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Sunflower kernel is rich in protein and is considered an alternative plant protein source for meat analogue
application. The effect of process conditions used to make ingredients from sunflower kernel needs to be
investigated on the functional and structuring properties. Pre-pressing and de-oiling with 96% ethanol were
applied to obtain de-oiled sunflower kernel (DSK). Pressed sunflower kernel (PSK) was obtained by more
intensive pressing only. Their concentrates were obtained by aqueous ethanol washing to study the effect of oil
and phenol removal. DSK and its concentrate formed a fibrous product at 40 wt% by shearing and heating at 140
℃ in a shear cell. The washed DSK led to stronger products upon shearing and heating. However, PSK, before and
after washing only formed a crumble gel under the same conditions. The differences for the water holding ca
pacity, nitrogen solubility index, and rheological properties were remarkably small between DSK and PSK, and
the washed concentrates. The remaining oil in the sunflower material is crucial for the structuring potential,
while the phenol content does not seem to have a relevant influence. The primary de-oiling process turned out to
be a determining factor for further oil removal with aqueous ethanol washing.

1. Introduction
The need for protein products for human consumption is expected to
increase significantly, with the world population reaching 10 billion by
2050 (Arrutia, Binner, Williams, & Waldron, 2020). Most animal-based
protein products such as meat and dairy have a large impact on the
environment regarding land use and carbon footprint (Nijdam, Rood, &
Westhoek, 2012). A transition towards enhanced use of plant proteins
can mitigate environmental effects. Plant-based meat analogues are
gaining importance to address consumer desire for meat-like products
and to facilitate future food supply. Sunflower seeds (Helianthus annuus)
are considered a promising plant protein source for this purpose. It is the
third-largest oilseed produced worldwide after soybean and rapeseed
(Pilorgé, 2020). Two methods are often used to extract the oil, being

mechanical pressing and solvent extraction. Pressed cake refers to the
co-product obtained directly after pressing. An additional de-oiling step
with organic solvent can be applied to the pressed cake to give a meal
with an even lower oil content (Arrutia et al., 2020). However, the oil
extraction methods can affect the suitability of the sunflower material
for food application, since the protein might become denatured
(González-Pérez & Vereijken, 2007). After full oil extraction, the ob
tained cake or meal mainly consists of protein and polysaccharides.
Based on this composition, it is possible that sunflower cake/meal can be
used as an important ingredient for the plant-based meat analogue
(Grabowska et al., 2016; Jia, Curubeto, Rodríguez-Alonso, Keppler, &
Van der Goot, 2021).
The use of sunflower cakes and meals for human consumption is
often thought to be limited due to the presence of a high amount of
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indigestible hulls, and phenolic compounds, of which chlorogenic acid
(CGA) is the most prevalent one (González-Pérez & Vereijken, 2007).
The suspected limitation is based on the fact that CGA can bind cova
lently and non-covalently to protein, leading to the structural changes in
proteins, color formation, and decreased digestibility (Ozdal, Capa
noglu, & Altay, 2013). Thus, it is often suggested that CGA removal is
essential to make sunflower cake/meal suitable for food application,
even despite the potential health benefits of CGA (Karefyllakis, Salakou,
Bitter, Van der Goot, & Nikiforidis, 2018). Aqueous ethanol washing is a
well-known method in the food industry to remove the phenolic com
pounds from oilseeds and obtain a protein-rich concentrate. Besides the
removal of phenolic compounds, aqueous ethanol washing is also
considered an effective method for oil removal (Citeau, Regis, Carré, &
Fine, 2018). In terms of functionalities, aqueous ethanol washing
treatment can increase the water holding capacity of the legume protein
fractions (pea, lentil, fababean, and navy bean) obtained via air classi
fication (Peter, 2018; Wang, Guldiken, Tulbek, House, & Nickerson,
2020). However, the complete removal of CGA from the de-oiled sun
flower kernel requires intensive washing with many steps, which is often
associated with protein loss (Jia et al., 2021). Thus, a research question
is now whether complete removal of phenolic compounds is necessary or
whether a certain amount of CGA can be permitted.
This study aims to understand the effect of the primary de-oiling
process and subsequent aqueous ethanol washing process on the func
tional and structuring properties of sunflower materials and relate those
to the extent of oil and CGA removal. Two primary de-oiling processes
are studied: (1) de-oiled sunflower kernel (DSK) obtained by prepressing and de-oiling with 96% ethanol from sunflower kernel and
(2) pressed sunflower kernel (PSK) obtained by full-pressing of the
sunflower kernel without further processing. The compositions of all the
tested samples were analyzed. Then, the functional properties were
quantified on protein molecule profile, protein thermal stability, particle
morphology, water holding capacity, and nitrogen solubility index.
Further, the rheological properties of the tested samples were measured
with a closed cavity rheometer. The structuring potential for fiber for
mation of the tested samples was tested using the shear cell, and the
fibrous products were measured using a tensile test with a texture
analyzer.

(Citeau et al., 2018). Protein concentrates were obtained by washing
DSK and PSK with an aqueous ethanol solvent (40% ethanol) in a
solid-to-liquid ratio of 1:5. Firstly, DSK and PSK were mixed with the
aqueous ethanol solvent and then stirred with a magnetic stirrer using a
rotational speed of 700 rpm at room temperature for 10 min. After that,
the mixture was centrifuged (Sorvall Lynx 4000 centrifuge, Thermo
Fisher, USA) at 10,000 × g for 10 min. The wet pellet was collected after
the centrifugation and the extract was discarded. The wet pellet was
either freeze-dried into a dry concentrate or further washed with a fresh
batch of aqueous ethanol solvent. The same process was repeated until
the pellet was washed to the desired number of washing steps being 1, 4,
or 10 times. The washed pellets DSKCs (DSKC1/ DSKC4/ DSKC10) and
PSKCs (PSKC1/ PSKC4/ PSKC10, with the digits indicating the number
of washing steps) were all freeze-dried (Epsilon 2-6D LSCplus, Christ,
Germany) and milled with a Blade Miller (Model A11B, IKA, Germany)
into a fine powder. The samples were then stored in a plastic bag at – 20
℃. In total 2 batches of all samples were prepared. The process scheme
was showed in Fig. 1.
2.2.2. Compositional analysis
The composition of the DSK, PSK, DSKCs, and PSKCs were analyzed
in terms of protein, ash, moisture, oil, chlorogenic acid (CGA), and
carbohydrate content. The nitrogen content was determined with the
Dumas combustion method using a Nitrogen Analyzer (Flash EA 1112
Series, Thermo scientific, Netherlands). A nitrogen conversion factor of
5.6 was used to calculate the protein content for sunflower materials
(Pickardt et al., 2009). Each sample was measured in triplicate. Ash,
moisture, and oil content were determined with the method: AACC
08-01, AACC 44-15.02, and AACC 30-25.01, receptively. The CGA
content in the extract was determined using the high-performance liquid
chromatography (HPLC) method (Jia et al., 2021). A Dionex Ultimate
3000 chromatography (Thermo Fisher, Waltham, MA, USA) was used
with a Gemini 3 µm C18 column at 30 ℃. The extract was centrifuged at
15,000 × g for 10 min to remove any insoluble components and was
further diluted to achieve a final CGA concentration < 0.3 mg/mL. The

2. Materials and methods
2.1. Materials
De-oiled sunflower kernel (DSK) and pressed sunflower kernel (PSK)
were provided by Avril Group (Bruz, France). Both materials originated
from the same variant of de-hulled sunflower kernel (protein, oil, fibers,
and carbohydrates content in dry base: 23%, 59%, 7%, 11%, respec
tively). DSK was obtained by pre-pressing followed by further de-oiling
using 96% ethanol. PSK was full-pressed. The dry matter content of DSK
and PSK (95.3% and 91.4%) were considered for all the analyzes when
describing concentrations. Chlorogenic acid (CGA) and sodium chloride
(NaCl) were purchased from Sigma Aldrich (St.Louis, USA). Ethanol
(96%) was purchased from VWR Chemicals (Leuven, Belgium). For all
experiments, Milli-Q water was used unless stated otherwise.
2.2. Methods
2.2.1. Aqueous ethanol washing
Aqueous ethanol washing was applied to remove the phenolic
compounds (PCs), oil, and other small components, such as sugars from
DSK and PSK, as described by Jia, Rodriguez-Alonso, Bianeis, Keppler,
and Van der Goot (2021). An aqueous-ethanol solvent with 40% ethanol
was selected because it was found that this solvent gave effective PCs
removal while preserving the functional properties of the washed
concentrate under this condition and protein losses were limited. The
use of aqueous ethanol solvent also resulted in partial oil removal

Fig. 1. Schematic overview for the aqueous ethanol washing of de-oiled sun
flower kernels (DSK) and pressed sunflower kernels (PSK) for 1, 4, or 10 steps.
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CGA content was calibrated in a range of 0.05–0.3 mg/mL in HPLC. The
peak areas of the samples were measured at a wavelength of 295 nm. All
samples were determined in duplicate. The total amount of CGA
(mCGA,total ) in DSK was calculated as the sum of the CGA obtained in all
the extracts obtained from 10 washing steps (Eq. (1)). The CGA contents
(%) in DSKC1 (mCGA,1 ) and DSKC4 (mCGA,4 ) after the washing process
were calculated as the total CGA content (%) remained in the subsequent
extracts (Eqs. (2) and (3)). The CGA content for the PSK and the washed
PSCKs were calculated in the same way:
10
∑

Total CGA in DSK : mCGA,total = i=1
10
∑

CGA in DSKC1 : mCGA,1 = i=2
10
∑

CGA in DSKC4 : mCGA,4 = i=5

Ci,CGA × Vi,ext
mDSK

× 100%

Ci,CGA × Vi,ext
mDSKC1

2.2.3.4. Water holding capacity (WHC) and nitrogen solubility index
(NSI). The WHC of the DSK, PSK, DSKCs, and PSKCs samples were
measured with a 2% w/w dispersion. A sample of 1 g was placed into
falcon tubes after which 49 mL Milli-Q water was added. Then this
dispersion was vortexed for a duration of 10 s. The sample dispersion
was rotated overnight (24 h) with a rotator (SB3 rotator, Stuart, UK) at a
speed of 20 rpm to allow full hydration. The samples were then centri
fuged (Sorvall Lynx 400 centrifuge, Thermo Fisher, USA) at 15,000 × g
at 20 ℃ for 10 min. The supernatants were discarded, and the wet
pellets were transferred into an aluminum pan. The wet pellets were
weighed as Mwet pellet and dried in an oven overnight at 105 ℃. The dried
pellet was weighted as Mdry pellet. The original sample was weighed as
Moriginal. The nitrogen content in the dry pellet (Ndry pellet) and the
original sample (Noriginal) was measured using the Dumas method
(Section 2.2.2). All measurements were performed in duplicates. The
WHC and NSI-values were calculated as follows:
/
Mwet pellet − Mdry pellet
WHC =
[g water g dry pellet]
(4)
Mdry pellet

(1)

× 100%[%]

(2)

× 100%[%]

(3)

Ci,CGA × Vi,ext
mDSKC4

[%]

distribute the sample evenly over the surface of the carbon tabs. The
accelerating voltage was 5 kV. In total, 8 pictures were taken for each
sample analysis, from which two representative picture was selected on
a scale of 20 and 100 µm.

where the concentration of the CGA in the extracts was expressed as
Ci,CGA (g/mL) and the volume of the extract is expressed as Vi,ext (mL).
The total carbohydrates were calculated as the difference in DM and
the known contents of components (protein, oil, CGA, ash).

NSI =

2.2.3. Functionality analysis

Noriginal × Moriginal − Ndry pellet × Mdry pellet
[%]
Noriginal × Moriginal

(5)

2.2.4. Structuring properties

2.2.3.1. Soluble protein molecule profile. SDS-PAGE was used to char
acterize the molecular size distribution of proteins present in DSK, PSK,
DSKCs, and PSKCs samples. A dispersion was prepared in a falcon tube
using Milli-Q water to obtain a soluble protein concentration of 2 mg/
mL for each sample. The dispersions were allowed to hydrate overnight
and were prepared with Tris buffer containing 2% w/w SDS, 10%
glycerol, 0.5% w/v bromophenol blue and 5% β-mercaptoethanol. Then,
the samples were heated at 95 ℃ for 10 min and centrifuged at
12,000 × g for 1 min. The electrophoresis was performed at 200 V for
approximately 40 min in a Mini-Protean II electrophoresis cell (Bio-rad,
Veenendaal, Netherlands). An SDS-PAGE marker of 5 μL and the sam
ples of 15 μL were loaded onto the gel wheels. The gels obtained after
electrophoresis were stained using Bio-safe Coomassie Blue (Bio-rad,
Netherlands). After 1 h, the gels were washed with Millipore water and
scanned using a Gel scanner (Biorad - GS900, Netherlands). Duplicates
were performed for each sample and one single lane was selected to
present the result.

2.2.4.1. Rheological properties. The rheological properties of DSK, PSK,
DSKCs, and PSKCs were measured using a Closed Cavity Rheometer
(CCR) (RPA elite, TA instruments, USA) (Dekkers, Emin, Boom, & Van
der Goot, 2018; Emin, Quevedo, Wilhelm, & Karbstein, 2017).
Approximately 5 g of sample with a DM of 40% was made and
vacuum-sealed in a plastic bag. After 30 min of hydration, the sample
was taken and placed in-between two plastic foils in the CCR. A pressure
of 4 bars was applied to prevent water evaporation. Temperature sweeps
were performed by heating the samples from 40 to 150 ℃ with a heating
rate of 10 ℃/min at 1 Hz frequency and 1% strain. Afterward, the
samples were cooled down to 50 ℃ by blowing dry air over the disk.
Besides, an isothermal measurement was performed by keeping the
samples at set temperatures of 90, 120, and 140 ℃ with 1 Hz frequency
and 1% strain for 15 min. All measurements were performed in dupli
cates and the mean value was taken for comparison.
2.2.4.2. Shear cell processing. The in-house designed high-temperature
conical shear cell (HTSC) (Wageningen University, Wageningen, the
Netherlands) was used for the structuring of the PSK, DSK, PSKCs, and
DSKCs samples. The protein materials can be structured with a defined
simple shear flow produced from rotating the bottom cone and the
stationary upper cone at preheated temperatures using an external oil
bath (Grabowska et al., 2016). The samples were prepared at 40 wt%
with an approximate weight of 90 g. A 1% NaCl solution was made using
demineralized water, and then the sunflower concentrates were added
to this solution. The protein mixtures were hydrated for 30 min, which
were then transferred to the preheated HTSC for shearing and heating at
140 ℃ and 30 rpm for 15 min. The samples were stored in plastic bags.
All tests were done in duplicate. The macrostructures of the sheared and
heated products were inspected visually by bending the samples and the
photos were taken using the camera (Samsung A52 phone, the
Netherlands).

2.2.3.2. Protein thermal properties with DSC. The thermal properties of
DSK, PSK, DSKCs, and PSKCs samples were analyzed using DSC (TA
instrument 250, USA). A slurry of 15% (w/v) was prepared by mixing a
sample of 6 mg with Milli-Q water in a high-volume pan of 60 μL. The
pan was hermetically sealed and placed into the DSC cell. The pan was
heated from 25 to 140 ℃ with a heating rate of 5 ℃/min. Both the onset
and peak denaturation temperature (Td) and the integrated enthalpy
(Ed) of the endothermic peaks were collected by the Trios data analysis
software. The enthalpy was expressed per gram of protein in the
dispersion to allow for the different protein contents in the samples. The
measurements were performed in triplicates.
2.2.3.3. Morphology with SEM. Scanning electron microscopy (SEM)
was used to visualize the microstructure of the DSK, PSK, DSKCs, and
PSKCs samples. The dry samples were placed onto SEM tubes (aluminum
pin-type mounts 12.7 mm; JEOL, Nieuw-Vennep, the Netherlands) using
double-sided adhesive conductive carbon tabs (12 mm carbon tabs; SPI
Supplies Division of Structure Probe, West Chester, PA, USA). The
samples were sputter-coated with gold. Compressed air was used to

2.2.4.3. Texture analysis. The mechanical properties of the sheared and
heated DSK/DSKCs samples were measured using a texture analyzer
(Stable Micro System, Godalming, UK), based on the method reported
3
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previously (Manski, Van der Goot, & Boom, 2007). Tensile stress, tensile
strain, and Young’s modulus (YM) were measured via uniaxial tensile
tests. Three tensile bars were cut from the samples using a
dog-bone-shaped cutter. Bars were taken in parallel and perpendicular
directions along the shearing direction. The width and thickness of the
tensile bars were measured using a digital caliper (Mitutoyo, Kawasaki,
Japan) to calculate the initial cross-sectional area. The initial length of
the tensile bar was 15.5 mm (L0). The force needed to break the sample
was recorded by the Exponent software (Stable Micro System). The true
stress σ(t) and true strain ε(t) were calculated based on the assumption
that the volume of the tensile bar did not change during elongation
(Choung & Cho, 2008; Raheem, 2014).

σ (t)

=

F(t) L(t)
×
[Pa]
A0
L0

Table 2
Functional properties of the DSK, PSK, DSKCs and PSKCs with respect to the
onset denaturation temperature Td, denaturation peak temperature (Td) and
denaturation enthalpy (J/g protein), WHC (g water/g dry pellet) and NSI (%).
Onset Td
(℃)

Td (℃)

Ed (J/g
protein)

WHC (g
water/g dry
pellet)

NSI (%)

DSK

93.30
± 0.20ac
93.24
± 0.23ac
92.93
± 0.31a
92.62
± 0.05a
94.87
± 1.02d
93.75
± 0.49c
93.48
± 0.01ac
92.55
± 0.16ab

99.80
± 0.20a
99.06
± 0.11a
98.99
± 0.24a
98.72
± 0.05a
97.91
± 3.19a
99.79
± 0.08a
99.79
± 0.02a
99.24
± 0.10a

9.40
± 1.50a
7.76
± 0.15ac
7.96
± 0.74ac
7.92
± 0.18ac
12.23
± 0.80b
9.98
± 1.8ad
8.29
± 0.46ac
8.52
± 0.74a

5.70 ± 0.20a

49.10
± 0.10a
52.31
± 2.43b
71.22
± 1.80c
69.76
± 2.27c
31.87
± 1.04d
61.05
± 2.62e
64.14
± 1.22e
41.31
± 1.4f

DSKC1
DSKC4
DSKC10

(6)

/
L(t)
ε(t) = ln
[mm mm]
L0

Functional
properties

PSK
PSKC1

(7)

PSKC4

Where L0 is the initial length of the sample and L(t) is the length of the
sample at fracture time t. A0 is the initial cross-sectional area. YM was
calculated from the slope of the tensile stress-strain curve with the
tensile strain between 0.5 and 1.5. The anisotropic index (AI) was
calculated as the quotient of the parallel value and the perpendicular
value:

3. Results and discussion

σ par
AIσ =
[− ]
σ per

(8)

3.1. Composition and morphology

εpar
[− ]
εper

(9)

AIε =

AI YM =

YMpar
[− ]
YMper

PSKC10

The statistics in this paper were analyzed using SPSS software,
version 25.0 (IBM, Armonk, NY, USA). A univariate general linear model
with the least significant difference (LSD) test was carried out to
investigate the significant differences (Table 1, Table 2, and Fig. 7).
Differences were considered significant when P < 0.05.

Table 1
Composition of the DSK/PSK and washed DSKC/PSKC in terms of protein, oil,
ash, phenolic compounds (CGA), moisture and carbohydrates.
Oil

Ash

PC (CGA)

Carbohydrate

DSK

55.26
± 0.39a
57.01
± 0.32b
59.63
± 0.52ce
60.81
± 0.23c
54.04
± 0.33d
57.46
± 0.14e
57.37
± 0.28f
59.72
± 0.05e

7.41
± 0.17a
5.92
± 0.19b
4.45
± 0.14c
3.27
± 0.92d
10.12
± 0.25e
10.21
± 0.90e
10.01
± 0.78e
8.20
± 0.18f

7.82
± 0.01a
7.48
± 0.04a
8.18
± 0.63ab
7.67
± 0.13ac
9.29
± 0.09d
9.94
± 0.26e
9.88
± 0.25e
9.79
± 0.05de

3.94
± 0.11a
2.41
± 0.14b
0.56
± 0.01c
N.A

25.57

DSKC1
DSKC4
DSKC10
PSK
PSKC1
PSKC4
PSKC10

5.27
± 0.11d
1.88
± 0.003e
0.08
± 0.021f
N.A

8.71 ± 0.45c
9.77 ± 0.13e
7.65
± 0.12d

The composition analysis showed similar protein content in DSK
(55%) and PSK (54%) (Table 1). PSK contained more oil, ash, and CGA
than the DSK implying that the concentration of carbohydrates should
be lower in PSK than in DSK. The differences in the composition are most
likely due to the differences in the de-oiling process when producing
DSK and PSK. The compositional values are in line with previous studies
that reported protein content of around 50% after pressing and addi
tional de-oiling (Anjum, Nadeem, Khan, & Hussain, 2012; Salgado,
Molina Ortiz, Petruccelli, & Mauri, 2011). Besides, a similar total car
bohydrate content of ~ 20% was reported for the de-hulled sunflower
cake (Anjum et al., 2012). Aqueous ethanol washing led to a protein
enrichment up to 4 washing steps whereas protein content was hardly
changed by additional washing. The oil was partially removed in the
case of DSKC, and this oil removal continued when more washing steps
were applied. However, hardly any oil was removed in PSKC up to 4
washing steps and 8% of the oil even remained in PSKC10. Aqueous
ethanol washing was effective for CGA removal. Most of the CGA was
removed for DSKC4, DSKC10, PSKC4, and PSKC10. Ash content hardly
changed upon washing and the concentration of carbohydrates in the
washed DSKC samples increased slightly.
The powder morphologies of all samples were visualized by SEM
(Fig. 2). The particles were shown as a cellular matrix, which is in line
with the sunflower materials in previous research (Düsterhöft, Bonte,
Venekamp, & Voragen, 1993). The cellular matrix of DSK particles was
found to have an open structure on the surface. However, the PSK par
ticle had a more closed and compact surface structure. The differences in
the morphologies between PSK and DSK might explain the difference in
further oil removal by the aqueous ethanol washing process. The closed
and compact surface structure of PKS probably limited the extraction of
oil during the washing process. Thus, the results show that PSK material
contains higher oil content with a more compact and closed surface
morphology compared with DSK. Aqueous ethanol washing was more
effective for oil removal in DSK than PSK, and the differences in the
composition and morphology became less obvious during the washing
process. CGA removal was similar for both materials upon aqueous
ethanol washing.

2.3. Statistics analysis

Protein

9.29
± 0.61ce
10.52
± 0.49be
6.37 ± 0.80a

Significant differences were compared for Onset Td, Td, Ed, WHC and NSI be
tween the samples of DSK, DSKC1/4/10, PSK, PSKC1/4/10.

(10)

Composition
Dry base

5.88 ± 0.64

a

27.18
27.18
28.25
21.28
20.51
18.49
22.29
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Fig. 2. Scanning electron micrographs of DSK(A1), DSKCs (A2–A4), PSK and PSKCs samples by adding the 2-mercaptoethanol. The different scale bars of 100 µm and
20 µm were shown.

3.2. Functional properties

when applying more washing steps. However, no significant differences
were found with the peak Td of both DSK and PSK samples between the
different washing steps. The results show that the denaturation behavior
of the protein in the DSKCs and PSKCs was not changed by the washing
process and the number of steps applied. The highest Ed-value was
observed for PSK (12 J/g protein), followed by a similar result for PSKC1
and DSK (10 J/g protein). These results suggest that the protein in DSK
was already partially denatured compared with PSK. A further decrease
in protein nativity was found with the PSKCs and DSKCs (approximately
8 J/g protein) after aqueous ethanol washing. The result was expected
as aqueous ethanol washing is known to have an effect on the protein
nativity of sunflower materials (González-Pérez & Vereijken, 2007;
Tranchino, Costantino, & Sodini, 1983), evidenced by the report of
similar results with the de-oiled sunflower meal previously (Molina,
Petruccelli, & Añón, 2004; Jia et al., 2021b). Table 2 also showed the

Fig. 3 showed the profiles of the soluble protein fraction from DSK
and PSK in the presence of β-mercaptoethanol. The bands in the mo
lecular weight of 21–27 kDa and 32–44 kDa probably correspond to 11S
globulin subunits, which are composed of basic and acidic polypeptides,
respectively. The small band corresponding to a molecular weight of
10 kDa was assigned to the 2S albumins (Dalgalarrondo, Raymond, &
Azanza, 1984). An additional band at 50 kDa appeared in the DSKCs
after the washing process, while this band was less visible in the case of
PSKCs. The band at 50 kDa was previously observed with the sunflower
protein isolate under reducing conditions (Karefyllakis et al., 2018).
Table 2 showed the onset denaturation temperatures (Onset Td),
peak denaturation temperatures (peak Td), and enthalpies (Ed) of the
protein in all the samples. The onset Td of DSK and PSK became lower
5
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Fig. 2. (continued).
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Schuchmann (2017) reported that the increase in moduli values above
90 ℃ is due to the polymerization/aggregation reactions of the exposed
hydrophobic group from protein, which resulted in the formation of a
crosslinked network. The decrease in moduli above 130 ℃ was
explained by the depolymerization of the structure, which was caused
by the breakdown of the disulfide bonds. Sunflower protein is known to
have gel-forming properties upon heating (González-Pérez & Vereijken,
2007), which explains the increase of the G’ value above 90 ℃.
Though the PSK and DSK samples showed a similar trend for G’ and
G’’ values during heating, the values were higher for DSK than PSK. This
higher value for the DSK sample might be related to its lower oil and
higher carbohydrate content than the PSK sample (Table 1). The G’
values were higher upon aqueous ethanol washing up to 4 washing
steps. DSKC samples showed a higher G’ value than the PSKC samples by
heating. These differences became smaller after aqueous ethanol
washing, which was hardly noticed after 4 washing steps. Cooling
increased both of the G’ and G’’ values, which was an expected effect
due to the rearrangement of the disulfide bond, which can make the
structure more firm (Schofield, Bottomley, Timms, & Booth, 1983). A
similar strengthening was also reported in the case of high moisture
extrusion. The cooling die also solidified the product formed in the
extrusion process (Osen & Schweiggert-Weisz, 2016; Schofield et al.,
1983). Time sweeps measured at a constant temperature of 90, 120 and
140 ℃ for the DSK, PSK, DSKCs, and PSKCs are shown in Fig. 5. In
general, the G’ and G’’ values at 90 and 120 ℃ were nearly constant
during the time sweep. Both values were found to decrease when heated
at 140 ℃ for 15 min. Aqueous ethanol washing resulted in an increase in
the G’ and G’’ values at 90 and 120 ℃ for DSKC and PSKC up to 4
washing steps. Further, increasing the washing steps or temperature
hardly affects the G’ and G’’ values with the washed samples. A similar
trend was reported for the aqueous ethanol washed soy protein
concentrate, and rapeseed protein concentrate during time sweep at 120
and 140 ℃ (Jia et al., 2021). Without washing, DSK showed higher G’
and G’’ values compared with PSK. However, just as found in the case of
the temperature sweep, the differences between DSK and PSK largely
disappeared after washing at all temperatures measured.
From all the rheological measurements, it can be concluded that DSK
and PSK have different rheological properties before washing. However,
upon washing the differences mainly disappear, suggesting that aqueous
ethanol washing affected the rheological properties. Remarkable, the
differences in oil and CGA content did not affect those measurements.

Fig. 3. SDS-PAGE for the soluble protein fractions of DSK, DSKC1/4/10, PSK
and PSKC1/4/10 samples by adding the 2-mercaptoethanol.

water holding capacity (WHC) and nitrogen solubility index (NSI) of all
the samples. Similar results of WHC were found with DSK, DSKC1, and
PSK (~ 6 g water/g dry pellet). A large increase was found when more
washing steps were applied. DSKC10 had a WHC of ~ 10 g water/g dry
pellet even. The pellet from PSKC1 held more water than the pellet from
PSK, and this value was even higher for PSKC4 (8.7–9.7 g water/g dry
pellet). The nitrogen solubility index measurement showed that the
protein in PSK was less soluble than the protein in DSK (32% versus
49%) (Table 2). This might be due to the less open surface morphology
of the PSK particles, which can limit the access of the water during
hydration. A large increase in NSI was already observed for PSKC1 and
PSKC4 (61% and 64%) after the washing process but the solubility was
lower for the PSKC10 (41%). The NSI values for both DSKC4/10 samples
were increased to approximately 70%. The protein nativity with the
washed DSKCs and PSKCs was only slightly affected by the washing
process (Table 2), thus not likely to reduce the solubility. A reason for
the increased solubility by aqueous ethanol washing might be found in
the altered protein profile. The additional band at 50 kDa appeared for
the washed sample (Fig. 3) might indicate the formation of
protein-phenol complex, which can be more soluble than the original
proteins, due to the hydrophilic nature of CGA (Jia, Kyriakopoulou,
et al., 2021). This 50 kDa is less visible in PSK, which could be a reason
for the lower protein solubility. Nonetheless, results suggest a positive
effect of aqueous ethanol washing on WHC and NSI for both washed
DSKC and PSKC samples, and the effect was more pronounced for the
DSKC than the PSKC samples.
Changes in WHC and protein solubility as a result of aqueous ethanol
washing have been reported for other crops as well. Just like in the re
sults presented here, the effect of the washing is not consistent for all
crops or fractions of crops (Wang et al., 2020). Factors like removal of
certain protein and non-protein components including oil and phenols,
denaturation, and aggregations are crop dependent and therefore
explain why a consistent effect of washing is lacking in overall protein
solubility and WHC.

3.4. Structuring properties
Fig. 6 showed the macrostructure of the sheared and heated sun
flower materials (40 wt% DM) by shear cell. DSK alone can already form
a fibrous structure in the shear cell and similar fibrous structures were
formed for DSKCs samples. However, the macrostructure of PSK showed
a crumbly gel-like structure, which was brittle and easily broken. Also,
the washed PSKCs did not form fibrous products. The mechanical
properties of the sheared and heated DSK and DSKCs samples were
measured using a texture analyzer (Fig. 7). The DSK sample of 40 wt%
was found to have the lowest tensile stress and Young’s modulus (YM) at
the parallel direction. It was not possible to measure the tensile stress
and strain for the DSK sample at the perpendicular direction since the
tensile bar sample for this sample broke prior to the analysis due to the
brittleness. The tensile stress and YM values of the washed DSKC sam
ples were larger at the parallel/perpendicular direction after aqueous
ethanol washing up to 4 steps, whereas the difference was small between
the DSKC4 and DSKC10. The increase in tensile stress and YM upon more
the washing steps indicated the increase in the mechanical strength and
stiffness of the sample. The AI-value decreased by more steps of the
aqueous ethanol washing process, though this decrease was not
accompanied by a less fibrous appearance of the sample. In terms of
tensile strain, the differences between the DSK and washed samples were
small. The difference between AI-value of the tensile strain and YM was

3.3. Rheological properties in CCR
The elastic and loss moduli (G’ and G’’) of the DSK, PSK, and washed
DSKCs and PSKCs (40 wt%) are shown in Fig. 4. The G’ value was always
higher than the G’’ value in the temperature sweep measurement. In
total three regions were found for the G’ during the heating of DSK.
From 40–90 ℃, the G’ value decreased, followed by an increase of G’
when heated from 90 to 125 ℃. A decrease of G’ value was detected by
further heating from 125 to 150 ℃. This effect of temperature on G’ and
G’’ shows certain similarities to the behavior of wheat gluten and
rapeseed meal during heating. Emin et al. (2017) and Pietsch, Emin, and
7
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Fig. 4. Viscoelastic modulus G’/G’’ for temperature sweep from 40 to 150 ℃ with respect to DSK/PSK (A1), DSKC1/PSKC1 (A2), DSKC4/PSKC4 (A3) and DSKC10/
PSKC10 (A4). The cooling profile from 150 to 50 ℃ for DSK, DSKCs, PSK, and PSKCs samples from B1 to B4. All DSK and DSKC results are in blue and PSK and PSKC
results are in orange, and dark blue or orange are for the G’ value and light blue or light orange lines are for the G’’ value.

small between the different washing steps. Thus aqueous ethanol
washing process had a stronger effect on the AI-value of the tensile stress
than the tensile strain and the YM.
The difference in the structuring properties of DSK and PSK might be
related to the large difference in the oil content. The DSK and DSKCs
samples contain a lower amount of oil (3.3–7.4%) compared to the PSK

and PSKCs samples (8.2–10.1%). The tensile stress was plotted as a
function of oil content in Fig. 7A’, where the tensile stress of the DSK and
DSKCs samples were decreased with higher oil content. The extrapola
tion of the trendline suggests that an oil content higher than 8% prevents
the formation of a coherent fibrous product. All PSK samples contained
more than 8% oil, which could be an explanation for the observation
8
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Fig. 5. Viscoelastic modulus G’/G’’ for time sweep of DSK/PSK (A1–C1), DSKC/PSKC1(A2–C2), DSKC/PSKC4 (A3–C3), and DSKC/PSKC10 (A4–C4) at 90, 120 and
140 ℃, in which all DSK and DSKC results are in blue and PSK and PSKC results are in orange, and dark blue or orange are for the G’ value and light blue or light
orange line are for the G’’ value.

that only crumbly samples were obtained. The presence of oil was also
reported to cause material lubrication and to influence the structuring
properties of the ingredients in high moisture extrusion (Cheftel, Kita
gawa, & Queguiner, 1992; Kyriakopoulou, Keppler, & Van Der Goot,
2021). As a result, the plant protein ingredients are often de-oiled for
their usage in meat analogue applications (Kyriakopoulou, Dekkers, &
Van der Goot, 2019). From the shear cell experiments, it seems that oil
can be released during the shearing and heating at a high temperature of
140 ℃. As a result, it can hinder the formation of a full protein network
throughout the whole product. This effect is similar to the role of oil in
wheat doughs, where it acts as a shortening agent through preventing

the formation of a gluten network to make puff pastry products
(Huschka, Challacombe, Marangoni, & Seetharaman, 2011; Inoue,
Sapirstein, & Bushuk, 1995). Though this effect might be beneficial for
certain dough applications, it is clearly an undesired effect in the case of
making fibrous products. The effect of oil was further confirmed by
processing completely de-oiled PSK in the shear cell. Unlike the crumble
gel-like structure observed with PSK, the fibrous structure was obtained
after the complete de-oiling. However, the samples were clearly less
strong that the DSK-samples with low oil content. Thus, it is concluded
that the high amount of oil can hinder the fibrous structure formation for
sunflower materials in the shear cell., but also additional factors like the
9
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Fig. 6. Macro structure of the sheared and heated samples of DSK/PSK and DSKCs/PSKCs of 1 ×, 4 ×, 10 × washing steps at 40 wt% DM.

compactness of the ingredients might play a role in the final structure
and mechanical properties of the products.
Part of the aim of this study was to better understand the effect of the
presence of phenolic compounds on the functional and structural
properties of sunflower materials. The results though suggest that the
presence of phenolic compounds does not affect the fibrous structure
formation of the de-oiled sunflower kernel in the shear cell. It is known
that the covalent interaction between protein and CGA can negatively
affect the gelling properties at high CGA content and can give rise to offcolors. However, the sheared and heated DSK, PSK, or DSKCs and PSKCs
products showed no green color formation. The green color is an indi
cation of covalent interaction between sunflower protein and CGA
(Prigent, Voragen, Visser, Van Koningsveld, & Gruppen, 2007). These
covalent interactions between the CGA and protein are favored at
alkaline pH and are therefore less likely to occur in the shear cell
experiment where the pH of the sunflower product is close to neutral
(results not shown). The occurrence of covalent interactions at a lower
extent or the non-covalent interactions cannot be ruled out, but based on
the results presented here, the effect of CGA on the structuring proper
ties was not noticeable regarding the tested sunflower materials. It is
also interesting to note that the differences in the structuring properties
were not observed when using the CCR to measure the rheological
properties (Figs. 3 and 4). In CCR measurements, only the heating effect
was examined by temperature and time sweep within the linear

viscoelastic region. It is possible that limited deformation does not lead
to a release of oil from the PSK matrix or that the effect of oil is only
visible at large deformation (Manski, Van der Zalm, Van der Goot, &
Boom, 2008).
Thus, the shear cell experiment result presented that the DSK and
DSKCs (40 wt%) formed fiber structure when sheared and heated at
140 ℃, while PSK and PSKCs only formed crumble structure under the
same conditions. The difference in oil content of the samples was sug
gested as the main reason for the different structuring properties,
whereas the effect of CGA was less noticeable.
4. Conclusion
The effect of aqueous ethanol washing on composition, functional,
and structuring properties was assessed using two starting materials DSK
and PSK. After 10 times washing process, compositions of DSK and PSK
were similar, except for the oil content. Phenolic compounds were
effectively removed by the aqueous ethanol washing. Partial oil removal
was obtained in DSK, while oil could not be removed in the case of PSK.
Thus, the primary de-oiling process could influence further oil removal
by aqueous ethanol washing. The differences in functional properties
between DSK and PSK before the washing process were largely dis
appeared upon washing.
Despite high similarities in functional properties, we still observed
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Fig. 7. Tensile stress (kPa), strain (mm/mm)
and Young’s modulus (kPa) of the sheared and
heated DSK/PSK and DSKCs/PSKCs of 1 ×, 4 ×,
10 × washing steps at parallel (blue bar) and
perpendicular (orange bar) (A–C). The aniso
tropic index (AI) is shown as grey dotted line
with a grey sphere symbol. Significant differ
ences between the samples of DSK, DSKC1,
DSKC4 and DSKC 10 are shown in terms of the
tensile stress, strain and YM at parallel direction
(small letter) or perpendicular direction (capital
letter). The tensile stress was also plotted as a
function of oil content in the DSK and DSKCs
materials (A’).

Netherlands; the project is registered under Contract no. TKI-AF-16011.
The authors thank Maurice Strubel for the support in HPLC and SEM
experiment, Jarno Gieteling for the support with shear cell experiments
and tensile tests.

differences in structuring properties. DSK and DSKCs formed a fibrous
structure at 140 ℃, while PSK and PSKCs could not be used to make
fibrous products. The removal of the phenolic compounds is not
required for structuring properties of DSK/DSKCs, whereas the differ
ences in oil content are crucial for the fibrous structure formation of DSK
and PSK samples. Too much oil can prevent the formation of a coherent
network throughout the full product, thereby only creating a crumbly
product. Based on all structuring experiments of DSK and PSK, it is
suggested that the oil content should not exceed the oil content present
in DSK, which is about 8%.
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