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Abstract: The limited number of additives in plant-based burgers is related to clean label
consumer perception, which influences purchase intention. Starch is typically combined
with other texturing agents to replicate the texture and mouthfeel of meat burgers. It is
necessary to reformulate these products following consumers’ trends, who prefer healthier
products with fewer additives. Two hydrocolloids with significant commercial application
and different functionality were evaluated: methylcellulose (M) or sodium alginate (SA).
Four formulations were developed, two containing starch (M+S and SA+S) and two with-
out starch (M and SA). The alginate burgers provided samples with high water retention
capacity and a cohesive and adhesive texture, superior to the samples with methylcellulose,
without the need to add starch, due to their stabilizing, thickening, and gelling properties
derived from their “egg-crate” structure when gelled. Furthermore, sensory analysis indi-
cated that the sodium alginate burgers had a softer and creamier texture. In contrast, starch
removal in the methylcellulose burgers enhanced their appearance due to gel transparency
and desirable textural properties, akin to those of meat. These results promote using a
3 g/100 g methylcellulose solution as the sole binding agent in soybean burgers to achieve
a product with reduced additives.

Keywords: soybean; methylcellulose; sodium alginate; plant-based burger; texture; re-
duced additives; sensory

1. Introduction

Meat is one of the main components of the human diet, whose nutritional purpose
is to supply high biological value protein (18-20%) and other essential micronutrients
such as minerals and vitamins [1]. Considering that the world population will increase
by more than 2 billion people in the next 20 years, the demand for meat consumption is
expected to increase by 50% by 2050 [2], making it necessary to consider a change in the
way food is produced, towards more sustainable systems with less environmental impact
and greater resilience.

Food production is one of the activities with the greatest environmental impact, con-
sidering that it is responsible for 30% of greenhouse gas emissions and the consumption
of large amounts of water, which has an impact on the global water footprint, as well
as the use of energy and other natural resources [3]. These immense environmental and
socio-economic problems, such as deforestation, food security, environmental pollution,
animal welfare, etc., have raised awareness among consumers, so that they are increas-
ingly searching for sustainable and environmentally friendly food, which motivates them
to adopt vegan, vegetarian, or flexitarian diets or to simply want to reduce their meat
consumption [4].
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These dietary changes have prompted a new way of producing protein-rich foods from
plant sources as an alternative to animal protein, with the main source of plant protein being
texturized soybean [5], due to its functional properties, such as water retention, emulsification,
and fat absorption capacity [6]. Hence, the meat analogue sector is gaining popularity as a
healthier and more sustainable alternative, and it is also one of the most innovative and cutting-
edge food sectors in the development of new products [7]. The current supply of plant-based
burgers is increasing, due to their convenience as a ready-to-eat product, especially in areas
where they traditionally have high burger consumption, such as the USA, Latin America, or
European countries, but also in expansion markets as Asia [3].

However, it must be considered that the creation of plant-based meat analogues that
meet the needs of consumers is a major challenge. While the nutritional aspects of meat
analogues are essential, the sensory and textural properties also play a crucial role in
consumer acceptance. These products must not only mimic the nutritional profile of meat
but also the appearance and texture, especially the mouthfeel, as it is very important for
good marketing [7]. For this reason, numerous efforts have been made to combine different
ingredients and culinary techniques to achieve an analogue structure that resembles that of
animal meat.

However, despite many innovations, manufacturers have not been able to meet the
current demands of consumers, who associate fewer additives with more natural and safer
products, aligning with the growing demand for transparency and clean labels [8]. The
formulation of meat analogues requires a large amount of ingredients and/or additives,
apart from the vegetable protein source, that act as binders, such as starch, maltodextrin,
methylcellulose, alginates, etc., to improve the cohesion and stability of all ingredients
through protein, water, and lipid interactions in the system [9,10]. Typically, the use of
starch combined with several hydrocolloids is incorporated in this type of product to
achieve suitable textural properties that are more like meat, with the main binder used
being starch [11]. Birke Rune et al. [12] concluded that the length of the ingredient list
is more important for consumer perception of a clean label in plant-based burgers than
chemical additives per se. Starch is a plant energy-reserve polysaccharide that is widely
used in large quantities in meat analogues as a texture-modifying agent, due to its low cost
in its refined form [13], but with a low acceptance from consumer concerned about the
effect on health due to its rapid absorption, which increases the glycaemic index, and its
high caloric intake [14]. It is therefore a challenge for the meat analogue sector to create
formulations without starch and limiting hydrocolloid combinations with good textural
and sensory properties that contribute to satisfying consumer demands [15].

Methylcellulose (M) and sodium alginate (SA) are the main hydrocolloids with the
highest volume of commercial use included in the IMR International (Hydrocolloid Infor-
mation Center) after starches and gelatine [11]. Methylcellulose is a synthetic cellulose
polymer produced by substituting methyl groups (-CH3) from the glucose units of natural
cellulose. This chemical modification grants it a high functionality to gel, by forming fibrils
when heated, resulting in thermoreversible, highly heat-resistant, firm, and transparent
gels that require heat to be functional [16,17]. When consumed, it increases fullness and
satiety perceptions due to improved and slowed down gastric emptying and increased
gastric distension [18]. On the other hand, sodium alginate, at the molecular level, is a
seaweed-derived natural hydrocolloid that does not require heat to be functional. As it is a
sodium salt of alginic acid, composed of D-mannuronic and L-guluronic acid units, it forms
viscous solutions in the presence of water [19]. Its functionality is affected by the presence
of divalent ions, such as calcium, which provides thermally irreversible, cohesive, and
viscous ionic gels [20]. In addition, this additive can regulate food intake and glycaemia by
enhancing gastric distension and delaying gastric emptying [21].
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Based on the above, the present study aimed to evaluate the effect of starch elimination
as a binding agent on the textural and sensory properties of textured soybean burgers
elaborated with a unique hydrocolloid.

2. Materials and Methods
2.1. Raw Materials

Texturized soybean protein (51.0 protein, 15.0 dietary fibre, 1.3 lipids, and 20.0 car-
bohydrates g/100 g), spices, and oil (Hacendado) were from Valencia, Spain. The corn
starch (Maizena) and sodium alginate (E-401, Tradissimo) were from Barcelona, Spain.
Methylcellulose (E-461, Natural de mezclas) was from Murcia, Spain.

Preparation of Plant-Based Burgers

The burgers were prepared according to the method described by Botella-Martinez,
Viuda-Martos, Fernandez-Lépez, Pérez-Alvarez, and Ferndndez-Lopez [22] and by
Pefiaranda, Garrido, Garcia-Segovia, Martinez-Monz6, and Igual [23] with slight modifica-
tions. Four different formulations were prepared: two to mimic commercial formulations
where starch is used (controls), adding methylcellulose and sodium alginate, respectively
(M+S and SA+S), and two without starch (M and SA) to study the use of this unique
additive. These plant-based burgers were prepared in the pilot plant of the Research
Center (CIAVYS-VITALYS, University of Murcia), using the formula from Table 1. For the
preparation of the methylcellulose solution, it was first conditioned at 3 g/100 g, hydrated
at 4 °C for 24 h for better dispersion, and dissolved at 55-60 °C. In the 7 g/100 g sodium
alginate solution, a 5 g/100 g calcium chloride solution was prepared, and 2.5 mL of it was
added to the 7 g/100 g alginate solution and dissolved at 55-60 °C. Once both solutions
were conditioned, the remaining ingredients were weighed. Soybean protein was hydrated
for 20 min at 23 °C. Then, it was crushed in a grinder (Moulinex DP805GBP, Group SEB,
Alencgon, France) and added to the methylcellulose or sodium alginate, after which the
first homogenization was carried out. Next, the starch for the formulations containing
starch (M+S and SA+S), the spice mixture, and the olive oil were added and mixed in a
homogenizer (Thermomix TM 31, Vorwerk, Wuppertal, Germany) until a homogeneous
mass was obtained. The mixtures of the four formulations were then manually shaped
into 40 g burgers. All the samples were produced in triplicate. Three batches of each
formulation were elaborated on different days following the same process.

Table 1. Plant-based burger formulation (w:w, g/g).

Scheme M+S* M * SA+S * SA*
Hydrated soybean protein ! 50 50 50 50
Methylcellulose 2 50 50 - -
Sodium alginate 3 - - 50 50
Starch 4 5 - 5 -
Spice mixture 1 * 2.5 2.5 2.5 2.5
Olive oil ! 9 9 9 9
TOTAL (g) 117 112 117 112
* Spice mixture
Salt 1.16
Pepper 0.20
Garlic Powder 0.57
Brewer’s Yeast 0.57
TOTAL 2.5

* M+S (burgers made with methylcellulose as a binder with starch), M (burgers made with methylcellulose as a
binder without starch), SA+S (burgers made with sodium alginate as a binder with starch), and SA (burgers made
with sodium alginate as a binder without starch). ! Hacendado, Valencia, Spain. 2 Methylcellulose 3 g/100 g
solution (E-461, Natural de mezclas, Murcia, Spain). 3 Sodium alginate 7 g/100 g solution (E-401, Tradissimo,
Barcelona, Spain). 4 Maizena, Unilever, Barcelona, Spain.
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2.2. Physicochemical Analyses

Physicochemical analyses were carried out on fresh (colour and water holding capac-
ity) and cooked (cooking loss and mechanical properties) samples (Figure 1). Images of
the samples were taken using a mobile phone camera without automatic correction, with
a neutral white background (paper filter), utilizing natural light and the room’s artificial
lighting, positioning the camera at a height of 20 cm.

M+S

M SA+S SA

a7 Wes - Me>

whoE NOReNe!

Figure 1. Appearance of fresh and cooked plant-based burgers with different hydrocolloids. M+S
(burgers made with methylcellulose as a binder with starch), M (burgers made with methylcellulose
as a binder without starch), SA+S (burgers made with sodium alginate as a binder with starch), and
SA (burgers made with sodium alginate as a binder without starch).

The colour was determined using a CR-400 Chroma Meter (Minolta Ltd., Milton
Keynes, UK) calibrated against a standard white tile (8§ mm diameter aperture, d /0 illumi-
nation system, D65 illuminant, and a 2° standard observer angle), on the sample surface
from three randomly chosen spots [23]. The following CIELAB colour coordinates were ob-
tained: lightness (L*), redness (a*), and yellowness (b*). The psychophysical variables “hue
(h*) and chroma (C*) were calculated from the colour coordinates by using the following
equations:

Chroma = (a*2 + b*2)1/2 1)

Hue = tan — 1(b*/a*) 2)

The water holding capacity (WHC) was determined using the method developed by
Grau and Hamm [24]. This involves applying a pressure of 1 kg to a sample and measuring
the amount of water released from a 0.3 g sample placed on a Whatman No. 540 filter paper
and pressed for 10 min. The % WHC was calculated using the following formula:

% released water = [(Wf — Wi)/ Ws] x 100 3)

where:
WS = final weight of the paper (g);
Wi = initial weight of the paper (g);
Wi = sample weight (g);
WHC (%) = 100 — % released.
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To determine the cooking loss (CL), the weight difference method described by Wi
et al. [25] was used. The meat analogue samples were cooked at a temperature of 180 °C on
a Velox CG-1S griddle (Silesia, Spain, Barcelona) for 10 min, until an internal temperature
of 80 °C was reached, as measured by a penetration probe. After cooking, the samples were
allowed to cool for 30 min to reach room temperature. The CL was calculated by comparing
the weight of the samples before and after cooking and expressed as a percentage using the

following formula:
CL (%) = (W1 — W2)/W1 x 100 (4)

where:

W1: weight of uncooked plant-based burger (g);

W2: weight of cooked plant-based burger (g).

A texture profile analysis (TPA) of the plant-based burgers was performed using a
CT310K Texturometer from Brookfield CNS Engineering Labs. Inc., Harlow, UK, and
TexturePro CT V1.8 software, following the protocols outlined by Lee and Hong [26] and
Pefiaranda et al. [23]. The samples were prepared by cutting them into 2 cm diameter
cylinders (23 °C). The samples were then subjected to a double cycle compression test
with a cylindrical probe (TA 10, 10 mm diameter) and a 25 kg load cell, compressing them
by up to 50% of their original height. The force-time deformation curves were obtained
with a speed of 2.5 mm/s and a trigger point of 5 g. The mechanical properties measured
were hardness (g), adhesiveness (m]), chewiness (m]), cohesiveness, elasticity (mm), and
resilience (J/m3). Each sample was replicated six times.

2.3. Sensory Analysis

The sensory analysis was carried out by 6 trained panellists (4 women and 2 men) from
the Food Science and Technology group at the University of Murcia (Spain). They were selected
based on their prior experience in sensory evaluation of meat substitutes [23]. The sensory
evaluation study followed the recommendations of the Declaration of Helsinki and strictly
adhered to the guidelines of the research ethics committee of the University of Murcia for the
sensory analysis of food with trained panels. Participants gave their informed consent through
the statement “I am aware that my answers are confidential and I agree to participate in this
study as a trained panellist” where an affirmative answer was required to enter the tasting
panel. Before proceeding with the sensory study, the previous experience of the panel was
evaluated, after which retraining and validation took place [27]. The panellists underwent
five 1.5 h theoretical and practical sessions to become familiar with plant-based burgers and to
identify the relevant descriptors and their corresponding ranges (Table 2).

Table 2. Definition of sensory attributes.

Attributes

Definition Scale

Appearance

Colour

Similarity of the colour tone of
the sample to the characteristic
colour of a soybean (light

brown). Looking at the colour
in the cut surface. 0—Ilight; 5—light brown (characteristic of this

product); 10—dark

Shine

Amount of reflected light on
the surface of burger.

0—dull; 10—very shiny
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Table 2. Cont.

Attributes

Definition

Scale

Odour Soybean odour

Spiced odour

Sweet odour

Overall intensity of the
soybean or legume odour of
the sample.

Odour associated with the
olfactory perception of a
number of spices in the burger.
Odour associated
with sucrose.

0—not perceptible; 10—very intense

Salty

Flavour

Taste sensation associated
with the presence of sodium
chloride in the food.

0—not perceived; 5—normal salty;
10—very intense

Sweet

Umami

Soybean flavour

Spiced flavour

Taste sensation associated
with sucrose.

Taste sensation produced by
monosodium glutamate.
Induces salivation and a

velvety sensation on
the tongue.

Overall intensity of the
soybean or legume flavour of
the sample.

Flavour associated with the
olfactory—gustatory perception
of a number of spices in
the burger.

0—not perceived; 10—very intense

Texture Hardness

Force required to deform or
compress a substance between
the teeth.

O0—easily compressible; 5—characteristic of
minced meat; 10—not compressible

Cohesiveness

Degree of deformation of a
foodstuff before it
breaks down.

Juiciness

Associated with the amount of
water and/or fat released from
a bite of food
during mastication.

AR AR L A

O0—completely dry; 10—very moist
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Table 2. Cont.

Attributes

Definition Scale

Adhesiveness to dislodge a product stuck on

Work required by the tongue

the palate or teeth.

Chewiness

Time required to reduce the
size of a food until it
is swallowed. 0—no chewing required for swallowing;
10—requires a large amount of chewing
for swallowing

Pastiness

Sensation of paste in the
mouth detected. It is an

adhesive sample, not very , S . )‘f

hard and not very elastic.

JN .
e~

0—little; 10—very much

To evaluate the plant-based burgers” attribute intensity, a quantitative descriptive
analysis (QDA) test was conducted using a 10-point unstructured scale (0: not perceptible;
10: very intense) [28]. Samples were cooked on a Velox CG-1S griddle (Silesia, Barcelona,
Spain) at 180 °C for 12 min, until the internal temperature reached 80 °C (measured using a
T200 portable thermometer from Digitron Instrumentation Ltd., Hertford, UK). The cooked
samples were cut into 2 X 2 cm pieces, wrapped in coded aluminium foil, and kept in a
sand bath at 60 °C until tasting [29]. The order of sample presentation was randomized
and balanced to account for order and carryover effects [30]. The analyses were carried
out in the morning at 10:30 h. in a standardized sensory room [31] at the Food Science
and Technology Department at the University of Murcia. Each panellist evaluated three
samples from each creation (4 formulations x 3 replicates), in a total of six sessions. Mineral
water and unsalted breadsticks were provided for mouth rinsing between samples.

2.4. Statistical Analysis

All data were analysed using the SPSS 28 statistical package (SPSS, Chicago, IL, USA).
Data for colour (L*, a*, b*, chroma and “hue), water holding capacity (WHC), cooking
loss (CL), and mechanical properties were analysed using a two-way analysis of vari-
ance (ANOVA), considering the effects of starch’s presence in the formulation (S: starch-
containing) and the hydrocolloid we used (M: methylcellulose and SA: sodium alginate) as
fixed sources of variation and manufactured batches as a random effect. For the sensory
analysis data, a two-way ANOVA was performed; the sensory attributes were consid-
ered the dependent variable, and manufactured batches, panellists, and sessions were
adjusted as random effects. Pearson’s correlation coefficient was calculated for the physical,
chemical, and sensory variables. All tests were conducted at an « = 0.05 significance level.

3. Results and Discussion
3.1. Physicochemical Analyses

Table 3 shows the results of the colour, water holding capacity, and cooking losses of the
different plant-based burger formulations (M+S, M, SA+S, and SA). For the CIELab colour,
significant differences were observed in the effect of the hydrocolloid (methylcellulose



Foods 2025, 14,1373

8of 17

and sodium alginate) in all coordinates (p < 0.05), except for lightness (L*) and “hue (h*)
(p > 0.05). All the samples obtained average values of L* in the 58-to-63 range, and h*
obtained values between 62 and 64, indicating that the samples were light-coloured [32].
Concerning the coordinates a*, b*, and C*, the samples with methyl cellulose (M and
M-+5) had the most reddish (a*) and yellowish (b*) colouring with the highest saturation
(p < 0.05). In the work of Bakhsh et al. [16], on the effect of hydrocolloids on different plant
proteins, including methylcellulose, they observed similar results to those from our study
in plant-based burgers made with non-starch methylcellulose.

Table 3. Mean values + standard deviations of colour coordinates, WHC, and CL in plant-based
burgers with different hydrocolloids.

CIELab

M+S M SA+S SA
Colour
L* 63.55 £0.34Y 58.48 4+ 0.99 * 62.31 £ 1.53Y 57.98 4+ 0.58 *
a* 7.25+0.17" 7.68 +£0.22b 6.41 +0.26° 6.78 +£0.17 2
b* 13.85+0.17*  14.73 &+ 0.31bY 12.97 £ 0.41 13.39 +0.212
C* 15.64 + 0.21 2%  16.61 + 037>y 1447 4+0472 15.02 +0.242
h* 62.41 +0.42 62.52 + 0.35 63.75 + 0.50 63.19 £+ 0.53
Parameters
WHC (%) 8598 +0.752 84.05 + 0.662 89.21 + 0.78 b 90.25 + 1.43P
CL (%) 14.40 +1.70® 16.52 + 1.55 9.72 £ 1.203% 14.06 = 1.267Y

M+S (burgers made with methylcellulose as a binder with starch), M (burgers made with methylcellulose as
a binder without starch), SA+S (burgers made with sodium alginate as a binder with starch), and SA (burgers
made with sodium alginate as a binder without starch). L*: lightness. a*: red—green. b*: yellow-blue. C*: chroma.
h*: “hue. WHC: water holding capacity. CL: cooking loses. Values within a row for formulations with different
superscripts significantly differ at p < 0.05. b. effect of hydrocolloid. *¥: effect of starch.

The methylcellulose gel has a transparent colouring that may not have interfered with
the colour of textured soybeans, while the calcium alginate gel has a higher opacity due to
the formation of calcium complexes, which prevent the passage of light. Since alginate is a
naturally occurring ionic polysaccharide, it could form hydrogels when divalent cations
such as Ca%* are added [33].

In addition, statistically significant differences were obtained in brightness with both
hydrocolloids, as well as in the b* and C* coordinates in the burgers made with methyl-
cellulose (p < 0.05). This shows how the lightness of the plant-based burger is reduced
with the elimination of starch (p > 0.05), as starch is characterised by a white colour, with a
lightness close to 97 out of 100 [34]. Furthermore, it has been shown that L* is affected by the
water holding capacity and free water on the surface of the food. This is because bubbles
are introduced in the free water during the cutting of the dough, which will produce a
higher reflection of light, thus increasing this parameter [35]. In contrast, the non-starch
samples prepared with methyl cellulose and sodium alginate obtained the highest b* and
C* values (p < 0.05). Starch forms white and opaque gels that inhibit the yellowing of the
soybean [34], providing the samples with lower b* coordinate values. Concerning chroma
(C*), the work by Zahari et al. [35] discussed how the effect of C* is linked to the effect
of the a* and b* coordinates, with the same factors modifying both, as it occurred in our
results with the b* coordinate.

For the water retention capacity (WHC), a significant effect of the type of hydrocolloid
was observed (p < 0.05), with the plant-based burgers made with alginate having a higher
water retention capacity than those made with methylcellulose. Although differences
between the hydrocolloids were observed, these were not very pronounced, with all the
burgers obtaining high WHC values of around 84.05-90.25%. Similar results were presented
by Zhou et al. [36] in plant protein burgers with a WHC of 94 &+ 4%. WHC is one of the
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fundamental properties of meat analogues, as it has a great influence on the yield and
sensory acceptability of the product, and it is therefore of great importance in our meat
analogue [25]. According to Yao et al. [37], WHC measures the ability of the protein to
retain water, which is affected by protein—polysaccharide interactions that are based on
electrostatic forces, hydrogen bonds, and the microstructure of the hydrocolloid. Therefore,
alginate has a greater capacity to retain water inside, due to its “egg-crate” structure,
compared to methylcellulose. In the work by Lee and Hong [7] on soy burgers, the authors
also observed the high water retention properties of alginate.

In contrast, no effects of starch elimination in the formulation of the plant-based burg-
ers were observed for the WHC (p > 0.05). The use of high concentrations of methylcellulose
(3%) and the three-dimensional alginate matrix were sufficient to reduce the amount of
water released [23,37] in each treatment (M and SA), respectively, without the need for
starch addition.

For cooking losses, significant differences were observed in the effect of hydrocolloids
on burgers with starch (p < 0.05) and for the effect of starch on burgers with sodium alginate
(p < 0.05). Burgers with alginate had the lowest water losses after cooking, in agreement
with the results obtained for the WHC, as these parameters are inversely related [25].
As previously mentioned, this is possibly due to the structure of alginate, providing a
consistency that prevents the diffusion of water during cooking [38].

At the same time, an effect of the addition of starch was observed in the plant-based
burgers made with alginate (p < 0.05), with higher losses in the absence of starch. During
cooking, certain reactions take place, such as protein aggregation and denaturation, and
the evaporation or diffusion of water, which affect the emulsification capacity of the burger
dough and are therefore responsible for weight losses during cooking, mainly caused by
water loss [22]. It is therefore very important that the nature of the protein is taken into
consideration, as it has been observed that starch has a low thermal resistance [13], so that a
well-structured protein network is necessary to favour the swelling of the starch granules to
prevents the leakage of solids or liquids during cooking [39]. In general, losses were similar
to those from other studies, where the authors observed how the use of high concentrations
of texturized protein ingredients and a mixture of binding agents during the preparation of
burgers, such as gums, gluten, starch, etc., prevented the loss of solids or liquids during
cooking, providing a loss value of around 10-15% [16,36,40].

Table 4 shows the mechanical properties of the plant-based burgers, due to the effect
of both hydrocolloids (methylcellulose and alginate) and the elimination of starch, with no
statistically significant differences observed for any of the parameters analysed (p > 0.05),
except for adhesiveness, resilience, and cohesiveness (p < 0.05). Adhesiveness was only
affected by the effect of starch in the burgers with alginate (p < 0.05), with the highest values
for non-starch samples containing only sodium alginate. This high adhesiveness of alginate
is due to its chemical structure, explained before, which allows the formation of ionic bonds
that contribute to the adhesiveness of the gel, in addition to its high capacity to retain water
in its three-dimensional structure, which allows it to adhere to wet surfaces [41]. In contrast,
native starch contains around 25% amylose and 75% amylopectin and is therefore often used
as a thickener. However, when starch is subjected to high temperatures during cooking, it
loses viscosity and adhesion [13] due to starch gelatinisation, whereby the granules swell
and break due to the disruption of the amylopectin double helices by dissociation of the
hydrogen bonds, causing a decrease in water holding capacity [42].
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Table 4. Mean values & standard deviations of mechanical properties in plant-based burgers with
different hydrocolloids.

Properties M+S M SA+S SA
Hardness 1 (g) 214.0 + 16.40 251.4 +20.10 216.8 £+ 23.60 211.9 +24.70
Hardness 2 (g) 185.8 + 12.90 215.6 £ 16.30 193.8 + 21.10 184.0 + 20.90

Adhesiveness (m]) 0.09 +0.03 0.19 + 0.04 0.04 +0.03 % 0.21 +0.06 Y
Resilience (J/m?) 0.19 + 0.01 ¥ 0.16 + 0.01 2 0.26 + 0.02° 022 +£001"

Cohesiveness 0.53 £0.032 047 £0.012 0.65 & 0.03 by 0.53 + 0.00 bx
Elasticity (mm) 3.29 +0.11 3.19 +0.07 3.80 +0.22 3.33 +0.08
Chewiness (m]) 3.76 + 0.36 3.74 +£0.19 5.58 + 0.95 3.76 + 0.54

M+S (burgers made with methylcellulose as a binder with starch), M (burgers made with methylcellulose as a
binder without starch), SA+S (burgers made with sodium alginate as a binder with starch), and SA (burgers made
with sodium alginate as a binder without starch). Values within a row for formulations with different superscripts
significantly differ at p < 0.05. *P: effect of hydrocolloid. *¥: effect of starch.

Resilience, the property that measures how fast and strong recovery is, showed
significant differences because of the hydrocolloid, with alginate showing the highest
values for this parameter as compared to methylcellulose (p < 0.05), as well as due to the
effect of starch in the burgers with methylcellulose (p < 0.05), providing greater resilience
to those containing starch. This is possibly related to the viscosity of the starch, which was
more evident with methylcellulose, as it cannot form ionic bonds as alginate can, which
limits its ability to form a strong three-dimensional network, therefore needing starch to
provide the samples with greater resilience [13]. Therefore, the higher the ionic content and
the number and length of binding sites, the higher the physicochemical properties such as
viscosity and gel strength [43]. Hence, burgers with sodium alginate as a binder exhibit a
stronger recovery than those with methylcellulose due to their structure [44].

Concerning cohesiveness, an effect of hydrocolloid and starch could also be observed in
the alginate samples (p < 0.05). These results are consistent with those obtained from cook-
ing losses. Cohesiveness refers to the strength of internal bonds for holding together [45].
The cohesiveness of the alginate was superior to the methylcellulose-containing burgers
(p < 0.05), although these differences were not very pronounced, as it is the nature of the
soy protein that mainly contributes to the three-dimensional internal structure of these
emulsions, through hydrophobic interactions and hydrogen and disulphide bonds [46].
Low cohesiveness means that the system-wide formed emulsions are plastic rather than
elastic, and this may be a desirable characteristic, as the product would be considered an
easy-to-chew food material [45]. In the study by Zhou et al. [36] on meat analogues, results
that were very similar to those found in our product were obtained, in terms of cohesive-
ness and adhesiveness, with the use of soybean as a protein source. However, research by
Lee and Hong [7] and Bakhsh et al. [16] on soybean burgers showed lower cohesiveness
values than ours, as they described that when the binding agent was increased, the texture
profile values increased emulsion proportionally, and the extensive hydration of textured
protein with water makes soybean burgers softer and less cohesive.

Mechanical properties are of great importance for meat analogues, as they are respon-
sible for imitating the meaty sensation when consumed [13]. As for the other evaluated
parameters, hardness, elasticity, and chewiness, there were no statistically significant dif-
ferences (p > 0.05) for any of the effects we evaluated. Similar results were reported by
Pefiaranda et al. [23] on textured pea burgers, where no differences were observed in the
parameters of hardness, elasticity, or chewiness, with scores similar to those of the present
study. In the work by Zhou et al. [36] on commercial textured soybean burgers, the authors
obtained similar results to our study, in terms of hardness and cohesiveness, and higher
values for resilience, elasticity and chewiness.

It was observed that the source of protein used, the binding agent, and the moisture
content in plant-based burgers are factors responsible for their mechanical properties;
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therefore, they must be taken into account when trying to achieve good textural properties
in these products, since decreasing the moisture content and increasing the protein content
would result in a more fibrous, cohesive, and elastic structure with lower toughness and
chewiness [47].

3.2. Sensory Analysis

The results of the sensory analysis of the four formulations of soybean burgers are
presented in Table 5 and Figure 2, with statistically significant differences (p < 0.05) ob-
served in all the analysed sensory attributes due to the effect of the hydrocolloid used in
each formulation (p < 0.05), except for the attributes of soybean and sweet odour, umami,
and soybean flavour (p > 0.05).

Table 5. Sensory profile of plant-based burgers with different hydrocolloids. Mean values =+ stan-
dard deviations.

Attributes M+S M SA+S SA
Appearance Colour 55+0.732 5.4 +0552 6.9 +0.58° 6.4 +0.55b
Shine 54+ 0.73 574 0.77b 5.7 4+ 0.61 53+ 0.752
Odour Soybean odour 2.8 +0.32 2.7 £0.86 2.8 +0.76 2.5+ 0.87
Spiced odour 49+1242 5.4+ 0.98 55+ 0.72P 53+1.14
Sweet odour 0.9 +0.22 0.9 + 0.41 1.0 +0.50 1.0 + 0.46
Flavour Salty 444091% 49+ 0.60 by 43+ 055 4440612
Sweet 194084Y 1.1 4 0.58 a* 1.8+ 0.84 2.0.4+085P
Umami 0.7 + 0.65 0.6 + 0.41 0.6+ 0437 0.4+ 0.37%
Soybean 21+1.28 1.9 +0.94 1.8 +0.68 1.7 +0.68
flavour
Spiced flavour 534+1.092 5.6 +0.70 6.1 +0.87b 6.0 = 1.09
Texture Hardness 544 0.84P 504 1.04P 1.2 £ 0572 0.8 £ 0.34 2%
Cohesiveness 48 +0.892 464+0.702 6.5+ 0.59 by 594 (.71 ba
Juiciness 48+0.88b 52+0.74b 334+0.722 30+081°2
Chewiness 4.7 +1.09 by 4.1 4+ 0.93bx 1.1 £0.552Y 0.7 & 0.26 2%
Adhesiveness 144+1.012 14+0.162 49 4 1.03 bx 5.6+ 0.88 by
Pastiness 1.2+0972 1442092 6.6 + 0.94 b 754126y

Mean values + standard deviations. M+S (burgers made with methylcellulose as a binder with starch), M (burgers
made with methylcellulose as a binder without starch), SA+S (burgers made with sodium alginate as a binder
with starch), and SA (burgers made with sodium alginate as a binder without starch). Values within a row for
formulations with different superscripts significantly differ at p < 0.05. P: effect of hydrocolloid. *V: effect of
starch. Scores are from 0—not perceptible—to 10—maximally perceptible—on an unstructured 10-point scale.

As for the colour of the plant-based burgers, it was observed that those containing
methylcellulose had a more characteristic colour of soybean, typical of these products.
There was a light negative correlation (—0.375 and —0.354, p < 0.05) between b* and C* and
the colour analysed by the sensory panel. Similar colour scores were obtained in the work
of Bakhsh et al. [16] on soybean burgers with different concentrations of methylcellulose.

For shine, the methylcellulose sample without starch obtained the highest values for
this attribute, as compared to SA+S (p < 0.05). Shine is determined by the amount of water
or fat that has migrated to the surface of the food and is capable of reflecting light [48].
Hence, the sample with methylcellulose had the highest shine, as it had a lower water
holding capacity than those with alginate.

No significant differences were observed between formulations in the attributes of
sweet and soybean odour/flavour, with all samples obtaining scores of around 2.52-2.84
and 0.92-0.96, respectively. For spiced odour, higher scores of around 5 were obtained, with
the SA+S samples showing higher scores for this attribute (p < 0.05). Spices and herbs with
intense odours are normally used in this type of product to mask the unpleasant vegetable
or legume connotations characteristic of these products [3,9,23]. Therefore, the volatile
compounds responsible for the soybean odour were minimised by the different spices used
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in the formulations, resulting in the soybean odour and flavour scores being lower than the
spice scores [49]. These scores could also be related to the occurrence of Maillard reactions
during cooking, which produce aromatic volatiles that could decrease the perception of
legume odour and flavour [50].

A
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a
aa :[ a b
6 xby
5
4
3
2
1 il i fhii
0
Colour Shine Soybean Spiced Sweet  Salty = Sweet Umami Soybean Spiced
odour odour odour flavour flavour
Appearance Odour Flavour
EM+S EM ESA+S mSA
B
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! I L i
0
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Figure 2. Sensory profile of plant-based burgers with different hydrocolloids: (A) appearance,
odour, and flavour; (B) texture. Mean values £ standard deviations. M+S (burgers made with
methylcellulose as a binder with starch), M (burgers made with methylcellulose as a binder without
starch), SA+S (burgers made with sodium alginate as a binder with starch), and SA (burgers made
with sodium alginate as a binder without starch). Values within a row for formulations with different
superscripts significantly differ at p < 0.05. #P: effect of hydrocolloid. *¥: effect of starch. Scores are
from 0—not perceptible—to 10—maximally perceptible—on an unstructured 10-point scale.

For the basic taste, the samples with M were the saltiest and therefore less sweet than
the SA ones (p < 0.05), while for the umami taste, no significant differences were observed
between hydrocolloids (p > 0.05). Both methylcellulose and sodium alginate are tasteless
hydrocolloids, and these flavours tasted are provided by the other ingredients and/or
spices added during processing [51]. In general, the use of spices was observed to reduce
the characteristic odours and flavours of soybean, which are undesired attributes according
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to consumers [3], but this combination of spices was not sufficient to grant the final product
with a certain umami flavour.

For the texture attributes, it was observed that the plant-based burgers made with
methylcellulose were harder, juicier, and chewier and less cohesive, adhesive, and pasty
than those made with alginate (p < 0.05), presenting scores for hardness, juiciness, and
chewiness similar to those reported for meat burgers [41]. For hardness and chewiness, no
differences in mechanical properties were obtained. However, the differences perceived
between samples by the panellists are probably due to the more pasty and viscous texture of
the sodium alginate gel, which may have interfered with these attributes [43]. In addition,
for juiciness, it was expected that the plant-based burgers made with sodium alginate
would be the juiciest, as it has been found to be related to the ability to retain water by
capillarity (WHC and CL) [46]. However, it was found that the juiciest ones were those
made with methylcellulose. These values could be influenced by the high pastiness scores
given by the panellists to the samples with alginate, as these attributes are opposites;
pastiness refers to a thick, viscous, and stickier texture typical of foods that tend to lack
juices or liquids, while juiciness refers to the presence of moisture in foods [52]. In this sense,
a highly significant and strong negative correlation has been observed (—0.839; p < 0.01)
between juiciness and pastiness. On the contrary, juiciness had a negative correlation with
WHC (—0.632; p < 0.01) and a positive correlation with CL (0.467; p < 0.01). This shows
that the perception of juiciness is not only linked to the amount of water in the product.

For cohesiveness, a similar trend to that shown for mechanical properties was observed,
in which the hydrocolloid sodium alginate, due to its ability to form a strong structure [13],
provided more cohesive burgers, regardless of whether they were made with added starch
or not. Indeed, cohesiveness was positively correlated with WHC (0.532; p < 0.01).

As for the effect of starch, significant differences were observed for salty and sweet
taste in the samples with methylcellulose, with those without starch being the saltiest and
thus the least sweet (p < 0.05). Starch itself does not have a sweet taste, but under certain
circumstances, such as cooking or mouth digestion, it can release sugars and give rise to
a slightly sweet taste in foods, as it is composed of glucose units [42]. As for the umami
taste in the samples with alginate, those with added starch in their formulation had the
highest values (p < 0.05). The umami taste, savoury or delicious, is mainly found in foods
such as meat and fish but can be enhanced using seasonings [53]. In our case, the use of
spices was not sufficient to intensify this taste and mask the undesirable attributes often
associated with proteins of natural origin made from legumes [54]; although differences
were observed in general, the scores for this taste in all formulations were practically
insignificant at around 0.38-0.69.

In general, the use of starch had a greater effect on texture parameters, where the use
of starch provided greater hardness and cohesiveness and less pastiness to the alginate
samples as well as greater chewiness to the methylcellulose plant-based burgers (p < 0.05).

The amylose and amylopectin chains of starch can trap water and other food compo-
nents and form bonds with each other via hydrogen bridges, resulting in a strong and stable
three-dimensional matrix [42], hence the higher hardness, cohesiveness, and chewiness
scores of starch-containing samples. As with the mechanical parameters, the high capacity
of alginate gel to retain water in its three-dimensional structure led to greater adhesion to
the non-starch samples [37], and hence pastiness, as both attributes are associated with the
viscosity of a food [52].

4. Conclusions

The use of a unique additive as binder for the elaboration of soybean burgers with
methylcellulose or sodium alginate without starch resulted in significant changes in the
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physical-chemical and sensory properties of the final product. These changes can be
attributed to the different characteristics and functions of the binders that were used.
Therefore, the alginate burgers, due to their stabilizing, thickening, and gelling properties,
provided samples with high water retention capacity and a cohesive and adhesive texture,
superior to the samples with methylcellulose, without the need to add starch. In the methyl-
cellulose burgers, starch removal provided the best appearance due to gel transparency
and correct textural properties

Sensory evaluation revealed that the replacement of starch with methylcellulose
and alginate did not have a pronounced impact on the taste and texture of the textured
soybean burgers. Overall, the organoleptic properties indicated more intense burgers with
methylcellulose as a binder, as these burgers presented hardness, juiciness, and chewiness
scores like those reported for meat burgers. On the contrary, the use of sodium alginate
provided more cohesive, adhesive, soft, and pasty burgers.

Therefore, this study highlights the importance of carefully considering the binder that
is used, as well as its concentration, when trying to achieve a textured soybean burger with
optimal characteristics in terms of texture and flavour. These results are of great importance
to the food industry, as they serve to promote the use of a 3g/100g methylcellulose solution
as the sole binding agent in soybean burgers, to achieve a product with reduced additives.
Furthermore, the combination of other protein sources and additional processing techniques
could be explored to improve the olfactory—gustatory sensations of these soybean burgers
for commercialization.
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SA+S  Burgers made with sodium alginate as a binder without starch
SA Burgers made with sodium alginate as a binder without starch



Foods 2025, 14,1373 15 of 17

References

1. Pereira, PM.d.C.C.; Vicente, A.F.d.R.B. Meat Nutritional Composition and Nutritive Role in the Human Diet. Meat Sci. 2013, 93,
586-592. [CrossRef] [PubMed]

2. Serraj, R.; Krishnan, L.; Pingali, P. Agriculture and Food Systems to 2050: A Synthesis. In Agriculture & Food Systems to 2050;
World Scientific Series in Grand Public Policy Challenges of the 21st Century; World Scientific: Singapore, 2018; Volume 2, pp. 3-45;
ISBN 978-981-327-834-9.

3. Fiorentini, M.; Kinchla, A.J.; Nolden, A.A. Role of Sensory Evaluation in Consumer Acceptance of Plant-Based Meat Analogs and
Meat Extenders: A Scoping Review. Foods 2020, 9, 1334. [CrossRef] [PubMed]

4. Dagevos, H. Finding Flexitarians: Current Studies on Meat Eaters and Meat Reducers. Trends Food Sci. Technol. 2021, 114, 530-539.
[CrossRef]

5. Zhang, T; Dou, W.; Zhang, X.; Zhao, Y.; Zhang, Y.; Jiang, L.; Sui, X. The Development History and Recent Updates on Soy
Protein-Based Meat Alternatives. Trends Food Sci. Technol. 2021, 109, 702-710. [CrossRef]

6. Kyriakopoulou, K.; Dekkers, B.; Van Der Goot, A.J. Plant-Based Meat Analogues. In Sustainable Meat Production and Processing;
Elsevier: Amsterdam, The Netherlands, 2019; pp. 103-126; ISBN 978-0-12-814874-7.

7. Lee,H],; Yong, H.I; Kim, M.; Choi, Y.-S.; Jo, C. Status of Meat Alternatives and Their Potential Role in the Future Meat Market—A
Review. Asian-Australas. |. Anim. Sci. 2020, 33, 1533-1543. [CrossRef]

8. Ruiz-Capillas, C.; Herrero, A.M.; Pintado, T.; Delgado-Pando, G. Sensory Analysis and Consumer Research in New Meat Products
Development. Foods 2021, 10, 429. [CrossRef]

9. Bohrer, B.M. An Investigation of the Formulation and Nutritional Composition of Modern Meat Analogue Products. Food Sci.
Hum. Wellness 2019, 8, 320-329. [CrossRef]

10. Sha, L.; Xiong, Y.L. Plant Protein-Based Alternatives of Reconstructed Meat: Science, Technology, and Challenges. Trends Food Sci.
Technol. 2020, 102, 51-61. [CrossRef]

11.  Seisun, D.; Zalesny, N. Strides in Food Texture and Hydrocolloids. Food Hydrocoll. 2021, 117, 106575. [CrossRef]

12.  Birke Rune, C.J,; Song, Q.; Clausen, M.P.; Giacalone, D. Consumer Perception of Plant-Based Burger Recipes Studied by Projective
Mapping. Future Foods 2022, 6, 100168. [CrossRef]

13.  Biihler, ].M.; Schlangen, M.; Méller, A.C.; Bruins, M.E.; Van Der Goot, A J. Starch in Plant-Based Meat Replacers: A New Approach
to Using Endogenous Starch from Cereals and Legumes. Starch Stirke 2022, 74, 2100157. [CrossRef]

14. Campos, V.; Tappy, L.; Bally, L.; Sievenpiper, J.L.; Lé, K.-A. Importance of Carbohydrate Quality: What Does It Mean and How to
Measure It? . Nutr. 2022, 152, 1200-1206. [CrossRef] [PubMed]

15.  Kumar, P; Chatli, M.K.; Mehta, N.; Singh, P.; Malav, O.P,; Verma, A K. Meat Analogues: Health Promising Sustainable Meat
Substitutes. Crit. Rev. Food Sci. Nutr. 2017, 57, 923-932. [CrossRef] [PubMed]

16. Bakhsh, A; Lee, S.-J.; Lee, E.-Y,; Sabikun, N.; Hwang, Y.-H.; Joo, S.-T. A Novel Approach for Tuning the Physicochemical, Textural,
and Sensory Characteristics of Plant-Based Meat Analogs with Different Levels of Methylcellulose Concentration. Foods 2021, 10, 560.
[CrossRef]

17. Coughlin, M.L.; Liberman, L.; Ertem, S.P.; Edmund, J.; Bates, FS.; Lodge, T.P. Methyl Cellulose Solutions and Gels: Fibril
Formation and Gelation Properties. Prog. Polym. Sci. 2021, 112, 101324. [CrossRef]

18. Borreani, J.; Espert, M.; Salvador, A.; Sanz, T.; Quiles, A.; Hernando, I. Oil-in-Water Emulsions Stabilised by Cellulose Ethers:
Stability, Structure and in Vitro Digestion. Food Funct. 2017, 8, 1547-1557. [CrossRef]

19. Avendafio-Romero, G.; Lépez-Malo, A.; Palou, E. Propiedades Del Alginato y Aplicaciones En Alimentos. Temas Sel. Ing. Alimento
2013, 7, 87-96.

20. Krog, N. Additives in Dairy Foods | Emulsifiers. In Encyclopedia of Dairy Sciences; Elsevier: Amsterdam, The Netherlands, 2011;
pp. 61-71; ISBN 978-0-12-374407-4.

21. ElKhoury, D.; Goff, H.D.; Anderson, G.H. The Role of Alginates in Regulation of Food Intake and Glycemia: A Gastroenterological
Perspective. Crit. Rev. Food Sci. Nutr. 2015, 55, 1406-1424. [CrossRef]

22. Botella-Martinez, C.; Viuda-Martos, M.; Fernandez-Lépez, ].A.; Pérez-Alvarez, ].A.; Ferndndez-Lépez, ]. Development of Plant-
Based Burgers Using Gelled Emulsions as Fat Source and Beetroot Juice as Colorant: Effects on Chemical, Physicochemical,
Appearance and Sensory Characteristics. LWT 2022, 172, 114193. [CrossRef]

23. Pefaranda, I.; Garrido, M.D.; Garcia-Segovia, P.; Martinez-Monz6, J.; Igual, M. Enriched Pea Protein Texturing: Physicochemical
Characteristics and Application as a Substitute for Meat in Hamburgers. Foods 2023, 12, 1303. [CrossRef]

24. Grau, R;; Hamm, R. A simple method for the determination of water binding in muscles. Naturwissenschaften 1953, 40, 29-30.
[CrossRef]

25. Wi, G,; Bae, J.; Kim, H.; Cho, Y.; Choi, M.-]. Evaluation of the Physicochemical and Structural Properties and the Sensory
Characteristics of Meat Analogues Prepared with Various Non-Animal Based Liquid Additives. Foods 2020, 9, 461. [CrossRef]

26. Lee, E.J.; Hong, G.P. Effects of microbial transglutaminase and alginate on the water-binding, textural and oil absorption properties

of soy patties. Food Sci. Technol. Int. 2020, 29, 777-782. [CrossRef] [PubMed]


https://doi.org/10.1016/j.meatsci.2012.09.018
https://www.ncbi.nlm.nih.gov/pubmed/23273468
https://doi.org/10.3390/foods9091334
https://www.ncbi.nlm.nih.gov/pubmed/32971743
https://doi.org/10.1016/j.tifs.2021.06.021
https://doi.org/10.1016/j.tifs.2021.01.060
https://doi.org/10.5713/ajas.20.0419
https://doi.org/10.3390/foods10020429
https://doi.org/10.1016/j.fshw.2019.11.006
https://doi.org/10.1016/j.tifs.2020.05.022
https://doi.org/10.1016/j.foodhyd.2020.106575
https://doi.org/10.1016/j.fufo.2022.100168
https://doi.org/10.1002/star.202100157
https://doi.org/10.1093/jn/nxac039
https://www.ncbi.nlm.nih.gov/pubmed/35179211
https://doi.org/10.1080/10408398.2014.939739
https://www.ncbi.nlm.nih.gov/pubmed/25898027
https://doi.org/10.3390/foods10030560
https://doi.org/10.1016/j.progpolymsci.2020.101324
https://doi.org/10.1039/C7FO00159B
https://doi.org/10.1080/10408398.2012.700654
https://doi.org/10.1016/j.lwt.2022.114193
https://doi.org/10.3390/foods12061303
https://doi.org/10.1007/BF00595734
https://doi.org/10.3390/foods9040461
https://doi.org/10.1007/s10068-019-00713-6
https://www.ncbi.nlm.nih.gov/pubmed/32523787

Foods 2025, 14,1373 16 of 17

27.
28.
29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

ISO 8586:2023; Sensory Analysis—Selection and Training of Sensory Assessors. ISO: Geneva, Switzerland, 2023.

ISO 4121; Meat and Meat Products. Evaluation of Food Products by Methods Using Scales. ISO: Geneva, Switzerland, 2003.
Pefiaranda, I.; Garrido, M.D.; Egea, M.; Diaz, P.; Alvarez, D.; Oliver, M.A.; Linares, M.B. Sensory Perception of Meat from Entire
Male Pigs Processed by Different Heating Methods. Meat Sci. 2017, 134, 98-102. [CrossRef] [PubMed]

Macfie, H.J.; Bratchell, N.; Greenhoff, K.; Vallis, L.V. Designs to balance the effect of order of presentation and first-order carry-over
effects in hall tests. J. Sens. Stud. 1989, 4, 129-148. [CrossRef]

ISO 8589; General Guidance for the Design of Test Rooms. ISO: Geneva, Switzerland,, 2007.

Sahu, D.; Bharti, D.; Kim, D.; Sarkar, P; Pal, K. Variations in Microstructural and Physicochemical Properties of Candelilla
Wax/Rice Bran Oil-Derived Oleogels Using Sunflower Lecithin and Soya Lecithin. Gels 2021, 7, 226. [CrossRef]

Galus, S.; Lenart, A. Development and Characterization of Composite Edible Films Based on Sodium Alginate and Pectin. J. Food
Eng. 2013, 115, 459-465. [CrossRef]

Von Atzingen, M.C.; Machado Pinto E Silva, M.E. evaluacién de la textura y color de almidones y harinas en preparaciones
sin gluten evaluation of texture and color of starches and flours in preparations without gluten avaliacion da textura e cor de
almidéns e farifias en preparaciéns sen gluten. Cienc. Tecnol. Aliment. 2005, 4, 319-323. [CrossRef]

Zahari, I.; Ferawati, F.; Helstad, A.; Ahlstrom, C.; Ostbring, K.; Rayner, M.; Purhagen, J.K. Development of High-Moisture Meat
Analogues with Hemp and Soy Protein Using Extrusion Cooking. Foods 2020, 9, 772. [CrossRef]

Zhou, H.; Vu, G.; Gong, X.; McClements, D.]. Comparison of the Cooking Behaviors of Meat and Plant-Based Meat Analogues:
Appearance, Texture, and Fluid Holding Properties. ACS Food Sci. Technol. 2022, 2, 844-851. [CrossRef]

Yao, J.; Zhou, Y.; Chen, X.; Ma, F; Li, P,; Chen, C. Effect of Sodium Alginate with Three Molecular Weight Forms on the Water
Holding Capacity of Chicken Breast Myosin Gel. Food Chem. 2018, 239, 1134-1142. [CrossRef] [PubMed]

Li, J.; Wu, Y,; He, J.; Huang, Y. A New Insight to the Effect of Calcium Concentration on Gelation Process and Physical Properties
of Alginate Films. J. Mater. Sci. 2016, 51, 5791-5801. [CrossRef]

Larrosa, V.J.; Lorenzo, G.; Zaritzky, N.E.; Califano, A.N. Response Surface Methodology to Assay the Effect of the Addition of
Proteins and Hydrocolloids on the Water Mobility of Gluten-Free Pasta Formulations. In Water Stress in Biological, Chemical,
Pharmaceutical and Food Systems; Gutiérrez-Lopez, G.F.,, Alamilla-Beltran, L., Del Pilar Buera, M., Welti-Chanes, J., Parada-
Arias, E., Barbosa-Canovas, G.V., Eds.; Food Engineering Series; Springer New York: New York, NY, USA, 2015; pp. 367-374;
ISBN 978-1-4939-2577-3.

Samard, S.; Maung, T.-T.; Gu, B.-Y;; Kim, M.-H.; Ryu, G.-H. Influences of Extrusion Parameters on Physicochemical Properties of
Textured Vegetable Proteins and Its Meatless Burger Patty. Food Sci. Biotechnol. 2021, 30, 395-403. [CrossRef] [PubMed]

Linares, M.B.; Pefiaranda, L; Iniesta, C.M.; Egea, M.; Garrido, M.D. Development of Edible Gels and Films as Potential Strategy to
Revalorize Entire Male Pork. Food Hydrocoll. 2022, 123, 107182. [CrossRef]

Huang, M.; Kennedy, ].F; Li, B.; Xu, X.; Xie, B.J]. Characters of Rice Starch Gel Modified by Gellan, Carrageenan, and Glucomannan:
A Texture Profile Analysis Study. Carbohydr. Polym. 2007, 69, 411-418. [CrossRef]

Sow, L.C.; Toh, N.Z.Y.; Wong, C.W,; Yang, H. Combination of Sodium Alginate with Tilapia Fish Gelatin for Improved Texture
Properties and Nanostructure Modification. Food Hydrocoll. 2019, 94, 459-467. [CrossRef]

Al-Hinai, K.Z.; Guizani, N.; Singh, V.; Rahman, M.S.; Al-Subhi, L. Instrumental Texture Profile Analysis of Date-Tamarind Fruit
Leather with Different Types of Hydrocolloids. Food Sci. Technol. Res. 2013, 19, 531-538. [CrossRef]

King, A.H. Brown Seaweed Extracts (Alginates). In Food Hydrocolloids; CRC Press: Boca Raton, FL, USA, 1983; ISBN 978-0-429-29037-4.
Cornet, S.H.V,; Snel, S.J.E.; Lesschen, J.; Van Der Goot, A.J.; Van Der Sman, R.G.M. Enhancing the Water Holding Capacity of
Model Meat Analogues through Marinade Composition. J. Food Eng. 2021, 290, 110283. [CrossRef]

Zhang, ].; Liu, L.; Zhu, S.; Wang, Q. Texturisation Behaviour of Peanut-Soy Bean/Wheat Protein Mixtures during High Moisture
Extrusion Cooking. Int. J. Food Sci. Technol. 2018, 53, 2535-2541. [CrossRef]

McClements, D.J. Ultraprocessed Plant-based Foods: Designing the next Generation of Healthy and Sustainable Alternatives to
Animal-based Foods. Compr. Rev. Food Sci. Food Saf. 2023, 22, 3531-3559. [CrossRef]

Guriqbal, S. (Ed.) The Soybean: Botany, Production and Uses; CABIL: Wallingford, UK, 2010; ISBN 978-1-84593-644-0.

Kaleda, A.; Talvistu, K.; Vaikma, H.; Tammik, M.-L.; Rosenvald, S.; Vilu, R. Physicochemical, Textural, and Sensorial Properties of
Fibrous Meat Analogs from Oat-Pea Protein Blends Extruded at Different Moistures, Temperatures, and Screw Speeds. Future
Foods 2021, 4, 100092. [CrossRef]

Sothornvit, R. Relationship Between Solution Rheology and Properties of Hydroxypropyl Methylcellulose Films. | EBSCOhost.
Available online: https://openurl.ebsco.com/contentitem/gcd:151716479?sid=ebsco:plink:crawler&id=ebsco:gcd:151716479
(accessed on 5 March 2025).

Bourne, M.C. Chapter 8—Correlation Between Physical Measurements and Sensory Assessments of Texture and Viscosity. In Food
Texture and Viscosity, 2nd ed.; Bourne, M.C., Ed.; Food Science and Technology; Academic Press: London, UK, 2002; pp. 293-323;
ISBN 978-0-12-119062-0.


https://doi.org/10.1016/j.meatsci.2017.07.021
https://www.ncbi.nlm.nih.gov/pubmed/28779718
https://doi.org/10.1111/j.1745-459X.1989.tb00463.x
https://doi.org/10.3390/gels7040226
https://doi.org/10.1016/j.jfoodeng.2012.03.006
https://doi.org/10.1080/11358120509487658
https://doi.org/10.3390/foods9060772
https://doi.org/10.1021/acsfoodscitech.2c00016
https://doi.org/10.1016/j.foodchem.2017.07.027
https://www.ncbi.nlm.nih.gov/pubmed/28873532
https://doi.org/10.1007/s10853-016-9880-0
https://doi.org/10.1007/s10068-021-00879-y
https://www.ncbi.nlm.nih.gov/pubmed/33868750
https://doi.org/10.1016/j.foodhyd.2021.107182
https://doi.org/10.1016/j.carbpol.2006.12.025
https://doi.org/10.1016/j.foodhyd.2019.03.041
https://doi.org/10.3136/fstr.19.531
https://doi.org/10.1016/j.jfoodeng.2020.110283
https://doi.org/10.1111/ijfs.13847
https://doi.org/10.1111/1541-4337.13204
https://doi.org/10.1016/j.fufo.2021.100092
https://openurl.ebsco.com/contentitem/gcd:151716479?sid=ebsco:plink:crawler&id=ebsco:gcd:151716479

Foods 2025, 14,1373 17 of 17

53. Wang, W.; Zhou, X,; Liu, Y. Characterization and Evaluation of Umami Taste: A Review. TrAC Trends Anal. Chem. 2020, 127,
115876. [CrossRef]

54. De Angelis, D.; Kaleda, A.; Pasqualone, A.; Vaikma, H.; Tamm, M.; Tammik, M.-L.; Squeo, G.; Summo, C. Physicochemical and
Sensorial Evaluation of Meat Analogues Produced from Dry-Fractionated Pea and Oat Proteins. Foods 2020, 9, 1754. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.trac.2020.115876
https://doi.org/10.3390/foods9121754
https://www.ncbi.nlm.nih.gov/pubmed/33260878

	Introduction 
	Materials and Methods 
	Raw Materials 
	Physicochemical Analyses 
	Sensory Analysis 
	Statistical Analysis 

	Results and Discussion 
	Physicochemical Analyses 
	Sensory Analysis 

	Conclusions 
	References

