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Blends of proteins and carbohydrates are of interest because of their ability to form fibrous products that
resemble meat products. Here the effect of pectin and cellulose addition is investigated on structuring potential of
pea protein isolate (PPI), soy protein isolate (SPI). While SPI and PPI could only be transformed into a homo
geneous of layered product, a pronounced fibrous structure could be formed with blends of SPI and pectin, and
PPI and pectin (95:5 and 93:7). In the case of SPI blends, a fibrous product was also anisotropic in terms of
mechanical properties. For PPI blends, a fibrous morphology was not always accompanied with mechanical
anisotropy. Differences in structuring potential of the various blends were further analysed using oscillatory
rheological experiments. PPI/carbohydrate and SPI/carbohydrates blends resulted in mushier products than
products containing only PPI or SPI. This was most pronounced for blends with pectin, which was attributed to
the combined effects of a decrease in pH and/or water redistribution between the two phases.

1. Introduction
Meat analogues that mimic the sensorial properties of meat have
recently emerged as a route to help consumers reduce their intake of
animal-based products by replacing them with analogous plant-based
products (Elzerman, Hoek, van Boekel, & Luning, 2011; Hoek et al.,
2011). The transition from animal-based foods towards plant-based
foods lead to a lower environmental footprint of human diets (Tilman
& Clark, 2014; Weinrich, 2019). Plant-based meat analogues are often
proposed as a mean to help consumer making the shift towards a more
plant-based diet. High moisture extrusion cooking is often applied to
create fibrous meat analogues. Previous research revealed that a fibrous
texture could also be created by applying well-defined shear flow on soy
protein isolate (SPI)/wheat gluten (WG) blends, SPI/pectin blends, and
pea protein isolate (PPI)/WG blends (Dekkers, Hamoen, Boom, & van
der Goot, 2018; Dekkers, Nikiforidis, & van der Goot, 2016 b; Gra
bowska, Tekidou, Boom, & van der Goot, 2014; Schreuders et al., 2019)
as well as less purified ingredients like soy protein concentrate (SPC) and
rapeseed protein concentrate (RPC) (Grabowska et al., 2016; Jia, Cur
ubeto, Rodríguez-Alonso, Keppler, & van der Goot, 2021). Since our
ambition is to structure plant proteins with less allergenic potential and

with a lower environmental impact (Lam, Can Karaca, Tyler, & Nick
erson, 2018; Stone, Karalash, Tyler, Warkentin, & Nickerson, 2015), it is
interesting to study PPI in combination with carbohydrates (pectin and
cellulose) present in pea protein concentrate in a stepwise manner.
PPI/pectin blends have been studied in different protein to carbo
hydrate ratio (varying between 1:1 to 20:1) and using a total dry matter
of 1 wt% to study molecular complex formation by Lan, Chen, and Rao
(2018). However, when considering dry matter concentrations used to
make meat analogues (40–50 wt%), such molecular complex formation
is less likely to occur, as shown by Dekkers, Boom, and van der Goot
(2018 d). At those high dry matter concentrations, a blend of for
example SPI and pectin can be better considered as a two-phase product,
in which each phase absorbs part of the water as previously considered
by Dekkers, Hamoen, et al. (2018). They further hypothesize that the
pectin domains deform and align in the shear flow direction upon
shearing (at 39 s− 1 for 15 min) a SPI/pectin blend at high temperatures
(140 ◦ C). After subsequent cooling, this SPI/pectin blend showed a
fibrous structure.
The characterization of the rheological properties during thermo
mechanical processing is an important step to further understand the
structure formation process. Most studies use small amplitude oscilla
tory shear (SAOS) analysis to describe the rheological properties of
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microstructure of the dispersed carbohydrate phase in a continuous
protein phase was revealed with scanning electron microscopy (SEM).
The mechanical properties of the products were determined with a
tensile strength analysis. Mechanical anisotropy, which was calculated
as the ratio between the tensile stress/strain in directions parallel and
perpendicular to the shear flow direction, was determined to compare
the various products. After that, rheological characterization was done
on all blends to gain insight into the structure formation as well as
physical and chemical changes that occur during shear cell processing.

Nomenclature
CCR
Ed
(Ed )pp
G
G˝
G1 ′′
LAOS
LVE
PPI
SPI
WG
В
γ
′

σmax
φ
φ

Closed-cavity rheometer
Energy dissipated per unit volume in a single cycle
(kPa)
Energy dissipated by a perfectly plastic material in a
single cycle (kPa)
Storage modulus (kPa)
Loss modulus (kPa)
First-order viscous Fourier coefficient (kPa)
Large amplitude oscillatory shear
Linear viscoelastic
Pea protein isolate
Soy protein isolate
Wheat gluten
Beta
Strain (%)
Maximum stress (kPa)
Energy dissipation ratio (− )
Volume fraction (− )

2. Materials and methods
2.1. Materials
PPI (NUTRALYS F85G) was purchased from Roquette Frères S.A.
(Lestrem, France). SPI (SUPRO EX 37 IP) was purchased from Solae (St.
Louis, MO, USA). PPI consisted of 78.6 wt% protein (determined by
Dumas method (Nitrogen analyzer, FlashEA 1112 series, Thermo Sci
entific, The Netherlands) using a nitrogen conversion factor of 5.7 which
is taken from Breese Jones (1931)), and SPI contained 80.0 wt% protein
(determined by Dumas method (Nitrogen analyzer, FlashEA 1112 series,
Thermo Scientific, The Netherlands) using a nitrogen conversion factor
of 5.7 which value is taken from Breese Jones (1931)(Breese Jones,
1931) (Breese Jones, 1931) (Breese Jones, 1931) (Breese Jones, 1931)).
The manufacturer’s specifications indicated that the PPI contained 1 wt
% dietary fibre, 9 wt% lipids, 4 wt% ash; and SPI contained ≤1 wt%
lipids and ≤5 wt% ash. PPI and SPI had an average dry matter content of
93.2 wt% and 92.8 wt%, respectively. Pectin from citrus peel
(SLBQ6929V) (high methylated, 92.2 wt% dry matter content), cellulose
(S3504, Type 20, 20 μm) (97.1 wt% dry matter content) and all chem
icals used were obtained from Sigma-Aldrich (Zwijndrecht, the
Netherlands).

foods. In SAOS, the modulus is independent of the applied strain and
strain rate amplitude and provides the properties in the linear visco
elastic (LVE) regime. Large amplitude oscillatory shear (LAOS) mea
surements including analysis in the non-linear regime can be used to
gain insight into the breakdown of structure inside solid foods as well as
the resulting sensorial properties of food products (Alghooneh, Razavi,
& Kasapis, 2019; Anvari & Joyner (Melito), 2017; Melito, Daubert, &
Foegeding, 2013). The latter study on cheeses showed that structural
differences result in different non-linear behaviour and different texture.
Recently, LAOS measurements performed at high temperature provided
information relevant for the structure formation processes by quanti
fying the changes in the properties of the various components
(Schreuders et al., 2021). A closed-cavity rheometer (CCR) allows ac
curate determination of the rheological properties of concentrated
plant-based protein materials at elevated temperatures (varied from
25 ◦ C to 230 ◦ C), defined frequency (up to 50 Hz), shear strain (up to
5000%) and pressures (up to 8500 kPa) (Dekkers, Emin, Boom, & van
der Goot, 2018; Emin & Schuchmann, 2017; Schreuders, Bodnár, Erni,
Boom, & van der Goot, 2020). The CCR approaches the conditions inside
an extruder and shear cell when considering dry matter content and
temperature (dry matter content between 30 and 50 wt%, temperatures
between 100 ◦ C and 170 ◦ C) (Dekkers, Emin, et al., 2018; Emin, Que
vedo, Wilhelm, & Karbstein, 2017). Despite differences in deformation,
a previous study using dense protein dispersions (SPI, PPI, and WG) and
proteins blends (PPI/WG and SPI/WG) revealed that deformations used
in the CCR (strain amplitude in the range of 0.01–1000%) provided
relevant insights in the structuring process inside an extruder or shear
cell (Schreuders, Sagis, Bodnar, et al., 2021; Schreuders, Sagis, Bodnár,
et al., 2021). Here, we extend this analysis to blends containing a protein
phase (SPI or PPI), a soluble carbohydrate phase (pectin), and an
insoluble carbohydrate phase (cellulose). In this study, we used LAOS
testing to provide information on structure formation as well as physical
and chemical changes which were both shown to be important for
structure formation (Dekkers, Boom, & van der Goot, 2018 d).
The aim of this study is to investigate how carbohydrates influence
the ability of proteinaceous materials (here pea protein isolate (PPI), soy
protein isolate (SPI)) to form fibrous products. We will connect those
insights to effects of carbohydrate addition on thermo-rheological
behaviour of PPI and SPI using rheological measurements. In this
paper, we first describe the structuring of PPI, SPI and blends of these
with pectin/and or cellulose using shear cell technology. The

2.2. Preparation of proteinaceous materials
PPI/carbohydrate and SPI/carbohydrate blends (pectin, cellulose
and a combination of pectin and cellulose (1:1)) have a total dry matter
content of 45 wt% for all blends. The total dry matter weight was 1 wt%
sodium chloride, 44 wt% protein and carbohydrates, implying a fixed
moisture content of 55 wt% added via demi water. The mass ratio of PPI
or SPI to carbohydrate was varied by replacing part of the PPI or SPI
with the carbohydrate (Table 1). The PPI or SPI were prepared by
dispersing 44 wt% PPI or SPI powder in the sodium chloride solution (at
room temperature), followed by mixing using a spatula until a homo
geneous paste was obtained. The protein material was then covered with
Parafilm (Pechiney Plastic Packaging, Chicago, IL, USA) to prevent
water evaporation and left to hydrate at room temperature for 30 min.
For the blends, the carbohydrate was mixed into the hydrated PPI and
SPI dispersion with a spatula directly before processing in the shear cell
Table 1
Mass fraction of protein to carbohydrate. * For PPI/pectin and SPI/pectin only
the mass ratio 93:7 was used for SEM and LAOS analysis. ** For PPI/pectin/
cellulose and SPI/pectin/cellulose, pectin and cellulose were added in a mass
ratio 1:1 in the blend.
PPI/carbohydrate
blends

Mass ratio

PPI
PPI/pectin

100 : 0
97 : 3
95 : 5
93 : 7*
91 : 9
93 : 7
93 : 7

PPI/cellulose
PPI/pectin/
cellulose**

2

Protein:
Carbohydrate

SPI/carbohydrate
blends

Mass ratio

SPI
SPI/pectin

100 : 0
97 : 3
95 : 5
93 : 7*
91 : 9
93 : 7
93 : 7

SPI/cellulose
SPI/pectin/
cellulose**

Protein:
Carbohydrate
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Fig. 1. Visual representation of the shear
cell technology during (A) and after (B) a
thermomechanical treatment of soy protein
blend with a dry matter content of 45 wt%
(90 g). Schematic representation of the di
mensions of a dog bone-shape mould for the
tensile strength analysis (C) and dog-bone
shaped samples were cut in two directions
for each shear cell product (D): (1) three
parallel and (2) three perpendicular speci
mens to the shear flow direction were taken.
Pea protein blend with a dry matter content
of 45 wt% (6 g) before (E) and after (F) a
rheological measurement in a closed cavity
rheometer. Excessive material outside of the
cavity was not pressurized and remains
powdery.
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(90 g of the blend) or in the closed cavity rheometer (6 g of the blend).
To change the pH of the blend, a 0.1 M solution of HCl was used instead
of water.

±5 mm) were placed in 2.5% (v/v) glutaraldehyde, while gently
rotating for 8 h. Next, the samples were soaked in demineralized water
overnight and then immersed in a series of solutions of ethanol for at
least 1 h per solution (10, 30, 50, 70, 96, and 100% (v/v)). The materials
were dried using critical point drying (CPD 300, Leica, Vienna, Austria)
and fractured parallel to the shearing direction. The fractured samples
were glued onto sample holders and sputter coated with 15 nm of
tungsten (SCD 500, Leica, Vienna, Austria). The surfaces of the products
were analysed with a field emission scanning electron microscope
(Magellan 400, FEI, Eindhoven, the Netherlands) at magnifications of
250 × up to 10,000 × and secondary electron detection of 2.00 kV and
13 pA.

2.3. High temperature shear cell
A high temperature shear cell (Wageningen University, The
Netherlands) was used to structure the PPI, SPI, PPI/carbohydrate and
SPI/carbohydrate blends into materials that were further analysed (we
refer to these materials as products in the rest of the paper). The shear
cell consist of a continuous rotating bottom cone and a stationary cone
which allows defined deformation of the materials at high temperature
(Fig. 1). The PPI, SPI, PPI/carbohydrate and SPI/carbohydrate blends
(90 g) were processed in a pre-heated shear cell at 140 ◦ C and 39 s− 1
(controlled by a Haake Polylab QC drive, Germany). After 15 min, the
shear cell was cooled to about 25 ◦ C within 5 min. The process condi
tions were chosen to mimic the shear cell conditions used to create
fibrous materials of SPI/pectin blends as described by Dekkers, Niki
foridis, et al. (2016). Products were released from the shear cell after
which those were kept at room temperature in a vacuum-sealed plastic
bag for at least 1 h prior to further measurements. Since a previous study
showed that the shear field was most homogeneous in the outer parts of
the cone (Zalm, Berghout, Goot, & Boom, 2012), we did sampling and
further analysis from product located there.

2.6. Rheological properties
The rheological properties of the PPI/carbohydrate and SPI/carbo
hydrate blends were measured using a closed-cavity rheometer (CCR)
(RPA Elite, TA instruments, New Castle, DE, USA) (Emin et al., 2017)
(Fig. 1). Approximately 6 g of the blend was placed between two plastic
foils in the closed cavity, which was sealed with a closing pressure of 4.5
bar to prevent water evaporation at high temperature. The CCR cavity
has a radius of 22.5 mm, maximum height of the inner cavity of 4 mm
and a biconical opening with an opening half angle of 3.35◦ for homo
geneous transmission of the shear stress to the protein materials. The
surfaces of the cones are grooved to prevent slippage. The lower cone
oscillates in a strain-controlled mode while the upper cone remains
stationary. The material was loaded into a pre-heated CCR either set at a
temperature of 30 ◦ C and 140 ◦ C. The latter temperature was chosen to
mimic the shear cell conditions often used to create fibrous materials
(Dekkers, Nikiforidis, & van der Goot, 2016 b). The material was set to
either 30 ◦ C or140 ◦ C for 2 min without shear treatment and cooled to
30 ◦ C using a cooling rate of 5 ◦ C/min without shear treatment. After
that, strain-sweep experiments were performed at 30 ◦ C at a constant
frequency (1 Hz). The product was cooled to room temperature in plastic
bags, and the pH of these products were then measured. The products
were ground and mixed with distilled water to allow good measurement
of the pH.
A strain-sweep experiment was used to determine the yield stress and
the flow stress of a material. The yield stress is defined as the value of the
shear stress at the end of the linear viscoelastic (LVE) regime. We define
′
the yield stress as the point at which G differs more than 5% from its
strain-independent value in the LVE regime. The flow stress is defined as
the value of the shear stress at the crossover point where the storage
′
modulus is equal to the loss modulus (G = G′′ ).

2.4. Reflective light microscopy
A shear cell product was bended by hand in the parallel direction to
the shear flow direction, since the fibrous nature of these products ap
pears upon bending. The resulting deformed material was then observed
with a digital microscope (Smartzoom 5) with 10 × magnification.
2.5. Tensile strength analyses
Tensile strength analyses were performed with a Texture Analyzer
(Instron Corp. 5564, USA) using a static load cell of 100 N. Dog-bone
shaped samples were cut in two directions in the shear cell product
with a dog bone-shaped mould: (1) parallel and (2) perpendicular to the
direction of the shear flow (Fig. 1). The dimensions (thickness and
width) of the tensile bar were measured and accounted for in the
normalized tensile strength determination. The ends of the tensile bars
were placed in two clamps, resulting in a sample height of 15.5 mm. A
uniaxial tensile test was performed at room temperature with a
displacement rate of 1 mm/s. The stress-strain map was created using
the tensile stress (σ , kPa) and tensile strain (γ, -) at fracture to demon
strate the difference between the products, based on previously reported
material resistance equations (Schreuders et al., 2019). Three parallel
and three perpendicular specimens were taken for each sample. This
procedure led to nine parallel and nine perpendicular specimens per
PPI/carbohydrate or SPI/carbohydrate combination. The results were
averaged and the standard deviations were determined based on the
variation between the average values of those three samples. The
Anisotropic index of the stress and strain were calculated with Equations
(1) and (2).

2.7. Large amplitude oscillatory shear (LAOS)

2.6. Scanning electron microscopy

The results of the strain-sweep experiment performed in the CCR
were analysed using the MITlaos software (version 2.1 beta, freeware
distributed from MITlaos@mit.edu). The strain amplitude varied be
tween 0.01% and 1000% at a constant frequency of 1 Hz at 30 ◦ C. The
stress is plotted against the deformation in so-called Lissajous curves.
Lissajous curves were created to relate the response of the protein ma
terials to the oscillatory strain imposed.
The area enclosed in a Lissajous curve is equal to the energy dissi
pated per unit volume during one complete cycle of the oscillatory strain
imposed. The energy dissipated per unit volume in a single cycle (Ed ) is a
function of the first-harmonic loss modulus (G1 ′′ ), which can be calcu
lated from the intensity and phase of the first harmonic (Equation (3)):
∮
Ed = σ dγ = πG1 ′′ γ20
(3)

Scanning electron microscopy (SEM) was performed to provide in
formation on the microstructure (~5–300 μm) of PPI/carbohydrate and
SPI/carbohydrate blends. Rectangular samples (length, 13 mm; width,

for a given strain amplitude (γ0 ).
The energy dissipated by a perfectly plastic material in a single cycle
((Ed )pp ) is equal to (Equation (4))

Anisotropic ⋅ index⋅(AI)⋅σ =

σ parallel
σperpendicular

(1)

Anisotropic ⋅ index⋅(AI)⋅γ =

γparallel
γperpendicular

(2)
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carbohydrate or SPI/carbohydrate blend corresponds to the modulus of
the PPI or SPI concentration only. The elastic modulus dependency on
the dry matter content can be used to predict the water distribution (and
phase volume fraction) in PPI/carbohydrate and SPI/carbohydrate
blends, as described by Dekkers et al. (2018 d) for SPI/pectin blends,
using data on how the modulus of PPI and SPI depends on the water
content (Schreuders, Sagis, Bodnár, et al., 2021)). Once the moisture
content in the protein phase is calculated, a mass balance (explained in
Appendix C of Schreuders, Bodnár, Erni, Boom, & van der Goot, 2020,
where the ρcarbohdyrate = 1500 kg/m3 and ρprotein = 1330 kg/m3 (Singh &
Heldman, 2001)) was used to calculate the dry matter fraction in the
carbohydrate phase.

(4)

for a maximum stress (σmax ).
The ratio of the actual dissipated energy and the perfectly plastic
dissipation gives the energy dissipation ratio (φ) as proposed by Ewoldt,
Winter, Maxey, and McKinley (2010) (Equation (5)):
φ=

Ed
πG′′1 γ0
=
4σmax
(Ed )pp

(5)

2.8. Texture maps and dissipation ratio maps
Texture maps summarize rheological information into twodimensional plots involving only characteristic key parameters
(Schreuders, Sagis, Bodnar, et al., 2021). Although different parameters
can be chosen for these plots, here we used a texture map based on the
stress and strain at the end of the LVE regime and another map based on
the stress and strain at the crossover point to classify products into four
quadrants in each texture map (Hamann & MacDonald, 1992, pp.
429–500). These maps demonstrate the difference between the prod
ucts. Materials in the lower left quadrant 1 with low shear stress and
shear strain are classified as having a soft, non-shaped texture commonly
referred to as “mushy” (e.g. grits and similar food materials). Materials
in the lower right quadrant 2 with low shear stress and high shear strain,
are often described as “rubbery” (e.g. gelatin). The top right quadrant 3
with high shear stress and shear strain, indicates a “tough” texture (e.g.
fruit leather and dried fruits). The top left quadrant 4 with high shear
stress and low shear strain, clusters products with a “brittle” texture,
which generally have a very low moisture content (e.g. biscuits, crisps,
breakfast cereals or confectionery food products) (Tunick & Van
Hekken, 2010).
The energy dissipation ratio is plotted using colour schemes
(Schreuders, Sagis, Bodnár, et al., 2021a), in which values of the dissi
pation ratio are represented by colours in strain/protein ratio diagrams.
When (blue), the rheological response is purely elastic; φ = 1 (yellow)
implies that the material displays perfect plastic (Ptaszek, 2014). A φ of
π/4 corresponds to a material that behaves as a purely viscous liquid
(Ewoldt et al., 2010).

3. Results and discussion
3.1. Shear-induced structuring
Structured materials were inspected visually by deforming until tear.
Fig. 2 shows the morphologies of the macrostructures after shearinduced structuring of PPI/carbohydrate and SPI/carbohydrate blends
(93:7). Without any carbohydrates added, PPI and SPI both resulted in
gel-like morphologies (Fig. S2). Those outcomes differ from previous
studies on high moisture extrusion cooking with PPI and SPI, where a
somewhat fibrous morphology was reported (Osen, Toelstede, Eisner, &
Schweiggert-Weisz, 2015; Wittek, Zeiler, Karbstein, & Emin, 2021). The
mechanism that could be responsible for fibrous structure formation is
still under debate and may well be different for high moisture extrusion
cooking and shear cell deformation (Cornet et al., 2021). In high mois
ture extrusion cooking, the cooling zone is considered as the area where
structure formation takes place. Such type of structure formation cannot
be applied in the shear cell, since the lack of shear during the cooling
step in the shear cell.
Homogeneous gels were also obtained with a mass fraction of both
PPI or SPI to pectin of 97:3 (Fig. S1). The mass fraction 95:5 and 93:7
resulted in a fibrous morphology for both PPI/pectin and SPI/pectin
blends (Fig. 2, blends with a mass fraction of 95:5 were not visualized).
The mass fraction PPI/pectin blends of 91:9 resulted in weaker products
without any discernible fibrousness. This is different compared with
SPI/pectin with the same mass fraction that resulted a fibrous
morphology (Fig. S1). SEM images of PPI/pectin blends showed slightly
elongated and porous areas parallel to the shear flow direction (Fig. 3),
but the occurrence and elongation of these areas were not as pronounced
as in SPI/pectin blends (Dekkers et al., 2016 b).
The SPI/cellulose blend resulted in macroscopic phase separation,
with white cellulose spots in the matrix and large domains at the rim of
the product. The SPI/pectin/cellulose blend showed a fibrous macro
structure. Pectin apparently prevented the macroseparation of cellulose
out of the SPI matrix. PPI/cellulose blend did not give macroscale sep
aration and only gave limited fibrous morphology, just like PPI/pectin/
cellulose blend. PPI/cellulose blend yielded a visually homogeneous
product but with rectangular or parallelepipedal particles included,
presumably reflecting the non-deformed cellulose crystals (Fig. S2). The
PPI/pectin/cellulose blend also contained non-deformed cellulose rods
as well as a few porous areas.
A possible explanation for the different morphologies between PPI
and SPI can be found in the rheological properties. As previously shown,
PPI is less elastic (as shown by the higher dissipation ratio) and weaker
′
(as shown by the lower G ) compared with SPI (Schreuders, Sagis,
Bodnár, et al., 2021a) and therefore forms a less elastic matrix. Lower
elasticity could be a valid reason for absence of macroscopic phase
separation of cellulose (Dill, 1979; Peighambardoust, Hamer, Boom, &
van der Goot, 2008; van der Zalm et al., 2012). In addition, a weaker
protein phase might induce less orientation of the dispersed phase. This
is investigated in more detail in next sections.

2.9. Prediction of the water distribution with rheology
The volume fractions of protein and carbohydrate in a blend were
calculated, and the response of the blend can be described with an
empirical polymer blending law (Morris, 1992). In several studies
(Clark, Richardson, Ross-Murphy, & Stubbs, 1983; Fitzsimons, Mulvi
hill, & Morris, 2008; Kasapis & Tay, 2009; Shrinivas, Kasapis, & Tong
dang, 2009), the relative amount of water in each polymeric phase is
calculated with the “solvent avidity parameter”, p. The relative amount
of water in each phase is fitted based on the rheological properties with a
polymer blending law. The polymer blending law reads in its general
form as (Equation (6))
GXY n = φX GX n + φY GY n

(6)

where GX , GY and GXY are the moduli of the protein phase X, the car
bohydrate phase Y and the protein/carbohydrate blend XY, and φX and
φY are the volume fractions of phases X and Y. The value of the param
eter n depends on the spatial distribution of the two components in the
blended material and their moduli. Here, it is assumed that the protein/
carbohydrate blends obey isostrain behaviour, meaning n = 1. To
simplify the calculation for the water distribution, we assume that the
contribution of the carbohydrate phase in this equation is small and has
therefore a negligible influence on the overall modulus of the blend. This
assumption is true when the G value of the carbohydrate phase is much
lower than the G value of the protein phase, or the volume fraction (φ) of
the carbohydrate phase is small. Now, the measured modulus of the PPI/
5
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Fig. 2. Macrostructures after shear-induced structuring of samples consisting of PPI/carbohydrate and SPI/carbohydrate blends (93:7). Representative image of a
product after shear structuring (*). Representative image of a SPI/cellulose product after shear structuring with white spots on the edge of the product (**).

Fig. 3. Morphology after shear-induced structuring of samples consisting of PPI/carbohydrate blends (93:7).

3.2. Mapping of the mechanical behaviour

was mushy (soft) (Fig. 4). PPI had an anisotropy index of ~1.5 for both
tensile stress and strain, whereas SPI showed an anisotropy index of ~1.
Remarkably, the anisotropy for PPI as measured with this tensile
strength analysis was not accompanied by a fibrous morphology (Figs. 2
and 4).
The addition of carbohydrates to both PPI and SPI resulted in softer
materials (Fig. 4). PPI/cellulose and PPI/pectin/cellulose blends led to
lower fracture stress and strain but not as much as with just pectin. An
increase in the mass fraction in the PPI/cellulose and PPI/pectin/cel
lulose blends (91:9) had only a limited effect on the tensile stress and
strain as shown in Fig. S2. Pectin added to PPI led to products with a

The materials were subjected to tensile strength analysis parallel and
perpendicular to the shear flow direction. The ratio of these two is the
anisotropy index. Fig. 4 presents a texture map with the tensile stress
and strain at fracture as well as a map of the anisotropy indexes of PPI
and SPI and blends with a mass fraction of protein to carbohydrates of
93:7. The tensile stress and strain at fracture of PPI were 2–3 times lower
than for SPI (Dekkers et al., 2016 b). The tensile stress and strain at
fracture of PPI were slightly higher than for cooked chicken strips
(Schreuders et al., 2019). SPI behaved as relatively tough, whereas PPI
6
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lower tensile stress and strain, just as with SPI (Fig. 4). Fig. 5 presents a
texture map with the tensile stress and strain at fracture as well as a map
of the anisotropy index of blends with different mass fraction of PPI and
SPI to pectin. The addition of more pectin resulted in a mushier con
sistency. With the addition of more pectin, the total volume and surface
area of the pectin phase increased and this weakened the matrix both
parallel and perpendicular to the shear flow direction. Low mechanical
anisotropy indices were found for all PPI/pectin products, whereas for
SPI/pectin products at a mass fraction of 95:5 and 93:7, a high anisot
ropy index was observed. For PPI/pectin blends, no mechanical
anisotropy was measured with this tensile strength analysis (parallel/
perpendicular tensile stress or strain). However a fibrous morphology
was observed for PPI/pectin blends (Fig. 2). For PPI/pectin blends a
fibrous morphology was not always related to mechanical anisotropy. In
the case of SPI, a fibrous morphology was related to mechanical
anisotropy generally. Similar mechanical properties in parallel and
perpendicular direction (lack of mechanical anisotropy) could indicate
fibres in both directions or a less elongated dispersed phase. A higher
degree of mechanical anisotropy was related to larger differences in
mechanical strength between the continuous and dispersed phase in
case of SPI/pectin blends that could be related to the degree of elon
gation of the dispersed domains.

3.3. Mapping of the rheological behaviour
Fig. 6 presents a texture map with the stress and strain values at the
end of the LVE regime for PPI or SPI/carbohydrate blends (93:7) at 30 ◦ C
and blends heated at 140 ◦ C and subsequently cooled to 30 ◦ C. It can be
seen that SPI is tougher than PPI at 30 ◦ C. The addition of carbohydrates
leads to lower stress and strain. Pectin gives the biggest shift in the
texture map. PPI/pectin/cellulose and SPI/pectin/cellulose blends
yielded intermediate toughness and deformability compared with the
blends with only pectin or cellulose.
After heating and cooling, the PPI materials became less deformable,
whereas SPI became tougher and more deformable. Heating PPI, PPI/
pectin and PPI/cellulose led to slightly lower strains compared with the
unheated materials. However, for PPI/pectin/cellulose, an increase in
stress was observed after heating. The SPI, SPI/pectin, SPI/cellulose and
SPI/pectin/cellulose blends all showed higher strain and stress after
heating. The results presented here confirm that the SPI/carbohydrate
blends are tougher compared with the PPI/carbohydrate blends, and
this became more pronounced after heating and cooling.
Fig. 7 presents a texture map with the stress and strain values at the
′
crossover point (G = G′′ ) for PPI or SPI/carbohydrate blends (93:7) at
◦
30 C and after heating to 140 ◦ C and subsequently cooling to 30 ◦ C. In
this texture map weakening has proceeded further compared with the
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texture map at the end of the LVE regime and thus shows the effect of
larger strains in the nonlinear regime, which may give more information
relevant for the shear-based structuring process. The crossover point
with just PPI occurs at a similar strain as with SPI but at lower stress. The
addition of cellulose to PPI leads to lower crossover stress. The addition
of pectin and pectin/cellulose to PPI and SPI leads to both lower
crossover stress and strain, making both products mushier. After heating
and cooling, the PPI, PPI/cellulose, SPI and SPI/cellulose products
became comparable with the unheated products. Heating and cooling
PPI/pectin or SPI/pectin and PPI/pectin/cellulose or SPI/pectin/cellu
lose resulted in a more deformable product. Those changes in rheolog
ical response cannot be explained by considering physical effects only.
As explained by Dekkers et al. (2018 d), factors such as a decrease in the
pH due to β-elimination and/or demethoxylation of the pectin could
play a role. In addition, further degradation of pectin could lead to the
concurrent release of galacturonic acid and altered water redistribution
between the two phases. The latter influences the rheological response
of the blend.
We observed similar trends in texture maps of the tensile strength
analysis and the CCR: (1) PPI has lower stress and strain at the end of the
LVE regime and at fracture compared with SPI, (2) the addition of car
bohydrates results in lower yield, flow and fracture stress and strain for
both PPI and SPI. This was most pronounced with the addition of pectin.

3.4. Large amplitude oscillatory shear: intra-cycle rheology
The dissipation ratio (φ) was calculated to describe the viscous
contribution in the response relative to pure plastic behaviour (Ewoldt
et al., 2008, 2010; Klost, Brzeski, & Drusch, 2020; Tao et al., 2019).
Fig. 8 shows a dissipation ratio maps for PPI and SPI/carbohydrate
blends with a mass ratio protein to carbohydrate 93:7 at 30 ◦ C and at
140 ◦ C and cooling to 30 ◦ C. At 30 ◦ C, PPI and SPI both show a higher
dissipation ratio with the strain amplitude. The addition of cellulose to
PPI and SPI resulted in a slightly higher dissipation ratio. At equal strain
amplitude, the addition of pectin and pectin and cellulose to both PPI
and SPI resulted in a higher dissipation ratio, suggesting a less elastic
material. Both PPI and SPI showed lower dissipation ratios after heating
and cooling, and the products became more elastic at a wider range of
strain amplitudes compared with unheated materials. Large deforma
tion led to a sudden onset of viscous/plastic behaviour, which was most
pronounced for SPI. The addition of cellulose to PPI and SPI resulted in
similar dissipation ratios as with heated and cooled PPI and SPI. PPI/
pectin, SPI/pectin, PPI/pectin/cellulose and SPI/pectin/cellulose had a
distinct lower dissipation ratio at similar strain amplitudes after heating,
indicating induced elasticity. After heating, all blends gained elasticity,
which was most pronounced for blends with pectin. Those changes in
rheological response cannot only be explained by considering physical
effects. The release of galacturonic acid and the altered water redistri
bution between the two phases also changes the rheological properties.
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Fig. 8. Dissipation ratio maps of PPI/carbohydrate and SPI/carbohydrate blends (93:7) at 30 ◦ C and heated at 140 ◦ C and cooled to 30 ◦ C. The colour corresponds to
the value of the dissipation ratio (φ) in the colour bar: φ = 0, elastic; φ = π/4, purely viscous liquid; φ = 1, perfect plastic. The experimental curves are added as
supplementary information in Fig. S3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.5. Connecting non-linear rheology of protein/carbohydrate blends and
their link to structure formation

and demethoxylation result in the creation of carboxyl groups, resulting
in lowering of the pH (Axelos & Branger, 1993; Renard & Thibault,
1996). Dekkers et al. (2018 d) showed that a mass fraction of 95:5
SPI/pectin (previously reported as the addition of 2.2 wt% pectin to SPI)
after a time-sweep measurement at 140 ◦ C indeed resulted in a decrease
in the pH. Therefore, we determined the pH of PPI and SPI materials (7.1
and 6.9, respectively) and of the blends after performing a strain-sweep
experiment (Table 2). The pH of SPI/pectin and PPI/pectin products was
5.9 and 6.1, respectively, closer to the isoelectric point of both proteins
(around 4.5). This decrease of the pH in the products will affect the
aggregation of the protein phase. To check this, we dispersed PPI and SPI
in 0.1 M HCl, which resulted in a pH of 6.3 for PPI and 6.2 for SPI
(Table 2). For PPI, this had a limited effect on the stress and strain at the
end of the LVE regime; whereas for SPI, the reduction in strength was
greater. A previous study of pea protein gels pre-treated at different pHs
showed a similar trend (Klost et al., 2020), albeit at a lower protein
concentration (~10 wt%).
Lower tensile stress and strain values due to the addition of pectin to

In this study, we analysed blends PPI and SPI mixed with combina
tions of pectin and cellulose. Concerning the proteins, we found that PPI
products were softer than SPI products (Figs. 4, 7 and 8), due to rela
tively lower amounts of cysteines that contributes to the formation of
disulphide bonds (O’Kane, Happe, Vereijken, Gruppen, & Van Boekel,
2004). Similar differences were described in previous studies albeit at
much lower protein concentrations (~10 wt%) (Batista, Portugal, Sousa,
Crespo, & Raymundo, 2005; Lam et al., 2018; O’Kane et al., 2004). This
difference in strength remained after addition of the carbohydrates. The
addition of carbohydrates to PPI and SPI always resulted in softer ma
terials as illustrated in all the texture maps for both SPI and PPI (Figs. 4,
7 and 8). This decrease was most pronounced with pectin. In the PPI/
pectin or SPI pectin blends at neutral pH, β-elimination leads to a lower
molecular weight and thus a lower viscosity of the dispersed phase
(Chen et al., 2015; Diaz, Anthon, & Barrett, 2007). Both β-elimination

Table 2
pH of PPI and SPI/carbohydrate blends. The pH was adjusted using 0.1 M HCl. The corresponding texture properties (end of the LVE
regime) are for SPI* 13.5% and 47.2 kPa and for PPI** 5.1% and 15.9 kPa.
SPI/carbohydrate
PPI/carbohydrate

Protein/-

Protein (0.1 M HCl)/-

Protein/pectin

Protein/pectin/cellulose

6.9
7.1

6.2*
6.3**

5.9
6.1

6.3
6.4
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Table 3
Water distribution in PPI and SPI/carbohydrate blends.
Mass fraction (%/%)
SPI/carbohydrate
PPI/carbohydrate

93/7
93/7

Volume fraction (%/%)
Protein/cellulose

Protein/pectin

Protein/pectin/cellulose

95/5
97/3

89/11
91/9

95/5
97/3

SPI were previously related to two possible mechanisms (Dekkers et al.,
2016). (1) Pectin, when added in small amounts may partially hydrolyse
and dissolve in the continuous phase during heating, hindering the
crosslinking of SPI and leading to lower tensile stress. (2) Pectin forms a
weaker carbohydrate phase or the adhesion between the pectin and SPI
is poor (Habeych, Dekkers, van der Goot, & Boom, 2008). With PPI. the
same two mechanisms may occur. Dekkers et al. (2016 b) found that the
strength and volume fraction of the weak phase is important for the
formation of a fibrous morphology in a material based on SPI, and that
the size of the pectin domains increases due to shear-induced coales
cence. Fig. 3 shows that PPI/pectin product contains smaller and less
elongated porous domains than in a SPI/pectin product (Dekkers et al.,
2016 b). In addition to shear-induced coalescence, water redistribution
to the pectin phase may increase the size of the dispersed domains. More
water in the pectin domain increases the effective protein concentration
of the PPI and SPI phases (after Dekkers et al., 2018 d). The modulus of
the PPI and SPI-carbohydrate blends were thus matched to the visco
elastic properties at the dry matter content of the single proteins
(Schreuders, Sagis, Bodnár, et al., 2021). Based on the mass balance, the
volume fractions of PPI/pectin and SPI/pectin blends are 91%/9% and
89%/11%, respectively (Table 3), which implies strong water migration
from the protein into the pectin phase. For PPI/pectin and SPI/pectin
products, the mass fraction water in the pectin phase increased from
0.55 g/g to 0.71 g/g and 0.55 g/g to 0.65 g/g, respectively.
This leads to two effects: (1) a stronger protein phase and (2) a larger
volume fraction of the dispersed pectin phase, which was considered
weaker. In a previous study, it was hypothesized that the cohesiveness of
the pectin phase or the adhesion between the pectin and SPI phase is
weaker than the cohesiveness of the SPI phase itself (Dekkers et al., 2016
b; Habeych et al., 2008). The addition of more pectin would result in
even more water redistribution, consequently even larger dispersed,
weak domains, and thus even weaker materials. Indeed, we saw that the
tensile stress and strain values decreased as the pectin concentration
increased (Fig. 5).
Cellulose in a PPI and SPI matrix can be seen as rods with SEM
(Fig. 2). The first expectation is that those cellulose rods would increase
the strength of the blend, among others because the water content
remained similar in all blends. Cellulose replaced protein. However, a
slight weakening was observed after the addition of cellulose, for which
several phenomena may be responsible. The mass balance shows that
the volume fraction of PPI/cellulose is 97%/3% and SPI/cellulose is
95%/5% (Table 3), which is lower than the percentage of protein being
replaced by cellulose. This implies that the protein phase (PPI and SPI
phase) absorbed more water than cellulose. The protein concentration in
the protein phase becomes lower, which can explain the slightly lower
stress and strain values.
However, we saw more complex behaviour for the SPI/cellulose
products (Fig. 2.). Macroscopic phase separation was observed, where
cellulose was aggregated into white domains at the rim of the product.
For the PPI/cellulose product macroscopic phase separation was not
observed. These differences could indicate that PPI is less elastic than
SPI (Fig. 8). Separation of particles to the outer part of a curvilinear
shear field as present in the shear cell was also observed when shearing
DNA and wheat dough in such flow field (Dill, 1979; Peighambardoust
et al., 2008; Zalm et al., 2012). There, the elasticity of the material was
thought to be responsible for the fact that the application of shear flow
led to a net inward force on the large DNA and gluten respectively. In the

latter case, starch was expelled from the wheat dough to the rim of the
material as a result of inward migration of gluten. In the SPI/
pectin/cellulose product macroscopic phase separation was not
observed, implying that pectin prevented or hindered the macroscopic
separation of cellulose out of the SPI matrix, possibly due to lower
elasticity due to pectin addition.
PPI and SPI are known to be shear thinning and exhibit viscoelas
ticity. A dispersed phase in a viscoelastic matrix is not only subjected to
the viscous stresses but also to the elastic stresses. The elastic stress re
duces break up under deformation, and thus forms dispersed domains
that are deformed more strongly (Elmendorp & Maalcke, 1985). Mighri,
Carreau, and Ajji (1988) also showed that matrix elasticity increases the
deformation of a droplet indirectly by reducing droplet break up, even
though some studies show that a purely viscous droplet of the same size
deforms less in a viscoelastic matrix (Guido, Simeonea, & Greco, 2002;
Sibillo, Simeone, & Guido, 2004; Verhulst, Cardinaels, Moldenaers,
Afkhami, & Renardy, 2009; Verhulst, Moldenaers, & Minale, 2007).
Moreover, elasticity also plays an important role in suppressing the
relaxation of elongated domains after cessation of flow (Liu et al., 2014;
Pawar & Bose, 2015). SPI is slightly more elastic than PPI (Fig. 8). In
Fig. 3, PPI/pectin shows smaller dispersed phase domains that are less
elongated compared with SPI/pectin (Dekkers et al., 2016 b). Therefore,
it was hypothesized that the dispersed phase in PPI weakens the struc
ture isotropically, whereas the more strongly elongated areas in SPI
weaken the structure mainly in the perpendicular direction and less in
the parallel direction. This results in a fibrous morphology and larger
tensile stress in the parallel direction. The elongated domains can also
form fibrousness when they are long enough.
Therefore, although previous studies mostly focus on viscosity
(Dekkers et al., 2018 d; Dekkers et al., 2016 a; Dekkers, Emin, et al.,
2018 ; Schreuders, Bodnar, Erni, Boom, & Goot, 2020), this study reveals
the importance of the role of elasticity. Elastic properties are hypothe
sized as important factor in the structure formation mechanism, since it
promotes deformation and suppress relaxation. This role of matrix
elasticity has mostly been studied for non-food extrudates, for example,
poly(L-lactide)/poly(amide) blends. A more elastic matrix promotes
deformation and extension of the nodules into fibrils (Yousfi et al.,
2018); elasticity also suppresses relaxation to isotropic (spherical shape)
(Liu et al., 2014; Pawar & Bose, 2015).
4. Conclusion
In this work, the effect of pectin and cellulose was investigated on
structuring potential of PPI and SPI. It was found that fibrous products
could be formed with blends of PPI/pectin and SPI/pectin at a mass
fraction of 93:7 and 95:5. SPI/pectin/cellulose blends could be also
transformed into a fibrous structure. For SPI blends, a fibrous product
was always correlated to mechanical anisotropy. This relation was not
observed for PPI. To gain insight into the structure formation as well as
physical and chemical changes, the rheological properties of the blends
were studied using a closed cavity rheometer. It was found that PPI
products were mushier than SPI products and that the addition of car
bohydrates to PPI or SPI also made products mushier, especially after
pectin addition. This was attributed to the combined effects of a
decrease in pH and/or water redistribution between the two phases. All
protein/carbohydrate blends showed an increase in elasticity after
heating,. This was most pronounced for PPI/pectin and SPI/pectin
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blends. Elasticity was found to be an important factor in the ability of the
blends to form fibrous products. These morphology findings and their
behaviour during large deformation provide a rheological fingerprint of
the protein/carbohydrate blends to gain structural insights.
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