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The texture, appearance and juiciness of meat analogues should resemble meat as much as possible to enhance
their adoption by consumers. The effects of the addition of different hydrocolloids (xanthan (X), iota-carrageenan
(CA), sodium alginate (SA), guar gum (GG), carboxymethyl cellulose (CMC), low acyl gellan gum (GZ), low
methylated pectin (P), and locust bean gum (LBG)) at three concentrations (1%, 2% and 3%) were assessed on
blends containing pea protein isolate and wheat gluten that were processed using shear cell technology. The
addition of X, CMC and GG resulted in a more strongly flow-oriented structure and the formation of fibers
compared to materials without any hydrocolloids. However, the water holding capacity, except with X, hardly
increased. X also increased the anisotropy index of samples, but it did not improve the tensile stress of products.
The addition of GZ resulted in a much larger tensile stress, especially at higher concentrations. Overall, these
findings show the great potential of X and GZ hydrocolloids to improve the textural attributes of meat analogues,
which will be an important step to make the transition of meat towards meat analogues more pleasant.

1. Introduction
The popularity of meat analogues has increased strongly in recent
years, mainly because of the increasing awareness of the negative
environmental impact of meat production and the increasing demand
for protein for the growing world population (Michel, Hartmann, &
Siegrist, 2021). To stimulate the transition from meat consumption to
plant-based meat alternatives, consumer studies show that meat ana
logues should be improved on especially textural and sensorial proper
ties, which are often directly associated with the creation of a fibrous
texture (Grossmann & Mcclements, 2021; Hoek et al., 2011; Kyr
iakopoulou, Dekkers, & Goot, 2019; Michel et al., 2021). In addition,
due to increased competition and strongly increasing raw material costs,
meat analogue producers are pushed to reduce costs, which may be
achieved by changing the formulation and using new ingredients
(Boukid, 2020).
Addition of hydrocolloids to the meat analogue formulation as
thickeners or gelling agents could help in these aspects. Hydrocolloids
are water-soluble or water-dispersible polysaccharides that may
improve the textural properties by acting as cross-linkers, and binding
protein filaments together (Boison, Taranto, & Cheryan, 1983). Hydro
colloids added to soy plant proteins could improve the fibrousness of
meat analogues produced by high moisture extrusion processing

(Palanisamy, Töpfl, Aganovic, & Berger, 2018). It is expected that this
will translate directly to their use in high-temperature shear cell (HTSC)
processing. The HTSC is an affordable batch device using small sample
quantities, thus, very suitable for testing different ingredients. More
over, the high temperature and shear flow parameters in the HTSC can
be well-defined and controlled to obtain the favorite fibrous and
anisotropic structures (Manski, van der Goot, & Boom, 2007a). This
system can have a cone-in-cone (shear cell) or a concentric cylinder
(Couette cell) design (Dekkers, Nikiforidis, & van der Goot, 2016). The
cone-in-cone angular design can provide a homogeneous and constant
linear shearing (Merkel, Emin, Schuch, & Schuchmann, 2015). More
over, the closing system with an additional seal creates a pressurized air
chamber (Grabowska et al., 2016). The processing steps in this system
consist of an external mixing step usually carried out by hand. Then, the
processing is followed by a thermo-mechanical treatment and a cooling
step in the HTSC. As milder conditions such as lower shear forces are
applied in the HTSC than extruders for structure formation, it requires a
lower specific mechanical energy input (Dekkers et al., 2016).
Previously, mostly soy protein isolate (SPI) and wheat gluten (WG)
have been used in the HTSC to produce meat analogues (Dekkers et al.,
2016; Grabowska et al., 2016). However, there is a great interest to use
other plant proteins such as pea protein isolate (PPI) for meat analogues.
PPI has low allergenicity and cost and high availability and good
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nutritional value (Lam, Can Karaca, Tyler, & Nickerson, 2018). How
ever, PPI forms weaker gels than SPI. Addition of hydrocolloids to PPI
may help create stronger gels. Dekkers, Hamoen, Boom, and van der
Goot (2018) postulated that the presence of an immiscible second phase
will help form a fibrous structure, depending on the rheological prop
erties of that phase. While they did show this for pectin in SPI, they did
not compare different hydrocolloids. Schreuders et al. (2022) showed
that pectin and cellulose fibers can help to create fibrous structures in
blends of PPI and SPI. Both studies concluded that there should be a
clear match between the rheological properties in the blend, during the
structure creation process. However, to the best of our knowledge, the
influence of different hydrocolloids on textural attributes of meat ana
logues produced by a mixture of PPI with WG in a HTSC has not been
reported yet.
Therefore, here it is aimed to investigate the influence of different
hydrocolloids on the textural attributes of PPI-WG products sheared in a
HTSC. The micro and macrostructure, strength, and water holding ca
pacity (WHC) of the sheared PPI-WG blends containing different hy
drocolloid types (xanthan (X), iota-carrageenan (CA), sodium alginate
(SA), guar gum (GG), carboxymethyl cellulose (CMC), low acyl gellan
gum (GZ), low methylated pectin (P), and locust bean gum (LBG)) at
three concentrations (1%, 2% and 3%) were included. These hydrocol
loids have been selected for different reasons. X and CA are common
hydrocolloids used in the meat industry because of their thickening,
gelling, emulsifying, and stabilizing properties (Majzoobi, Talebanfar,
Eskandari, & Farahnaky, 2017). SA is a strong water-binding poly
saccharide, and is generally used as a gelling agent (Xiong, Noel, &
Moody, 1999). GG is a water-soluble and non-ionic polysaccharide
broadly used in different industrial applications because it can produce a
very viscous solution at low concentrations, and it is not expensive
(Demirci, Yılmaz, & Demirci, 2014). CMC, a water-soluble and anionic
polymer, is widely used in the processed meat industry because of its
functional role as a binder and meat extender (Pematilleke, Kaur,
Adhikari, & Torley, 2022). LBG with less solubility and lower viscosity
than GG is also used as a gelling and thickening agent in food products
(Amini Sarteshnizi, Hosseini, Khaneghah, & Karimi, 2015). Although GZ
and P are less popular hydrocolloids for preparation of the meat ana
logues, it is often used in the meat analogues because of their unique
characteristics in other food applications. For instance, GZ has sub
stantial gelling properties and forms strong, brittle, and heat- and
pH-stable gels (Nooshkam & Varidi, 2020; Taghian Dinani, Feldmann, &
Kulozik, 2021).
In previous studies, usually, a limited number of these hydrocolloids
were compared for their potential use in meat analogues. Moreover, the
previous studies showed the effects of hydrocolloids in protein blends
that were texturized by extruders mostly and not with the HTSC. For
instance, the effect of CA (0.75%, 1.5%, 2.25% and 3%) was investigated
in soya meat analogues produced by extrusion processing by Aganovic,
Berger, Palanisamy, and Stefan (2018). In another study, the effect of
GG, CA, and X (1%–7% w/w) was investigated in SPI-based meat ana
logues prepared using extrusion (Nanta, Skolpap, & Kasemwong, 2021).
J. Zhang et al. (2020) investigated the effect of CA and SA in peanut
protein dispersion to produce fibrous products via extrusion. However,
different studies showed that different hydrocolloids resulted in the
improvement of meat analogues in only some aspects. Therefore, we
broadened the comparison of a more extensive range of hydrocolloids in
meat analogues in this study. Moreover, to the best of our knowledge,
the relationship between the addition of different hydrocolloids at
different concentrations to PPI-WG meat analogues containing CaCl2
processed with a HTSC has not yet been quantified.
It is expected that the different hydrocolloids will allow achieving
the best possible match of the second phase and thus improved prop
erties of products regarding their fiber formation, tensile strength and
WHC can be achieved upon the addition of appropriate hydrocolloids
(Boison et al., 1983; Palanisamy et al., 2018; J. Zhang et al., 2020).
Finally, the hydrocolloid concentration in PPI-WG blends gives us a

parameter to adapt the level of fibrousness, and other textural properties
(Nanta et al., 2021).
2. Materials and methods
2.1. Materials
Vital wheat gluten (WG) (VITENS© CWS) and pea protein isolate
(PPI) (NATURALYS© S85F) were obtained from Roquete Frères S.A. (St.
Louis, Missouri, USA). The PPI and WG contained at least 78.6 wt% and
72.4 wt% protein, respectively, (with a nitrogen conversion factor of
5.7) on a dry weight basis, according to Dumas measurement. The
manufacturer specifies that PPI and WG had average dry matter contents
of 93.2 wt% and 92.3 wt%, respectively. Calcium chloride (CaCl2) and
hydrocolloids of X, C, SA, GG, CMC and GZ (Gelzan™ CM) were ob
tained from Sigma-Aldrich co., LLC (Zwijndrecht, the Netherlands).
Other hydrocolloids, P and LBG, were obtained from CP Kelco (Lille
Skensved, Denmark). Rhodamine B was obtained from Merck company
(Amsterdam, the Netherlands) and used as the staining agent in sample
preparation for CLSM analysis. Finally, ethanol (VWR International,
Strasbourg, France), glutaraldehyde (Sigma-Aldrich, Steinheim, Ger
many), and carbon cement glue (Plano GmbH, Wetzlar, Germany) were
bought and used for the SEM analysis.
2.2. Methods
2.2.1. Preparation of blends with hydrocolloids at different concentrations
Different hydrocolloids with 1, 2, or 3% concentrations (described in
section 2.1) were added to the PPI-WG mixture. An overview of the
general composition of the blends can be seen in Table 1. The CaCl2
concentration remained the same (1%) for all mixtures. Control (C) did
not contain any hydrocolloids (0%). To allow the variation of the hy
drocolloid concentrations from 0 to 3% while keeping the total solid
concentration at 40 wt%, the concentrations of PPI and WG were
reduced in equal proportions (19%, 18.5% and 18%, respectively).
To prepare different protein blends, 1% CaCl2 was dissolved in the
distilled water (60%) before the addition of PPI. Then, PPI was added
and properly mixed with a spatula. The beakers with the protein mixture
were covered with a parafilm to prevent water evaporation and to allow
protein hydration at room temperature for 30 min. After the hydration
step, WG and the desired hydrocolloid were first mixed and subse
quently stirred into the protein blend with a spatula before processing.
After the preparation of different mixtures in this step, they were pro
cessed with the HTSC instrument.
2.2.2. Structure formation of protein blends using the HTSC
A HTSC instrument, designed and manufactured at Wageningen
University, was used to structure different protein blends (Wageningen,
The Netherlands). The HTSC consists of a rotating bottom cone and a
stationary top cone, which generates a simple shear flow. The temper
ature in the cones and rotation speed were controlled by circulating oil
(Thermal H10, JULABO, Germany) and a Haake drive (Haake Polylab
Table 1
Overview of different formulations with a constant 40 wt% ingredients. In this
table, PPI and WG refer to pea protein isolate and wheat gluten, respectively.
Hydrocolloids
(%)

Before PPI hydration
Step 1

Step 2

Step 3

0

60.0% water + 1.0%
CaCl2
60.0% water + 1.0%
CaCl2
60.0% water + 1.0%
CaCl2
60.0% water + 1.0%
CaCl2

19.5%
PPI
19.0%
PPI
18.5%
PPI
18.0%
PPI

19.5% WG

1
2
3

2

After PPI hydration

19.0% WG + 1.0%
Hydrocolloid
18.5% WG + 2.0%
Hydrocolloid
18.0% WG + 3.0%
Hydrocolloid
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QC, Germany), respectively. The sheared protein materials were pro
cessed in the pre-heated shear cell at 120 ◦ C for 15 min at a constant
shearing rate of 30 rpm. After shearing, the system was cooled down to
25 ◦ C within 10 min without any shearing (0 rpm). The products were
taken out after cooling and left at room temperature in a closed Ziplock
bag for at least 1 h before further analyses. After cooling, color and
tensile test measurement tests were performed. The remaining samples
were frozen at − 18 ◦ C for more analysis. Each sample was prepared and
analyzed in triplicate unless mentioned otherwise.

2.2.6. Tensile strength analysis
The tensile strength of products was measured with a texture
analyzer (TA.XT Plus Connect, United Kingdom) and a static load of 50
N according to the procedure described by Jia, Curubeto, Rodrígue
z-Alonso, Keppler, and van der Goot (2021). To perform this test, bars
were cut out of the samples using a dog-bone-shape mold in parallel and
perpendicular directions to the shear flow direction to determine the
tensile stress [N/m2, Pa] for both parallel and perpendicular directions
to the shear flow and degree of anisotropy (AI). In more detail, this test
was performed with a constant deformation of 1 mm/s until rupturing
the tensile bars at room temperature. Although the height of the tensile
bars (12 mm) remained constant for each tensile bar, the width (w) and
the length (l) varied per tensile bar and were measured for the tensile
strength determination. The two ends of the tensile bars were placed and
secured into two clamps. At the starting point (t = 0), the gap length
between both clamps was 15.5 mm. The force needed to break the
samples was recorded by software (Exponent Connect, Stable Micro
systems Ltd.). Then, the tensile stress [N/m2, Pa] for both parallel and
perpendicular directions to the shear flow was calculated with Eq. (2):

2.2.3. Color measurement
Color measurements (L*, a* and b* color values described as light
ness, redness, and yellowness, respectively) on the surface of samples
were conducted using a colorimeter (Konica Minolta inc., Chroma meter
CR-400, Japan). To reduce the heterogenicity between the color dif
ferences of one sample, color measurements were done at three different
positions (near the rim, center and middle parts) on the surface of each
sample. Then, the L*, a* and b* values were used to calculate the
browning index (BI) of each sample to describe the color changes by
addition of different hydrocolloids at different concentrations (Taghian
Dinani & Havet, 2015):
)
(
100
a∗ + 1.75L∗
BI =
(1)
∗ − 0.31
∗
∗
0.17 5.645L + a − 3.012b

σ (t) =

F(t)
A(t)

(2)

In this equation, F(t) is the force [N] needed to tear a sample and A(t)
is the corrected area [m2], defined as the contact surface area of the
tensile bar at time t. The corrected area was calculated with Eq. (3):

2.2.4. Scanning electron microscopy (SEM)
SEM was done according to the procedure described by (Floor K G
Schreuders et al., 2022) to gain information on the microstructure
(~5–300 μm) of different products. Rectangular-shaped samples (length
13 mm and width 5 mm) were cut out of the frozen products made in the
HTSC and placed in 2.5% (v/v) glutaraldehyde in glass tubes. The glass
tubes were then rotated gently for 8 h (Mini Rocker-Shaker MR1, Riga
Latvia). Then, the glutaraldehyde solution was replaced by demineral
ized water and the samples were soaked overnight in demineralized
water. After this step, the samples are immersed in a series of ethanol
solutions (10, 30, 50 and 70%, 96, and 100% (v/v)) for at least 1 h per
solution. The samples were dried using a critical point drier (CPD 300,
Leica, Vienna, Austria) and afterward fractured in a parallel direction to
the shear flow. The dried and fractured samples were mounted on the
stubs with carbon cement glue and consequently sputter-coated with 12
nm of tungsten (SCD 500, Leica, Vienna, Austria). A field emission
scanning electron microscope (Magellan 400, FEI, Eindhoven, the
Netherlands) at magnifications of 250 X up to 10,000 X with secondary
electron detection of 2.00 kV and 13 pA was used to analyze the surface
of the products.

A(t) =

h(0)
× A(0)
h(t)

(3)

In this equation, A(0) is the initial contact surface of the tensile bar
[m2] calculated by multiplying the measured length (l) and width (w) of
the sample [mm]. In this equation, h(0) indicates the length between the
clamps at the starting point (15.5 mm) and h(t) is the gap [mm] that
arises upon tearing the sample at time t with respect to the starting point
(15.5 mm). Moreover, the AI is an indication of the fibrousness of a
sample, which is referred to as the ratio between tensile stress in parallel
and perpendicular directions. Therefore, the tensile stress data were
used to calculate the AI of the sheared samples by Eq. (4):
AI =

σ parallel
σperpendicular

(4)

Finally, each sample formulation was made in triplicate and of each,
three parallel and three perpendicular samples were cut, resulting in a
total of 9 parallel and 9 perpendicular samples per blend which were
measured. The standard deviations were calculated by the deviations
between the triplicates per sample in respectively parallel and perpen
dicular directions to the shear flow.

2.2.5. Confocal laser scanning microscopy (CLSM)
The PPI-WG and PPI-WG-Hydrocolloid blends were analyzed on a
microscopic scale with a CLSM according to the procedure of Dekkers,
Emin, et al. (2018) with only one modification of using Rhodamine B
with a concentration of 0.005% instead of 0.2 mg/ml. Frozen PPI-WG
and PPI-WG-Hydrocolloid materials were cut into samples with a
dimension of 3 mm × 8 mm × 10 mm. A cryo-microtome (Micron
CR50-H, ADAMAS-instruments Corp, Rhenen, The Netherlands) was
used to create thin slices of approximately 40–60 μm thickness at
− 20 ◦ C. These thin slices were placed on glass and stained with
Rhodamine B (0.005%). Then, the stained samples were carefully
covered with a cover glass and rested for at least 1 h. Visualization of the
samples was done with a confocal Scanning Laster Microscope type 510
(Zeiss, Oberkochen, Germany) using a 543 nm HeNe with a 405 nm
Blue/Violet diode laser to take the images. Images of the samples were
taken with a 20x EC PlanNeofluar/0.5. A lens. Finally, the images were
analyzed with the help of ZEN, the blue edition software (Carl Zeiss
Microscopy).

2.2.7. Water holding capacity (WHC)
The WHC is defined as the maximum amount of water that a specific
amount of material absorbs. From each sample, a circle mold of 1 cm
diameter (≈1.5 g) was cut out to obtain similar surface areas for all
samples. The circle was cut out for each sample approximately at the
same spot to avoid unnecessary data variation. The cut-out circles were
weighed before treatment and consequently hydrated with 15 ml
distilled water in a beaker glass. The beaker glasses with samples were
rested for 16–17 h in a 50 ◦ C water bath. Next, the water at the surface of
the samples was drained gently. After draining, the samples were
weighed and the WHC of the samples was calculated according to Eq.
(5):
WHC =

Wah − Wbh
× 100%
Wbh

(5)

In this equation, Wah is the weight of the samples after hydration and
Wbh is the weight of the samples before hydration.
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2.2.8. Rheological properties
Rheological properties specifically, amplitude sweeps are useful to
determine the linear viscoelastic (LVE) region of protein blends, at
which the storage (G′ ) and loss (G”) modulus can be determined at the
end of the LVE region (Schreuders et al., 2022; Wittek, Zeiler, Karbstein,
& Emin, 2020). In this study, the rheological properties of the protein
blends were measured with a closed cavity rheometer (CCR) (RPS elite,
TA instruments, New Castle, Delaware, USA). Approximately 5 g of the
protein blend was placed between two plastic films in the cavity of the
CCR. The plastic films were sealed to each other to allow pressure up to
4 bar to prevent water evaporation (Schreuders et al., 2020). An
amplitude sweep test was performed for PPI-WG and different
PPI-WG-Hydrocolloid blends. Prior to the amplitude sweep test, the
samples were left stationary for 2 min in the CCR at the start tempera
ture (30 ◦ C) without shear treatment. Then, the amplitude of the shear
stress was varied between 0.1% and 100% at a constant frequency of 1
Hz and at 30 ◦ C to determine the LVE region of the protein blends. The
plateau value was taken at approximately from 1% strain for each
sample because the first 1% strain should be neglected due to a large
deviation of G′ values between the strain of 0%–1%. The LVE region was
determined as the point at which the G’ deviates more than 5% from the
plateau value (Wereley et al., 2006).

2.2.9. Statistical analysis
A complete Randomized Design (CRD) using SPSS statistic software
(Version 28.0, IBM, Armonk, NY) was used to investigate the effects of
different sample formulations on the investigated responses. A descrip
tive Duncan’s test was used to evaluate the statistical significance be
tween samples at a minimum significant level of 95% (p ≤ 0.05). All
reported results are shown in this paper as mean ± standard deviation
(SD).
3. Results and discussion
3.1. Macrostructure
Fig. 1 shows the macrostructure of folded products without any hy
drocolloids (control; C) and with different hydrocolloids of X, CA, SA,
GG, CMC, GZ, P, and LBG added in different concentrations of 1%, 2%
and 3%. The addition of the hydrocolloids to PPI-WG blends influences
the structure of the products after thermo-mechanical treatment in the
HTSC. Addition of X at all concentrations, GG, CMC, and GZ at 1 and 2%,
and CA at 1% resulted in formation of small and large fibril strings, and,
therefore, more pronounced fibrous structures were created than the
control and the blends containing other hydrocolloids. Materials made
with LBG (especially at 1%) showed fiber formation, however, these
structures were curd-like and flexible, and the materials were weak and

Fig. 1. Visual observation of the macrostructure of the products without any hydrocolloid (Control) and the products with different hydrocolloids of xanthan (X),
iota-carrageenan (CA), sodium alginate (SA), guar gum (GG), carboxy methylcellulose (CMC), low acyl gellan gum (GZ), low methylated pectin (P), and locust bean
gum (LBG) with the addition of different hydrocolloids (1%, 2% and 3%). In this figure, the green A, blue B and red C letters indicate the type of visual structure
formed, where A) indicates the formation of large and little fibers, B) indicates the formation of an intermediate fibrous structure, and C) indicates a layered structure
in the products. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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concentration of almost all hydrocolloids visually have a more pro
nounced fibrous structure than materials containing 3% hydrocolloids.
This is not in agreement with previous research by Dekkers et al. (2016)
who found that an increased P concentration from 1.3 to 4.0 wt% in a
SPI blend resulted in more fibrousness in a HTSC. Elasticity is an
important factor in structure formation as it suppresses relaxation and
increases deformation and fiber formation in a matrix. PPI forms a
weaker and less elastic matrix and induces less orientation and elonga
tion of the dispersed phase compared to SPI. This could lead to the
different behavior of PPI with an increasing hydrocolloid concentration.
Although the structure can be isotropically weakened by PPI, it is
weakened more in the perpendicular direction by the SPI increasing the
fibrousness of the product (Schreuders et al., 2022). Furthermore, SPI
and WG have similar viscoelastic behavior, which can allow the defor
mation of the dispersed phase into long fibers. However, PPI and WG
represent different viscoelastic behavior (Schreuders et al., 2022), and
perhaps the addition of the hydrocolloids’ concentration increases this
viscoelastic difference and thus reduces fiber formation. Perhaps
increasing the concentration of hydrocolloids could enhance the elas
ticity of the WG phase, since the hydrocolloid will bind part of the
available water for WG. Therefore, this effect might increase the visco
elastic difference between WG and PPI and reduces fiber formation using
this protein blend (S. H. V Cornet et al., 2021). Moreover, Dekkers et al.
(2016) used a different formulation (1 wt% NaCl and 44 wt% other
ingredients) with SPI which could also lead to different results. Research
by (Schreuders et al., 2022) showed weaker products with no discernible
fibers at increased P concentration in thermo-mechanically treated
PPI-pectin blends in the HTSC (140 ◦ C, 15 min, 39 s− 1). This is in
agreement with the results with P as presented in Fig. 1. Table 1 shows
that increased hydrocolloid concentrations from 0% to 3% lead to lower
WG and PPI concentrations from 19.5% to 18% because part of the WG
and PPI are replaced by the hydrocolloid used for the product to have
fixed 40% dried ingredients, which then negatively influences the for
mation of the (bicontinuous) matrix. Therefore, at increasing hydro
colloid concentration, the PPI content is lower in the product which
could explain the formation of products with a less fibrous character
(Grabowska et al., 2014).

could not be folded well. Materials made with 3% CMC could not be
produced at all because the structure was too weak and curd-like to get
out of the HTSC.
Fiber formation is explained as deformation of droplets of the
dispersed phase that are entrapped in the continuous phase, in the di
rection of the shear flow (Dekkers et al., 2016; Grabowska, Tekidou,
Boom, & van der Goot, 2014). Continued deformation leads to the for
mation of very long domains which becomes evident as a fiber-like
morphology. Given the low concentrations used in his study, it is ex
pected that the hydrocolloid forms the dispersed phase. Earlier work
showed that PPI generally forms a ‘filler’ phase in a continuous WG
phase (Grabowska et al., 2014, 2016), which may however remain
continuous, leading to a bicontinuous morphology (Schreuders et al.,
2020). In fact, gelation of the PPI and WG occurs upon heating in the
HTSC (Grabowska et al., 2014). This gel may vitrify the hydrocolloid
droplets in their deformed state (Dekkers, Emin, et al., 2018; Dekkers
et al., 2016). The visual fibrousness of materials with CMC, GG, GZ, X
and C suggests a strong adhesion between the protein and the hydro
colloid phases (Schreuders et al., 2022). At high processing tempera
tures, these specific hydrocolloids could possibly create Maillard
products, which may act as compatibilizers and enhance the interaction
between the protein and polysaccharide phase (J. Zhang et al., 2020).
More browning in the materials containing X, GG, and GZ than in the
control in Fig. 2 is in line with this. The Maillard reaction can be divided
into early, advanced and final stages. The compounds produced in the
advanced stage are highly reactive and could have a textural effect
(Oliveira et al., 2016). However, these compounds are slightly yellow or
even colorless. Only the final phase of the Maillard reaction leads to the
formation of Melanoidins, which are highly colored (Tamanna & Mah
mood, 2015). Therefore, it can be suggested that the Maillard reaction
occurred in products containing X, GG, and GZ until the last stage and in
the product containing CMC until the advanced stage.
Addition of SA and P to the PPI-WG blend resulted in layered
structures without discernible fibers leading to a product structure that
was comparable to the control, being a brittle gel (Fig. 1). This is in
agreement with research by Dekkers et al. (2016), who found that a
layered structure was observed by structuring a SPI/pectin blend (2.2 wt
% P) in the HTSC. Fig. 1 shows that products containing 1%

Fig. 2. Browning index values for the meat analogue without any hydrocolloid (C) and meat analogues with different hydrocolloids of xanthan (X), iota-carrageenan
(CA), sodium alginate (SA), guar gum (GG), carboxy methylcellulose (CMC), low acyl gellan gum (GZ), low methylated pectin (P), and locust bean gum (LBG) with
different hydrocolloid concentrations of 1, 2, and 3%. In this figure, various English letters display statistically significant difference of results (p ≤ 0.001).
5

S. Taghian Dinani et al.

Food Hydrocolloids 135 (2023) 108199

3.2. Color

with cations but in a stacked double helix instead of the egg-box model
(Demirci et al., 2014; Saha & Bhattacharya, 2010). However, the sta
bilization of cations between the double helices could have a compa
rable color stabilizing effect as SA and P have. Ca2+ ions interact with
dissociated carboxyl groups in these hydrocolloids and produce
cross-links between separate hydrocolloid molecular chains. It facilitates
the gel structure formation due to decreasing the electrostatic repulsion
between hydrocolloid molecules. Furthermore, hydrogen bonds, hy
drophobic interactions, and van der Waals forces can contribute to the
gel formation (Cao, Lu, Mata, Nishinari, & Fang, 2020). In this condi
tion, the stabilized hydrocolloids in both egg-box and stacked double
helix models are broken less and less reducing sugars could be produced
in the products. Thus, the difference in BI values between the different
hydrocolloids at different concentrations could also be contributed to
the mechanism behind their structure formation. CA, SA, and P are
gelling agents, which are stabilized by electrostatic integrations by
cations leading to a color stabilizing effect (Hubbermann et al., 2006). In
this case, although GZ is also a gelling agent, stabilized by Ca2 (Rakde,
Galgatte, & Chaudhari, 2015), it did not show a color stabilizing effect,
even though the carboxyl groups interact with cations. X, GG and LBG
are thickening agents, which are not stabilized by cations, and, thus,
could possess less color stabilizing properties and more influence on BI
increase of the product. On the other hand, CMC is a thickening agent,
but did not contribute much to the color changes of the products
compared to the control. Like P, CMC possesses carboxyl side groups
that are negatively charged (Su, Huang, Yuan, Wang, & Li, 2010). These
groups might interact similarly with Ca2+ present in the blend and
therefore show more color stabilization compared to the other thick
ening agents.

The browning index (BI) of products is represented in Fig. 2. This
figure shows that the BI data of products ranged from 44.44 ± 2.10 for
P-2% treatment to 62.55 ± 0.36 for LBG-3% treatment. The BI value for
the LBG-3% treatment was higher than all other treatments (p ≤ 0.001),
although it was not significantly higher than those of GG-3% and X-3%
treatments (p ˃ 0.05). This figure shows that the addition of X, GG and
LGB at all concentrations to the protein blends increases the BI of
products considerably, especially at 3%, and significantly (p ≤ 0.001)
compared to the control.
The BI is increased by different reactions but especially the Maillard
reaction, which takes place between the carbonyl groups at the reducing
ends of polysaccharides and the amino groups of proteins (Kutzli et al.,
2020). All hydrocolloids have a higher BI value at 3% hydrocolloid
concentration that at 1%, however, the differences were not significant
for CA, GZ and P. At higher hydrocolloid concentrations, more carbonyl
groups are present, and the extent of browning would be higher.
Fig. 2 shows that the BI values of products containing P-1%, P-2%,
and SA-1% were significantly lower than those of the control (p ≤
0.001). Moreover, P-3%, SA-2% and SA-3% did not give insignificantly
different BI results from the control (p ˃ 0.05). The hydrocolloids of SA
and P are polyuronic acids. Their stabilizing effect on color could be
because of their electrostatic interactions and intermolecular association
between their carboxylic groups with pigments especially cationic ones
similar to binding with calcium ions which this process can preserve the
pigments (Hubbermann, Heins, Stöckmann, & Schwarz, 2006). The
hydrocolloid CA at all concentrations also resulted in BI values compa
rable to the control (p ˃ 0.05). CA is stabilized by electrostatic repulsion

Fig. 3. Overview of SEM pictures (at magnification of 250 times) of the microstructure of meat analogues without any hydrocolloids (Control) and with different
hydrocolloids of xanthan (X), iota-carrageenan (CA), sodium alginate (SA), guar gum (GG), carboxy methylcellulose (CMC), low acyl gellan gum (GZ), low meth
ylated pectin (P) and locust bean gum (LBG) at concentrations of 1% and 3%, with one exception. The exception is CMC of which a sample of 3% could not be
produced in the HTSC and thus no SEM pictures could be made from this sample. Therefore, CMC 2% is represented in the SEM overview, which is indicated with the
yellow * sign. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3. Scanning electron microscopy (SEM)

micrographs show that the hydrocolloids dispersed at a smaller length
scale. While phase separation during shearing occurs in the products
containing PPI and WG proteins and polysaccharides because of their
incompatibility (Manski, van der Goot, & Boom, 2007b), micro-phase
separation could be available (Habeych, Dekkers, van der Goot, &
Boom, 2008; Manski et al., 2007b) that could not be clearly recognized
in the micrographs.

SEM pictures at a length scale of 300 μm (250 times magnitude) were
taken to assess the microstructural characteristics of PPI-WG blends
without any hydrocolloids (control; C) and with different hydrocolloids
at two concentrations of 1% and 3%. Fig. 3 shows that the addition of X,
CA, GZ and LBG at 1% concentration gives more and larger interwoven
filaments and the most pronounced elongated orientation of the fila
ments in the direction of the shear flow compared to the control and the
other hydrocolloids. With GG-1% and CMC- 1% in Fig. 1, the fibers on
the macrolevel that can be seen with the naked eye do not correlate with
the orientation of the filaments in the direction of the shear flow at
microscopic levels. For all hydrocolloids at 3% concentration, the
addition of hydrocolloids led to orientation and elongation of the fila
ments in the direction of the shear flow (Fig. 3). In these pictures, the
filaments are more interwoven with each other, which could lead to
more orientation. Thus, it is hypothesized that a higher concentration of
hydrocolloids improves the network formation between filaments on a
microscale level, but that improvement of the orientation and elonga
tion of the filaments in the products at microscopic levels at 3% con
centration does not necessarily lead to better fiber formation at the
macroscopic level (Fig. 1).
Oriented and elongated structures with hydrocolloids on the micro
scale were previously observed by Dekkers et al. (2016) for pectin -SPI
blends. Screening of the charges of the hydrocolloids and possibly also
the PPI by CaCl2 resulted in more interconnected structures (Z. Zhang
et al., 2022). During shearing in the HTSC, the interconnected networks
and dispersed filaments could be elongated in the shear flow direction
(Dekkers et al., 2016; Dekkers, Hamoen, et al., 2018). Moreover, Dek
kers et al. (2016) showed that 1.3 wt% P in SPI blends gave clear
elongation of filaments, whereas addition of 3.1 wt% P resulted in long
elongated filaments orientated in the direction of the shear flow. These
observations agree with the findings of this study in Fig. 3 regarding the
concentration of 3%. However, the hydrocolloid domains in the SEM
pictures in Fig. 3 are less pronounced than in their study. The SEM

3.4. Confocal laser scanning microscopy (CLSM)
CLSM was used to study the spatial distribution of PPI and WG in the
PPI-WG and PPI-WG-Hydrocolloid products in the direction of the shear
flow on the microscale level. As Fig. 4 shows, all the structures with and
without hydrocolloids exhibit different phases. Previous research by
Schreuders et al. (2019) showed that both PPI and WG have fluorescence
upon addition of Rhodamine B, however, WG shows a more intense red
color due to its higher protein concentration and its higher affinity to
Rhodamine B. The lower-intensity red (darker red) areas could be
assigned to the PPI phase (Dekkers, Emin, et al., 2018; Schreuders et al.,
2019). Therefore, the high-intensity red globules in the white boxes for
the control, X-1%, GG-1%, GZ-1%, P-1% and LBG-1% could be domains
with a higher concentration of WG. Remarkable is that at the concen
tration of 3% for all these hydrocolloids, no high-intensity red globules
were observed anymore, and the intensity of the whole samples became
more equal. Even, structures with CA-1%, SA-1% and CMC-1% in Fig. 3
showed hardly any differences in red color intensity. This effect was
observed earlier by Schreuders et al. (2019) who suggested that PPI and
WG become more compatible or that more associations be made be
tween the phases during the HTSC process at high temperatures. The
effect was more pronounced by addition of these hydrocolloids to
PPI-WG compared to the control in this study. This could be because of
the effect of hydrocolloids on the proteins in the mixture. More inter
connected networks could be made with hydrocolloids (Dekkers et al.,
2016) resulting in CSLM images with more equal red color intensity. As
it was mentioned before, it is possible that micro-phase separation took

Fig. 4. Overview of CLSM images of the microstructure of meat analogues without any hydrocolloids (Control) and with different hydrocolloids of xanthan (X),
sodium alginate (SA), guar gum (GG), carboxy methylcellulose (CMC), low acyl gellan gum (GZ) and low methylated pectin (P) at concentrations of 1% and 3%, with
one exception. The exception is CMC of which a sample of 3% could not be produced in the HTSC and thus no CLSM pictures could be made from this sample.
Therefore, CMC 2% is represented in the CLSM image overview which is indicated with the white * sign. In this figure, the different boxes indicated main differences
between structures. White boxes indicate high-intensity red globules, green irregular shapes indicate elongated low intensity red strings, and blue boxes indicate
compact interwoven structures. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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place that could not clearly be recognized in SEM micrographs or in
CSLM images. Moreover, hydrocolloids compete with PPI and WG for
water absorption in the mixture, and, thus, lead to smaller differences in
water content between PPI and WG (S. H. V. Cornet, van der Goot, & van
der Sman, 2020), more uniform water distribution in the samples and
more equal red color intensity in CSLM pictures (Fig. 4).
In Fig. 4, the formation of elongated domains with a darker red color
in CA-1%, SA-1% and CMC-1% materials can be observed (green
irregular shapes). Their formation was found earlier for PPI-WG blends
without hydrocolloids by Schreuders et al. (2019). These elongated
domains may appear as aligned fibers on the macroscale for CA-1% and
CMC-1%, but not for SA-1% (Fig. 1). Remarkable is that at increased
concentrations (CA-3%, SA-3%, and CMC-2%), the elongated dark-red
domains are not observed in Fig. 4. Moreover, interwoven compact
networks with smaller domains enclosed by a continuous network
(represented in the blue boxes in Fig. 4) can mostly be observed with
X-1%, CA-2%, GG-1%, CMC-1 and 2%, GZ- 1 and 3% and LBG-1 and 3%.
Most of these samples also represented good fibrous structures on the
macroscale in Fig. 1. Finally, darker regions were observed in most
samples with different hydrocolloids in Fig. 4 in comparison to the
control. These darker regions could be due to elongated air bubbles or
domains with hydrocolloids only. Air bubbles in the structures could
have an influence on the local alignment of filaments during shearing
because the air bubbles will be in cooperated in the protein matrix
(Dekkers, Hamoen, et al., 2018; Wang, Tian, Boom, van der Goot, &
Boom, 2018) and are probably related to anisotropic mechanical
behavior (Wang et al., 2018).

filaments could be harder to elongate upon shearing of the sample, and,
thus, could improve the fracture stress in parallel and perpendicular
directions. The CLSM images (Fig. 4) show that at 1% GZ, larger intense
red globules were present, whereas at 3%, smaller globules in a compact
interwoven structure were present. It could be that GZ at 3% induces the
formation of short and thin filaments in PPI-WG materials (Habeych
et al., 2008). During stretching of the material for the tensile test, the
long WG network and the short and small GZ filaments may have a
combined effect which results in increased tensile strength. Strong
structures in the products with GZ could also show sufficient adhesion
between GZ, PPI and WG. Figure S1A indicates that the addition of GZ to
materials for all concentrations gives significantly larger Young’s
moduli compared to the other hydrocolloids and control in both di
rections (p ≤ 0.001). The increasing trend for Young’s moduli with GZ
could be due to a more elastic behavior of the final PPI-WG materials
containing GZ (Braga, Azevedo, Julia Marques, Menossi, & Cunha,
2006).
Fig. 5 also shows that the control (15.67 ± 6.46 kPa) and CMC-2%
(7.83 ± 0.95 kPa) have the lowest tensile stress values in the parallel and
perpendicular directions, respectively, compared to other treatments.
However, the tensile stress in the parallel direction for the control was
not statistically different from X-2%, CA-1%, SA-1, 2 and 3%, CMC-1 and
2% and P-1, 2 and 3% treatments (p > 0.05). Moreover, the tensile stress
in the perpendicular direction of CMC-2% was not statistically lower
than those of the control, X-1 and 2%, CA-1%, SA-1, 2 and 3%, CMC-1%,
P-1, 2 and 3% and LBG-1% (p> 0.05). It is worth mentioning that
increasing the concentrations of all hydrocolloids (from 1 to 3%) except
CMC and P led to increasing tensile strength in the parallel and
perpendicular directions (Fig. 5). Therefore, CMC and P weaken the
materials and have negative effects on the tensile strength of the samples
in both directions. Previous research by Dekkers et al. (2016) showed
that P at 2.2 wt% concentration weakened the overall structure in a
SPI-P blend (45 wt%). Schreuders et al. (2019) showed that increasing
the P concentration (PPI:P ratio change from 100:0 to 91:9) resulted in
materials with lower tensile stress in both parallel and perpendicular
directions. The adhesion between PPI-WG and P and CMC may well be
weak, which could result in formation of small fractures and in the
subsequent propagation of the fractures on the surface of the domains
(Habeych et al., 2008). Figure S1A shows that CMC and P both had a

3.5. Tensile strength
Fig. 5 shows that the addition of GZ-3% led to the highest increase in
tensile stress values for both parallel (370.3 ± 12.2 kPa) and perpen
dicular (159.3 ± 17.2 kPa) directions to the shear flow compared to
other hydrocolloids and the control. In general, GZ at all concentrations
(1%, 2% and 3%) gave significantly higher tensile stress values in par
allel and perpendicular directions than all other treatments and the
control (p ≤ 0.001). GZ forms long-range networks during processing
which leads to an increase in viscosity and, thus, a larger resistance
against the flow direction (Nooshkam & Varidi, 2020). Therefore, the GZ

Fig. 5. Tensile stress (kPa) in parallel and
perpendicular directions for the meat
analogue without any hydrocolloid (C) and
meat analogues with different hydrocolloids
of xanthan (X), iota-carrageenan (CA), so
dium alginate (SA), guar gum (GG), carboxy
methylcellulose (CMC), low acyl gellan gum
(GZ), low methylated pectin (P), and locust
bean gum (LBG) with different hydrocolloids
of 1, 2, and 3%. In these figures, capital let
ters display the statistically significant dif
ference of the tensile stress in parallel
direction (p ≤ 0.001) and lower letters
display the statistically significant difference
of the tensile stress in perpendicular direc
tion (p ≤ 0.001).
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only AI value below 1 and thus the control showed isotropic behavior.
This could also be observed in the macrostructure of the control because
no fibers were visible (Fig. 1). SEM images with 250 times magnitude
revealed no orientation in the shear flow direction for the control
(Fig. 1).
Although the AI stress values of CMC products were higher than
those of the rest of the materials in Fig. 6 and the addition of CMC to PPIWG blends showed pronounced fiber formation in Fig. 1, the structure
felt quite soft (Fig. 5) with a low Young’s modulus (Figure S1A). Pre
vious research showed that the addition of amylopectin to PPI signifi
cantly decreases the tensile resistant force, but results in an increased
anisotropy index in case of extrusion (Chen, Zhang, Zhang, Meng, &
Wang, 2021). Therefore, even though the texture would become soft
after the addition of CMC (Fig. 5), the degree of fibrousness could be
enhanced, because there is still fiber formation along the direction of the
shear flow. In contrast, GZ at all concentrations for both parallel and
perpendicular directions had the highest tensile stress values (in Fig. 5)
and Young’s modulus (Figure S1A). However, in Fig. 6, products with
GZ do not show the highest AI values. In fact, the AI values of GZ at all
concentrations were in the same range as the other treatments, except
for the control and CMC. This could be because GZ strengthened the
material in both parallel and perpendicular directions similarly, which
did not give a large ratio between the strengths in both directions. Thus,
the AI stress value for GZ was not significantly higher than other samples
with hydrocolloids even though the materials containing GZ were strong
and showed the formation of fibrous structures on macroscale (Fig. 1).
Compared to the control, the different hydrocolloids used in this
study gave materials with higher mechanical AI stress values. It could
also be observed from the macrostructure that especially, the addition of
X, GG, CMC, GZ and LBG showed pronounced fibers in the structure
(Fig. 1). From the CLSM images (Fig. 4), it can be derived that most
microstructures consist out of small globules that are interwoven in a
compact structure (blue boxes in Fig. 4). The increase in mechanical
anisotropy is reinforced by air bubbles, which is an additional effect.
Due to the higher overall viscosity of the blends containing hydrocol
loids, the escape of air bubbles during processing could be prevented
and thus, materials with hydrocolloids could retain more air bubbles
compared to the control (Zhaojun Wang et al., 2018). The air bubbles
could force the protein-hydrocolloid network to form around the air

negative impact on Young’s moduli upon increasing concentration. This
could be related to a decreased tensile stress for P and CMC (Figure S1A)
and an increase in their strain values (Figure S1.B) upon increasing
concentration. The materials containing CMC and P were deformable,
however, the stress applied during tearing was low (Fig. 5) as well as
tensile strain (Figure S1.B). Therefore, a decreased Young’s modulus
could be observed for CMC and P hydrocolloids in Figure S1A.
The control (C), which did not contain any hydrocolloids, showed
slightly higher tensile strength values in the perpendicular direction
(15.67 ± 6.46 kPa) than in the parallel direction (21.67 ± 1.25 kPa) to
the shear flow. Due to the large standard deviations, it could be expected
that these values are around the same stress point. However, addition of
hydrocolloids to PPI-WG blends resulted in larger differences between
stress values in the parallel and perpendicular directions. The tensile
stress values in the parallel direction were higher than the tensile stress
values in the perpendicular direction. This effect was observed earlier in
previous research (Dekkers et al., 2016). It was explained that the
dispersed phase, which in this case could be the hydrocolloids or the PPI
and hydrocolloids combined, would weaken the structure in the
perpendicular direction due to its orientation and morphology. This
indicates that there might be anisotropy present in the sample (Gra
bowska et al., 2014), which will be discussed in section 3.6.
3.6. Anisotropic index (AI)
Fig. 6 shows that CMC-2% had the highest AI value (4.05 ± 0.33).
However, CMC-2% did not show a significant higher AI stress value than
X-1 and 3%, GG-1%, CMC-1%, P-2% and LBG-1%. The high standard
deviation of some materials for the AI parameter was probably caused by
the heterogeneity of the fibrous structures in the materials in both
parallel and perpendicular directions to the shear flow (Jia et al., 2021).
Comparing the outcomes in Fig. 6 with the macrostructures in Fig. 1, it
can be concluded that products with X-1 and 3%, GG-1%, CMC-1 and
2%, P-2% and LBG-1% have pronounced fibrous structures and high
values for the AI in Fig. 6. On microscale at 250 times magnitude,
interwoven structures that are oriented in the shear flow direction were
present for X-1 and 3%, CMC-2%, and LBG-1% (Fig. 3), which could also
be an indication of fiber formation and could thus be related to the
anisotropy (Fig. 1). The AI value for the control (0.85 ± 0.32) was the

Fig. 6. The anisotropic index calculated
with the tensile stress in parallel and
perpendicular directions for the meat
analogue without any hydrocolloid (C) and
meat analogues with different hydrocolloids
of xanthan (X), iota-carrageenan (CA), so
dium alginate (SA), guar gum (GG), carboxy
methylcellulose (CMC), low acyl gellan gum
(GZ), low methylated pectin (P), and locust
bean gum (LBG) with different hydrocolloids
of 1, 2, and 3%. In this figure, various En
glish letters display statistically significant
difference of results (p ≤ 0.001).
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bubbles and the fracture stress and strain in the parallel direction could
be improved compared to samples that contain less air (Zhaojun Wang,
Tian, Boom, & van der Goot, 2019; Zhaojun Wang et al., 2018). Thus,
anisotropy obtained for the materials could be a combined result of in
teractions between proteins, hydrocolloids, and air bubbles.

Cornet et al., 2021) and it can reduce its WHC (S. H. V. Cornet et al.,
2020).
In theory, the water holding capacity of material should be increased
with the addition of hydrocolloids. However, this is in contradiction
with some results in Fig. 7, except for X-1-3% and GG-3% (p ≤ 0.001).
The small differences in WHC between samples including other hydro
colloids and the control can be attributed to the different gel-forming
abilities of hydrocolloids. PPI, WG and hydrocolloids can bind water.
However, there could be competition for water between these compo
nents during processing, whereby one component absorbs more water
than other components. This could result in a decrease in protein solu
bility and thus lower WHC values could be obtained after processing
(Braga et al., 2006). Therefore, the water distribution in these products
during processing could differ and thus the excepted increase in WHC
could not be achieved.

3.7. Water holding capacity (WHC)
WHC is an important quality attribute in meat products because it
correlates with their juiciness and the ability of proteins in these prod
ucts to hold water and form a protein gel network (Mattice & Mar
angoni, 2020; Zhongjiang Wang et al., 2018). Fig. 7 shows that the WHC
of the materials ranged from 3.34 ± 1.35% for CA-2% to 167.40 ±
8.93% for X-3%. This figure shows that X-1, 2 and 3% and GG- 3%
increased the WHC significantly (p ≤ 0.001) compared to the WHC value
of the control sample.
The thickening agent interacts well with water molecules because it
is a hydrocolloid consisting of a backbone with long branches (Majzoobi
et al., 2017). GG is also a thickening agent and has a great water-binding
ability (Rather, Masoodi, Akhter, Rather, & Amin, 2017). Wallingford
and Labuza (1983) showed that the addition of X to a meat emulsion was
the most effective method for increasing the WHC when comparing it to
0.2% of LBG, P, and CA. The effect of X on increasing WHC values was
explained by the structure and the interactions of X with water, which
increases the WHC of a product. The side chains of X account for the
affinity to water and are composed of D-mannose and D-glucuronic
subunits containing pyruvate. The rigid cellulosic backbone is stabilized
by these side chains, which give X a large water binding capacity, and
thus a good WHC (Wallingford & Labuza, 1983). Another attribute that
can influence the WHC is gelation (Candogan & Kolsarici, 2003). The gel
strength (Fig. 5) and Young’s modulus (Figure S1A) of products con
taining X were lower than most other hydrocolloids and the control,
which could indicate a weak network of proteins and thus upon im
mersion of the sample in water for the WHC test, water could be easily
taken up by the sample and thus higher WHC could be obtained. In fact,
a continuous and strong WG network with high cross-link density can
hinder the swelling of the products (S. H. V. Cornet et al., 2020; S. H. V

3.7.1. Rheological behavior
Fig. 8 showed that G′ was always larger than G′′ at the end of the LVE
region, which indicates the viscoelastic solid-like behavior of all protein
blends (Schreuders et al., 2021). This figure shows that the G′ values of
the blends at the end of the LVE region ranged from 9.29 ± 0.84 kPa for
CMC-3% to 21.37 ± 0.66 kPa for SA-3%. This figure also shows that for
all hydrocolloids, except CMC, a positive trend could be observed for
increasing G′ values with increasing hydrocolloid concentrations from
1% to 3%. In other words, the G′ value for blends with 1% CMC is higher
(10.71 ± 0.29 kPa) than that with 3% (9.29 ± 0.84 kPa). Moreover, the
addition of the concentration of all hydrocolloids except CMC increased
the gel strength of the dough and therefore showed increased G′ values
compared to the control. The exceptional behavior of CMC could also
account for different behavior in mechanical properties, which even
prevented the production of a product that could be analyzed on its
mechanical properties because it fell apart upon handling (Fig. 1). CMC
is an anionic polysaccharide and could therefore interact with charged
proteins in the solution, strengthening the protein network (Wei et al.,
2020). However, the addition of CaCl2 to the solution in the case of CMC
could lead to additional effects on the strength of the blend in two ways.
The first way is that charges of the proteins are screened due to the

Fig. 7. WHC values for the meat analogue without any hydrocolloid (C) and meat analogues with different hydrocolloids of xanthan (X), iota-carrageenan (CA),
sodium alginate (SA), guar gum (GG), carboxy methylcellulose (CMC), low acyl gellan gum (GZ), low methylated pectin (P), and locust bean gum (LBG) with
different hydrocolloids of 1, 2, and 3%. In this figure, various English letters display statistically significant difference of results (p ≤ 0.001).
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Fig. 8. The Storage (G′ ) and loss modulus
(G′′ ) at the end of the LVE region for the
blend without any hydrocolloid (C) and
blends with different hydrocolloids of xan
than (X), iota-carrageenan (CA), sodium
alginate (SA), guar gum (GG), carboxy
methylcellulose (CMC), low acyl gellan gum
(GZ), low methylated pectin (P), and locust
bean gum (LBG) with different hydrocolloids
of 1, 2, and 3%. In this figure, various En
glish letters display statistically significant
difference of results (p ≤ 0.001). Capital
letters display the statistically significant
difference of G′ and lower letters display the
statistically significant difference of G”.

addition of CaCl2 (Liu, Low, & Nickerson, 2009). Therefore, CMC could
have less interaction with the proteins because possibly the effect of
protein-protein aggregation in the blend was larger resulting in the
formation of unstable structures possibly between proteins and CMC
(Liu et al., 2009; Wei et al., 2020). The other way could be that Ca2+
binds strongly to CMC, which decreases the availability of the carboxyl
groups of CMC. Therefore, bridging between carboxyl groups and
anionic groups of the proteins by Ca2+ would decrease, which could
explain the less compact structures (Hill & Zadow, 1978). In addition,
the CMC chains could adopt a less expanded structure due to a lower
electrostatic repulsion of CMC which decreases the viscosity and
therefore the gel strength (Yang & Zhu, 2007). This effect could be
enhanced by increasing CMC concentration. Thus, a decrease in gel
strength and G′ and G′′ values could be observed. Research by Bárcenas,
O-keller, and Rosell (2009) found that increasing the concentration of P
from 0.2 to 1.3% in gluten showed an increase in G’ and G”. The increase
could be a result of both interaction and incompatibility between P and
gluten proteins. However, if there are too many interactions between the
gluten and the hydrocolloids, the gluten network could be disrupted (Li,
Yadav, & Li, 2019). It is therefore expected that for most hydrocolloids
used in this research, a hydrocolloid concentration from 1% to 3% did
not interfere too much with the protein network, which explains why the
rheological properties could be improved in most of the cases.

browning index. X gave an increased WHC and thus an increased juic
iness probably. Therefore, it may be concluded that the addition of X
especially at high concentrations of 3 and 2% to PPI-WG provides op
portunities to improve browning, textural and WHC properties in the
production of fibrous products. In this research, only one hydrocolloid at
the time was used. To follow up, it would be interesting to combine
hydrocolloids, especially CMC and X, in one formulation to evaluate
whether this would improve the textural and sensorial attributes of PPIWG products even more.
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4. Conclusion

Data availability

The effect of different hydrocolloids (X, CA, SA, GG, CMC, GZ, P,
LBG) at varying concentrations (1%, 2% and 3%) was investigated on
the textural and sensorial attributes of meat analogues made with PPI
and WG in the HTSC. The addition of all hydrocolloids to PPI-WG blends
improved the mechanical anisotropy index compared to the control.
However, the addition of X, GG, CMC and GZ transformed the PPI-WG
products into fibrous materials while SA and P did not improve the
fibrousness on macroscale. Thus, the anisotropy index is not always in
agreement with the macroscopic fibrousness.
Addition of X, CA, GG, GZ and LBG hydrocolloids especially GZ to
PPI-WG products can contribute to stronger (more tensile strength)
structures. PPI-WG products containing X, GG, and LBG hydrocolloids
especially at increased hydrocolloid concentrations exhibited a stronger

Data will be made available on request.
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