive characterization of choline chloride and its 
solid-liquid equilibrium with water, Phys. Chem. Chem. Phys. 24 (24) (2022) 
14886–14897, https://doi.org/10.1039/d2cp00377e.

[20] E. Mangiacapre, F. Castiglione, M. D’Aristotile, V. Di Lisio, A. Triolo, and O. 
Russina, “Choline chloride-water mixtures as new generation of green solvents: A 
comprehensive physico-chemical study,” J. Mol. Liq., vol. 383, no. March, p. 
122120, 2023, doi: 10.1016/j.molliq.2023.122120.

[21] M.M. Rahman, B.P. Lamsal, Ultrasound-assisted extraction and modification of 
plant-based proteins: Impact on physicochemical, functional, and nutritional 
properties, Compr. Rev. Food Sci. Food Saf. 20 (2) (2021) 1457–1480, https://doi. 
org/10.1111/1541-4337.12709.

[22] F. Aghababaei, D.J. McClements, M. Hadidi, Ultrasound processing for enhanced 
digestibility of plant proteins, Food Hydrocoll. 155 (February) (2024) 110188, 
https://doi.org/10.1016/j.foodhyd.2024.110188.

[23] K. Jahan, A. Ashfaq, K. Younis, O. Yousuf, R.U. Islam, A review of the effects of 
ultrasound-assisted extraction factors on plant protein yield and functional 
properties, J. Food Meas. Charact. 16 (4) (2022) 2875–2883, https://doi.org/ 
10.1007/s11694-022-01390-6.

[24] S. Olivares-galv, M. Luisa, and E. Hern, “Approaching the extraction of proteins 
from brewing wastes using deep eutectic solvents,” vol. 189, no. October, 2023, 
doi: 10.1016/j.lwt.2023.115470.

[25] A. Sánchez-Elvira, E. Hernández-Corroto, M. C. García, M. Castro-Puyana, and M. 
L. Marina, “Sustainable extraction of proteins from lime peels using ultrasound, 
deep eutectic solvents, and pressurized liquids, as a source of bioactive peptides,” 
Food Chem., vol. 458, no. February, 2024, doi: 10.1016/j.foodchem.2024.140139.

[26] R.L. Liu, P. Yu, X.L. Ge, X.F. Bai, X.Q. Li, Q. Fu, Establishment of an aqueous PEG 
200-based deep eutectic solvent extraction and enrichment method for pumpkin 
(Cucurbita moschata) seed protein, Food Anal. Methods 10 (6) (2017) 1669–1680, 
https://doi.org/10.1007/s12161-016-0732-y.

[27] M. Guzmán-Lorite, M.L. Marina, M.C. García, Successive extraction using natural 
deep eutectic solvents and pressurized liquids for a greener and holistic recovery of 
proteins from pomegranate seeds, Food Res. Int., vol. 161, no. July, 2022, doi: 
10.1016/j.foodres.2022.111862.

[28] S. Bleibach Alpiger, M. Corredig, Pectin polysaccharide contribution to oleosome 
extraction after wet milling of rapeseed, Food Res. Int. 175 (September 2023) 
(2024), https://doi.org/10.1016/j.foodres.2023.113736.

[29] M.J. Romero-Guzmán, L. Jung, K. Kyriakopoulou, R.M. Boom, C.V. Nikiforidis, 
Efficient single-step rapeseed oleosome extraction using twin-screw press, J. Food 
Eng. 276 (2020), https://doi.org/10.1016/j.jfoodeng.2019.109890.

[30] A. Szydłowska-Czerniak, I. Bartkowiak-Broda, I. Karlović, G. Karlovits, E. Szłyk, 
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