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Abstract: The aim of this research was to evaluate the physicochemical and textural properties of food
hydrogels produced using pea protein and gellan gum. The obtained samples were analyzed in terms
of their volumetric gelling index, microrheology, texture, physical stability, and color parameters.
Most of the obtained samples formed a gel structure. In the case of microrheology parameters, by
combining PP and GG, the solid-liquid balance was shifted towards more solid-like properties, which
was also observed while analyzing the elasticity index (EI) and the textural properties of the obtained
hydrogels. Additionally, a color difference between the obtained samples was noticed. Depending on
the properties that the final food product must exhibit, a binary protein—polysaccharide hydrogel can
be used as a matrix to contribute to that product’s physicochemical and textural properties.

Keywords: delivery systems; functional food; plant-based food; structure; biopolymer; gels; food
texture

1. Introduction

Hydrogels have emerged as an essential component in food applications, offering
many benefits when developing new functional food systems. These food hydrogels’ sig-
nificant potential properties are related to their distinctive three-dimensional structure,
composed of hydrophilic polymers capable of absorbing and retaining large amounts
of water [1,2]. They provide several valuable features when developing new food sys-
tems, including moisture retention, structure stability enhancement, and textural attribute
enhancement (including emulating the mouthfeel and texture of fats while significantly
reducing caloric content when used as fat mimetics) [3-5]. Furthermore, food hydrogels
can play an integral role in entrapping vitamins, minerals, flavors, and other functional
ingredients within their structure, providing a pathway for regulating release kinetics and
protecting these compounds from environmental degradation [6]. Hydrogels as a delivery
system ensure that the nutritional value and bioactivity of the substances entrapped in
the gel matrix are preserved, contributing to the health benefits of the final product when
consumed [7,8].

Binary food hydrogels comprise two different biopolymers, each with distinct prop-
erties that set them apart from hydrogels made with only one type of biopolymer. The
polymer composition of binary food hydrogels allows for the customization of the gel’s
properties to meet the needs of various food products [9]. Each polymer adds unique
properties to the hydrogel network, allowing for precise control over parameters such as
gel strength, flexibility, texture, stability (resistance to environmental stresses), and release
kinetics [10,11].

While both pea protein [12,13] and gellan gum [14,15] have been studied individually
for their applications in food systems, combining them to create a hydrogel has the potential
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to offer unique properties and functionalities. A pea protein-gellan gum hydrogel could be
used as a plant-based, protein-rich, and structurally stable matrix in producing various food
products, including meat substitutes, dairy-free products, and plant-based desserts [10,11,16].
Conducting studies on binary protein—polysaccharide food hydrogel is critical because of their
enhanced properties, tailored functionality, and controlled release capabilities. As a result,
the food industry can drive innovation, differentiation, and advancements by incorporating
these hydrogels in developing new food systems, resulting in more functional, appealing, and
health-promoting food products.

2. Materials and Methods
2.1. Material

Pea protein (PP, NUTRALYS® F85F, protein content 88%, ash 10%) was obtained from
Roquette Freres (Lestrem, France). Gellan gum (GG, high acyl Type 900, particle size: min.
95% mesh through 80 mesh) was obtained from C.E. Roeper GmbH (Hamburg, Germany).

2.2. Samples Preparation

The samples were obtained in 8 combinations (Table 1)—pea protein (PP) concentration
0, 10, and 12.5% and gellan gum (GG) concentration 0, 0.5 and 0.75%. Pea protein was
dispersed in distilled water for 60 min. Afterwards, the protein dispersion was heated (to a
temperature of 80 °C) while continuously mixing for 30 min. Gellan gum was then added
to the dispersion and the dispersion was stirred for 10 min. Then, the obtained dispersions
were stored for 24 h at a temperature of 8 °C.

Table 1. The explanation of the samples coding.

Samples Code Pea Protein (PP) [%] Gellan Gum (GG) [%]

C1 10 0

Cc2 12.5 0

C3 0 0.5
C4 0 0.75
H1 10 0.5
H2 10 0.75
H3 12.5 0.5
H4 12.5 0.75

2.3. Methods

2.3.1. Volumetric Gelling Index

This parameter expresses the ability of dispersions to form a gel structure. When no
gel structure forms, VGI equals zero, and when the sample is completely gelled, VGI equals
100%. The following equation is used to calculate VGI [17].

VGI = Yo x 100 (1)
Vr
where Vg—volume of the formulated gel, Vr—total volume of the sample. The reported
values represent the averages of three replicates.

2.3.2. Microrheological Properties

The hydrogels” microrheological properties were investigated using a Rheolaser Mas-
ter device (Formulaction, L'Union, France). The device uses the dynamic MS-DWS (Multi
Speckle Diffusing Wave Spectroscopy) technique—wavelength of 650 nm. The detector
captures the interfering backscattered waves, and the measurement results are recorded
using Rheotest-2 software. The raw data were used to calculate the following microrhe-
ological parameters: solid-liquid balance (SLB) [nm 2], elasticity index (EI) [nm~2], and
macroscopic viscosity index (MVI) [nm~2]. The values reported are the averages of
three replicates.
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2.3.3. Textural Properties

A texture analyzer (TA.XT Plus, Stable Micro Mixtures, Surrey, UK) was used for the
texture analysis. The texture analyzer was outfitted with a 0.5 cm diameter cylindrical flat
probe (P/0.5R) to measure the hydrogels” strength [N]. The sample penetration depth was
set to 8 mm, the measurement speed to 1.0 mm/s, and the temperature to 20 °C. To measure
the spreadability [N-s] of the obtained hydrogels, the texture analyzer was equipped with
a TTC Spreadability Rig. Exponent version 6.1.4.0 (Stable Micro Mixtures, Surrey, UK)
equipment software was used to process the collected data. The reported values are the
averages of three replicates.

2.3.4. Physical Stability

The physical stability of the obtained hydrogels was evaluated using a LUMiSizer
6120-75 (L.U.M. GmbH, Berlin, Germany). The hydrogels were centrifuged while the entire
sample’s cell was illuminated with near-infrared (NIR) light—STEP technology (Space
and Time Extinction Profiles). The dispersion volume was 1.8 mL, the used wavelength
was equal to 870 nm, light factor 1, 1500 rpm, experiment period 15 h 10 min, interval
time 210 s, and temperature 20 °C. The instability index was calculated after obtaining the
destabilization behavior (fingerprint) from the recorded data. The reported values are the
averages of three replicates.

2.3.5. Color Parameters

The color components in the CIE L* a* b* at the surface of the obtained hydrogels were
measured using a Minolta CR-200 colorimeter (Minolta, Japan; light source D65; measuring
head hole: 8 mm). Using the obtained L* a* b* parameter, the total color difference (AE),
whiteness (WI), and yellowness index (YI) indices were calculated. To determine the color
differences between the obtained hydrogels, AE was computed. The total color difference E
was calculated using the equation below [18].

AE = \/ (L - ng)z + (aly —a3)* + (b3 - b;2)2 )

where Lg;; agy; bg; and Lgy; agy; b, refer to the color parameters of the compared hydro-
gels. The whiteness (WI) and yellowness (YI) index were calculated using the following
equations [19]:

WI = 100 — \/ (100 — L*)? + a*2 + b*? 3)
b>(-
YI = 142.86 x o (4)

where L*, a*, and b* refer to the color parameters of each analyzed hydrogel. The reported
values represent the averages of three replicates.

2.3.6. Statistical Analysis

Statistica 13.1 (StatSoft, Krakow, Poland) was used to analyze the experiment data.
Analysis of variance (ANOVA) was used to determine the effect of PP and GG concentration
on the observed results of the experiments. A Tukey’s test at =0.05 was used to determine
the significance of the differences. Additionally, the results were also assessed using
principal component analysis (PCA) and hierarchical cluster analysis (HCA).

3. Results and Discussion

Based on the conducted research, it was found that the volumetric gelling index (VGI)
of most of the obtained samples was equal to 100% (Table 1). SLB represents the ratio of
the modulus of elasticity and the modulus of viscosity loss (G’ /G"). C3 and C4 samples
exhibited mostly solid-like properties (SLB < 5), while the rest of the samples exhibited
more liquid-like properties (SLB < 5). Additionally, it was observed that by combining PP
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and GG, the value of SLB shifted towards 0.5. This could be due to the effect GG had on
the protein structure [9]. Furthermore, the macroscopic viscosity index (MVI) showcased a
change in the apparent viscosity at zero shear of the sample H3, when comparing to C2
and H4.

The sample C4 (produced using only GG, Table 2) had the highest strength and
spreadability values, which also was showcased by [GG] having the only significant effect
of those parameters. The combination of PP and GG did not affect the value of strength or
the value of spreadability. However, the addition of psyllium husk (2%) to a pea protein
hydrogel (protein concentration 12.5%) in previous research significantly affected the values
of both strength and spreadability [20].

Table 2. The volumetric gelling index and microrheological properties of the obtained samples.

Samples VGI [%] SLB [nm—2] EI x 103 [nm—2] MVI x 104 [nm~—2-s] Strength [N] Spreadability [N-s]
C1 822 +15 0.89 ¢ £+ 0.02 0.72 £0.01 0.082 +£0.0 0.06 2 +0.00 0.122 £0.01
C2 89b+15 0.65 4 £+ 0.01 1.32 +£0.01 16420 +3.1 0.06 @ £+ 0.00 0.172 £0.01
C3 100¢ £ 0.0 0.47 20 4+ 0.04 152 £ 38 302° +8.1 0.73° 4+ 0.03 2549 +0.04
C4 100 € + 0.0 0432 £0.04 212 +44 39.4b +35 1.14 ¢ £ 0.01 3.89¢ +£0.09
H1 100 € 4+ 0.0 0.68 4 + 0.04 1.72+0.2 0.582 +£0.2 0.072 £ 0.00 0.78° +0.11
H2 100 € 4+ 0.0 0.60 <4 + 0.06 262 +0.1 4272 4+0.8 0.072 £ 0.00 1.85¢£0.19
H3 100 € + 0.0 0.679 4+ 0.03 16° 4 0.07 1.542 + 0.4 0.082 +0.00 0.76® £+ 0.01
H4 100 € + 0.0 0.55¢ +0.03 20° +02 1852 +26 0.102 +0.00 1.97 € 4 0.05
Statistic ANOVA, n2 [-]
[PP] 0.682 0.692 ns 0.297 ns ns
[GG] ns 0.587 ns 0.275 0.949 0.983
[PP]-[GG] 0.811 0.716 ns ns 0.969 ns
All the values are mean with standard deviation (n = 3). According to the Tukey’s test, the values followed by the
same letter (a—e) do not differ significantly (p > 0.05). n2—coefficient indicating the extent of the effect of factors
[PP]—pea protein concentration, [GG]—gellan gum concentration, and [PP]-[GG]. ns—non-significant.
In terms of physical stability (Table 3), all the obtained samples exhibited high stability
(instability index values < 0.2) [1]. The addition of GG to PP significantly reduced the
values of the instability index. Moreover, samples containing only GG showed the lowest
instability index values.
Table 3. The textural properties, physical stability, and color parameters of the obtained samples.
o1s Color Parameters
Samples Instability
Index L* a* b* WI YI
C1 0.18€ + 0.00 735bc + 155 —44°+£0.16 179°¢+0.44 67.7 4 +1.02 349 +0.21
2 0.03 € 4+ 0.00 74.5¢ 4+ 0.39 -3.79+0.05 19.34 +0.37 67.8°4 +0.29 37.09¢ £+ 0.65
C3 0.012 +0.00 1653 +0.23 —0.19¢€ £ 0.01 —0.902 £0.12 1652 +0.23 —8.08 +£1.15
C4 0.002 +0.00 17.72 £ 0.48 —0.07 ¢ +0.02 —-0.102 £0.13 17.62 +0.48 -7924+1.27
H1 0.09 4 4 0.00 72.5b¢ £+ 0.04 —5.62£0.25 14.3b £ 042 6859 +0.24 2820 1+ 0.84
H2 0.02° 40.00 72.8b¢ +0.53 —48P +0.11 17.3°+0.71 67.4°4 +0.23 34.0° 4+ 1.19
H3 0.02° 4 0.00 72.0° 4+ 0.94 —4.2°4+024 18.0 € 4+ 0.65 66.4 5 + 0.64 35.7°4 +£1.10
H4 0.02° +0.00 719b + 0.41 —4.1°¢+£0.05 19349 +0.25 65.7 ¢ £0.22 38.4°¢ +0.31
Statistic ANOVA, n2 [-]
[PP] 0.997 ns 0.924 0.891 0.644 0.891
[GG] 0.977 ns 0.581 0.756 ns 0.757
[PP]-[GG] 0.996 ns 0.665 0.753 0.686 0.762

All the values are mean with standard deviation (n = 3). According to the Tukey’s test, the values followed by the
same letter (a—e) do not differ significantly (p > 0.05). n2—coefficient indicating the extent of the effect of factors
[PP]—pea protein concentration, [GG]—gellan gum concentration, and [PP]-[GG]. ns—non-significant.

With regard to the color parameters (Tables 3 and 4), GG and PP did not have a
significant effect on L*. Moreover, PP had the highest effect on the values of a* and b*
parameters. The effect of pea protein on the color parameters was also observed in the
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case of the whiteness and yellowness indices—this is because GG produces transparent
gel structures, while pea protein gels are less transparent [1]. When comparing C1 to H1
and H1 to H3, a clear color difference was noticed (3.5 < AE < 5). Furthermore, only an
experienced observer was able to notice the difference in color between C1, H3 and H2,
between H2 and H3, between H3 and H4, between C4 and C3, and between C2 and C1.

Table 4. The color difference parameter (AE) between the obtained samples (values are mean; 1 = 3).

Samples H4 H3 H2 H1 C4 C3 Cc2 C1

C1 2.13 1.57 1.06 3.98 59.14 60.18 1.81 0.00

C2 2.58 2.88 2.85 5.73 60.44 61.47 0.00

C3 59.12 58.70 59.31 58.23 1.13 0.00

C4 58.09 57.67 58.27 57.18 0.00

H1 528 3.98 3.15 0.00

H2 2.28 1.22 0.00

H3 1.36 0.00

H4 0.00
The values presented in that table are mean (1 = 3). Depending on the AE values, the color difference between the
analyzed hydrogels can be estimated as not noticeable for the observer (0 < AE < 1); only an experienced observer
can notice the color difference between the hydrogels (1 < AE < 2); an inexperienced observer can also notice
the color difference (2 < AE < 3.5); a clear color difference is noticed (3.5 < AE < 5); and an observer can notice
different colors (5 < AE).

The PCA and HCA of the obtained result are presented in Figure 1. The principal
component analysis (PCA) indicates the relation between the investigated parameters. Two
major factors were identified: factor 1 describing 78.81% and factor 14.25% of the variance
(93.06% in total). As shown in PCA and HCA, the analyzed samples differed significantly
and could be divided into four groups.

2
M c1
1 H3
A c2 j_‘
H1
A H1
RO 2
$ 0‘4 Cf & H2
g 3 H3
& He
=)
c3
7
8 c4 J

Factor 1: 78.81%

2 0 2 4 0 20 40 60 80 100 120
100*distance/max. distance

(A) (B)

Figure 1. Principal component analysis PCA (A) and hierarchical cluster analysis HCA (B) of the
analyzed samples.

4. Conclusions

By varying the concentrations of pea protein and gellan gum, the physicochemical
and textural properties of the resulting binary hydrogels can be controlled. In terms of the
analyzed properties, the most optimal variant was the one containing 12.5% pea protein
and 0.75% gellan gum. Depending on the properties that the final food product must
exhibit, a binary protein—polysaccharide hydrogel can be used as a matrix to contribute to
that product’s physicochemical and textural properties.
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