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The potential for using rapeseed protein concentrate (RPC) as a novel protein source for meat analogues was
investigated using shear cell technology with RPC-only and RPC-wheat gluten (WG) mixtures. The resulting
products were characterized by texture analyser, confocal laser scanning microscopy (CLSM) and X-ray micro-
tomography. Soy protein concentrate (SPC) was chosen as the benchmark because of its known capacity to create
fibrous structures. Both RPC-only and RPC-WG mixtures could be transformed into fibrous products when
processed at 140 °C and 150 °C with 40 wt% dry matter. The fibrous structure was improved by adding of WG
into RPC at 140 °C and the colour of the RPC-WG product became lighter with more WG added. CLSM images
revealed that the protein formed a continuous phase, and the RPC inherent polysaccharides acted as a dispersed
phase. Overall, RPC is concluded as a promising alternative protein source after SPC for meat analogue
applications.

Industrial relevance: Rapeseed meal, which is a by-product from extraction of rapeseed oil, is currently mainly
used as animal feed and seldom applied as a food ingredient. This study provides valuable insights into the
potential of rapeseed protein concentrate produced by washing rapeseed meal with aqueous ethanol as an
alternative plant protein for meat analogues. The outcomes of this study demonstrated the potential of rapeseed
protein concentrates for structuring purposes, which is a step towards its commercial use as an environmentally
sustainable meat analogue ingredient.

1. Introduction Rapeseed meal is a by-product obtained after oil extraction but it is

seldom used for food applications. It has been suggested as an interesting

Plant-based meat analogues have received great interest from con-
sumers who want to reduce their meat consumption. It is recognized that
over-consumption of meat products is not only unhealthy but can also
lead to environmental issues and ethical concerns about animal welfare.
Shear cell technology has been reported to produce anisotropic fibrous
meat analogues using (mixtures of) protein isolates or concentrates from
soy, peas, wheat, and fababean (Dekkers, Nikiforidis, & van der Goot,
2016; Grabowska et al., 2016a; Grabowska, Tekidou, Boom, & van der
Goot, 2014a; Schreuders et al., 2019). Plant-based meat analogues from
sources such as legumes, oilseeds and cereals are gaining importance to
address consumer demands and sustainability in future food supply. An
important breakthrough would be the increased use of underutilized
protein-rich by-products in meat analogue applications.

alternative plant protein source due to its high protein content (35%-—
40%) and well-balanced amino acid profile (Tan, Mailer, Blanchard, &
Agboola, 2011). In addition, favourable functionality has been reported
with respect to emulsifying, gelling and oil/water binding properties
(Asgar, Fazilah, Huda, Bhat, & Karim, 2010; Von Der Haar, Miiller,
Bader-Mittermaier, & Eisner, 2014; Wanasundara, 2011). The com-
mercial value of this by-product would also increase significantly by
making it suitable for application in meat analogues. Highly refined
rapeseed protein isolates have been proposed as binders for meat
products (Wanasundara, McIntosh, Perera, Withana-Gamage, & Mitra,
2016). A recent consumer study showed that the use of rapeseed protein
as a main ingredient for meat analogues has gained consumer interest
and attention (Banovic & Sveinsdottir, 2021).

Abbreviations: Al, anisotropic index; CLSM, confocal laser scanning microscope; HTSC, high-temperature conical shear cell; NSI, nitrogen solubility index; RPC,
rapeseed protein concentrate; SPC, soy protein concentrate; SPI, soy protein isolate; WG, wheat gluten; WHC, water holding capacity; XRT, X-ray microtomography;

YM, Young’s modulus.
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Table 1
Composition of RPC, SPC and WG, as well as the water holding capacity (WHC)
and nitrogen solubility index (NSI).

Composition (% in dry base) RPC SPC WG
Protein 55.9 73.9 79.4
oil 2.2 2.1 NA
Ash 8.9 7.7 NA
Carbohydrate 33.6 21.9 12.61
Insoluble fibre 30.1 16.4 NA
Soluble fibre (pectin) 3.4 3.3 NA
Soluble sugars 0.1 2.2 NA
Functional properties
WHC (g water/g dry pellet) 4.9+ 0.4 6.3+ 1.0 1.6 £ 0.03
NSI (%) 19.5 + 0.7 429 + 3.6 10.3 + 3.9

NA, not applicable.

Table 2

Overview of the shear cell experiments with respect to the composition of RPC-
only, SPC-only, RPC-WG mixtures and SPC-WG mixtures and the temperature
applied in the shear cell.

Sheared sample Composition (wt%) T (°C)

RPC-only 40
RPC-WG mixtures 20-20 95, 120, 130, 140, 150
RPC-WG mixtures 32-8, 26-14, 20-20, 14-26, 8-32 140

WG-only 40 140

SPC-only 40 95, 120, 140

SPC-WG mixtures 20-20

25, 120, 130, 140, 150

The formation of fibrous materials in shear cells is favoured when
plant materials consist of two immiscible phases that deform and align
upon shearing (Grabowska, Tekidou, Boom, & van der Goot, 2014b).
Two immiscible phases can be achieved through mixing purified in-
gredients with different water holding capacities (WHCs) (i.e., soy
protein isolate [SPI] and wheat gluten [WG]), or they can be present
naturally in a single but less purified ingredient, such as soy protein
concentrate (SPC) (i.e., proteins and polysaccharides). Rapeseed protein
concentrate (RPC) is obtained from rapeseed meal after aqueous ethanol
washing. As a result, the composition of RPC is similar to that of SPC in
that it contains both proteins and polysaccharides (Wanasundara, 2011;
Wanasundara et al., 2016). The polysaccharides mainly originate from
the hulls and the cotyledon in rapeseed meal and are present as cellu-
lose, hemicellulose and pectins. RPC has been studied in a shear cell
before for fish feed to partially replace other plant protein sources, but at
lower temperature than normally used to make fibrous materials. A
solid, homogeneous material was obtained (Draganovic, Boom, Jonkers,
& Van Der Goot, 2014). It showed potential to solidify, which is one of
the requirements to become a suitable meat analogue ingredient.

Thus, the aim of this study was to investigate the structuring po-
tential of RPC-only and RPC-WG mixtures for meat analogue production
in a shear cell using different temperatures and ratios of RPC and WG.
WG is often used in plant protein mixtures to enhance fibre formation in
meat analogues (Cornet et al., 2021). The structural properties of the
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product was compared with that from SPC and an SPC-WG mixture by
texture analyser using the uniaxial tensile test. The morphology of the
structure was visualized by confocal laser scanning microscopy (CLSM).
The air porosity of the sheared product was analysed by X-ray micro-
tomography (XRT).

2. Materials and methods
2.1. Materials

RPC was provided by the Avril Group (France). Vital WG (Viten) was
purchased from Roquette (Zaventem, Belgium). SPC (Alpha 8 IP; Solae
Europe SA, Le Grand-Saconnex, Switzerland) was purchased from
Dupont (Wilmington, DE, USA). NaCl was obtained from Sigma-Aldrich
(Zwijndrecht, the Netherlands). Rhodamine B (Sigma R 6626; Sigma-
Aldrich) and Calcofluor-white (Fluka, 18,909; Sigma-Aldrich) were
used as staining agents for CLSM. The dry matter composition of RPC,
SPC and WG is shown in Table 1; the composition of RPC was obtained
from the Avril Group and the composition for SPC and WG is listed ac-
cording to the manufacturer’s specifications.

The WHC and nitrogen solubility index (NSI) were also measured,
and the results are given in Table 1. The ability of the insoluble fraction
to holding water was determined by adding 1 g of material and 49 g of
Milli-Q water to a 50-mL Falcon tube, and rotated for 24 h in a rotator
(Bibby Scientific Stuart Rotator Disk SB3, Thermo Fisher Scientific,
Waltham, MA, USA) for hydration at a speed of 20 rpm. The dispersion
was then centrifuged at a speed of 15,000 xg at 25 °C for 10 min. The
wet pellet was transferred into an aluminium tray and dried in the oven
at 105 °C for 24 h. The nitrogen content in the dry pellet (Ngry petter) and
in the original sample (Norigina)) Were measured with the Dumas com-
bustion method using a nitrogen analyser (Flash EA 1112 Series; Thermo
Scientific, Breda, the Netherlands). The mass of the original sample, wet
pellet and dry pellet were obtained, denoted as Moriginal, Mwet pellet and
Mary pellet- The WHC and NSI were calculated using egs. (1,2).

Mwe ellef - M, ry pelle
WHC = —etpettet 7 Ty pellet 10\ ater/g dry pellet] (€]

M dry pellet

NSI = Noriginal X Moriginal - Ndry pellet X Mdry pellet [(7] (2)
= 0
Noriginal X Moriginal

2.2. Structure formation

2.2.1. Sample preparation

Aqueous dispersions of RPC, SPC, WG, RPC-WG mixtures, and SPC-
WG mixtures were prepared and the compositions are listed in
Table 2. Preliminary tests showed that a fibrous structure could be
formed with RPC-only at 40 wt% dry matter. Therefore, 40 wt% was
selected for all the tests in the paper, as well as 1 wt% sodium chloride,
and 59 wt% demineralized water. For each experiment, samples with a
total weight of 90 g were prepared as explained in the next section.
Results with lower RPC concentrations are shown in Fig. S1. Samples
were prepared by mixing sodium chloride with demineralized water in a

Table 3

Macrostructure of the sheared samples from RPC (40 wt%) and RPC-WG (20-20 wt%) from 120 °C to 150 °C.
T 95 °C 120 °C 130 °C 140 °C 150 °C
RPC-only NA

RPC-WG
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Fig. 1. Tensile stress (A), tensile strain (B) and YM (C) of the sheared 40 wt% RPC sample at 130, 140 and 150 °C. Tensile stress, tensile strain and YM of the 40 wt%
RPC-WG at 85, 95, 120, 130, 140 and 150 °C are shown in (D), (E) and (F). Blue bars indicate the parallel direction, orange bars indicate the perpendicular direction
and the dotted grey line indicates the anisotropic index (AI). The statistical analysis is showed in the appendix Table S1. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

140 °C 150 °C

Table 4

Macrostructure of SPC (40 wt%) and SPC-WG (20-20 wt%) at 95 °C, 120 °C and 140 °C.
T 95°C 120 °C 130 °C
SPC-only
SPC-WG

plastic beaker. RPC and SPC were added to the beaker and mixed using a
flat spoon, which was covered with a parafilm to prevent water evapo-
ration. WG, if used in mixtures, was added after 30 min hydration, mixed
thoroughly with a flat spoon and immediately transferred to a shear cell
for further processing.

2.2.2. Structure formation

A high-temperature conical shear cell (HTSC) (Wageningen Univer-
sity, Wageningen, the Netherlands) was used for the structuring exper-
iments. The HTSC was designed in house and has been described
previously. It is a cone-cone device with a rotating bottom cone to
produce a defined simple shear flow (Grabowska et al., 2016b). Heating
and cooling was done using an external oil bath. The protein mixtures,
which were hydrated for 30 min before shearing, were transferred to the
preheated HTSC and then sheared for 15 min at 30 rpm at a set

temperature. Different temperatures were tested in this study form 85 °C
to 150 °C. The shearing was stopped and the shear cell was cooled down
to 25 °C in 15 min to allow removal of the pancake-shaped sample. The
sample was stored in a plastic bag. All tests were done in duplicate.

2.3. Analysis

2.3.1. Macrostructure

The morphologies of sheared and heated products of RPC, SPC-only,
and the mixtures of RPC-WG, SPC-WG were analysed by manually
deforming the samples in a direction parallel to the shear flow and then
the structure formed was inspected visually.

2.3.2. Colour measurement
The colour of the sheared samples from RPC-only and RPC-WG
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Fig. 2. Tensile stress (A), tensile strain (B) and YM (C) of the 40 wt% SPC. Tensile stress, tensile strain and YM of 40 wt% SPC-WG of 20:20 are shown in (D), (E) and
(F). Temperatures of 95, 120 and 140 °C were tested. Blue bars indicate the parallel direction, orange bars indicate the perpendicular direction and the dotted grey
line indicates the anisotropic index (AI). The statistical analysis is showed in the appendix Table S1. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 5
Macrostructure of RPC-WG and SPC-WG with ratios of 40-0, 32-8, 26-14, 20-20, 14-26, 8-32, 0-40 wt% at 140 °C.
RPC-WG 40-0 wt% 32-8 wt% 26-14 wt% 20-20 wt%
Macrostructure
RPC-WG 14-26 wt% 8-32 wt%
Macrostructure
SPC-WG 32-8 wt% 20-20 wt%
Macrostructure
SPC-WG 8-32 wt%
Macrostructure

mixtures were determined using a colorimeter (Chroma Meter CR-400,
Konica Minolta, Country). The colour intensity was indicated as L*
(perceptual lightness), a* (—a* = green and + a* = red) and b*

(—b* = blue and + b* = yellow).

2.3.3. Tensile strength analysis
The mechanical properties of the sheared samples were measured
using a texture analyser (Stable Micro System, Godalming, UK). Tensile

stress, tensile strain and Young’s modulus (YM) were measured by
uniaxial tensile tests, which were performed at room temperature with a
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Fig. 3. Tensile stress, tensile strain and YM for RPC-WG and SPC-WG at ratios of 40-0, 32-8, 26-14, 20-20, 14-26, 8-32 and 0-40 wt% are shown. Shearing
conditions of 140 °C, 30 rpm and 15 min were tested. Blue bars indicate the parallel direction, orange bars indicate the perpendicular direction and the dotted grey
line indicates the anisotropic index (AI). The statistical analysis is showed in the appendix Table S1. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

constant deformation speed of 1 mm/s. Three tensile bars were cut from
the samples using a dog-bone-shaped cutter in the parallel and
perpendicular directions along the shearing direction. The width and
thickness of the tensile bars were then measured using a digital calliper
(Mitutoyo, Kawasaki, Japan) to calculate the initial cross-sectional area.
The edges of the tensile bars were fixed into tensile grips, resulting in an
initial length of 15.5 mm (L) for the sample. The force needed to break
the sample (t) was recorded by the Exponent software (Stable Micro
System). The true stress (¢) and true strain (¢) were calculated based on
the assumption that the volume of the tensile bar did not change during
elongation (Choung & Cho, 2008; Raheem, 2014).
F@) L)

G:A—OXL—O [Pa] 3)

L(1)

€= an [mm/mm] @

where Ly is the initial length of the sample and L(t) is the length of the
sample at fracture time t. A 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:

Al =22 ] )
Oper

Al, = ‘gﬂ [ _ } 6)
£per

YMpar

Alyy = ——
Y™ M,

[—] (7)

2.3.4. Microstructure

A confocal laser scanning microscope (type 510; Zeiss, Oberkochen,
Germany) was used to visualize the structured samples on a microscopic
scale. RPC-WG and SPC-WG mixtures were frozen before cutting the
samples along the shear flow direction into rectangular shapes with
dimension of approximately 3 x 5 x 10 mm. The samples were frozen
quickly using liquid nitrogen. A cryomicrotome (Micron CR50-H, Ada-
mas Instruments, Rhenen, the Netherlands) was used at —20 °C to slice
the sample into 40-pm-thick specimens. The specimens were then
stained with a mixed solution of Rhodamine B 0.002 wt% and Calcoflour
White 0.01 wt% at a 1:1 ratio, after which they were covered with a glass
and stored in dark for 1 h before analysis.

Excitation light in CLSM was provided by two lasers: a HeNe laser at
543 nm for Rhodamine B, and a blue/violet diode laser at 405 nm for
Calcoflour White. A 10x EC Plan-Neofluar/0.5 objective lens was used
to take the images. The blue edition of the ZEN software (Carl Zeiss
Microscopy, Jena, Germany) was used to analyse the images.

2.3.5. Morphology

Scanning Electron Microscope (SEM) (JEOL JCM-7000, the
Netherlands) was used to observe the morphology of the RPC, SPC and
WG dry powders. The dry samples were added on the double-side ad-
hesive conductive carbon tabs and the samples were sputter-coated with
gold. Compressed air was used to distribute the sample evenly on the
surface of carbon tabs. The accelerating voltage was 10 kV. The SEM
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Fig. 4. Microstructure of the sheared products from RPC-only was obtained at shear temperatures of (A) 25 °C, (B) 120 °C, (C) 140 °C and (D) 150 °C by CLSM under
the fluorescence channel. The sheared product from RPC-WG (20-20 wt%) at 95 °C and 120 °C is shown in (E) and (F). The products were sheared at 30 rpm by

15 min. Scale bars, 200 pm; each image was selected from three images.
pictures were taken at a scale of 50 pm.
2.3.6. X-ray microtomography

Inclusion of air in the fibrous products was analysed non-invasively
and non-destructively using XRT (GE Phoenix v|tome|x m; General

Electric, Wunstorf, Germany). A 240 kV micro focus tube with tungsten
target was used with a voltage of 80 kV and a current of 90 pA. The
images were recorded by a detector (GE DXR detector array with
2024 x 2024 pixels and pixel size 200 pm) located 815 mm from the X-
ray source. Fragments 4 x 5 x 20 mm were cut from the sheared



W. Jia et al.

Deformed RPC

Innovative Food Science and Emerging Technologies 72 (2021) 102758

RPC particle

Fig. 5. Microstructure of the sheared products from RPC-WG at ratios of 32-8, 26-14, 20-20, 14-26, 8-32 and 0-40 wt% under process conditions of 140 °C, 30 rpm
and 15 min by CLSM under the fluorescence channel. Scale bars, 200 pm; each image was selected from three images.

samples. The fragments were placed into an Eppendorf tube to avoid
moisture loss and positioned 28.55 mm from the X-ray source, resulting
in a spatial resolution of 7 pm. Full scans of 1500 projections were taken
by placing the sample on a rotary stage over 360° with steps of 0.24°.
The projections obtained were reconstructed into a single 3D structure

using the GE reconstruction software (GE, Wunstorf, Germany), with the
first projection skipped. Reconstructed images of the samples were
analysed using Avizo imaging software version 9.2.2. Two reconstructed
images were used to calculate the porosity of the samples.



W. Jia et al.

RPC: 25°C

RPC: 120°C

Innovative Food Science and Emerging Technologies 72 (2021) 102758

RPC: 150°C

RPC: 140°C

Solid
Air
RPC-WG: 32-8 RPC-WG: 20-20 RPC-WG: 8-32 RPC-WG: 0-40
140°C 140°C 140°C 140°C
h . -
Air

Fig. 6. X-ray microtomography images of a reconstructed trimetric image of the solid (yellow) sheared 40 wt% RPC product at 25, 120, 140 and 150 °C and RPC-WG
product with ratios of 40-0, 32-8, 20-20, 8-32 and 0-40 wt% at 140 °C and the corresponding reconstructed trimeric image of the air in blue. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3.7. Statistical analysis

The statistics in this paper were analysed 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 with respect to Figs. 1-3. Differ-
ences were considered significant when P < 0.05, which are shown in
the appendix Table S1. The same test was applied to the colour mea-
surement and the differences are shown as the small letters in Fig. 9.

3. Results
3.1. Effect of temperature effect on the structuring properties
3.1.1. RPC-only and SPC-only

RPC-only dispersions with 40 wt% were sheared at 120 °C, 130 °C,
140 °C and 150 °C in the shear cell. The resulting structures are shown in

Table 3. A fibrous structure was obtained after processing at 140 °C or
150 °C; the latter resulted in a more pronounced fibrous material. A
crumbled gel-like structure was obtained when RPC was sheared at
lower temperatures of 120 °C or 130 °C. The mechanical properties of
the sheared and heated products were measured using a texture analyser
and the results are shown in Fig. 1. For RPC-only, tensile stress and strain
values in the parallel direction increased with higher temperature,
whereas the value in the perpendicular direction was similar for all
temperatures. The AI value was >1 after processing at 140 °C, which
corresponds to the mechanical anisotropy. The sample produced at
120 °C was too brittle to allow good measurements. Shearing at 150 °C
led to more anisotropy, up to an Al value of 3. Results showed that YM
was independent of temperature in both directions, and thus the stiffness
of the product was similar after processing at different temperatures.
To place the results with RPC in a broader context, we compared its
structuring capacity with SPC. The macrostructure of SPC-only product
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Fig. 7. Air void fraction of sheared RPC product at 25 °C, 120 °C, 140 °C and 150 °C (A) and sheared RPC-WG products with RPC ratios of 40-0, 32-8, 20-20, 8-32

and 0-40 wt% (B).

is shown in Table 4. For the SPC-only sheared product, a crumble
structure was observed below 120 °C. Thin fibres and layers were found
when SPC-only was sheared at 140 °C. The mechanical properties of the
SPC-only products are shown in Fig. 2(A-C). The value for the tensile
stress in the parallel direction increased with higher process tempera-
ture, with an exception for the product processed at 130 °C. The tensile
stress in the perpendicular direction appeared to be independent of
temperature, again except at 130 °C. As a result, the Al value increased
when processing at a higher temperature. With respect to the tensile
strain, the lowest value was observed at 130 °C. Although the values in
the parallel and perpendicular direction fluctuated at different temper-
atures, the Al value increased from 1 to 2 in the temperature range
studied. The YM decreased in both directions when a higher temperature
was applied, resulting in similar Al values.

3.1.2. RPC-WG and SPC-WG mixtures

The 20-20 wt% RPC-WG mixture led to lighter coloured fibrous
products when processed at 130 °C and 140 °C. A gel-like structure with
tiny fibres was formed at 150 °C for RPC-WG, whereas a gel-like and
crumble structure was generated at 95 °C and 120 °C. Mostly, the tensile
stress in the parallel direction increased with temperature, except for a
slight decrease when processed at 130 °C. Although the trend for the
perpendicular direction was less obvious, the highest value was obtained
at 150 °C. The Al value remained between 1 and 2 at most temperatures,
which suggests limited mechanical anisotropy. The highest Al value of
2.8 was obtained for tensile stress in the parallel direction at 140 °C. The
YM of RPC-WG products showed a slight increase with increasing tem-
perature for both directions, but the values were much lower compared
with the RPC-only product. The Al value of the RPC-WG product sheared
at 150 °C was nearly 1, which is in line with the gel structure observed in
Table 3. The structures of sheared products with respect to the 20-20 wt
% SPC-WG mixture processed at 95 °C, 120 °C, 130 °C and 140 °C are
shown in Table 4. The 20-20 wt% SPC-WG product showed a crumble
gel structure below 130 °C similar to the RPC-WG product. A gel
structure with layers was obtained after processing at 140 °C and 150 °C.

The mechanical properties of the SPC-WG products are shown in
Fig. 2D-F. The highest tensile stress was found at 150 °C. This led to the
highest Al value of 3, which was similar to the Al value for the RPC-only
product at 150 °C. However, no fibrous structure was observed at 150 °C
despite the high AI value. This might be because the fibrous structure
was too small to be visible by eye, and the current methods in fibrous
structure quantification is still limited (Floor K.G. Schreuders, Schlan-
gen, Kyriakopoulou, Boom, & van der Goot, 2021). From the observa-
tion, the product structure could be characterized best as a gel with
layers (Table 4). At lower processing temperatures, lower tensile stress
values were found for both directions; they were similar to the value in
the perpendicular direction leading to an Al value of ~1. The lowest
tensile strain value was obtained when processing at 130 °C. Due to a

decrease in tensile strain for both directions at 130 °C and 140 °C, a
similar Al value of 1 was found for both products. An increase in YM was
found at 130 °C, and the AI value of YM was slightly increased from
95 °C to 140 °C.

Despite the differences in the mechanical properties, the structures
observed for the SPC-only and SPC-WG products were hardly dependent
on the temperature at 40 wt%. In the case of RPC-only and RPC-WG
products, a processing temperature of 140 °C was sufficient to obtain
fibrous products. Therefore, 140 °C was applied in further investigations
of the fibrous structure at different RPC and WG ratios.

3.2. Effect of composition on the structuring properties

This section describes the effect of adding different amounts of WG to
the RPC and SPC on the structure of the products (Table 5). All RPC-WG
products showed a fibrous structure. The RPC-WG mixtures were a light
grey colour, which became more brown when the product contained
more RPC. The tensile stress values of the RPC-WG mixtures (Fig. 3)
were between 100 and 300 kPa for the parallel direction and ranged
from 50 to 100 kPa for the perpendicular direction. On average, Al
values of ~3 were obtained, which were higher than the average Al
value of 1.3 for the RPC-only sample. The large standard deviation of the
tensile stress in the parallel direction was probably caused by the het-
erogeneity of the fibrous material at the length scale of the sample. Fi-
bres were clearly visible in that size range. When overviewing all the
mechanical data of RPC-WG, Al value was approximately 3 for all the
ratios. The fibrous structure formed was different at low WG ratios for
32-8 and 26-14 wt% compared to higher WG ratios between 20 and 20
and 8-32 wt%. An increase in WG led to more pronounced fibrous
products with tiny fibres and even more than the WG-only product.

In the case of SPC-WG products, gel-like structures were observed
with 32-8 wt% (Table 5), which is similar to SPC-only. Gel-like struc-
tures with layers were formed with the product containing SPI-WG ra-
tios of 26-14 and 20-20 wt%. The fibrous structure became more
pronounced when the product contained more WG. The tensile stress for
the parallel direction increased from products containing SPC-WG with
ratios of 40-0 to 26-14 wt%, whereas the value decreased in the
perpendicular direction leading to a highest Al value of 5 for the product
with the ratio 26-14 wt%. This result indicated that the addition of WG
to SPC enhanced the anisotropy of tensile stress and strain; the 20-20 wt
% product was the exception.

The YM decreased when the WG content increased in the RPC-WG
and SPC-WG products and this effect was also found to be higher with
the SPC-WG product. The AI value for the YM was close to 1 for almost
all products. Thus, the addition of WG above a certain ratio can improve
the fibrous structure formation for the SPC-WG and RPC-WG products.
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saccharides ratio.

3.3. Microstructure

CLSM was used to examine the microstructure and the distribution of
protein and polysaccharides in the sheared RPC and RPC-WG products.
The results obtained with the fluorescence channel are shown in Figs. 4
and 5.

For the sheared RPC-only products, intact RPC particles were
observed at room temperature and after processing at 120 °C (Fig. 4).
These particles were found to be similar as observed by SEM pictures in
the appendix (Fig. S2), with the particle size of approximately 200 pm
(Jia, Rodriguez-Alonso, Bianeis, Keppler, & van der Goot, 2021). The
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RPC particles are consisted of proteins (stained red) surrounded by
polysaccharides (represented by the blue colour). The polysaccharide
phase became better visible at 120 °C onwards. This might be due to the
finely dispersed unheated RPC particles became aggregated by heating
and hearing at higher temperatures. The intact RPC particles dis-
appeared at 140 °C, forming a more continuous protein phase and
dispersed polysaccharide phase. The structure was broken apart during
sample preparation and the breaking part were found within the poly-
saccharide phase in Fig. 4C and D. In the case of RPC-WG 20-20 wt%,
individual RPC particles were still observed at 95 °C and 120 °C (Fig. 4E
and F); the WG already formed a connected phase between the indi-
vidual RPC particles, thus forming another phase.

The RPC particles disappeared for the 20-20 wt% product when the
material was processed at higher temperatures of 140 °C, although a few
deformed RPC particles were still visible (Fig. 5C). The microstructures
of RPC-WG with other ratios processed at 140 °C are also shown in
Fig. 5. Similar to the 20-20 wt% RPC-WG product, deformed RPC par-
ticles were visible in the 32-8 wt% RPC-WG product. These deformed
RPC particles consisted of protein and fibre and were dispersed in a
continuous phase. However, the proteins from RPC and WG were hardly
distinguishable for all the mixing ratios tested at 140 °C, which indicates
that the protein from RPC and WG was mixed at a much smaller length
scale than visible with CLSM (i.e. 200 pm).

3.4. Incorporation of air

The reconstructed 3D X-ray tomography image of air in Fig. 6
showed air inclusion (void fraction) in RPC product when sheared at
25 °C. The void fraction became smaller when the products were
sheared at a higher temperature. Hardly any air remained after shearing
the products at 140 °C and 150 °C. The overall void fractions are shown
in Fig. 7A. The void fraction decreased from 24 vol% for the product
sheared at 25 °C to 5 vol% when the products were sheared at 120 °C.
Almost all air had escaped when the product was processed at 140 °C,
and an even lower void fraction of 0.01 vol% was measured after pro-
cessing at 150 °C. These results could be explained by considering that
the hydrated RPC particles were not fully melted at lower temperature,
thus spaces remained available for air between the particles. The void
fractions obtained with the sheared RPC-WG product were all <0.3 vol%
at 140 °C, whereas slightly more air was found with the RPC-WG
mixture of 8-32 wt% and 0-40 wt% in Fig. 7B. Therefore, it is sug-
gested that the air void fraction of the sheared product is more depen-
dent on the processing temperature than the RPC-WG ratios at 140 °C.

4. Discussion

Previous research revealed the importance of naturally existing
immiscible phases of protein and polysaccharides for fibrous structure
formation by SPC-only or SPI/pea protein isolate-WG mixtures in the
shear cell (Grabowska et al., 2016a; Schreuders et al., 2019). Here, we
aimed to demonstrate that fibrous materials can also be obtained with
RPC-only, similar to SPC-only, by using the remaining polysaccharides
in the material as a second phase. We also aimed to test the effect of
adding WG as an additional phase to the RPC on the structuring
capacity.

Fibrous material in 40 wt% RPC-only was achieved at 140 °C and
150 °C. In contrast, the SPC-only sheared product of 40 wt% at these
temperatures was characterized as a layered gel with some tiny fibres.
This result was similar to previous results for a 40 wt% SPC-only sheared
product; a fibrous structure was reported when the dry mass content was
increased to 45 wt% with SPC-only (Grabowska et al., 2016b). However,
we found the tensile stress at 140 °C to be higher than reported earlier,
which we attributed to different batches of SPC. Grabowska et al.
(2016b) used the break-up and alignment of the polysaccharide phase as
an explanation for the fibrous structure formation for the sheared SPC-
only product at 140 °C. Here, it is hypothesized that melting of RPC
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particles (consisting of protein and polysaccharides) happened at
140 °C, which explains the need for a high temperature (Fig. 4). Without
this melting, RPC still behaves as a sand-like material that hardly takes
up water during hydration, as we observed when mixing RPC and water
at room temperature. Melting of RPC at 140 °C makes it possible for the
polysaccharides to be more easily aligned along the shearing direction
and thus act as a dispersed phase to the proteins.

Similarly, RPC particles melting at 140 °C released proteins from the
particles, and the proteins were mixed with WG in subsequent shearing
in the RPC-WG mixtures. This can explain the continuous protein phase
with no clear phase separation between the protein from WG and RPC
after shearing and heating at 140 °C (Section 3.3). Furthermore, with
respect to the 20-20 wt% RPC-WG and SPC-WG mixtures, a temperature
of 130 °C was sufficient to create fibrous structures in both cases (Ta-
bles 3 and 4), but the mechanical properties were found to be relatively
low at that temperature (Figs. 1 and 2). In the above discussion, it is
hypothesized that the melting of RPC particles at 140 °C and subsequent
availability of proteins is a prerequisite for fibre formation in RPC-only.
Similar to that observation, the RPC particles in the RPC-WG mixture are
not melted sufficiently at 130 °C, whereas WG already acts as a
continuous phase and thus induces fibre formation at lower tempera-
tures than observed for RPC-only, but the dispersed phase will be weak
because of lack of melting. Therefore, the effect of adding WG to RPC
might play an important role to reduce the temperature required for
fibre formation. Schreuders et al. (2019) reported fibrous structure
formation for PPI-WG (20-20% wt) at 120 °C and SPI-WG (20-20 wt%)
at 140 °C, and the lowest mechanical properties were found at 130 °C. In
that paper, WG was introduced as a second phase. A similar air inclusion
effect as reported for PPI and SPI-WG mixtures was also observed for the
RPC-WG sheared products at different shearing temperatures (Section
3.4). The low air porosity found at 140 °C for RPC-only and RPC-WG
mixtures also suggests the melting of RPC particles and the formation
of a compact structure. However, further investigations would be
needed to understand the two-phase system when WG is added to the
RPC-WG mixtures at different temperatures.

11

A dry mass of 40 wt% was needed for the fibrous structure formation
for RPC-only, results showed in the appendix Fig. S1, which is lower
compared with 45 wt% for SPC-only (Grabowska et al., 2016a). A
comparison between RPC and SPC reveals that RPC has a lower protein
content (22.4 vs 29.6 wt%) and higher polysaccharide content (13.2 vs
8.6 wt%) than SPC. In the case of the RPC-WG and SPC-WG mixtures,
less WG was required for fibrous structure formation with RPC than for
SPC. This yielded a wider range of ratios required for fibrous structure
formation with respect to the RPC-WG product (32-8 to 8-32 wt%)
compared with the SPC-WG product (26-14 and 8-32 wt%) (Fig. 8A and
Table 5). The composition of the mixtures with respect to protein and
polysaccharides might affect the fibrous structure formation. The addi-
tion of WG to the concentrates increased the overall protein content and
decreased the polysaccharide content. Thus, we plotted the tensile
properties of all the tested materials at 140 °C against protein/poly-
saccharides ratios (Fig. 8B and C). The tensile properties were enhanced
with increasing protein ratio (below 6 for SPC-WG 20-20 wt%) and the
minimum AI value was found at 20-20 wt%, but no fibrous structure was
found in this region. This result suggested a change of the system from
soy protein continuous phase into the WG continuous phase, and the
change is hypothesized to be with the ratio of 20-20 wt%. Cornet et al.
(2021) also reported that structuring the protein mixtures with respect
to the SPI-WG and fababean isolate-WG in Shear Cell resulted in fibrous
structures at gluten contents >0.5 wt/wt and the effect of gluten on
swelling and fibre formation is universal for the tested proteins. A
fibrous structure formed with ratios ranging between 2 and 7 for RPC-
WG and 7-9 for SPC-WG, which suggests that a higher protein/poly-
saccharides ratio is necessary for fibrous structure formation with SPC-
WG than for RPC-WG. The ratio of protein/polysaccharide might be one
of the factors to explain the effect of the composition on fibrous structure
formation. Besides protein/polysaccharides ratio, the other factors
might also play a role in the structuring properties, such as amino acid
profile and rheological characterization upon melting. Cysteine and
methionine are the sulphur containing amino acid, which is important
for the cross-linking properties by forming disulphide bonding upon
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heating (Berghout, Boom, & van der Goot, 2015). Furthermore, not only
the amount of disulphide bonds in the protein plays a role, but also the
accessibility of disulfide and free thiol groups is important for network
formation (Cornet et al., 2020). Further investigation on these factors is
still required to explain why a certain ratio is necessary.

The composition and the ratio of the concentrate are not only in-
fluences the mechanical properties of the fibrous structure formed but
also the colour of the final product. The product became lighter when
more WG was added in the RPC-WG mixtures (Table 5). The colour of
the sheared sample was measured by the colorimeter, indicating as L*
(perceptual lightness), a* (—a* = green and + a* red) and b*
(—b* = blue and + b* = yellow). Results in Fig. 9 showed that L* and b*
was significantly increased by adding of the WG into RPC till the RPC-
WG ratio of 26-14, while the intensity of a* was similar between the
ratio of 40-0 and 26-14, and significantly decreased by further adding
of WG. The change in the colour is not necessarily related to change in
the dominant continuous protein phase because both proteins from RPC
and WG were mixed thoroughly which is hard to distinguish on the
product scale (Section 3.2). It is most likely that the addition of lighter
coloured WG diluted the already darker coloured RPC content. In
addition, oxidized tannins in RPC form darkly coloured polymers during
processing at high temperatures. In the presence of WG, however, such
oxidized tannins could react with available thiol groups from WG
instead of polymerizing, which would reportedly form uncoloured
complexes (Keppler, Schwarz, & van der Goot, 2020; Ozdal, Capanoglu,
& Altay, 2013).

5. Conclusion

This study reveals the potential of RPC as a novel ingredient for
application in meat analogues. RPC could be used to make fibrous
products even without the presence of WG. In addition, RPC formed
more pronounced fibres compared with SPC under the same conditions.
Also in combination with WG, we noticed that RPC offers more possi-
bilities to create a wide range of fibrous products compared with SPC at
140 °C. This is due to the fact that complete melting of RPC particles
only occurred at a processing temperature of 140 °C or above. The
addition of WG into RPC at 140 °C showed two effects: improved
anisotropic structure with increased Al value on tensile stress for all
ratios; lighter colour of the sheared RPC-WG product than the RPC-only
product. The structure formation observed in the RPC-/SPC-only prod-
uct was explained by the presence of polysaccharides in those in-
gredients, although the mechanism of the exact structure formation
process is not yet fully understood.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ifset.2021.102758.
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